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Antimicrobial resistance

The use of antimicrobial substances has a long history, ancient civilizations were already using 

natural compounds to treat infections. It lasted however until the 20th century before important 

steps were taken in the development of antibiotics (Gould, 2016). After the discovery of penicillin 

by Alexander Fleming in 1928 (Fleming, 1929), the era with antibiotics available to treat patients 

suffering from infections started in the early 1940s. However, already in 1942 bacterial strains 

resistant to penicillin where detected in patients. Thereafter, other classes of antibiotics have been 

discovered and clinically implemented, quickly followed by the development of resistance (Davies 

and Davies, 2010; Lobanovska and Pilla, 2017). Interestingly, antibiotic resistant mechanisms were 

observed in the lab before the general use of antibiotics (Abraham and Chain, 1940). Moreover, 

the more recent findings of antibiotic resistance genes present in natural microbial populations in 

soil samples from different locations (D’Costa et al., 2006), but also in ancient permafrost samples 

(D’Costa et al., 2011), suggest that antibiotic resistance is a natural occurring phenomenon, even 

before the general use of antibiotics. The extensive use of antibiotics in humans and animals 

has accelerated the development of antimicrobial resistance. Nowadays, antimicrobial resistance 

present in humans, animals, food and the environment is considered as a serious threat to global 

public health (World Health Organization, 2018). In poultry, the spread of vancomycin resistant 

enterococci in the 1990s has led to the awareness that antimicrobial resistance in farm animals 

might impact both human and animal health (Nilsson, 2012). In this thesis, the focus is on the 

spread of beta-lactam resistant bacteria in the broiler production chain. 

ESBL/pAmpC- producing bacteria

Resistance against beta-lactam antibiotics in Enterobacteriaceae is predominantly caused by the 

production of enzymes able to hydrolyse the beta-lactam ring typical for this class of antibiotics 

(Li et al., 2007). Production of enzymes, grouped under the term “extended spectrum beta-

lactamases” (ESBL) and AmpC beta-lactamases (AmpC), results in resistance against extended-

spectrum cephalosporins (ESC) (Livermore, 2008; Jacoby, 2009). The genes encoding for the 

production of ESBL and plasmid mediated AmpC (ESBL/pAmpC) are in E. coli predominantly 

located on plasmids, mobile elements of DNA that can be transferred between bacteria of the 

same or different genera or kingdom (Bradford, 2001; Carattoli, 2009).

 ESBL/pAmpC-producing bacteria are present in animals and humans (Ewers et al., 2012; Karanika 

et al., 2016), as well as in food (Cohen Stuart et al., 2012; Kluytmans et al., 2013; Randall et al., 

2017) and in the environment (Huijbers et al., 2015a; Dorado-Garcia et al., 2018). In broilers, high 

prevalence and a high level of heterogeneity in ESBL-genes and plasmids are reported in several 

countries (Saliu et al., 2017; Dorado-Garcia et al., 2018). 

10 | CHAPTER 1
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ESBL/pAmpC-producing bacteria in the broiler 
production pyramid

Monitoring of antimicrobial resistance in livestock has started in the Netherlands in 1998. The 

dramatic increase in antimicrobial resistance together with the high antimicrobial usage led to 

concerns, followed by policy changes (Mevius and Heederik, 2014). As a result, total antimicrobial 

usage in livestock was reduced drastically: by 64% in 2018 compared to reference year 2009 

(Netherlands Veterinary Medicines Institute (SDa), 2019). Since 2010, the prevalence of ESBL/

pAmpC-producing E. coli in broilers reduced significantly (Hesp et al., 2019; MARAN, 2019), 

following the trend of reduced antimicrobial usage. However, ESBL/pAmpC-producing E. coli is still 

present in broilers (MARAN, 2019). Following the one health approach aiming to avoid emergence 

and spread of antibiotic resistance in humans and animals (World Health Organization, 2018), the 

prevalence of ESBL/pAmpC-producing bacteria should be further reduced.

 Several studies are done on the potential risk of the presence of ESBL/pAmpC-producing 

bacteria in broilers for humans. Some studies indicate transmission of ESBL/pAmpC-producing 

bacteria via consumption of meat (Leverstein-van Hall et al., 2011; Kluytmans et al., 2013; Hijazi 

et al., 2016). However, others did not find an association (Leistner et al., 2013; Carmo et al., 2014) 

or strong epidemiological link between livestock or food reservoirs and people in the general 

population (Dorado-Garcia et al., 2018; Mughini-Gras et al., 2019). A recent Dutch study found that 

ESBL/pAmpC-producing E. coli carriage in the general human population was mostly attributed 

to human-human transmission (about 60%) and only 4.5% to the consumption of chicken meat 

(Mughini-Gras et al., 2019). Also, a quantitative risk assessment study indicated that, although 

the load of ESBL/pAmpC-producing E. coli in poultry meat was high (97%), as a result of heating 

during food processing consumption of poultry meat forms a relatively low contribution (18%) 

to the total ESBL/pAmpC-producing E. coli exposure of humans (Evers et al., 2017). On the other 

hand, direct contact could be a transmission route of ESBL/pAmpC-producing bacteria: people 

living or working on a farm are at increased risk of carrying ESBL/pAmpC-producing bacteria 

compared to people in the general population (Dierikx et al., 2013b; Huijbers et al., 2014; Huijbers 

et al., 2015b; van Hoek et al., 2016; Dorado-Garcia et al., 2018). Considering the complex links of 

ESBL/pAmpC-producing E. coli among different sources (Mughini-Gras et al., 2019) a one health 

approach is needed, and food production chains should be taken into account when aiming to 

avoid emergence and spread of antimicrobial resistance. 

 To understand the dynamics of spread of ESBL/pAmpC-producing bacteria, not only broilers 

and broiler meat, but the whole production pyramid should be taken into account. This pyramid 

consists of several levels, with a few purebred pedigree farms producing the Grand Parent Stock 

at the top of the pyramid. The Grand Parent Stock produce the Parent Stock, which produce the 

broilers, raised for meat production at broiler farms at the bottom of the production pyramid. 

ESBL/pAmpC-producing bacteria are observed at Grand Parent, Parent and broiler farms (Dierikx 

GENERAL INTRODUCTION | 11
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et al., 2013a; Apostolakos et al., 2019). Control of ESBL/pAmpC-producing bacteria should 

therefore involve the whole production pyramid and ideally interventions are applicable at all 

levels of the broiler production pyramid.

Interventions

The process of colonization of birds with ESBL/pAmpC-producing bacteria involves several steps, as 

schematically presented in Figure 1. First, a susceptible bird is exposed to ESBL/pAmpC-producing 

bacteria, present in the environment of the bird. This bird picks up ESBL/pAmpC-producing 

bacteria, followed by either passage through the gut without colonization, or colonization and 

reproduction of the ingested ESBL/pAmpC-producing bacteria. This will be followed by excretion 

of ESBL/pAmpC-producing bacteria via the faeces into the environment. Subsequently, another 

susceptible bird in the population can be exposed to the excreted ESBL/pAmpC-producing bacteria 

and transmission can occur.

 Interventions could act at different steps of this colonization process. First, interventions could 

aim to reduce the exposure of susceptible birds to ESBL/pAmpC-producing bacteria, thereby 

preventing uptake of the bacteria. This can be achieved by, for example, cleaning and disinfection 

of poultry houses between production rounds. However, these interventions were not always 

effective in preventing colonization (Daehre et al., 2018). ESBL/pAmpC-producing bacteria can be 

present in the environment in and around poultry houses (Laube et al., 2013; Zurfluh et al., 2014a; 

Zurfluh et al., 2014b; Huijbers et al., 2016; Daehre et al., 2018). Therefore, sufficiently reducing 

the exposure of birds to ESBL/pAmpC-producing bacteria is difficult. Secondly, interventions could 

aim to make the birds less susceptible to colonization upon exposure and reduce excretion of 

colonized birds (this thesis). Finally, spatial separation between excreting and susceptible birds 

might reduce transmission in a farm (this thesis). 

Figure 1 Spread of ESBL/pAmpC-producing bacteria. ESBL/pAmpC-producing bacteria are present in the 

environment (1) and form exposure to a susceptible bird (2). The susceptible bird picks up ESBL/pAmpC-

producing bacteria (3), the bacteria colonizes and reproduces in the gut of the bird (4). The bird excretes ESBL/

pAmpC-producing bacteria in the environment (5), forming exposure to another susceptible bird. 

12 | CHAPTER 1
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Factors influencing the process of colonization and transmission, and information on possible 

routes of transmission of ESBL/pAmpC-producing bacteria in the broiler production pyramid need 

to be studied first, in order to design the most effective intervention strategies to reduce ESBL/

pAmpC-producing bacteria in the broiler production pyramid.

Aim and outline 

The aim of this thesis was to get insight into the processes of colonization and transmission of ESBL/

pAmpC-producing bacteria in the broiler production pyramid, using E. coli as reference bacteria, 

and to evaluate possible interventions aiming to prevent or reduce colonization and transmission 

of ESBL/pAmpC-producing bacteria in the broiler production pyramid. In Chapter 2, the dynamics 

of pAmpC-producing E. coli in a parent stock flock, their environment and offspring are described. 

Chapter 3 contains a review of possible transmission routes of ESBL/pAmpC-producing bacteria 

in the broiler production pyramid described in literature. In Chapter 4, the dose-response effect 

of two E. coli strains, carrying different ESBL/pAmpC-gene-plasmid combinations, is studied 

after challenge of specific pathogen free (SPF) and conventional broilers with different dosages. 

Interventions are tested in an animal model designed according to the findings described in 

Chapter 4. The tested interventions are competitive exclusion (supply of intestinal bacteria) and 

compartmentalization (subdividing the broiler flock), performed under controlled circumstances 

(Chapter 5, competitive exclusion), and semi-field circumstances (Chapter 6, competitive exclusion 

and compartmentalization). Chapter 7 contains the general discussion of the results described in 

this thesis.

GENERAL INTRODUCTION | 13
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CHAPTER 2
Dynamics of CMY-2 producing E. coli 
in a broiler parent flock

Anita Dame-Korevaar, Egil A.J. Fischer, Arjan Stegeman, Dik Mevius, Alieda van Essen-Zandbergen, 

Francisca Velkers, Jeanet van der Goot.

Veterinary Microbiology (2017) 203:211-214. 
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Abstract

Extended-spectrum β-lactamase and plasmid mediated AmpC β-lactamase (ESBL/pAmpC) 

producing bacteria are resistant to extended-spectrum cephalosporins (ESC), and are present 

in all levels of the broiler production chain. We determined the prevalence, concentration, and 

persistence of ESBL/pAmpC-Escherichia coli in a broiler parent flock during the rearing and laying 

period. One-day old chickens were housed in four separate pens. Until week 33 no antibiotics or 

coccidiostatics were used. During rearing 57 chickens in each pen (n=228), and in the laying period 

two groups of 33 chickens were individually sampled (n=66). Environmental samples were taken 

from week 16 onwards. ESBL/pAmpC-E. coli presence was determined by selective culturing. In the 

samples of week 16-19 the concentration of ESBL/pAmpC-E. coli was determined. All ESC-resistant 

isolates found were positive for pAmpC gene blaCMY-2 located on IncA/C plasmids, in several E. coli 

MLST types. CMY-2-E. coli prevalence decreased from 91% (95% CI 86-94%) at day 7 (week 1) to 

0% (95% CI 0-5%) in week 21. However, CMY-2-E. coli remained present in the environmental 

samples during the whole study. CMY-2-E. coli concentration varied between detection limit 

(<103) and 2·104 CFU/gram faeces. The sharp reduction of CMY-2-E. coli in this broiler parent flock 

in absence of antibiotics suggests a selective disadvantage of blaCMY-2 on IncA/C plasmids on animal 

level. The underlying mechanism should be studied further as this may provide new insights on 

how to reduce ESBL/pAmpC prevalence and transmission in the broiler production chain.
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Introduction

Extended-spectrum β-lactamase and plasmid mediated AmpC β-lactamase (ESBL/pAmpC) 

producing bacteria are resistant to extended-spectrum cephalosporins (ESC). In the Netherlands, 

56.5% of the broilers at slaughter were carriers of ESBL/pAmpC-Escherichia coli in 2015 (MARAN, 

2016). Although prevalence in poultry varies between farms (Blaak et al., 2015), ESBL/pAmpC 

producing bacteria are present in all levels of the broiler production chain (Dierikx et al., 2013a). 

The broiler production chain has a pyramidal structure, thus the presence of ESBL/pAmpC in the 

upper levels of the chain might influence the ESBL/pAmpC status of lower levels in the chain, 

e.g. through vertical transmission (Nilsson et al., 2014; Zurfluh et al., 2014b). To our knowledge 

reports on the dynamics of ESBL/pAmpC-E. coli in parent stock are lacking. The aim of this study is 

to determine prevalence, faecal concentration, and persistence of ESBL/pAmpC-E. coli in a broiler 

parent flock during the rearing and laying period. 

Material and methods

Chickens

One-day old broiler parent stock chickens (n=3184) were housed in a rearing house of an 

experimental poultry farm in the Netherlands. The chickens were divided over four completely 

separated pens. Each pen housed 693 females and 103 males, separated by a fence. At week 20 

all chickens were moved to the laying house. Two groups of 30 females and three males were 

selected from the four rearing pens, and randomly allocated to two separate pens. During the 

laying phase two females died and one lame male was replaced in pen 1 and one female died in 

pen 2. 

 Chickens received feed without antibiotics or coccidiostats. Feed and water were available ad 

libitum during the first seven days, thereafter feed was supplied based on body weight. Drinking 

water pipes were cleaned before entry of the chickens and thereafter weekly by acidifying the 

water using peracetic acid. Chickens received a microflora product (Aviguard®) at day of arrival. A 

standard vaccination and lighting scheme was applied.

Identification and Sampling

Rearing period

At day 7 (week 1), in each pen 57 females (minimal sample size to detect 5% prevalence) were 

selected randomly, and sampled by individual cloacal swabs. At week 12 per pen 57 females were 

randomly selected, tagged and individual cloacal swabs were taken. In week 16-19 the tagged 

females were sampled weekly and environmental samples were taken using bootsocks. In week 

19 environmental samples were taken in the male pens.

DYNAMICS OF CMY-2 PRODUCING E. COLI IN A BROILER PARENT FLOCK | 17
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Laying period

At week 20, the females and males were moved to the laying house. All females found ESBL/

pAmpC-E. coli positive at least once during week 16-19 and a random selection of females being 

ESBL/pAmpC-E. coli positive in week 12 were selected and housed in two groups of 30 females. 

To each group three randomly selected and tagged males were added. All chickens were sampled 

individually in week 21, 24, 34 and 35. Environmental samples from the litter were taken at week 

21, 24, 34 and 35 (morning) and 43, 45, 46, 47 and 49 (noon). In week 34 and 35 also environmental 

samples from the laying nests were taken, by hand wiping using bootsocks. In week 49 chickens 

were euthanized and cecal content was collected.

Antibiotic treatment

In week 33 the chickens in pen 1 were administered amoxicillin via the drinking water for five days 

(20 g/1000 kg live weight/day).

Follow up offspring

During week 34, 160 eggs were collected from both pens and disinfected with formaldehyde. 

Forty eggs were crushed, eggshells and egg content was mixed and analysed for ESBL/pAmpC 

presence, 120 eggs were incubated. After hatching, individual cloacal swabs were taken from 

the broilers at day of hatch, daily until day 7 and at days 14 and 21. Environmental samples were 

taken at the same days, starting the day after hatch. At day 21 broilers were euthanized and cecal 

content was collected.

Ethics

The animal procedures at Utrecht University were approved by the Animal Ethical Committee of 

Utrecht University (Utrecht, the Netherlands), in full compliance with all relevant legislation. 

Analysis

ESBL/pAmpC-E. coli detection

Cloacal and cecal samples, eggs and bootsocks were selectively cultured (3 mL LB broth versus 

400 mL LB, supplemented with 1 mg/L cefotaxime). After overnight incubation at 37 °C, 10 μL 

broth was inoculated on MacConkey plates supplemented with 1 mg/L cefotaxime and incubated 

overnight at 37 °C. Cloacal samples were analysed individually. Eggs and cecal samples were 

pooled per five, bootsocks were pooled per pen, except for bootsocks taken in week 16 and 43-49.

ESBL/pAmpC-E. coli and E. coli concentration

Swabs used in week 16-19 in pen 1 and 2 were weighed before and after sampling to determine 

the amount of faeces collected. Swabs were suspended in 1 mL saline solution and tenfold dilution 

series were made to quantify the colony-forming units (CFU) of ESBL/pAmpC-E. coli and total E. 

18 | CHAPTER 2
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coli per mL, using MacConkey plates with and without 1 mg/L cefotaxime. Based on the amount 

of faeces on the swabs CFU/gram faeces was calculated.

Typing 

From week 12 onwards, in at least one isolate of every sampling moment, ESBL/ pAmpC genes 

were typed by PCR and sequencing (Dierikx et al., 2010). Plasmids were characterized by 

transformation (Dierikx et al., 2010) and PCR-based Replicon Typing (PBRT) (Diatheva, Italy). 

Selection of transformants was performed on LB agar containing 1 mg/L cefotaxime. E. coli 

genotyping was performed by MLST (Wirth et al., 2006). MLST patterns were analysed using 

Bionumerics version 6.1.

Results and discussion

At day 7 (week 1) prevalence of ESBL/pAmpC-E. coli ranged between pens from 89-93% (Figure 

1). All isolates carried the pAmpC gene blaCMY-2 on IncA/C plasmids (Figure 2). Overall CMY-2-E. 

coli prevalence showed a remarkable decrease, from 91% (range 89-93%) at day 7 to 46% (32-

70%) in week 12, 11% (0-30%) in week 16, 16% (0-53%) in week 17, 3% (0-9%) in week 18 and 1% 

(0-2%) in week 19, without intervention. During the laying period (week 21, 24) no positive cloacal 

swabs were found. All 44 typed isolates carried blaCMY-2 and 22 samples were also carrying blaTEM-1. 

The predominant E. coli sequence type (ST10, 28 samples) was found in all pens, suggesting clonal 

spread. The blaCMY-2-IncA/C combination was found in different E. coli STs suggesting plasmid 

spread.

 The high prevalence in week 1 might be the result of vertical transmission from the grandparent 

flock or other sources of contamination at the hatchery or during transport. The grandparent 

flock had been treated with antibiotics in the weeks prior to production of the parent stock. 

Unfortunately, no data about the ESBL/pAmpC prevalence in this flock is available. Despite the 

high prevalence at day 7, CMY-2-E. coli was not able to persist in the chickens. Other studies in 

poultry have also shown a decreasing prevalence of antibiotic resistant bacteria, with and without 

the use of antibiotics (Diarra et al., 2007; Baron et al., 2014; Huijbers et al., 2015b). However, 

most of these studies report limited reduction. Factors as ageing (Lu et al., 2003), diet (Amerah 

et al., 2011), litter (Torok et al., 2009), probiotics (Nakphaichit et al., 2011), disease (Stanley et 

al., 2012) and stress (Burkholder et al., 2008) might influence the microbiota composition and 

thus the potential of CMY-2-E. coli to persist in the gut. Until week 33 no antibiotics were used, 

resulting in no selective advantage to CMY-2-E. coli. After applying amoxicillin in week 33 in one of 

the pens, 2/31 chickens became positive in week 34, in the non-treated pen prevalence was 0%. 

However, one week later, 1/32 chickens was positive in the non-treated pen, whereas no positive 

samples were found in the treated pen (Figure 1).
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The inability to persist on animal level might be due to an unsuccessful combination of CMY-2-E. 

coli on plasmid IncA/C. In European broiler meat, CMY-2-E. coli is often found in combination with 

plasmids IncI1 or IncK (Borjesson et al., 2013b; Egervarn et al., 2014). The low occurrence and 

the observed decrease in this study may suggest that plasmid IncA/C is less able to conjugate and 

spread in bacterial populations as was previously described for Salmonella (Poole and Crippen, 

2009). 

 The decreasing prevalence was also represented by decreasing concentrations of CMY-2-E. coli 

in faeces. The maximum concentration of CMY-2-E. coli observed decreased from 2·104 CFU/gram 

faeces in week 16, to 1·103 (detection limit) in weeks 18 and 19 (Figure 1). During week 16-19 the 

total E. coli counts remained between 104 and >108 CFU/gram faeces.

 Contrary to the decreasing prevalence and CMY-2-E. coli concentration in the faeces, almost 

all environmental samples (90/116) were part of a positive pen (Figure 1). Before placement 

of the chickens the laying house tested negative for ESBL/pAmpC-E. coli. Based on the positive 

environmental samples, negative cloacal swabs during the laying period and negative cecal 

samples at the end of the experiment, the chickens most likely introduced CMY-2-E. coli into the 

laying pens and after that ceased shedding CMY-2-E. coli. Environmental contamination might 

have persisted after the birds ceased excretion. Others report survival of E. coli and ESBL-E. coli in 

faeces and soil for months (Merchant et al., 2012). Although CMY-2-E. coli was still present in the 

environment during egg collection, none of the samples taken from the eggs and offspring were 

found positive for ESBL/pAmpC-E. coli.
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Figure 2 Multilocus sequence typing (MLST), gene- and plasmid characteristics of cloacal and environmental 

samples from females and males (M) in different pens during rearing (R1-R4) and laying (L1, L2) period.
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Conclusions

This study showed that in a parent flock at an experimental farm, in absence of antibiotics, 

prevalence of pAmpC gene blaCMY-2 on IncA/C plasmid decreased and is not detected in the 

offspring. This may not be true for other farms, with different ESBL/pAmpC-plasmids in E. coli, 

and under field conditions. The mechanism behind this should be studied further as this might 

lead to possible interventions to reduce ESBL/pAmpC prevalence and transmission in the broiler 

production chain. 
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Abstract

Plasmid mediated Extended Spectrum Beta-Lactamase and AmpC Beta-Lactamase (ESBL/pAmpC) 

producing bacteria are resistant to beta-lactam antimicrobials and are widespread in humans, the 

environment and animals. Animals, especially broilers, are an important reservoir of ESBL/pAmpC 

producing bacteria. To control ESBL/pAmpC prevalence in broilers, transmission within the entire 

broiler production pyramid should be considered. This study, including 103 articles originating 

from two electronic databases, searched for evidence for possible routes of transmission of ESBL/

pAmpC producing bacteria in the broiler production pyramid. Possible routes of transmission 

were categorised as 1) vertical between generations, 2) at hatcheries, 3) horizontal on farm, and 

4) horizontal between farms and via the environment of farms. This review presents indications 

for transmission of ESBL/pAmpC producing bacteria for each of these routes. However, the lack 

of quantitative results in the literature did not allow an estimation of the relative contribution or 

magnitude of the different routes. Future research should be specifically targeted towards such 

information as it is crucial to guide reduction strategies for the spread of ESBL/pAmpC producing 

bacteria in the broiler production chain.
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Introduction

Antimicrobial resistance (AMR) is an increasing threat to human health (World Health Organization, 

2016). An important group of antimicrobial resistant bacteria is associated with plasmid mediated 

Extended Spectrum Beta-Lactamase and AmpC Beta-Lactamase (ESBL/pAmpC) producing 

bacteria. These beta-lactamase producing bacteria hydrolyse beta-lactam antimicrobials, such as 

penicillins and cephalosporins. Spread of ESBL/pAmpC resistance occurs via clonal and plasmid 

spread (Nikaido, 2009). ESBL/pAmpC producing bacteria are widely distributed in animals and 

humans, as reviewed by Ewers et al. (2012); Karanika et al. (2016) as well as in food (Leverstein-

van Hall et al., 2011; Cohen Stuart et al., 2012; Kluytmans et al., 2013; Rasmussen et al., 2015; 

Randall et al., 2017) and in the environment, as reviewed by Huijbers et al. (2015a). In animals, a 

high prevalence of ESBL/pAmpC producing bacteria is found in broilers and broiler parents (Mesa 

et al., 2006; Smet et al., 2008; Dierikx et al., 2013a; Dierikx et al., 2013b; Blaak et al., 2015; Huijbers 

et al., 2016; Dame-Korevaar et al., 2017), and a high level of heterogeneity in ESBL-genes and 

plasmids has been reported in the poultry production pyramid, as reviewed by Saliu et al. (2017). 

Carriage of ESBL/pAmpC producing bacteria by humans is associated with living or working on 

broiler farms in several Dutch studies (Dierikx et al., 2013b; Huijbers et al., 2014; Huijbers et al., 

2015b; van Hoek et al., 2016; Dorado-Garcia et al., 2018). Transfer via the consumption of meat 

is indicated in some studies (Leverstein-van Hall et al., 2011; Kluytmans et al., 2013; Hijazi et al., 

2016; Dorado-Garcia et al., 2018). However, in other studies this association was not observed 

(Leistner et al., 2013; Carmo et al., 2014; de Been et al., 2014). 

 The decrease in ESBL/pAmpC-E. coli prevalence in broilers reported in the Netherlands and in 

Denmark is most likely related to a reduction of antimicrobial usage (DANMAP, 2015; MARAN, 

2018). The use of antimicrobials and the presence of ESBL/pAmpC producing bacteria, and more 

specific resistance against extended-spectrum cephalosporins (ESC), is associated with the use of 

third generation cephalosporins for example in hatcheries (Dutil et al., 2010; Baron et al., 2014; 

Baron et al., 2016; MARAN, 2018). However, even in the absence of antimicrobials ESBL/pAmpC 

producing bacteria are able to colonise chickens and the plasmids encoding for ESBL/pAmpC 

production are able to spread within a bacterial and animal population (Le Devendec et al., 2011; 

Fischer et al., 2014; Huijbers et al., 2016; Ceccarelli et al., 2017; Dame-Korevaar et al., 2017). 

Next to the use of antimicrobials, other drivers related to the structure of the poultry production 

pyramid and management on farms might contribute to the occurrence of resistance (Dorado-

Garcia et al., 2016).

 To control ESBL/pAmpC prevalence in broilers, the pyramidal structure of broiler production is 

of importance (Figure 1). At the top of the production pyramid Great Grandparent Stock (GGPS) 

birds are produced by a few breeder companies at pedigree farms. The offspring of these GGPS 

are hatched at hatcheries and transported to Grandparent Stock (GPS) rearing farms. Around the 

age of 18 weeks these GPS are moved to GPS multiplier farms. These birds produce offspring 
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which are the Parent Stock (PS) of the birds raised for meat production at broiler farms. Therefore, 

controlling ESBL/pAmpC prevalence in broilers requires taking into account possible transmission 

of ESBL/pAmpC producing bacteria throughout the entire pyramid, as has been described for 

Salmonella (Van Immerseel et al., 2009) and Campylobacter (Idris et al., 2006; Katsma et al., 2007) 

and was suggested for ESBL-E. coli (Borjesson et al., 2013b; Dierikx et al., 2013a).

Figure 1 Schematic view of the broiler production pyramid. The broiler production pyramid includes different 

levels; Great Grandparent Stock (GGPS) birds at the top of the pyramid, Grandparent Stock (GPS), Parent Stock 

(PS), and broilers at the bottom of the pyramid, with increasing numbers of farms from top to bottom. Levels 

in the pyramid are linked through hatcheries (H).

The presence of ESBL/pAmpC producing bacteria in the different levels of the broiler production 

chain has been described in the past decennia. However, an overview of possible transmission 

routes of ESBL/pAmpC producing bacteria in the broiler production chain is lacking. This review 

aims to describe possible routes of transmission of ESBL/pAmpC producing bacteria described 

in the literature, because understanding these routes is a prerequisite for control. It includes 

four different types of transmission, which correspond to the structure of the poultry production 
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pyramid: 1) transmission from generation to generation (e.g. parent to offspring), 2) transmission at 

hatcheries, 3) horizontal on farm transmission and 4) horizontal between farm and environmental 

transmission. 

Methods

Search strategy

A systematic search in PubMed and CAB Abstracts was done, including articles until 26 April 

2018. Three search terms were used: [poultry] AND [ESBL/AmpC] AND [spread]. Complete 

search terms, including synonyms, are given in Appendix 1. No limits were set on time. 

Data selection

Duplicates were removed from the dataset before selection of useful articles. Selection was done 

in three steps. First and second selections were done using an online program (www.covidence.

org), on the basis of title and abstract. The first selection was done using the following inclusion 

criteria: a) the study concerns broilers or layers, turkeys or ducks, including results on chain, farm 

and animal level, b) the study concerns plasmid mediated resistance. The second selection was 

done using the following inclusion criteria: the study concerns ESBL/pAmpC producing bacteria 

in the broiler production pyramid. Relevant studies concerning layers, turkeys or ducks, were 

included when transmission routes described in these animals were also relevant in the broiler 

production chain. Studies were selected if isolates were typed as ESBL/pAmpC producing bacteria 

or if resistance against beta-lactam antimicrobials was reported. Beta-lactam antimicrobials 

were restricted to extended-spectrum cephalosporins (ESC), although a few articles reporting 

resistance against first or second generation cephalosporins were included as they contained 

additional information regarding possible transmission routes. 

 Third selection was based on full articles, available in pdf or hard copy, in Dutch, English or 

German language. In this selection a study was included if it suggested or described a certain 

route or mechanism of spread of ESBL/pAmpC producing bacteria in poultry, or if it mentioned risk 

factors or interventions on the occurrence of ESBL/pAmpC producing bacteria. Studies containing 

no primary data were excluded from further analysis, with the exception of some reviews 

containing information in addition to the selected articles. After the third selection duplicates 

missed in the first elimination were removed manually. The articles were then studied, the data 

was extracted from the full articles and included in the dataset. Data was categorised based on: 1) 

route: vertical transmission from generation to generation, transmission at hatcheries, horizontal 

on farm transmission or horizontal between farm and environmental transmission, 2) type of the 

study: observational or experimental, 3) type of results: quantitative or qualitative, 4) typing of the 

isolates: phenotypic or genotypic and 5) region of origin of the data. In addition, any mentioned 
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risk factors and interventions were recorded. 

Definition of transmission routes

Vertical transmission from generation to generation

Two types of vertical transmission from generation to generation are distinguished: true vertical 

transmission and apparent vertical transmission. True vertical transmission is transmission via 

ovarian or uterine infection, as is known for Salmonella Enteritidis (Guard-Petter, 2001; Buck et 

al., 2004). Apparent vertical transmission is transfer from the parent stock to the next generation 

via the environment, for example via faecal contamination of the egg shell at the parent farm 

(Wilkinson, 1999). It is often impossible to distinguish apparent and true vertical transmission. 

Furthermore, the role of the hatchery between parents and offspring is difficult to untangle. In 

section “Vertical transmission from generation to generation” all studies mentioning the role 

of the parents are discussed, studies describing the potential role of the hatcheries, as a link 

between generations, are discussed separately (transmission at hatcheries).

Transmission at hatcheries

Transmission at the hatchery can originate from ESBL/pAmpC producing bacteria present in the 

environment of the hatchery or can originate from eggs of the supplying parent flocks carrying 

ESBL/pAmpC producing bacteria, leading to contamination of other eggs or newly hatched birds 

in the hatching units. In section “Transmission at hatcheries” all studies mentioning the role of the 

hatchery in transmission of ESBL/pAmpC producing bacteria are discussed.

Horizontal on farm transmission 

Horizontal transmission on a farm occurs within and between flocks. Transmission can occur via 

direct physical or faecal contact between birds and via indirect contact, for example via humans, 

shared equipment, a contaminated poultry house, or other animals or vectors, such as flies. 

Here we exclude vertical transmission between parents and offspring, or contamination in a 

hatchery. Horizontal transmission between flocks at a farm can occur between both parallel and 

serially housed flocks. In section “Horizontal on farm transmission” articles mentioning horizontal 

transmission on a farm are discussed. 

Horizontal between farm and environmental transmission

Horizontal transmission between farms can occur via indirect contact, for example via humans, 

other animals, trucks or shared equipment or via the environment, at different levels of the 

poultry production chain. In section “Horizontal between farm and environmental transmission” 

articles mentioning horizontal transmission between farms are discussed. 
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Results

In total 9212 articles were retrieved from PubMed and CAB Abstracts. During the first and second 

selection rounds 8576 articles were excluded, because they did not concern poultry, plasmid 

mediated resistance, or both. After the third selection round 103 articles, containing information 

on possible transmission routes, were included in the database for this review (Figure 2, Table 

1). Most articles report results from Europe (56/103), followed by Asia (25/103), North-America 

(6/103), Latin-America (6/103), Africa (5/103), and Oceania (1/103). The remaining 4 articles 

report results from more than one continent. Of the 103 articles, 98 articles report primary data. 

The other 5 articles are reviews (Olsen et al., 2014; Zurek and Ghosh, 2014; Hille et al., 2014; 

Ljubojevic et al., 2016; Wang et al., 2017) containing valuable additional information regarding 

possible transmission routes. 

Figure 2 Schematic view of included articles (n) per selection step, and the described routes of transmission 

(n=133) and risk factors (n=19) in the final included articles.

Transmission routes included in this review are categorised based on the observations and 

suggestions described by the authors. Some articles describe more than one possible transmission 

route or a single route in different types of poultry, resulting in a total of 133 descriptions of 
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possible routes and 19 descriptions of risk factors. Of these 133 descriptions, 27 include vertical 

transmission from generation to generation, 19 transmission at hatcheries, 42 horizontal on 

farm transmission, and 45 horizontal between farm and environmental transmission. The vast 

majority of descriptions (122/133) originate from observational studies, 6 from experimental 

studies, and the remaining 5 from reviews. Most described or suggested routes are based on 

qualitative interpretation of data (106/133), whereas only 27/133 of the described routes are 

based on quantitative data. Studies from different regions suggest different transmission routes. 

The vertical transmission route and transmission at hatcheries is mostly suggested by descriptions 

including data from Europe (35/46), whereas only half (23/45) of the descriptions suggesting 

between farm and environmental transmission include data from Europe. In this review the 

region of data collection is reported. The routes are discussed in the following paragraph and 

summarised in Table 1 and Figure 3.

Figure 3 Schematic view of possible transmission routes of ESBL/pAmpC producing bacteria in the broiler 

production pyramid, as described in paragraph “Routes of transmission”, including Great Grandparent, 

Grandparent and Parent Stock ((G)P), hatcheries and their offspring. At each level farms, flocks or individual 

birds can be part of the transmission route, as well as the environment. 
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Routes of transmission

Vertical transmission from generation to generation

In a longitudinal study in Norway the odds for ESC-resistance in broilers increased 6-fold (OR 6.3; 

95% CI 1.6-25.0) when more than two parent flocks were supplying the broiler flock. This could be 

explained by the increased probability of at least one of the parent flocks being positive. However, 

no direct association between the status of the supplying parent flock and the broiler flock was 

found (Mo et al., 2016). The probability of detecting ESBL-Enterobacteriaceae was decreased 

when chicks were produced at the farm (OR 0; 95% CI 0.00-0.91), suggesting reduced risk of 

vertical transmission without introduction of new chicks in the farm (Gay et al., 2018). 

 ESBL/pAmpC-E. coli isolates have been observed in different levels of the broiler production 

pyramid (Dierikx et al., 2013a; Nilsson et al., 2014; Zurfluh et al., 2014a; Zurfluh et al., 2014b; 

Agerso et al., 2014; Projahn et al., 2018). The finding of genetically similar IncI1 plasmids associated 

with ESBL-E. coli (Zurfluh et al., 2014a; Zurfluh et al., 2014b), or highly related E. coli isolates 

carrying pAmpC gene bla
CMY-2 (Nilsson et al., 2014) in different levels of the broiler production 

chain indicates vertical transmission and suggests a common source. Genetically similar or closely 

related resistant E. coli found in broilers and their broiler parents support the likelihood of vertical 

transmission (Bortolaia et al., 2010; Olsen et al., 2014; Projahn et al., 2018). However, introduction 

via an earlier event could also have occurred (Projahn et al., 2018), and many other factors, such 

as the hatchery, might be of influence (Hille et al., 2014).

 The possibility of vertical transmission via eggs is shown by the detection of ESC-resistant 

Enterobacteriaceae on crushed decontaminated eggshells and eggshell surface of 7/186 broiler 

hatching eggs (Mezhoud et al., 2016). Moreover, genetically highly related E. coli isolates with ESBL 

gene blaCTX-M-1 were found in a parent flock and on their outer egg shells before decontamination 

of the eggs (Projahn et al., 2017). Furthermore, in a study on chicken table eggs, multi-resistant E. 

coli was found on eggshells from conventional barns as well as from organic and domestic flocks 

(Alvarez-Fernandez et al., 2012)

 Several observational studies suggest vertical transmission as explanation of the finding of ESC-

resistance in birds not treated with antibiotics. The presence of ESBL/pAmpC producing bacteria 

in organic broiler meat originating from farms without antibiotic usage was explained by the 

possibility of vertical transmission resulting in introduction of ESBL carrying one-day old broilers 

into the organic farms (Cohen Stuart et al., 2012). Moreover, in countries like Denmark, Norway, 

Sweden and Finland, where cephalosporins have never been used in poultry, ESC-resistant E. coli 

were found in different levels of the production pyramid. Use of cephalosporins at hatcheries in 

the supplying countries was suggested to be the cause of the presence of ESC-resistant E. coli in 

(grand)parent stock, which spread vertically to their offspring via the import of breeding animals 

and hatching eggs (Borjesson et al., 2013a; Borjesson et al., 2013b; Mo et al., 2014; Carmo et 

al., 2014; Paivarinta et al., 2016; Myrenas et al., 2018). The finding of E. coli, resistant to several 
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antimicrobials, in one-day old broiler chicks (Jimenez-Belenguer et al., 2016; Roth et al., 2017; 

Yossapol et al., 2017) and ampicillin resistant E. coli in young broilers (Obeng et al., 2014) suggest 

vertical transmission from breeder birds to offspring. Moreover, ampicillin resistant E. coli found 

in young pullets (Obeng et al., 2014) and clonally related ESBL-E. coli isolates in different turkey 

farms supplied by the same producer, support that vertical transmission between generations can 

occur in poultry (Dolejska et al., 2011).

Transmission at hatcheries

The occurrence of ESC-resistant E. coli in broilers and layers is associated with the supplying 

hatchery (Persoons et al., 2011; Baron et al., 2014). Moreover, similar proportions of ESC-resistant 

isolates in pullet and layer flocks originating from the same hatcheries (p=0.002) indicate a 

relationship between ESC-resistance and the supplying hatchery (Chauvin et al., 2013). The 

prevalence of ESC-resistant E. coli is higher at young ages in broilers and layer hens (p<0.05) 

(Braykov et al., 2016) and in pullets (OR 0.94; 95% CI 0.91-0.97) (Chauvin et al., 2013), which 

indicates that colonisation occurs mainly at a young age and suggests that the hatchery has a role 

in the spread of ESC-resistant E. coli. 

 The relationship between hatchery and ESC resistance could be the result of a selection due to 

antimicrobial treatment at the hatchery. Treatment in the hatchery with ceftiofur in ovo resulted 

in a higher prevalence of ESC-resistant isolates in broiler and layer flocks compared to non-

treated flocks at the age of 0-7 days (35.1% versus 11.2% for broilers and 46.4% versus 21.9% for 

layers) (Baron et al., 2014). Treatment with ceftiofur in the hatchery led to a higher prevalence 

of ESC-resistance in Canadian broiler chicken flocks (p=0.05) (Boulianne et al., 2016). However, 

antimicrobial treatment in the hatchery is not common practice in all countries.

 The presence of E. coli with AmpC gene bla
CMY-2 in the hatchery units and in one-day old birds 

(Dierikx et al., 2013a) and genetically related isolates in the hatchery environment and the 

fattening flock (Projahn et al., 2018) suggests that colonisation of young broilers can occur at 

the hatchery. Investigation of ESBL/pAmpC bacteria in a German hatchery showed presence of 

ESBL/pAmpC-Enterobacteriaceae on the surface of eggs from ESBL/pAmpC positive broiler parent 

flocks before disinfection (5/280) and even after disinfection (1/280). At hatch ESBL/pAmpC-

Enterobacteriaceae were found in dust, crushed egg shell and environmental samples. Although 

the proportion of positive samples was low and all hatchlings were negative for ESBL/pAmpC 

producing bacteria, the existence of resistant Enterobacteriaceae in the hatching environment 

being phylogenetically related with the ESBL/pAmpC-Enterobacteriaceae present in the parent 

flock indicates transmission via the hatchery (Projahn et al., 2017). Broiler flocks from different 

rounds and different farms but from the same hatchery showed genetically similar ampicillin- 

or ESC-resistant E. coli types, indicating the hatchery as common source (Bortolaia et al., 2010; 

Shahada et al., 2013; Schwaiger et al., 2013; Ozaki et al., 2017; Baron et al., 2018). Possible 

transmission from hatchery to farm was also found in a French study, where one single hatchery 
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was identified as the supplier for six chicken farms on which Salmonella enterica with ESBL gene 

blaCTX-M-9 was found (Weill et al., 2004).

 In another study different resistance genes were detected in hatchlings versus their hatchery 

environment, indicating another source (Osman et al., 2018). Moreover, the high similarity of 

plasmids in broiler flocks and in the supplying hatchery, but also to plasmids earlier reported in 

other regions and animal species makes it difficult to determine the origin of the contamination 

(Baron et al., 2018).

Horizontal on farm transmission

Transmission within flocks 

The basic reproduction ratio (R0) of ESBL/pAmpC-E. coli in an organic broiler flock, thus without 

the use of antibiotics, was 1.70 (95% CI 0.55-5.25) (Huijbers et al., 2016), indicating that ESBL/

pAmpC-E. coli are able to persist in the broiler flock without a selective advantage. The probability 

of being ESBL/pAmpC-E. coli positive depends on both the presence of ESBL/pAmpC-E. coli positive 

birds and ESBL/pAmpC-E. coli present in the environment of the broiler flock (Huijbers et al., 

2016). Also, experimental transmission studies show that ESBL/pAmpC-E. coli are able to spread 

between young specific pathogen free (SPF) birds without selective advantage (β of 1.33 per day 

(95% CI 0.600-2.51) (Ceccarelli et al., 2017). Housing management may influence the presence 

of resistant bacteria in a flock: a study on fattening turkeys showed that compartmentalization 

of flocks decreased the presence of ESC-resistant E. coli in fattening turkeys, whereas keeping 

breeding turkeys in one house, from day-old to depopulation, increased the probability that ESC-

resistant E. coli was present (OR 73.05; 95% CI 5.93–900.12), although only a few turkey flocks 

were included in the analysis (Jones et al., 2013). 

 The finding of similar plasmid-gene combinations within broiler and broiler breeder flocks, 

although in different E. coli types, suggests that within a flock horizontal spread of plasmids 

encoding ESBL/pAmpC-genes occurs (Zurfluh et al., 2014b). Also reproduction could play a role in 

spread of ESBL/pAmpC producing bacteria, since ESBL-E. coli were found in the reproduction tract 

of broiler breeder roosters, possibly as a result of faecal contamination (Mezhoud et al., 2015). 

Genetically related isolates found in chicken samples from the same farm, pen or market can be 

the result of horizontal transmission of ESC-resistant bacteria between animals (Lu et al., 2010; 

Ho et al., 2015).

Transmission between subsequent flocks in the same house

In a Norwegian study the presence of ESC-resistant E. coli in broiler flocks without antimicrobial 

usage was associated with the presence of ESC-resistance in the previous flock in the same 

house (OR 12.7; 95% CI 4.8-33.5) and disinfecting the floor between two production rounds was 

associated with a decreased presence of ESC-resistant E. coli in the subsequent flock (OR 0.1; 95% 

CI 0.03-0.6) (Mo et al., 2016). Transmission between flocks might occur via litter, dust, or faeces 
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(Laube et al., 2013). In turkeys, prevalence of ESC-resistant E. coli isolates was higher when turkeys 

were transferred to litter previously used by chickens (p=0.02) (Boulianne et al., 2016). A lab study 

showed that transfer of plasmids carrying blaCMY-2 occurs between bacteria, at temperatures down 

to 25°C, which might enable the plasmids to spread in the broiler production environment (Mo 

et al., 2017). 

 The presence of phylogenetically similar ESBL/pAmpC-E. coli in broilers at the end of the previous 

round, in the broiler house at day 1 before arrival and in the broilers and their environment during 

the subsequent round (Huijbers et al., 2016; Daehre et al., 2018) and the persistence of resistant 

bacteria in consecutive rounds (Persoons et al., 2010; Reich et al., 2013) indicate that these 

bacteria can transmit between subsequent flocks. 

 Insufficient cleaning might lead to persistence of ESBL/pAmpC producing bacteria in the 

poultry house environment and play a role in the persistence of ESBL/pAmpC-genes on a farm 

(Laube et al., 2013; Mattiello et al., 2015). In an experimental study antibiotic treatment of flocks 

raised in broiler houses that tested ESBL positive in previous rounds did result in ESBL-E. coli 

colonisation, whereas no ESBL-E. coli was found in a flock treated with antibiotics and raised in a 

clean laboratory animal room (Hiroi et al., 2012), indicating that raising ESBL-E. coli free broilers 

in hygienic circumstances can prevent their colonisation with ESBL/pAmpC producing bacteria. 

However, even after cleaning and disinfection, carry-over at farm level from flock to flock can 

occur and might result in recirculation at farm level (Oguttu et al., 2008; Schwaiger et al., 2013; 

Daehre et al., 2018), also depending on the fitness of the strain (Agerso et al., 2014; Huijbers 

et al., 2016). Colonisation of young birds might be followed by a rapid increase of ESBL/pAmpC 

prevalence in a broiler flock (Dierikx et al., 2013a). Horizontal transmission between subsequent 

flocks might contribute, next to vertical transmission, to the high prevalence of ESBL/pAmpC 

producing bacteria in countries, where no antibiotics have been used (Borjesson et al., 2013a).

Transmission between houses or parallel flocks on the same farm

Transmission between flocks kept in parallel might occur via dust and faeces on equipment, 

clothes or shoes (Laube et al., 2013) and presence of farm personnel and other farm animals 

was suggested as possible explanation for transmission (Persoons et al., 2010). Transmission via 

farm personnel can be reduced by hygiene measures; a study including turkeys showed that staff 

wearing gloves reduced the risk of occurrence of ESC-resistant E. coli in fattening turkeys (OR 0.47; 

95% CI 0.22–1.02) (Jones et al., 2013). Farm personnel working with other livestock was positively 

associated with the presence of ESC-resistant E. coli at fattening turkey farms (OR 2.8; 95% CI 

1.36-5.76) (Jones et al., 2013). The absence of other domestic farm animals on a turkey farm was 

associated with decreasing presence of ESC-resistant E. coli in breeding turkeys (OR 0.15; 95% CI 

0.03-0.78) (Jones et al., 2013), whereas the presence of fish ponds was associated with increasing 

presence of ESBL-E. coli on a chicken farm (OR 4.82; 95% CI 1.27-18.27) (Nguyen et al., 2015). 

The finding of ESBL/AmpC-Salmonella in fish and poultry meat suggests that interaction between 
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animal species for example via faecal contact may lead to spread of bacteria between different 

hosts (Nguyen et al., 2016). 

 Genetically related ESBL-E. coli strains from different barns at the same farm suggest 

transmission between flocks at the same farm (Projahn et al., 2018). Furthermore, investigation 

at German broiler farms showed that flocks kept in parallel are not independent, as the number 

of ESC-resistant samples was comparable between flocks on the same farm (Hering et al., 2016). 

However, these findings can also be explained by a similar source of the birds such as the hatchery 

or breeding flock. 

 Transmission via other animal species can occur via a shared environment. The finding of pCT-

like plasmids in E. coli with ESBL gene blaCTX-M-14 in cattle, turkeys and humans (Stokes et al., 2012) 

and E. coli with ESBL gene blaCTX-M-1 on ST3-Inc1 plasmids in chicken, cattle, pig and river water 

samples (Zurfluh et al., 2014a) suggests that plasmids can be transmitted between food producing 

animals and the environment. 

 Several studies have shown the presence of resistant bacteria in insects (Zurek and Ghosh, 

2014). ESBL/AmpC-E. coli isolates were found in wild birds and flies (Smith et al., 2017). Similar 

ESBL-E. coli genotypes in flies and isolates selected from manure and rinse water at layer and 

broiler farms (Blaak et al., 2014), and flies captured at a broiler farm at different sampling times 

carrying the same type of ESBL-E. coli (Sola-Gines et al., 2015), show that it is likely that flies can 

act as a vector between animals facilitating the dissemination of ESBL/pAmpC-E. coli.

Horizontal between farm and environmental transmission 

Several vehicles might facilitate between farm transmission. Transport personnel entering the 

farm was positively associated with the presence of ESC-resistant E. coli in broiler flocks (OR 9.3; 

95% CI 1.6–55.1), suggesting their role in cross contamination between farms (Mo et al., 2016). 

Another source of between farm transmission might be environmental contamination through 

animals on neighbouring farms. On fattening turkey farms, the presence of ESC-resistant E. coli 

was positively associated with having neighbouring farms with pigs (OR 2.6; 95% CI 1.16-5.83) 

(Jones et al., 2013). Cattle grazing on a neighbouring pasture were suggested as possible source of 

ESC-resistant Salmonella found on a free-range poultry farm (Siemon et al., 2007). Also backyard 

poultry with outdoor access were considered a potential reservoir of pAmpC-E. coli (Pohjola et 

al., 2016). 

 Farms positive for ESC-resistant bacteria can transmit these bacteria to their environment. Similar 

profiles of E. coli isolates found in samples from barn air and ambient air (50 meter downwind), 

slurry and ground surfaces outside the barn were found (Laube et al., 2014). Moreover, closely 

related ESBL/AmpC-E. coli strains found in faeces and pasture and soil surrounding the ventilation 

exhausting air (Daehre et al., 2018), and identical ESBL-E. coli isolates found in poultry faeces and 

environmental samples from the same farm indicate potential transmission from broiler and layer 

farms to the environment outside the barn (Blaak et al., 2015). 
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Transmission between farms via transport crates and trucks is suggested by the finding of ESC-

resistant E. coli on trays used for transport of both conventional and free-range eggs (Aw et 

al., 2015). ESBL-E. coli isolates found on a transportation truck and the litter and faeces of the 

connected fattening flock clustered together in MLST analysis, indicating that transmission can 

occur via the transportation system (Projahn et al., 2018). 

 Fomites, such as feathers, may spread resistant bacteria further from farms to their surroundings 

(Kim et al., 2005). Furthermore, poultry litter used as fertiliser, containing resistant E. coli, can 

contaminate soil, surface and ground water (Ljubojevic et al., 2016). The finding of ESBL/pAmpC-E. 

coli in broiler faeces, slurry and in the fields fertilised within 6 weeks before the sampling indicates 

that transmission through poultry litter is a potential route of spread and may contaminate animal 

farms in the neighbourhood (Friese et al., 2013). A wide variation in levels of ESBL-E. coli excretion 

is found between cattle, pigs and chickens. Therefore, depending on the housing management, 

for example if the animals have access to the outside, different animal species may vary in their 

contribution to environmental contamination (Horton et al., 2011). 

 The finding of similar ESBL-E. coli genotypes in rinse water, waste water, surface water and in 

the manure at layer and broiler farms indicates that transmission of ESBL-E. coli via contaminated 

water may occur (Blaak et al., 2014; Blaak et al., 2015). Important vehicles for this spread include 

drinking water (Jiang et al., 2011), water troughs (Hassan, 2015) and duck swimming pools 

contaminated with faeces (Ma et al., 2012). A natural watercourse, such as a river, may also play a 

role in environmental transmission. Presence of ESBL-E. coli in river water was found to be higher 

in regions with large numbers of chickens being raised compared to regions with lower numbers 

of chickens being raised (p=0.013) (Chen et al., 2016). Similar isolates from the river and faecal 

samples indicate that ESBL-E. coli can spread, probably via waste water, to the environment (Gao 

et al., 2014; Zurfluh et al., 2014a) and possibly to other farms. 

 Resistant bacteria can also be transmitted via wild birds that share the same environment 

(Hasan et al., 2012; Amadi et al., 2015; Hasan et al., 2016). ESBL-E. coli isolates from wild birds, 

humans, companion animals and the environment showed high similarity, suggesting an exchange 

of resistant genes between hosts sharing the same environment (Stedt et al., 2015; Schaufler 

et al., 2016). Although resistant E. coli were found in a higher number of wild birds from urban 

compared to rural origin (p<0.01) (Parker et al., 2016), migration of wild birds utilising both 

urban and rural areas might result in spread of ESC-resistance. Moreover, wild birds can serve 

as a reservoir of ESC-resistant bacteria (Borges et al., 2017) and potentially transmit them over 

long distances via migration (Antilles et al., 2015; Oh et al., 2015; Mathys et al., 2017; Raza et al., 

2017; Vergara et al., 2017). However, others have concluded that local dissemination in a shared 

environment is more important for the presence of resistance genes in wild birds than migration 

of the birds (Bonnedahl et al., 2015). Besides transmission via wild birds, other wild animals might 

play a role (Wang et al., 2017), for example rats (Nhung et al., 2015) and bats (Oluduro, 2012) are 

indicated as sources of resistant E. coli. An experiment with 8-week old SPF mice failed, however, 
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to demonstrate persistence of avian ESBL-E. coli strains in mice (van Duijkeren et al., 2015). 

 Bacteriophages present in the animal environment have been found to carry ESBL genes 

suggesting, that they may help maintenance and horizontal transfer of antimicrobial resistant 

genes in the animal environment (Colomer-Lluch et al., 2011). 

 Transmission of ESC-resistant bacteria from the environment to farms was also suggested as 

explanation for the presence of resistant bacteria in both free-range and organic chickens that had 

not received antibiotics (Cohen Stuart et al., 2012; Amadi et al., 2015). 

Miscellaneous risk factors

This review focusses primarily on transmission routes in the broiler production pyramid. However, 

also risk factors and interventions for the presence of ESC-resistant bacteria are mentioned in the 

selected articles, and are reported in this section. 

 Organic and backyard farms tended to have a lower occurrence of resistant bacteria compared 

to conventional farms (Miranda et al., 2008; Samanta et al., 2015; Bui et al., 2017). Farms that 

changed from conventional to organic practice showed a decrease in ESC-resistant isolates 

(Sapkota et al., 2014). Commercially kept chickens showed higher percentages of resistance than 

non-commercially kept birds in Ecuador (p<0.01) (Braykov et al., 2016), and in India the prevalence 

of ESBL-Enterobacteriaceae was higher in broiler farms compared to layer farms (OR 9.55; 95% 

CI 6.14 – 14.85) (Brower et al., 2017). These differences between production systems were most 

likely caused by both the level of antibiotic use and by bird density. At farm level in Vietnam, the 

purchase of one-day old chickens from sources other than industrial hatcheries was associated 

with the presence of ESBL-E. coli (OR 13.02; 95% CI 1.89-89.61) (Nhung et al., 2015). Presence of 

ESBL-Enterobacteriaceae at broiler farms in Reunion was associated with recently built premises, 

possibly confounded by antibiotic use which might be higher in modern farms (Gay et al., 2018).

 Prevalence of ESBL-E. coli and ESBL-Salmonella in retail chickens varied between regions (Wu 

et al., 2013; Qiao et al., 2017; Randall et al., 2017) possibly depending on different farm practices 

(Wu et al., 2013; Xu et al., 2014). Chicken carcasses from supermarkets from different regions 

in China showed the lowest prevalence in the region with a low human population density and 

mainly free ranging chickens. The highest prevalence was found in Beijing, where chickens were 

raised in high density and antimicrobials were used (Xu et al., 2014). Trade of poultry and poultry 

products might have contributed to the spread of resistant bacteria in Brazil, where genetically 

related ESBL producing Salmonella, carrying variants of bla
CTX-M, were found in different regions 

(Fitch et al., 2016).

 Moreover, season might also influence prevalence, with higher percentages of ESBL producing 

bacteria in retail chicken found in autumn, compared to spring (p<0.05) (Wu et al., 2013; Qiao 

et al., 2017) and winter (p<0.05) (Wu et al., 2013). Possibly there was a relationship between 

frequently occurring epidemic poultry diseases in autumn and consequently more antibiotic 

usage (Wu et al., 2013).
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A Belgian study showed that besides antimicrobial use, no acidification of the drinking water, more 

than three feed changes per cycle, hatchery of origin, breed and litter material are associated with 

the presence of ESC-resistant E. coli. Strikingly, a clean hygienic condition of the reservoir for 

medicinal treatment increased the risk of presence of ESC-resistant E. coli (Persoons et al., 2011). 

On the other hand, at a farm with no clearance of faeces higher numbers of ESBL-E. coli isolates 

were found compared to farms where faeces was cleared (Li et al., 2014), showing that poor farm 

hygiene may facilitate the occurrence and transfer of resistant bacteria. Possibly, risk factors as 

hygiene, drinking water and litter type might influence the microbiome and consequently the 

ability of ESC-resistant bacteria to colonise the gut (Persoons et al., 2011). Supplying a competitive 

exclusion product to broilers can reduce colonisation of ESBL-E. coli (p<0.001) (Nuotio et al., 2013), 

and decrease excretion (p<0.001) and transmission (p<0.001) of ESBL-E. coli during the first two 

weeks of life (Ceccarelli et al., 2017). 

Discussion and conclusions

Four possible transmission routes of ESC-resistant bacteria in the broiler production pyramid are 

discussed in this review: 1) vertical transmission from generation to generation (e.g. parent to 

offspring), 2) transmission at hatcheries, 3) horizontal on farm transmission and 4) horizontal 

between farm and environmental transmission. Evidence of the existence and information on 

the magnitude of transmission along these transmission routes is, however, scarce and mainly 

based on observational studies. Only 27 of 133 described routes have quantified probabilities of 

transmission along one of the four routes identified. Due to a lack of quantitative data, a meta-

analysis could not be performed, neither was it possible to quantify the level of evidence of the 

four transmission routes. Moreover, the general lack of quantitative results did not allow for a 

proper assessment of bias. Only a few experimental studies investigated the described routes, 

therefore hardly any causal evidence is found. 

 In order to find possible interventions to control ESBL/pAmpC prevalence and spread in the 

broiler production pyramid, it is important to determine the existence of transmission routes, and 

to quantify the magnitude of spread along the different transmission routes. 

 Although no direct relationship between the status of the parent flock and their offspring is 

reported, the presence of genetically related resistant isolates in different levels of the production 

chain (Bortolaia et al., 2010; Nilsson et al., 2014; Zurfluh et al., 2014a; Zurfluh et al., 2014b; Olsen 

et al., 2014; Projahn et al., 2018) and the presence of ESBL/pAmpC producing bacteria on farms 

and in countries, where no cephalosporins have been used (Cohen Stuart et al., 2012; Borjesson 

et al., 2013a; Borjesson et al., 2013b; Carmo et al., 2014; Mo et al., 2014; Paivarinta et al., 2016; 

Myrenas et al., 2018), suggests that transmission between generations may occur. A possible 

route is via egg shells carrying ESBL/pAmpC producing bacteria (Mezhoud et al., 2016; Projahn 
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et al., 2017) where the contaminated egg shells can result in colonisation of the offspring. It is, 

however, difficult to untangle transmission from parent to offspring from contamination in the 

hatcheries. Even low numbers of contaminated eggs might result in transmission from parent 

stock to the next generation, and therefore the magnitude of apparent vertical transmission 

might be overestimated, and contamination due to transmission at the hatchery underestimated. 

Therefore, we need both quantification of the probability of contamination from parent to 

offspring, as quantification of transmission among birds, as done in earlier studies (Ceccarelli et 

al., 2017). No transmission was observed in a field study where eggs from a contaminated parent 

flock were collected and broilers were hatched aiming to quantify vertical transmission. However, 

the number of eggs and the ESBL/pAmpC-E. coli prevalence in the parent flock were low (Dame-

Korevaar et al., 2017). These kinds of studies with larger numbers of eggs are, however, feasible 

and can be performed to quantify transmission between generations. This can also be studied in 

experimental studies by hatching offspring of contaminated hens. 

 None of the included studies quantified the transmission occurring at the hatchery, but the 

available literature indicates the importance of spread via the hatchery. After introduction of 

resistant strains originating from parent stock they may spread to the hatchery inventory and 

further contaminate eggs or newly hatched birds from ESBL/pAmpC-free parent stock. Treatment 

at the hatchery leads to selection of resistant strains, resulting in an increased probability of 

colonisation (Baron et al., 2014; Boulianne et al., 2016). Quantification of the role of hatcheries is 

difficult but can be studied by zooming into specific parts of the route. For example, experimentally 

determining the transmission from contaminated eggs or the hatchery environment to hatchlings 

is possible in research facilities.

 Strict hygiene measures might reduce the risk of recirculation at farm level, although in several 

studies even intensive cleaning and disinfection did not result in elimination of resistant strains 

(Oguttu et al., 2008; Schwaiger et al., 2013; Daehre et al., 2018). This might be caused by the 

presence of other, unknown sources of ESBL/pAmpC producing bacteria or indirect transmission 

at poultry farms, enabling transmission between flocks kept in parallel. Transmission between 

parallel and consecutive flocks on the same farm can be studied with longitudinal observational 

studies on farms (Huijbers et al., 2016; Dame-Korevaar et al., 2017) as by experimental studies 

(Ceccarelli et al., 2017). Transmission within and between flocks could be quantified using 

transmission experiments under controlled circumstances (Dame-Korevaar et al., unpublished 

data). In these experiments also possible interventions to reduce or prevent transmission could 

be tested (Ceccarelli et al., 2017).

 Contamination of the environment surrounding farms can lead to indirect transmission between 

farms, but also between houses and subsequent flocks. Several articles report the presence of 

ESBL/pAmpC producing bacteria in litter, air, dust (Friese et al., 2013; Laube et al., 2013; Blaak et 

al., 2014; Laube et al., 2014; Sola-Gines et al., 2015; Blaak et al., 2015; Daehre et al., 2018), but 

also in insects (Zurek and Ghosh, 2014; Smith et al., 2017) and in wildlife (Oluduro, 2012; Nhung et 
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al., 2015; Stedt et al., 2015; Schaufler et al., 2016; Wang et al., 2017). However, the magnitude of 

this transmission route has not been quantified. Epidemiological and environmental studies can 

indicate associations between risk factors and contamination of farms or the environment, but 

quantification of environmental transmission is extremely difficult, if not impossible, and requires 

large amounts of longitudinal data. Studies from different regions suggest different transmission 

routes, transmission via the environment was mainly suggested based on data originating from 

non-European regions. Possibly this is related to differences in structure or management in 

poultry production between regions. 

 Observational studies in which the genetic similarity between isolates is used to study 

associations or possible transmission routes, often include only a small number or a selection 

of isolates and a complete view on different resistant genes/plasmids present in the animal or 

environment is lacking. This limits the insight in possible transmission routes. Also conclusions 

based on animal products or slaughterhouse samples should be interpreted with caution. Sampling 

in slaughterhouses or animal products, such as meat and eggs, are likely to be influenced by 

cross contamination during processing and handling (Cohen Stuart et al., 2012; Mollenkopf et al., 

2014). These samples determine the exposure of humans, rather than represent an insight in the 

contamination of the production pyramid.

 This review on different routes of transmission of ESBL/pAmpC producing bacteria in the broiler 

production pyramid shows scarce to no causal evidence of transmission along these routes and 

a lack of quantitative data. Therefore the relative contribution or magnitude of transmission via 

these routes cannot be quantified. This is a major gap in the knowledge on the transmission 

of ESBL/pAmpC producing bacteria in the poultry production chain and hampers the design of 

optimal intervention strategies.

Recommendations

There is a need for studies aiming to determine the existence, and quantify the magnitude of 

transmission via the four hypothesised routes of ESBL/pAmpC producing bacteria in the broiler 

production pyramid. Accurate detection of ESBL/pAmpC producing bacteria and typing of 

genes and plasmids using standardised methods is needed, especially because of the high level 

of heterogeneity in genes, plasmids and strains. This will help to compare occurrences within 

and between farms and countries and determine the extent to which resistant bacteria are 

transmitted through the production chain. High-resolution typing techniques, such as whole 

genome sequencing (WGS), can be used to study transmission routes, however even with these 

high-resolution typing techniques there is a need for standardised methods to conclude on and 

show the importance of transmission routes. With information on the contribution of different 

transmission routes to the occurrence of ESBL/pAmpC producing bacteria in the production 

pyramid, interventions with the highest impact could be identified.
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Appendix 1

Complete search terms, including synonyms

Search term ‘poultry’ was defined in Pubmed as: (“Birds”[Mesh]) OR (poultry[tiab]) OR 

(broiler[tiab]) OR (broilers[tiab]) OR (laying hen[tiab]) OR (laying hens[tiab]) OR (farm[tiab]) OR 

(farms[tiab]) OR (breeder[tiab]) OR (parent stock[tiab]) OR (flock[tiab]) OR (chicken[tiab]) and in 

CAB Abstracts as: exp birds/ or exp poultry/ or exp broilers/ or exp hens/ or exp farms/ or breeder.

ti. or breeder.ab. or parent stock.ti. or parent stock.ab. or exp flocks/ or exp fowls/ or chicken.ti. 

or chicken.ab.

Search term ‘ESBL’ was defined in Pubmed as: (“beta-Lactamases”[Mesh]) OR (“AmpC beta-

lactamases”[Supplementary Concept]) OR (beta lactamase[tiab]) OR (beta-lactamase[tiab]) OR 

(beta lactamases[tiab]) OR (ampC[tiab]) OR (ampC beta lactamase[tiab]) OR (beta lactamase 

ampC[tiab]) OR (esbl[tiab]) OR (extended spectrum beta lactamase[tiab]) OR (resistance[ti]) OR 

(resistant[ti]) OR (plasmid[tiab]) OR (CMY[tiab]) OR (CTX[tiab]) OR (TEM[tiab]) OR (SHV[tiab]) 

OR (lactamase[tiab]) and in CAB Abstracts as: exp beta-lactamase/ or beta lactamase.ti. or beta 

lactamase.ab. or ampc.ti. or ampc.ab. or esbl.ti. or esbl.ab. or exp extended spectrum beta-

lactamase/ or exp drug resistance/ or exp plasmids/ or cmy.ti. or cmy.ab. or tem.ti. or tem.ab. or 

ctx.ti. or ctx.ab. or shv.ti. or shv.ab. or lactamase.ti. or lactamase.ab. or resistance.ti. or resistant.

ti. or plasmid.ti. or plasmid.ab.

Search term ‘spread’ was defined in Pubmed as: (“Disease Vectors”[Mesh]) OR (disease 

vectors[tiab]) OR (insect vectors[tiab]) OR (vectors[tiab]) OR (Route[tiab]) OR (Mechanism[tiab]) 

OR (mechanisms[tiab]) OR (Pathway[tiab]) OR (“Basic Reproduction Number”[Mesh]) OR (basic 

reproduction number[tiab]) OR (basic reproductive rate[tiab]) OR (basic reproductive ratio[tiab]) 

OR (R0[tiab]) OR (epidemic growth rate[tiab]) OR (“Infectious Disease Incubation Period”[Mesh]) 

OR (incubation period[tiab]) OR (generation time[tiab]) OR (transmission rate[tiab]) OR 

(transmission ratio[tiab]) OR (infection rate[tiab]) OR (“Disease Transmission, Infectious”[Mesh]) 

OR (transmission) OR (infection transmission[tiab]) OR [transmission infection[tiab]) OR (infectious 

disease transmission[tiab]) OR (transmission infectious disease[tiab]) OR (communicable 

disease[tiab]) OR (disease communicable[tiab]) OR (pathogen transmission[tiab]) OR (horizontal 

transmission[tiab]) OR (vertical transmission[tiab]) OR (horizontal[tiab]) OR (vertical[tiab]) 

OR (Spread[tiab]) OR (Introduction) OR (Dynamics[tiab]) OR (Transfer[tiab]) OR (“Disease 

Outbreaks”[Mesh]) OR (disease outbreak[tiab]) OR (disease outbreaks[tiab]) OR (outbreak[tiab]) 

OR (epidemic[tiab]) OR (“Endemic Diseases”[Mesh]) OR (endemic disease[tiab]) OR (endemic[tiab]) 

OR (“Incidence”[Mesh]) OR (incidence[tiab]) OR (occurrence[tiab]) or (prevalence[tiab]) or 

(dissemination[tiab]) and in CAB Abstracts as: exp disease vectors/ or vector.ti. or vector.ab. or 

route.ti. or route.ab. or mechanism.ti. or mechanism.ab. or mechanisms.ti. or mechanisms.ab. or 
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pathway.ti. or pathway.ab. or R0.ti. or R0.ab. or reproduction number.ti. or reproduction number.

ab. or reproductive rate.ti. or reproductive rate.ab. or reproductive ratio.ti. or reproductive ratio.

ab. or epidemic growth.ti. or epidemic growth.ab. or exp prepatent period/ or generation time.

ti. or generation time.ab. or transmission.mp. or exp disease transmission/ or exp infectious 

diseases/ or exp disease distribution/ or vertical.ti. or vertical.ab. or horizontal.ti. or horizontal.

ab. or spread.ti. or spread.ab. or introduction.mp. or dynamics.ti. or dynamics.ab. or exp transfer/ 

or exp outbreaks/ or endemic.ti. or endemic.ab. or exp disease incidence/ or occurrence.ti. or 

occurrence.ab. or prevalence.ti. or prevalence.ab. or dissemination.ti. or dissemination.ab.
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CHAPTER 4
Effect of challenge dose of 
plasmid-mediated extended-spectrum 
β-lactamase and AmpC β-lactamase 
producing Escherichia coli on 
time-until-colonization and level 
of excretion in young broilers

Anita Dame-Korevaar, Egil A.J. Fischer, Jeanet van der Goot, Francisca Velkers, Jan van den Broek, 

Kees Veldman, Daniela Ceccarelli, Dik Mevius, Arjan Stegeman. 
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Abstract

Plasmid-mediated extended-spectrum β-lactamase and AmpC β-lactamase (ESBL/pAmpC) 

producing bacteria are present at all levels of the broiler production pyramid. Young birds can 

be found positive for ESBL/pAmpC-producing Escherichia coli shortly after arrival at farm. The 

aim of this study was to determine the effect of different challenge doses of ESBL/pAmpC-

producing E. coli on time-until-colonization and the level of excretion in young broilers. One-day-

old broilers (specific-pathogen free (SPF) and conventional Ross 308) were housed in isolators 

and challenged with 0.5 mL ESBL/pAmpC-producing E. coli strains of varying doses (101-105 CFU/

mL). Presence and concentration (CFU/gram faeces) of ESBL/pAmpC-producing E. coli and total 

E. coli were determined longitudinally from cloacal swabs, and in cecal content 72 hours after 

challenge. Higher challenge doses resulted in shorter time-until-colonization. However, even the 

lowest dose (101 CFU/mL) resulted in colonization of the broilers which excreted >106 CFU/gram 

faeces 72 hours after inoculation. Conventional broilers were colonized later than SPF broilers, 

although within 72 hours after challenge all broilers were excreting ESBL/pAmpC-producing E. coli. 

A probabilistic model was used to estimate the probability of colonization by initial inoculation or 

transmission. The higher the dose the higher the probability of excreting ESBL/pAmpC-producing 

E. coli as a result of inoculation. In conclusion, low initial doses of ESBL/pAmpC-producing E. 

coli can result in rapid colonization of a flock. Interventions should thus be aimed to eliminate 

ESBL/pAmpC-producing bacteria in the environment of the hatchlings and measures focusing 

at reducing colonization and transmission of ESBL/pAmpC-producing E. coli should be applied 

shortly after hatching.
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Introduction

Plasmid-mediated extended-spectrum β-lactamase and AmpC β-lactamase (ESBL/pAmpC) 

producing bacteria are resistant to extended-spectrum cephalosporins (ESC), and are present in 

humans, animals and the environment (Blaak et al., 2015; Dorado-Garcia et al., 2018). Studies in 

European countries have revealed that the prevalence of ESBL/pAmpC-producing Escherichia coli 

in broilers is high (Saliu et al., 2017; MARAN, 2019) and ESBL/pAmpC-producing E. coli can also 

be present in chicken at higher levels of the broiler production pyramid such as in (grand)parent 

stocks (Dierikx et al., 2013a). Several field studies have shown that young birds can be positive 

for ESBL/pAmpC-producing E. coli within the first week after arrival at farm (Dierikx et al., 2013a; 

Huijbers et al., 2016; Dame-Korevaar et al., 2017). Transmission of ESBL/pAmpC-producing bacteria 

occurs throughout the broiler production pyramid via several routes. At every level of the broiler 

production pyramid young chickens can become colonized as a result of vertical transmission 

between generations, at hatcheries, horizontal transmission at the farm, between farms and via 

the environment (Dame-Korevaar et al., 2019a). However, the concentrations of ESBL/pAmpC-

producing bacteria these birds are exposed to are not known. Therefore, it is important to 

understand what level of exposure leads to colonization, and at what age birds are colonized 

by ESBL/pAmpC-producing bacteria. This information is needed to apply successful interventions 

to reduce transmission within the pyramid. Transmission of ESBL/pAmpC-producing bacteria 

can occur between subsequent flocks (Dame-Korevaar et al., 2019a) and therefore colonization 

of young chickens by ESBL/pAmpC-producing bacteria can be affected by biosecurity measures 

between production rounds. Raising broilers in hygienic circumstances (Hiroi et al., 2012) and 

cleaning and disinfecting the floor between production rounds (Mo et al., 2016) are associated 

with absence and reduced (Odds Ratio 0.1; 95% Confidence Interval (CI) 0.03-0.60) occurrence of 

ESC-resistant E. coli. However, even after intensive cleaning and disinfection of poultry houses, 

ESC-resistant E. coli can still be found in broiler flocks. Thus, persistence of low numbers of 

resistant bacteria in the farm or in the hatchery environment might lead to colonization of young 

broilers (Oguttu et al., 2008; Schwaiger et al., 2013; Projahn et al., 2017; Projahn et al., 2018; 

Daehre et al., 2018; Dierikx et al., 2018). The use of competitive exclusion products has shown 

to reduce colonization, excretion and transmission in broilers, but not to prevent it (Nuotio et 

al., 2013; Ceccarelli et al., 2017). However, in those studies broilers were challenged with a high 

dose of ESBL-producing E. coli (0.5 mL of 105 – 108 CFU/mL), whereas in the field broilers will be 

most likely exposed to much lower levels of resistant bacteria (Laube et al., 2013; Laube et al., 

2014). To evaluate the effectivity of potential measures, the relation between the exposure dose 

and colonization in groups of young broilers needs to be understood. This knowledge will help to 

assess interventions against colonization and transmission of ESBL/pAmpC-producing bacteria at 

all levels of the poultry production pyramid. 

 The aim of this study was to determine the relationship between challenge dose of ESBL/
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pAmpC-producing E. coli on time-until-colonization and the level of excretion. These outcomes 

were compared for specific-pathogen free (SPF) and conventional broilers, as well as for two 

different strains of ESBL/pAmpC-producing E. coli. To interpret the results of the time-until-

colonization we applied a probabilistic model to estimate the probability of colonization after 

inoculation, and transmission, as a post-hoc analysis after having observed the data. 

Materials and Methods

We conducted two experiments (Table S1). Experiment I consisted of three replicate studies with 

SPF broilers inoculated with five doses (101 – 105). Experiment II consisted of two replicate studies 

with SPF and conventional broilers inoculated with two doses (101 – 102). 

Birds and housing conditions 

Before the start of the experiment samples were taken from the parent flocks, incubators, 

hatchers and isolators to confirm the absence of ESBL/pAmpC-producing E. coli. In experiment I 

(May – July 2016), 80 (replicates 1 and 2) and 120 (replicate 3) 18-days incubated Cobb/Hybro/

Ross crossbred eggs from a specified pathogen free (SPF) parent flock (Animal Health Service, 

Deventer, the Netherlands) were transported to the animal facilities (Utrecht University, Utrecht, 

the Netherlands). Age of the parent stock varied between replicates from 31 to 62 weeks. All eggs 

were individually disinfected using a tissue with 3% hydrogen peroxide, then placed in egg trays 

in the hatcher and hatched after 3 days. At day 0 of the experiment, hatchlings were collected, 

tagged with an individual number, weighed and randomly divided over different isolators, with a 

maximum of fifteen (n=15) broilers per isolator. The extra chicks were used to prevent differences 

in group sizes at the moment of inoculation. At day 1, ten (n=10) broilers (not sexed, i.e. consisting 

of males and females) were selected in each isolator for the remainder of the experiment and were 

inoculated with a specific dose of the ESBL/pAmpC-producing E. coli challenge strain. Broilers with 

signs of reduced health or development, low hatching weight and, if needed, randomly chosen 

extra broilers were removed from the isolator and euthanized using cervical dislocation.

 In experiment II (September – October 2016), in both replicates 50 SPF eggs were transported to 

the animal facilities and handled according to the same procedures as in experiment I. In addition, 

at day 0 of the experiment, 50 just hatched conventional broilers (Ross 308) were transported to 

the animal facilities, individually tagged, weighed and randomly divided over the isolators. The 

conventional eggs were disinfected with formaldehyde and eggs were treated in the hatcher with 

37% formaldehyde solution. No in ovo vaccination or antimicrobials were supplied. Age of the 

parent stock varied between replicates from 45 – 50 (SPF) and 48 – 53 (conventional) weeks.

 Broilers were housed in negative pressure HEPA isolators. Water and standard mashed broiler 

diet without any antibiotics or coccidiostatics, radiated with 9 Gy, were available ad libitum. On 
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the floor of all isolators were paper linings covered with fine wood shavings. Isolator temperature 

was gradually decreased from 37°C at day of hatch until 32°C at the end of the experiment and 

a lighting schedule of 23 hours light per day was applied. During experiment I, 12 broilers (3 in 

replicate 1, 7 in replicate 2, and 2 in replicate 3) died or were euthanized before the end of the 

experiment. In experiment II no broilers died during the experiment. 

E. coli challenge

E. coli strain E39.62, which carries the AmpC gene blaCMY-2 on an IncK plasmid, and E38.27, which 

carries the ESBL gene blaCTX-M-1 on an IncI1 plasmid, which are representative of common gene-

plasmid combinations in E. coli isolates from broilers (MARAN, 2019; Ceccarelli et al., 2019), were 

isolated from healthy broilers in previous studies (Dierikx et al., 2010). Both isolates are resistant 

to cefotaxime and were used to challenge the broilers in experiments I and II, respectively. 

MacConkey agar (product no. 212123; Becton Dickinson) was used to culture the E. coli challenge 

strains. Cefotaxime (1 mg/L) used for selective plating throughout the study was obtained from 

Sigma-Aldrich (Poole, Dorset, UK).

 Serial dilutions of the E. coli strains were prepared on the day of challenge from fresh culture 

on heart infusion agar (HIS) with 5% sheep blood (Becton Dickinson GmbH, Heidelberg, Germany) 

supplemented with cefotaxime (1 mg/L), after resuspending into saline solution. Bacterial 

dilutions were measured with the McFarland reader and retrospective colony counting. For 

experiment I, all ten broilers per isolator were challenged at day 1 by individual oral inoculation 

with E. coli strain E39.62 using a 1 mL syringe without a needle with 0.5 mL of 101 – 105 CFU/mL 

(Table S1) prepared in saline solution (0.85% NaCl). For experiment II, all ten broilers per isolator 

were challenged at day 1 by individual oral inoculation with 0.5 mL of 101 – 102 CFU/mL (Table S1) 

prepared in saline solution (0.85% NaCl) of E. coli strain E38.27. 

Cloacal and cecal samples

Individual cloacal samples were collected using sterile dry cotton swabs (MW100, Medical Wire 

& Equipment, England) from all broilers just before challenge, to confirm the absence of ESBL/

pAmpC-producing bacteria. In replicate 1 of experiment I all broilers were sampled with cloacal 

swabs at t = 3, 6, 9, 12, 15, 20, 24, 28, 32, 48, 52, 56 and 72 hours after challenge. In replicates 2 and 

3 of experiment I, an additional sample was taken at t = 1.5 hours. In both replicates of experiment 

II broilers were sampled at t = 3, 6, 9, 12, 15, 20, 24, 32, 56 and 72 hours after challenge. In 

all replicates, after the last sampling round at day 4, at 72 hours after challenge, broilers were 

euthanized within the isolator by cervical dislocation and transported to the post mortem room in 

individually sealed bags. Post mortem examination was done within 30 minutes after euthanasia 

of the broiler. Broilers were weighed, checked for exterior and interior abnormalities, sex was 

determined, and ceca were collected and stored on ice for further analysis.
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Ethics of experimentation

Broilers were observed daily and the presence of clinical signs, abnormal behaviour and mortality 

was recorded. The study protocol was approved by the Dutch Central Authority for Scientific 

Procedures on Animals and the Animal Experiments Committee of Utrecht University (Utrecht, 

the Netherlands) under registration number AVD108002015314 and all procedures were done in 

full compliance with all relevant legislation.

ESBL/pAmpC-producing E. coli detection

All cloacal samples, except the ones used for quantification of ESBL/pAmpC-producing E. coli and 

total E. coli (next paragraph), were enriched in 3 mL Luria Bertani (LB) broth. After overnight 

incubation at 37°C, 10 μL were inoculated on MacConkey plates supplemented with 1 mg/L 

cefotaxime and incubated overnight at 37°C. Cloacal samples were processed and analysed 

individually. E. coli colonies growing on MacConkey plates supplemented with cefotaxime were 

referred to as CMY-2-E. coli (EXP I) or CTX-M-1-E. coli (EXP II). Colonies inconclusive after visual 

assessment were typed using MALDI-TOF MS (Bruker Daltonik, Germany).

ESBL/pAmpC-producing E. coli and total E. coli quantification 

Cloacal swabs obtained at t = 9, 32, 56 and 72 hours after challenge were weighed before and 

after sampling to determine the amount of faeces collected. The weight of the faecal samples 

on the cloacal swab specimens ranged from 0.01 to 0.43 gram. Each swab was suspended in 

3 mL LB broth. At 72 hours after challenge, content from one of the two ceca was collected 

post mortem and 0.1 – 1.0 gram was used to make a 10% dilution in Phosphate Buffered Saline 

(PBS). A total of 200 μL of the suspension containing the cloacal faeces or cecal content was 

used to prepare tenfold dilution series (10-1 – 10-5) in saline solution (0.85% NaCl); 10 μL of each 

dilution were inoculated on MacConkey plates without and with 1 mg/L cefotaxime, which were 

incubated overnight at 37°C. Concentrations of ESBL/pAmpC-producing E. coli and total E. coli 

were determined semi-quantitatively (CFU/gram faeces), based on the highest dilution showing 

growth of typical E. coli colonies and the weight of the faeces on the swabs or the amount of 

cecal content collected (Ceccarelli et al., 2017). E. coli colonies growing on MacConkey plates 

supplemented with cefotaxime were referred to as CMY-2-E. coli (EXP I) or CTX-M-1-E. coli (EXP II). 

Colonies inconclusive after visual assessment were typed using MALDI-TOF MS (Bruker Daltonik, 

Germany).

 The LB broth including the swab was also enriched overnight at 37°C. If no growth of E. coli 

colonies was observed on the MacConkey plates with cefotaxime (except for samples at t = 9 

hours of experiment I/replicate 1), 10 μL of the overnight enrichment broth were inoculated 

on MacConkey plates supplemented with 1 mg/L cefotaxime and incubated overnight at 37°C. 

If colonies were detected, the concentration was assumed to be below detection level of the 

dilution series and the concentration designated as such (Statistical analysis). 
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Statistical analysis

First, results of experiment I and experiment II were analysed separately. Secondly, data of broilers 

challenged with dose 101 or 102 CFU/mL from experiment I and experiment II were analysed 

together to compare different E. coli strains with diverse plasmid-gene combinations. All results 

were analysed using R, version 3.4.3. (RStudio Team, 2016), package “survival” (Cox proportional 

hazard regression), “lme4” (mixed linear regression model) and “bbmle” (maximum log likelihood). 

Time-until-colonization

The time-until-colonization was analysed using Cox proportional hazard regression. Validity of the 

assumptions of proportional hazards was checked using Schoenfeld residuals and assumptions 

were met. Colonization of individual broilers was measured by excretion of ESBL/pAmpC-

producing E. coli and defined as the time point of the first cloacal swab of two consecutive cloacal 

swabs tested positive for ESBL/pAmpC-producing E. coli. 

Level of excretion

The effect of challenge dose on the level of excretion was analysed using a mixed linear regression 

model including variables time, isolator, replicate, sex and body weight at hatch and the 

interaction between time and dose level. Animal was included as random effect to account for 

repeated measurements for the same broiler. Body weight at hatch was included as continuous 

variable, the others as categorical values. 

 In addition, in experiment II the variable type of broiler (conventional or SPF), and in the analysis 

of experiment I + II the variable E. coli strain was included. The best fitting model was obtained 

by backward selection, choosing the model with the lowest AIC value. Models with a difference 

in AIC of 2 or less were considered of equal fit and the most parsimonious model (lowest number 

of parameters) was chosen.

 Broilers negative for ESBL/pAmpC-producing E. coli in the dilution series but positive after 

overnight culturing were included in the analysis with excretion level 1 log
10 CFU/mL LB, as the 

minimum detection level of the semi-quantitative method was 2 log10 CFU/mL LB. Results from 

the dilution series where no ESBL/pAmpC-producing E. coli were counted following a dilution 

with a high amount of CFU ESBL/pAmpC-producing E. coli or the other way around, or results 

based on negative swab weight (or weight = 0 gram) were excluded from the analysis. Moreover, 

samples negative for ESBL/pAmpC-producing E. coli after overnight culturing were excluded since 

the analysis of excretion levels was based on excreting broilers only. Differences in cecal content 

(log10 CFU/gram) between the different dose levels and type of broilers were tested using a non-

parametric Kruskal-Wallis test.

Probability of inoculation or transmission resulting in colonization 

The observed differences in time-until-colonization within isolators showed that colonization of 
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broilers by ESBL/pAmpC-producing E. coli can be the result of inoculation leading to colonization 

or, in case inoculation did not lead to colonization, the result of transmission from other excreting 

broilers. Post-hoc analysis was performed assuming that the number of ESBL/pAmpC positive 

broilers as a result of inoculation or as a result of transmission at a point in time has a binomial 

distribution with 

and depends on the number of broilers still at risk just before this time point (van den Broek and 

Heesterbeek, 2007). The probabilities were estimated by maximizing the likelihood function. In 

this model π is the probability of colonization by ESBL/pAmpC-producing E. coli during a certain 

time interval, based on πin, which is the probability of colonization because of inoculation, and πtr, 

which is the probability of colonization by ESBL/pAmpC-producing E. coli because of transmission. 

Probability πtr depends on the total number of broilers being positive at the previous time moment 

in the same isolator (nprev), thus transmission can only occur when at least one broiler in the 

isolator is excreting ESBL/pAmpC-producing E. coli. 

 The probability of being positive as a result of inoculation (πin) and as a result of transmission 

(πtr) were estimated using a logistic regression model including time as offset, in which i is dose 

level, j is replicate, and k is type of broiler (SPF or conventional). 

For experiment I the model was used without the variable type of broiler as only SPF broilers were 

included, for experiment II the model with all variables was evaluated. The best fitting model was 

chosen based on the lowest AIC value, if the difference between AIC values was <2, the model 

with the least variables was selected as the best model.

Results

Experiment I

The effect of dose on time-until-colonization 

All broilers were colonized with CMY-2-E. coli, varying between 3 (dose 105 CFU/mL) and 24 (dose 

101 CFU/mL) hours after challenge (Table S2a). Time-until-colonization of CMY-2-E. coli depended 

on the challenge dose, with a hazard ratio for colonization of 3.20 (95% CI 1.76 – 5.82) for dose 

102 to 25.43 (95% CI 11.27 – 57.38) for dose 105 (reference dose 101, Table 1). Body weight at day 

0 and day 4, sex and replicate did not influence the time-until-colonization. 
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Table 1 Hazard Ratio (HR, 95% CI) of time-until-colonization for experiment I (n=120), II (n=78) and I+II (n=95). 

In experiment I only SPF broilers were included, challenged with different dose levels of CMY-2-E. coli. In 

experiment II SPF and conventional broilers were included, challenged with different dose levels of CTX-M-1-E. 

coli. Results of experiment I and II were combined in order to compare the different E. coli strains. 
Experiment Variable HR (95% CI)

I Dose* 101
 (reference) 1

102 3.20 (1.76 - 5.82)

103 12.21 (6.03 - 24.72)

104 14.03 (6.44 - 30.57)

105 25.43 (11.27 - 57.38)

Replicate 1 (reference) 1

2 1.00 (0.38 – 2.69)

3 1.99 (0.89 – 4.44)

Body weight day 0 (hatch) 0.98 (0.90 – 1.07)

Body weight day 4 1.01 (0.99 – 1.03)

Sex Male (reference) 1

Female 0.88 (0.57 – 1.35)

II Dose 101 (reference) 1

102 3.94 (2.31 – 6.74)

Type of broiler SPF (reference) 1

Conventional 0.05 (0.01 – 0.22)

Replicate 1 (reference) 1

2 0.94 (0.52 – 1.71)

Body weight day 0 (hatch) 0.94 (0.87 – 1.02)

Body weight day 4 0.99 (0.95 – 1.02)

Sex Male (reference) 1

Female 1.01 (0.63 – 1.63)

I+II Dose 101 (reference) 1

102 4.80 (2.30 – 10.02)

Challenge CMY-2-E. coli (reference) 1

CTX-M-1-E. coli 1.22 (0.51 – 2.94)

Isolator 1 (reference) 1

2 1.92 (1.01 – 3.64)

3 0.89 (0.36 – 2.19)

4 1.03 (0.29 – 3.71)

Body weight day 0 (hatch) 0.93 (0.86 – 1.00)

Body weight day 4 1.01 (0.98 – 1.04)

Sex Male (reference) 1

Female 0.93 (0.58 – 1.50)

*HR of all dose levels were significantly different (p<0.05), except for dose levels 103 and 104, and 104 and 105.

The effect of dose on level of excretion 

Excretion levels of CMY-2-E. coli and total E. coli increased during the experiment (Figure 1, Table 

S3). After inoculation (t = 9), excretion levels of CMY-2-E. coli increased with the challenge dose, 

however from t = 32 hours onwards no trend with increasing dose was observed. A higher body 
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weight at day of hatch was associated with slightly lower excretion levels of CMY-2-E. coli, (-0.07 

log10 CFU/gram faeces, 95% CI -0.10 – -0.04) (Table S3). All broilers showed cecal content levels 

of CMY-2-E. coli between 7.8 – 8.3 log10 CFU/gram, with slightly lower levels for dose 103 – 105 

compared to dose 101 (p=0.02) (Table S2).
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Figure 1 Experiment I: Excretion levels (log10 CFU/g faeces) of CMY-2-E. coli and total E. coli per challenge 

dose (101, 102, 103, 104, 105) at 9, 32, 56 and 72 hours after inoculation, including broilers with excretion 

levels above detection limit. The heavy line indicates the median, the box plot extends from the lower to 

upper quartile, the whiskers indicate the total range of observations.

Inoculation and transmission

Colonization of an individual broiler by ESBL/pAmpC-producing E. coli in this study was either the 

result of inoculation or the result of transmission from colonized broilers within the same isolator. 

Different statistical models to estimate the probability of being positive for CMY-2-E. coli as a 

result of inoculation or transmission were evaluated. In the best fitting model, the probability of 

being positive as a result of inoculation depended on the dose, while the chance of being positive 

as a result of transmission was equal for all doses. This model was preferred to a model in which 
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both inoculation and transmission depended on the dose, because of wide confidence intervals 

around the estimates. The estimated probability for a susceptible broiler to become colonized by 

CMY-2-E. coli as a result of inoculation (Table 2) was 0.03 per hour when challenged with dose 

101, 0.14 for dose 102, 0.34 for dose 103, 0.44 for dose 104 and 0.83 for dose 105. The probability of 

a susceptible broiler to become colonized as a result of transmission was 0.04, multiplied by the 

number of excreting broilers in the same isolator per hour (Table 2). 

Table 2 Estimates of probability of becoming colonized per susceptible broiler per hour (95% CI), because of 

inoculation (πin) or transmission (πtr) for experiment I (n=159) and experiment II (n=120), per challenge dose 

(101 – 105) and type of broiler (SPF and conventional), analysed with a model using the maximum likelihood of 

a binomial distribution with πin and πtr. 

Experiment Variable Type of broiler Dose level Probability positive per broiler per hour (95% CI)

I πin SPF 101 0.03 (0.01 – 0.07)

102 0.14 (0.02 – 0.58)

103 0.34 (0.05 – 0.81)

104 0.44 (0.07 – 0.88)

105 0.83 (0.23 – 0.99)

πtr SPF 101-105 0.04 (0.02 – 0.06)

II πin SPF 101 0.05 (0.02 – 0.10)

102 0.11 (0.02 – 0.40)

Conventional 101 0.01 (0.001 – 0.04)

102 0.01 (0.001 – 0.18)

πtr SPF 101-102 0.05 (0.02 – 0.08)

Conventional 101-102 0.02 (0.005 – 0.09)

Experiment II

The effect of dose on time-until-colonization 

All broilers were colonized with CTX-M-1-E. coli, varying between 56 (dose 102 CFU/mL) to 72 

(dose 101 CFU/mL) hours after challenge (Table S2b). Time-until-colonization depended on the 

CTX-M-1-E. coli dose, with a hazard ratio of 3.94 (95% CI 2.31 – 6.74) for dose 102 (reference dose 

101, Table 1). For conventional broilers, the hazard rate of colonization by CTX-M-1-E. coli was 

lower than for SPF broilers with a hazard ratio of 0.05 (95% CI 0.01 – 0.22). Body weight at day 0 

and day 4, sex and replicate did not influence the time-until-colonization. 

The effect of dose on level of excretion 

Conventional broilers excreted lower levels of CTX-M-1-E. coli compared to SPF broilers (Figure 2, 

Table S3). For both conventional and SPF broilers excretion levels increased during the experiment 

and were higher for broilers receiving challenge dose 102, however this difference was only minor 

(0.66 log10 CFU/gram faeces, 95% CI 0.23 – 1.12). Levels in cecal content were also lower in 
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conventional broilers compared to SPF broilers (7.05 versus 8.01 log10 CFU/gram cecal content, 

p=0.03). E. coli was detected in conventional broilers before the moment of inoculation. At t = 

9 hours after inoculation conventional broilers excreted higher levels of total E. coli compared 

to SPF broilers (Figure 2). Results of total E. coli in isolator 5 of replicate 1 were excluded from 

the analysis because of a contamination with Citrobacter freundii in the isolator, making visual 

assessment of E. coli growth on MacConkey plates not possible.
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Figure 2 Experiment II: Excretion levels (log10 CFU/g faeces) of CTX-M-1-E. coli and total E. coli per challenge 

dose (control (C), 101 and 102) at 9, 32, 56 and 72 hours after inoculation, for SPF and conventional (conv) 

broilers, including broilers with excretion levels above detection limit. The heavy line indicates the median, 

the box plot extends from the lower to upper quartile, the whiskers indicate the total range of observations. 

Inoculation and transmission

Similar to Experiment I, different statistical models were fitted to estimate the probability of 

being CTX-M-1-E. coli positive as a result of inoculation or as the result of transmission from 

other inoculated broilers within the same isolator. The best fitting model included a probability 

of being positive because of inoculation, depending on challenge dose (101 or 102) and type of 
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broiler (SPF or conventional), and transmission. Transmission depended on type of broiler but 

was independent of challenge dose. The estimates of the probability of colonization as a result of 

inoculation were 0.05 (dose 101) and 0.11 (dose 102) per hour for a susceptible SPF broiler, and 

0.01 per hour (doses 101 and 102) for a susceptible conventional broiler (Table 2). The estimates 

of the probability of colonization as a result of transmission were independent of dose level 

and were 0.05 for a susceptible SPF broiler and 0.02 for a susceptible conventional broiler, both 

multiplied by the number of excreting broilers in the same isolator per hour.

Experiment I + II

The hazard rate of being colonized did not differ between the two ESBL/pAmpC-producing E. coli 

strains used in experiment I and II for SPF broilers receiving challenge doses 101 or 102 (Table 1). 

However, the hazard rate of colonization increased together with the challenge dose with a hazard 

ratio of 4.80 (95% CI 2.30 – 10.02) for dose 102 versus dose 101. Excretion levels of ESBL/pAmpC-

producing E. coli in both cloacal and cecal samples of SPF broilers did not differ between the two 

strains (data not shown). Total E. coli excretion was slightly lower in SPF broilers challenged with 

CTX-M-1-E. coli (-0.76 log10 CFU/gram faeces, 95% CI -1.25 – -0.27). 

Discussion

These experiments have shown that the probability of colonization by ESBL/pAmpC-producing 

E. coli of a single young broiler per hour upon inoculation increases with the challenge dose. 

Moreover, the time-until-colonization decreases with increasing challenge dose. Eventually, all 

broilers within the flock became colonized either due to colonization or because of transmission, 

even after challenge with a dose as low as 101 CFU/mL. Furthermore, 72 hours after inoculation 

the level of excretion was not different between the challenge doses. Our results were reproduced 

for two different E. coli strains carrying a different gene-plasmid combination and for both SPF 

and conventional broilers. Conventional broilers showed a delay in colonization compared to SPF 

broilers, which might be due to competition by resident E. coli, which was detected in conventional 

broilers before the moment of inoculation. Distinguishing between the rate of colonization by 

ESBL/pAmpC-producing E. coli after challenge as a result of inoculation or transmission shows that 

presence of only a few ESBL/pAmpC-producing bacteria within a poultry house or hatchery can 

lead to colonization of some of the broilers, and that subsequently between-broiler transmission 

will result in a high prevalence of colonized broilers in the flock. This process likely includes, at 

least in conventional broilers, transmission (via conjugation) of the plasmid present in the inoculum 

E. coli to other E. coli strains. In our experimental design, we intentionally decided to follow the 

resistance phenotype – provided by the ESBL/pAmpC gene encoding plasmid - independently on 

the E. coli strain, which we did not aim to fully characterize. This approach was chosen to reflect the 
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dynamics of ESBL/pAmpC-producing E. coli transmission in nature, i.e. the chicken gut (Huijbers et 

al., 2016; van Hoek et al., 2018), where it is known that horizontal gene transfer occurs and is an 

integral part of resistance spread in broilers. Yet, to not overlook this biological aspect completely, 

the use of RAPD PCR as a quick tool to define strain variability was used and the finding of only 

one RAPD profile in the SPF birds but different profiles in the conventional birds (data not shown) 

indicated that plasmid transfer to different E. coli strains occurred in the conventional birds.

 Our method to estimate the probability of colonization by inoculation and transmission may 

have overestimated the probability of colonization upon inoculation, because a main assumption 

was that the probability that a bird starts to excrete due to colonization after inoculation remains 

constant over time during the entire experiment. In reality, the probability that a bird starts 

excreting as a result of colonization after inoculation, will decline in time, because the initial 

inoculated bacteria will colonize the bird, or the inoculated bacteria will pass through the gastro-

intestinal tract without colonization during the first hours after inoculation. On the other hand, our 

model did take into account that the probability of a susceptible broiler being colonized because 

of transmission, will increase in time due to an increase in the number of already colonized 

broilers excreting ESBL/pAmpC-producing E. coli. The model included the number of excreting 

broilers and did not take into account the build-up of bacteria, being excreted by the broilers, 

in the environment, which might have led to underestimation of the infectious pressure. Even 

though we might have underestimated transmission compared to the probability of colonization 

by inoculation, the relevance of transmission in dose-effect experiments performed in small 

groups of broilers is demonstrated, which is in line with the results in earlier experiments with 

Campylobacter jejuni (Line et al., 2008). 

 Importantly our study provides evidence that the probability of colonization as a result of 

transmission is independent of the initial dose of ESBL/pAmpC-producing E. coli introduced in a 

flock. Excretion levels higher than the initial challenge doses at 9 hours post inoculation, similar 

excretion levels between the challenge doses quickly after inoculation (32 hours post inoculation) 

in experiment I and only slightly different excretion levels in experiment II do support this idea. 

Excretion levels of ESBL/pAmpC-producing E. coli at the end of the experiment were higher in SPF 

broilers than in conventional broilers, and were comparable to earlier reported excretion levels in 

SPF broilers during the first week after challenge (Ceccarelli et al., 2017). 

 Finding excretion levels similar for all dose levels in experiment I and only slightly different 

in experiment II indicates that excretion levels do not depend on the initial inoculum, but on 

processes within the bird. Several bird characteristics might influence excretion levels. In 

experiment I, broilers with lower hatching weights were excreting slightly higher levels of ESBL/

pAmpC-producing E. coli. Possibly these hatchlings had limited microbial diversity or abundance, 

which increased the susceptibility to ESBL/pAmpC-producing E. coli colonization, as was suggested 

earlier for C. jejuni (Han et al., 2017). Moreover, other host characteristics such as differences in 

genetics (reviewed by Kers et al., 2018) between SPF and conventional broilers might affect the 
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microbiome, possibly also in relation to growth performance, and subsequently their response to 

E. coli challenges. In experiment II, conventional broilers showed a delayed time-until-colonization 

and reduced excretion levels compared to SPF broilers, possibly explained by the microbiota, 

which included E. coli, present before inoculation. The initially present E. coli did not carry 

ESBL/pAmpC, shown by the absence of ESBL/pAmpC-producing E. coli in samples at start of the 

experiment and in the control groups during the experiment. The presence of initial E. coli might 

have reduced susceptibility to the challenge E. coli, as previously observed with the supply of 

competitive exclusion cultures leading to a reduction in colonization (Hofacre et al., 2002; Nuotio 

et al., 2013; Ceccarelli et al., 2017). The stage of microbiota development and thus the age of 

broilers might affect the susceptibility to colonization (Jurburg et al., 2019), such as ESBL/pAmpC-

producing E. coli. Our result show that small amounts of ESBL/AmpC-producing E. coli are able to 

colonize young birds in the early stages of microbiota development.

 Inoculation with two different E. coli strains with other plasmid and ESBL/pAmpC-gene 

combinations did not result in differences in time-until-colonization and in excretion levels of 

ESBL/pAmpC-producing E. coli in SPF broilers. Both ESBL/pAmpC-producing E. coli strains were 

obtained from a poultry monitoring program (Dierikx et al., 2010) and were able to colonize and 

transmit, even in absence of antimicrobials, as observed in earlier studies (Le Devendec et al., 

2011; Fischer et al., 2014; Huijbers et al., 2016; Dame-Korevaar et al., 2017; Ceccarelli et al., 

2017). The successful colonization of one of the strains in conventional broilers and both strains in 

SPF broilers suggest that strains well adapted to broilers are suitable for animal models to study 

interventions to reduce ESBL/pAmpC-producing bacteria in poultry. 

Conclusions

The presence of small amounts of bacteria in a hatchery or poultry house could result in 

colonization of young birds followed by high levels of excretion and transmission within the flock. 

Interventions, such as hygiene measures, should aim towards eliminating ESBL/pAmpC-producing 

E. coli in the environment of the hatchling, i.e. the hatchery, transport vehicles and the broiler 

farm. Furthermore, within 72 hours of challenge all broilers excreted ESBL/pAmpC-producing 

E. coli, therefore measures focusing at reducing colonization and transmission of ESBL/pAmpC-

producing E. coli, such as administration of competitive exclusion cultures, should be applied 

within a very short time frame after hatching.
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Supplementary material 

Table S1 Design of experiment I and II, including date, age of the parent stock, dose level and type of 

challenge, type of animal, number of broilers at start and end of experiment, and sex of the animals, per 

replicate.

Replicate Date Age parent 
stock

Dose level 
(CFU/mL)

Challengea Animalb n broilers 
at day 0

n broilers 
inoculated

n broilers 
at day 4

Sexc

Experiment I

1 13 – 20 
May 2016

62 weeks Control PBS SPF 14 10, 1 died 
during 
inoculation

8 5 M; 3 F; 
2 NA

102 CMY-2 SPF 14 10 10 10 M; 0 F

103 CMY-2 SPF 14 10 10 8 M; 2 F

104 CMY-2 SPF 14 10 9 6 M; 4 F

105 CMY-2 SPF 14 10 10 6 M; 4 F

2 3 – 10 
June 2016

31 weeks Control PBS SPF 14 10 9 8 M; 2 F

101 CMY-2 SPF 14 10 8 7 M; 3 F

102 CMY-2 SPF 14 10 10 8 M; 2 F

103 CMY-2 SPF 13 10 7 7 M; 3 F

104 CMY-2 SPF 13 10 9 7 M; 3 F

3 24 June 
– 1 July 
2016

34 weeks Control PBS SPF 14 10 10 7 M; 3 F

101 CMY-2 SPF 13 10 10 7 M; 2 F; 
1 NA

101 (other 
dilution 
series)

CMY-2 SPF 14 10 10 7 M; 3 F

102 CMY-2 SPF 13 10 10 7 M; 3 F

103 CMY-2 SPF 15 10 9 5 M; 5 F

105 CMY-2 SPF 13 10 9 4 M; 6 F

Experiment II

1 11 – 18 
Sept 2016

SPF: 
45 weeks
Conv: 
48 weeks

Control PBS SPF 15 10 10 6 M; 4 F

Control PBS Conv 15 10 10 4 M; 6 F

101 CTX-M-1 SPF 14 10 10 5 M; 5 F

101 CTX-M-1 Conv 15 10 10 6 M; 4 F

102 CTX-M-1 SPF 14 10 10 3 M; 5 F; 
2 NA

102 CTX-M-1 Conv 15 10 10 7 M; 3 F

2 14 – 21 
Oct 2016

SPF: 
50 weeks
Conv:
53 weeks

Control PBS SPF 10 10 10 8 M; 2 F

Control PBS Conv 15 10 10 4 M; 6 F

101 CTX-M-1 SPF 10 10 10 7 M; 3 F

101 CTX-M-1 Conv 15 10 10 5 M; 5 F

102 CTX-M-1 SPF 10 10 10 4 M; 6 F

102 CTX-M-1 Conv 15 10 10 6 M; 4 F

a E. coli strain E39.62 with blaCMY-2 on IncK, E. coli strain E38.27 with blaCTX-M-1 on IncI1
b Specific Pathogen Free (SPF), Animal Health Service Deventer, Conventional (Conv) broilers (Ross 308) originated from 

poultry facility with hatchery
c Number of Males (M), Females (F) and not assessed (NA) broilers
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Table S2a Detection (+/-) and quantification (log10 CFU/g faeces) of CMY-2-E. coli in broilers in experiment I, 

determined at n hours post inoculation and in the cecal content (log10 CFU/g cecal content).

Replicate Iso Dose Bird ID Hours post inoculation

0 1.5 3 6 9 12 15 20 24 28 32 48 52 56 72 Ceca

1 1 0 0001 -  - - - - - - - - - - - - - -

1 1 0 0011 -  - - - - - - - - - - - - - -

1 1 0 0021 -  - - - - - - - - - - - - - -

1 1 0 0026 -  - - - - - - - - - - - - - -

1 1 0 0031 -  - - - - - - - - - - - - - -

1 1 0 0036 -  - - - - - - - - - - - - - -

1 1 0 0041 -  - - - - - - - - - - - - - -

1 1 0 0046 -  - - - - - †         

1 1 0 0051 -  - - - - - - - - - - - - - -

1 2 102 0002 -  - + 5.18 + + + + + 7.48 + + 7.52 + 7.98

1 2 102 0007 -  + + 4.70 + + + + + 4.18 + + 8.18 + 8.00

1 2 102 0012 -  + + + + + + + + 6.18 + + 6.52 6.78 7.95

1 2 102 0017 -  - - - - + + + + + + + 6.48 + 7.93

1 2 102 0022 -  - + 5.00 + + + + + + + + 5.18 + 7.96

1 2 102 0037 -  - + 5.00 + + + + + 3.48 + + 6.00 4.88 7.95

1 2 102 0042 -  + + 5.00 + + + + + 3.48 + + 5.48 4.63 7.95

1 2 102 0047 -  - - - + + + + + 8.18 + + 6.00 6.88 7.96

1 2 102 0057 -  - + 5.48 + + + + + 4.18 + + 6.78 7.70 7.95

1 2 102 0062 -  - - - + + + + + + + + 8.00 7.88 8.00

1 3 103 0008 -  + + 4.06 + + + + + 8.00 + + 8.00 8.00 7.94

1 3 103 0013 -  + + 4.57 + + + + + 5.88 + + 8.48 8.00 7.97

1 3 103 0023 -  + + - + + + + + 7.00 + + 8.00 8.00 7.96

1 3 103 0028 -  + + 4.63 + + + + + 6.00 + + 5.00 8.18 7.96

1 3 103 0033 -  - + 4.63 + + + + + 6.00 + + 6.18 7.18 7.95

1 3 103 0043 -  + + 3.57 + + + + + 4.88 + + 8.88 7.88 7.95

1 3 103 0048 -  + + 4.36 + + + + + 5.00 + + 6.00 7.48 7.95

1 3 103 0053 -  - + 4.27 + + + + + 5.18 + + 6.00 7.00 7.95

1 3 103 0058 -  + + 4.63 + + + + + 5.48 + + 6.48 7.18 7.96

1 3 103 0063 -  + + 4.70 + + + + + 6.48 + + 5.88 6.00 8.03

1 4 104 0004 -  + + 4.70 + + + + + 6.48 + + 5.78 5.78 7.95

1 4 104 0009 -  + + + + + + + + 6.48 + + 7.18 7.00 8.07

1 4 104 0014 -  + + 4.70 + + + + + 6.18 + + 6.00 7.00 7.98

1 4 104 0024 -  + + 4.78 + + + + + 7.18 + + 5.78 6.70 7.96

1 4 104 0029 -  + + 5.78 + + + + + 5.48 + + 6.57 6.70 7.94

1 4 104 0034 -  + + 4.63 + + + + + 5.48 + + 7.00 5.88 7.96

1 4 104 0039 -  + + 4.30 + + + + + 9.00 + + 5.57 6.18 7.96

1 4 104 0049 -  + + 3.63 + + + + + 7.18 + + 8.48 7.78 7.96

1 4 104 0054 -  + + 4.52 + †          

1 4 104 0064 -  + + + + + + + + 7.48 + + 7.18 8.00 7.97

1 5 105 0005 -  + + 4.57 + + + + + 7.48 + + 8.48 9.18 7.96

1 5 105 0010 -  + + 4.63 + + + + + 6.18 + + 6.00 6.18 7.93

1 5 105 0015 -  + + 4.78 + + + + + 6.48 + + 5.63 8.00 8.30

1 5 105 0020 -  + + 4.57 + + + + + 6.00 + + 5.78 6.48 7.97

1 5 105 0025 -  + + 5.88 + + + + + 7.48 + + 6.88 7.00 7.84

1 5 105 0030 -  + + 4.70 + + + + + 5.88 + + 5.00 7.88 7.97

1 5 105 0035 -  + + 4.63 + + + + + 7.48 + + 5.48 6.18 7.95
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Table S2a continued.
Replicate Iso Dose Bird ID Hours post inoculation

0 1.5 3 6 9 12 15 20 24 28 32 48 52 56 72 Ceca

1 5 105 0040 -  + + 5.00 + + + + + 6.00 + + 6.00 6.00 7.85

1 5 105 0055 -  + + + + + + + + 8.48 + + 6.00 6.00 7.97

1 5 105 0065 -  + + 5.88 + + + + + 6.00 + + 5.00 5.18 8.26

2 1 0 0071 - - - - - - - - - - - - - - - -

2 1 0 0076 - - - - - - - - - - - - - - - -

2 1 0 0081 - - - - - - - - - - - - - - - -

2 1 0 0086 - - - - - - - - - - - - - - - -

2 1 0 0090 - - - - - - - - - - - - - - - -

2 1 0 0102 - - - - - - - - - - - - - - - -

2 1 0 0119 - - - - - †           

2 1 0 0124 - - - - - - - - - - - - - - - -

2 1 0 0134 - - - - - - - - - - - - - - - -

2 1 0 0139 - - - - - - - - - - - - - - - +

2 2 101 0072 - - - - 4.78 + + + + + 8.00 + + 8.78 8.00 8.10

2 2 101 0082 - - - - - + + + + + 8.18 + + + 8.00 8.02

2 2 101 0087 - - - + - + + + + + 6.48 + + 9.18 9.00 8.01

2 2 101 0091 - - - + - + + + + + 6.18 + + 9.48 6.00 7.98

2 2 101 0098 - - - - - - - + + + + + + 6.00 6.00 7.98

2 2 101 0103 - - - - - - - + + + 6.88 + + 8.48 7.78 8.05

2 2 101 0108 - - - - 4.48 - - + + + 8.48 + + 7.88 8.00 8.16

2 2 101 0115 - - - - 2.70 - - - + †       

2 2 101 0125 - - - - 2.78 + + + + + 9.18 + + 6.00 8.88 7.98

2 2 101 0130 - - - + 2.78 + + + + + + + + †   

2 3 102 0073 - - - - 4.78 + + + + + 9.18 + + 9.48 8.48 7.97

2 3 102 0078 - - + + 4.88 + + + + + 9.18 + + 8.63 9.00 7.99

2 3 102 0088 - - + + + + + + + + 7.48 + + 7.48 5.57 7.99

2 3 102 0092 - - + + + + + + + + 6.18 + + 6.18 8.00 7.98

2 3 102 0099 - - + + 5.00 + + + + + 5.88 + + 6.18 6.48 7.99

2 3 102 0110 - - - + 5.88 + + + + + 6.48 + + 5.48 8.18 7.96

2 3 102 0116 - - - + 5.00 + + + + + 7.18 + + 8.18 7.88 7.96

2 3 102 0121 - - - + 5.48 + + + + + 7.48 + + + 8.00 7.98

2 3 102 0126 - - + + 5.48 + + + + + + + + 8.18 9.00 7.97

2 3 102 0136 - - + + 3.00 + + + + + 8.18 + + 7.78 9.00 7.95

2 4 103 0074 - - - + 5.78 + + + + + 6.78 †     

2 4 103 0079 - - + + 4.01 + + + + + 6.44 + + 7.18 7.44 7.98

2 4 103 0084 - + - + 4.12 + + + + + 7.70 + + 8.00 7.90 7.96

2 4 103 0093 - - - + 5.88 + - + + + 7.88 + + 6.00 7.70 7.98

2 4 103 0095 - - - + 4.36 + + + + + 7.70 + †    

2 4 103 0100 - - - + 4.78 + + + + + 6.70 †     

2 4 103 0105 - - + + 3.63 + + + + + 5.27 + + 8.00 7.70 7.99

2 4 103 0122 - - - + 4.78 + + + + + 7.78 + + 8.48 7.84 7.96

2 4 103 0127 - - + + 4.88 + - + + + 7.70 + + 8.48 7.78 7.95

2 4 103 0137 - - + + 4.88 + + + + + 4.57 + + 6.48 7.78 7.96

2 5 104 0075 - - + + 4.88 + + + + + 7.48 + + 8.48 9.00 7.96

2 5 104 0080 - - + + 4.00 + + + + + 7.88 + + 6.48 6.48 7.96

2 5 104 0085 - + + + 6.00 + + + + + + + + 7.70 8.00 7.94

2 5 104 0096 - - + + 6.48 †           
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Table S2a continued.
Replicate Iso Dose Bird ID Hours post inoculation

0 1.5 3 6 9 12 15 20 24 28 32 48 52 56 72 Ceca

2 5 104 0101 - + + - 5.00 + + + + + 4.48 + + + 7.52 7.96

2 5 104 0106 - - + + 3.70 + + + + + + + + 8.40 + 7.98

2 5 104 0113 - - + + 5.18 + + + + + + + + + 8.33 7.95

2 5 104 0118 - + + + + + + + + + + + + + 6.30 7.96

2 5 104 0128 - + - - 5.18 + + + + + + + + 6.00 5.88 7.98

2 5 104 0138 - + - - 6.18 + + + + + 7.00 + + 6.18 5.70 8.01

3 1 0 0107 - - - - - - - - - - - - - - - -

3 1 0 0113 - - - - - - - - - - - - - - - -

3 1 0 0119 - - - - - - - - - - - - - - - -

3 1 0 0125 - - - - - - - - - - - - - - - -

3 1 0 0131 - - - - - - - - - - - - - - - -

3 1 0 0143 - - - - - - - - - - - - - - - -

3 1 0 0149 - - - - - - - - - - - - - - - -

3 1 0 0155 - - - - - - - - - - - - - - - -

3 1 0 0161 - - - - - - - - - - - - - - - -

3 1 0 0179 - - - - - - - - - - - - - - - -

3 2 101 0102 - - + + 5.48 + + + + + 9.48 + + 8.18 9.00 7.98

3 2 101 0108 - - - - - + + + + + 7.00 + + 7.48 9.00 8.05

3 2 101 0114 - - - - - - + + + + 6.88 + + 7.88 8.48 7.94

3 2 101 0126 - - - + 5.48 + + + + + 6.18 + + 8.00 8.18 8.00

3 2 101 0132 - - - - - + + + + + 7.18 + + 8.18 5.48 7.94

3 2 101 0138 - - - + 5.48 + + + + + 7.00 + + 8.70 8.78 8.03

3 2 101 0150 - - - - - + + + + + 9.48 + + 7.70 8.88 7.97

3 2 101 0156 - - - - 5.18 + + + + + 6.18 + + 8.18 8.48 8.04

3 2 101 0162 - - - - - + + + + + 6.00 + + 5.88 9.18 7.95

3 2 101 0180 - - - + 3.48 + + + + + 8.00 + + 8.78 7.88 7.99

3 3 101 0103 - - - - - + + + + + 7.48 + + + 8.78 7.96

3 3 101 0109 - - - - 3.18 + + + + + 6.48 + + + 9.00 7.96

3 3 101 0115 - - - - - + + + + + 8.48 + + 8.48 8.18 7.98

3 3 101 0121 - - - + 5.18 + + + + + 6.00 + + 6.48 9.00 +

3 3 101 0127 - - - - - - + + + + 7.88 + + 6.00 8.18 7.96

3 3 101 0139 - - - + + + + + + + 8.18 + + 8.00 8.18 7.98

3 3 101 0145 - - - - - + + + + + 6.48 + + 5.00 9.00 7.98

3 3 101 0151 - - - - - - + + + + 5.48 + + 7.48 9.18 7.99

3 3 101 0163 - - - + 3.48 + + + + + 9.00 + + 7.48 9.18 8.08

3 3 101 0181 - - + + 5.18 + + + + + 6.18 + + 8.18 9.00 7.96

3 4 102 0104 - - + + + + + + + + 5.18 + + 9.48 7.48 8.01

3 4 102 0116 - - - + 4.78 + + + + + 5.18 + + 9.18 8.00 7.97

3 4 102 0122 - - + + 6.48 + + + + + 7.88 + + 8.88 6.18 7.98

3 4 102 0128 - - - - - + + + + + 5.18 + + 6.00 6.00 +

3 4 102 0134 - - + - 3.48 + + + + + 4.57 + + 6.48 6.00 8.00

3 4 102 0140 - - - - - + + + + + 6.00 + + 8.00 8.00 8.00

3 4 102 0146 - - - + 3.48 + + + + + 5.18 + + 6.18 6.18 7.99

3 4 102 0158 - - - + 4.18 + + + + + 5.18 + + 5.48 6.78 8.01

3 4 102 0164 - - + + 6.48 + + + + + 8.18 + + 7.48 6.00 7.98

3 4 102 0182 - - - + 4.18 + + + + + 7.48 + + 8.00 8.18 7.99

3 5 103 0105 - - + + 4.48 + + + + + 5.48 + + 8.48 8.48 7.98

3 5 103 0123 - - + + + + + + + + 8.00 + + 8.00 6.88 8.01
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Table S2a continued.
Replicate Iso Dose Bird ID Hours post inoculation

0 1.5 3 6 9 12 15 20 24 28 32 48 52 56 72 Ceca

3 5 103 0129 - - + + + + + + + + 8.18 + + 9.18 9.00 7.98

3 5 103 0141 - - + + 4.18 + + + + + 3.99 + + 9.48 7.88 7.99

3 5 103 0147 - + + + 5.48 + + + + + 8.18 + + 7.00 8.88 8.00

3 5 103 0159 - + + + + + + + + + 8.48 + + 9.00 8.00 7.98

3 5 103 0170 - + + + 4.48 + + + + + 8.00 + + 6.00 8.78 7.95

3 5 103 0171 - - + + 5.48 + + + + + 9.48 + + 8.18 6.88 7.93

3 5 103 0177 - - + + 5.48 + + + + + 5.18 + + 7.88 †  

3 5 103 0183 - - + + 5.18 + + + + + 8.18 + + 7.88 9.00 7.97

3 7 105 0106 - - + + 7.18 + + + + + 6.18 + + 8.18 8.18 7.98

3 7 105 0112 - - + + 8.48 + + + + + 4.88 + + 6.00 8.00 7.94

3 7 105 0118 - + + + 5.00 + + + + + 6.78 + + 8.88 6.18 7.94

3 7 105 0124 - + + + 5.48 + + + + + 8.18 + + 8.00 9.18 7.99

3 7 105 0136 - + + + + + + + + + 6.00 + + 6.48 8.00 +

3 7 105 0148 - + + + 6.18 + + †         

3 7 105 0154 - + + + 5.18 + + + + + 9.18 + + 6.18 8.00 8.12

3 7 105 0166 - + + + 6.18 + + + + + 8.48 + + 7.48 9.00 7.96

3 7 105 0172 - + + + 6.48 + + + + + 7.88 + + 6.18 6.63 7.96

3 7 105 0178 - + + + 5.18 + + + + + 3.52 + + 6.48 4.52 7.96

+ in quantification series are broilers excreting CMY-2-E. coli (i.e. growth of E. coli on MacConkey + cefotaxime), but excretion 

values were below detection limit or missing.

† chick died
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Table S2b Detection (+/-) and quantification (log10 CFU/g faeces) of CTX-M-1-E. coli in broilers (SPF and 

conventional) in experiment II, determined at n hours post inoculation and in the cecal content (log10 CFU/g 

cecal content).

Replicate Iso Broiler Dose Bird ID Hours post inoculation

0 3 6 9 12 15 20 24 32 56 72 Ceca

4 1 SPF 0 0001 - - - - - - - - - - - -

4 1 SPF 0 0004 - - - - - - - - - - - -

4 1 SPF 0 0007 - - - - - - - - - - - -

4 1 SPF 0 0010 - - - - - - - - - - - -

4 1 SPF 0 0019 - - - - - - - - - - - -

4 1 SPF 0 0025 - - - - - - - - - - - -

4 1 SPF 0 0028 - - - - - - - - - - - -

4 1 SPF 0 0034 - - - - - - - - - - - -

4 1 SPF 0 0037 - - - - - - - - - - - -

4 1 SPF 0 0043 - - - - - - - - - - - -

4 2 Conv 0 0053 - - - - - - - - - - - -

4 2 Conv 0 0056 - - - - - - - - - - - -

4 2 Conv 0 0062 - - - - - - - - - - - -

4 2 Conv 0 0071 - - - - - - - - - - - -

4 2 Conv 0 0077 - - - - - - - - - - - -

4 2 Conv 0 0080 - - - - - - - - - - - -

4 2 Conv 0 0083 - - - - - - - - - - - -

4 2 Conv 0 0086 - - - - - - - - - - - -

4 2 Conv 0 0089 - - - - - - - - - - - -

4 2 Conv 0 0092 - - - - - - - - - - - -

4 3 SPF 101 0002 - - - - + + + + + 6.18 7.00 8.03

4 3 SPF 101 0005 - - + 5.00 + + + + 8.18 8.18 8.88 7.99

4 3 SPF 101 0008 - - - - + + + + 9.18 7.48 9.00 8.02

4 3 SPF 101 0011 - + - 5.18 + + + + 7.48 9.18 7.63 7.97

4 3 SPF 101 0014 - - - - + + + + 7.18 9.18 7.00 7.98

4 3 SPF 101 0023 - - - - - + + + + 8.00 6.88 7.98

4 3 SPF 101 0026 - - - - - + + + 7.18 9.00 8.00 8.01

4 3 SPF 101 0029 - - - - - + + + 5.00 8.48 7.18 7.91

4 3 SPF 101 0032 - - + 4.18 + + + + 9.18 9.18 9.00 7.99

4 3 SPF 101 0035 - - + 4.88 + + + + 8.88 8.18 7.88 7.97

4 4 Conv 101 0051 - - - - - - - - 2.88 3.88 6.00 7.98

4 4 Conv 101 0057 - - - - - - - + - 3.00 5.18 7.98

4 4 Conv 101 0063 - - - - - - - - - 5.00 8.18 8.11

4 4 Conv 101 0069 - - - - - - - + 3.18 6.18 5.00 7.99

4 4 Conv 101 0072 - - - - - - - + - 4.48 6.18 8.00

4 4 Conv 101 0075 - - - - - - + - 6.48 8.18 8.18 7.87

4 4 Conv 101 0078 - - - - - - + - + 4.18 5.00 8.15

4 4 Conv 101 0087 - - - - - - - - - 4.18 5.18 8.07

4 4 Conv 101 0090 - - - - - - + - 2.88 5.48 4.88 7.98

4 4 Conv 101 0093 - - - - - - - + - 3.00 4.78 8.04

4 5 SPF 102 0003 - + - - + + + + + + + +

4 5 SPF 102 0006 - + + - + + + + + + + +

4 5 SPF 102 0009 - - - + + + + + + + + +

4 5 SPF 102 0012 - - - - + + + + + + + +

4 5 SPF 102 0015 - - - - + + + + + + + +
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Table S2b continued.
Replicate Iso Broiler Dose Bird ID Hours post inoculation

0 3 6 9 12 15 20 24 32 56 72 Ceca

4 5 SPF 102 0018 - - + - + + + + + + + +

4 5 SPF 102 0021 - + - + + + + + + + + +

4 5 SPF 102 0024 - - - + + + + + + + + +

4 5 SPF 102 0027 - + - + + + + + + + + +

4 5 SPF 102 0042 - - - + + + + + + + + +

4 6 Conv 102 0052 - - - - - - - - - 3.88 8.00 7.97

4 6 Conv 102 0055 - - - 3.00 + + + + 4.88 6.00 4.70 7.99

4 6 Conv 102 0061 - - - 3.18 - - + - - 3.88 4.63 8.00

4 6 Conv 102 0067 - - - - - - + + 2.78 4.48 8.57 8.04

4 6 Conv 102 0070 - - - - - - + - 3.88 4.18 5.70 8.15

4 6 Conv 102 0076 - - - 3.18 + + - + 3.88 4.88 + 8.07

4 6 Conv 102 0079 - + - - - + + + 5.18 5.18 6.00 7.94

4 6 Conv 102 0085 - + + - + - - + 2.88 5.18 6.18 7.97

4 6 Conv 102 0088 - + - 3.18 - + + - 3.78 5.00 7.78 8.11

4 6 Conv 102 0094 - - - - - - - + 3.00 6.00 4.70 8.00

5 1 SPF 0 0001 - - - - - - - - - - - -

5 1 SPF 0 0004 - - - - - - - - - - - -

5 1 SPF 0 0007 - - - - - - - - - - - -

5 1 SPF 0 0010 - - - - - - - - - - - -

5 1 SPF 0 0013 - - - - - - - - - - - -

5 1 SPF 0 0016 - - - - - - - - - - - -

5 1 SPF 0 0019 - - - - - - - - - - - -

5 1 SPF 0 0022 - - - - - - - - - - - -

5 1 SPF 0 0025 - - - - - - - - - - - -

5 1 SPF 0 0028 - - - - - - - - - - - -

5 2 Conv 0 0031 - - - - - - - - - - - -

5 2 Conv 0 0034 - - - - - - - - - - - -

5 2 Conv 0 0040 - - - - - - - - - - - -

5 2 Conv 0 0043 - - - - - - - - - - - -

5 2 Conv 0 0049 - - - - - - - - - - - -

5 2 Conv 0 0055 - - - - - - - - - - - -

5 2 Conv 0 0058 - - - - - - - - - - - -

5 2 Conv 0 0061 - - - - - - - - - - - -

5 2 Conv 0 0064 - - - - - - - - - - - -

5 2 Conv 0 0067 - - - - - - - - - - - -

5 3 SPF 101 0002 - - - - + + + + 9.18 9.00 + 7.96

5 3 SPF 101 0005 - - + 4.18 + + + + 9.00 8.00 + 7.98

5 3 SPF 101 0008 - - - - - + + + 8.18 9.18 7.48 7.99

5 3 SPF 101 0011 - - - - - + + + 9.18 8.48 + 7.94

5 3 SPF 101 0014 - - + 4.18 + + + + 7.18 7.78 6.88 8.01

5 3 SPF 101 0017 - - + 5.18 + + + + + 8.00 7.70 8.04

5 3 SPF 101 0020 - + + 5.18 + + + + 5.88 6.18 5.78 7.98

5 3 SPF 101 0023 - + + 5.48 + + + + 8.00 8.48 8.78 7.97

5 3 SPF 101 0026 - - - - - + + + 7.88 8.00 7.48 8.02

5 3 SPF 101 0029 - - - - + + + + 5.18 9.18 7.48 7.97

5 4 Conv 101 0035 - - - - - - - - - 2.88 6.78 7.10

5 4 Conv 101 0038 - - - - - - - - - - 3.18 4.00

5 4 Conv 101 0041 - - - - - - - - - 3.00 3.18 3.97

5 4 Conv 101 0044 - - - - - - - - - - 2.88 5.03
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Table S2b continued.
Replicate Iso Broiler Dose Bird ID Hours post inoculation

0 3 6 9 12 15 20 24 32 56 72 Ceca

5 4 Conv 101 0053 - - - - - - - - - - 2.88 3.96

5 4 Conv 101 0059 - - - - - - - - - 3.48 5.00 6.85

5 4 Conv 101 0062 - - + - - - - - - - 7.00 4.92

5 4 Conv 101 0065 - - - - - - - - - - 2.78 3.00

5 4 Conv 101 0068 - - + - - - - - - - 2.88 4.01

5 4 Conv 101 0074 - - - - - - - - - - 2.88 5.02

5 5 SPF 102 0003 - - + 5.48 + + + + 7.88 8.00 8.88 8.02

5 5 SPF 102 0006 - + + 4.00 + + + + 8.00 8.48 8.78 8.07

5 5 SPF 102 0009 - - + 5.48 + + + + 9.00 7.00 5.44 8.40

5 5 SPF 102 0012 - + + - + + + + 9.18 8.48 7.88 8.07

5 5 SPF 102 0015 - - + 5.18 + + + + 5.88 7.88 9.18 7.99

5 5 SPF 102 0018 - + + 6.00 + + + + 6.00 6.48 7.88 8.13

5 5 SPF 102 0021 - - + 7.88 + + + + 9.00 7.00 8.00 7.97

5 5 SPF 102 0024 - + - 5.48 + + + + 9.18 7.18 6.57 8.02

5 5 SPF 102 0027 - - + 5.00 + + + + 8.88 7.18 8.44 7.89

5 5 SPF 102 0030 - + + 5.00 + + + + 9.18 9.00 8.78 7.94

5 6 Conv 102 0033 - - - - - - - + 3.00 6.88 6.63 7.98

5 6 Conv 102 0036 - - - - + - + + 5.18 4.00 5.70 7.94

5 6 Conv 102 0039 - - - - - - + + 6.18 7.18 4.78 7.95

5 6 Conv 102 0045 - - + - - - - - - 4.48 4.88 6.94

5 6 Conv 102 0048 - + - - - - + + 4.18 5.00 5.48 6.96

5 6 Conv 102 0057 - - - - - - + + 3.48 3.48 3.88 8.00

5 6 Conv 102 0063 - - + - - - - - 2.78 3.48 4.00 7.96

5 6 Conv 102 0066 - - - 3.48 - + + + 4.18 8.18 6.70 7.95

5 6 Conv 102 0069 - + + - + + + + 4.48 5.18 5.78 5.97

5 6 Conv 102 0075 - - - 3.18 - - - + 2.88 5.48 3.88 5.98

+ in quantification series are broilers excreting CTX-M-1-E. coli (i.e. growth of E. coli on MacConkey + cefotaxime), but excretion 

values were below detection limit or missing.

† chick died
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Table S3 Parameter estimates for excretion levels (log10 CFU/g faeces, 95% CI) of CMY-2-E. coli in experiment 

I (n=129) and CTX-M-1-E. coli in experiment II (n=70), including broilers with excretion levels above detection 

limit, using a mixed linear regression model.

Experiment Variable Estimate (95% CI)

I Time (T hours post inoculation) T=9, Dose 101 (intercept*) 6.94 (5.67 – 8.21)

T=32 3.12 (2.44 – 3.81)

T=56 3.45 (2.76 – 4.15)

T=72 4.06 (3.38 – 4.74)

Body weight day 0 (hatch) -0.07 (-0.10 – -0.04)

Interaction Time (T) : Dose T=9 * Dose 102 0.87 (0.12 – 1.61)

T=32 * Dose 102 -0.83 (-1.43 – -0.22)

T=56 * Dose 102 -0.23 (-0.83 – 0.38)

T=72 * Dose 102 -0.91 (-1.51 – -0.31)

T=9 * Dose 103 0.66 (-0.06 – 1.38)

T=32 * Dose 103 -0.42 (-1.01 – 0.16)

T=56 * Dose 103 0.06 (-0.55 – 0.67)

T=72 * Dose 103 -0.25 (-0.85 – 0.35)

T=9 * Dose 104 0.90 (0.12 – 1.68)

T=32 * Dose 104 -0.23 (-0.98 – 0.51)

T=56 * Dose 104 -0.53 (-1.25 – 0.19)

T=72 * Dose 104 -1.07 (-1.75 – -0.40)

T=9 * Dose 105 1.66 (0.89 – 2.44)

T=32 * Dose 105 -0.22 (-0.90 – 0.44)

T=56 * Dose 105 -0.79 (-1.47 – -0.11)

T=72 * Dose 105 -0.78 (-1.44 – -0.12)

II Time (T hours post inoculation) T=9, Dose 101, 
SPF, Replicate 1 (intercept*)

5.28 (4.65 – 5.90)

T=32 2.77 (2.13 – 3.42)

T=56 2.94 (2.30 – 3.57)

T=72 2.64 (1.99 – 3.28)

Dose Dose 102 0.66 (0.23 – 1.12)

Replicate Replicate 2 -0.55 (-1.00 – -0.12)

Interaction Time (T) : Type of broiler T=9 * Conventional -2.60 (-3.70 – -1.49)

T=32 * Conventional -4.57 (-5.28 – -3.85)

T=56 * Conventional -3.63 (-4.26 – -3.02)

T=72 * Conventional -2.68 (-3.27 – -2.09)

*the intercept for experiment I gives the estimate of excretion level of CMY-2-E. coli at 9 hours post inoculation, for dose 

101, body weight at day 0 = 0 gram. The intercept for experiment II gives the estimate of excretion level of CTX-M-1-E. coli at 

9 hours post inoculation, for SPF broilers receiving dose 101, in replicate 1.
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CHAPTER 5
Early life supply of competitive exclusion 
products reduces colonization of 
Extended Spectrum Beta-Lactamase
producing Escherichia coli in broilers

Anita Dame-Korevaar, Egil A.J. Fischer, Jeanet van der Goot, Francisca Velkers, Daniela Ceccarelli, 

Dik Mevius, Arjan Stegeman.
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Abstract

Broilers are an important reservoir of ESBL/pAmpC-producing bacteria. In previous studies a single 

supply of a competitive exclusion (CE) product before challenge with a high dose of ESBL/pAmpC-

producing E. coli led to reduced colonization, excretion and transmission, but could not prevent 

colonization. The hypothesized mechanism is competition; therefore in this study the effect of a 

prolonged supply of CE products on colonization, excretion and transmission of ESBL-producing E. 

coli after challenge with a low dose at day 0 or day 5 was investigated. Day-old broilers (Ross 308) 

(n=220) were housed in isolators. Two CE products, containing unselected fermented intestinal 

bacteria (CEP) or a selection of pre- and probiotics (SYN), were supplied in drinking water from 

day 0 to 14. At day 0 or day 5 broilers were challenged with 0.5 mL with 101 or 102 CFU/mL E. 

coli encoding the beta–lactamase gene blaCTX-M-1 on an IncI plasmid (CTX-M-1-E. coli). Presence 

and concentration of CTX-M-1-E. coli was determined using cloacal swabs (day 0-14, 16, 19, 21) 

and cecal content (day 21). Cox proportional hazard model and a mixed linear regression model 

were used to determine the effect of the intervention on colonization and excretion (log10 CFU/

gram). When challenged at day of hatch, no effect of CEP was observed. When challenged at day 

5, both CEP and SYN led to a prevention of colonization with CTX-M-1-E. coli in some isolators. 

In the remaining isolators, we observed reduced time until colonization (HR between 3.71 ×10-3 

and 3.11), excretion (up to -1.60 log10 CFU/gram) and cecal content (up to -2.80 log10 CFU/gram) 

and a 1.5 to 3-fold reduction in transmission rate. Colonization after a low dose challenge with 

ESBL-producing E. coli can be prevented by CE products. However, if at least one bird is colonized 

it spreads through the whole flock. Prolonged supply of CE products provided shortly after hatch, 

may be applicable as an intervention to reduce prevalence of ESBL/pAmpC-producing bacteria in 

the broiler production chain.
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Introduction 

Plasmid mediated Extended Spectrum Beta-Lactamase and AmpC Beta-Lactamase (ESBL/pAmpC) 

producing bacteria are resistant to extended spectrum cephalosporins (ESC). ESBL/pAmpC-

producing Escherichia coli are present in the environment, humans and animals (Blaak et al., 

2015). Although prevalence has decreased in recent years in different animal sectors (Dorado-

Garcia et al., 2016; MARAN, 2019; Hesp et al., 2019), broilers are still an important reservoir of 

ESBL/pAmpC-producing bacteria and high prevalence in poultry flocks and poultry products are 

reported from several European countries (Saliu et al., 2017). The broiler production chain has 

a pyramidal structure with a few purebred pedigree farms at the top and many broiler farms at 

the bottom, with multiplier and crossbreeding steps in between. ESBL/pAmpC-producing E. coli 

have been found in all levels of the production chain (Dierikx et al., 2013a; Apostolakos et al., 

2019). Transmission occurs via several routes, vertically between different levels of the chain, 

horizontally within and between farms, and via the (farm) environment (Dame-Korevaar et al., 

2019a). Consequently, introduction of ESBL/pAmpC-producing E. coli in a broiler flock can occur 

at different moments, e.g. in the hatchery, during transport or shortly after arrival at the farm, or 

during the fattening phase. 

 To reduce the prevalence of ESBL/pAmpC-producing E. coli in the broiler production chain, 

interventions targeted at different transmission routes are needed. Examples include reducing 

exposure of the flock to bacteria from the farm environment using hygiene barriers, or from 

the previous flock by cleaning and disinfection between production rounds. However, these 

interventions are not always sufficient in preventing colonization (Daehre et al., 2018). In addition, 

other types of interventions can be used to attempt to prevent colonization of resistant E. coli, 

such as supplying products via feed or water, like feed additives (Roth et al., 2017). Interventions 

applicable simultaneously at different levels of the production chain will most likely help control 

the spread of ESBL/pAmpC-producing E. coli in broilers, and consequently in meat products, as 

measures taken at the top of the pyramid can affect the presence of ESBL/pAmpC-producing E. 

coli at lower levels of the pyramid as well. Furthermore, the rapid colonization of young broilers, 

even after exposure to a low dose of ESBL/pAmpC-producing E. coli (Dame-Korevaar et al., 2019b) 

shows that interventions should be taken as soon as possible after hatching. Delayed colonization 

observed in conventional broilers which carried initial E. coli, compared to SPF broilers not 

carrying E. coli upon hatch (Dame-Korevaar et al., 2019b), suggests that the gut microbiome plays 

an important role in susceptibility to colonization of ESBL/pAmpC-producing E. coli, and that this 

susceptibility may vary between development phases (Jurburg et al., 2019). Therefore, influencing 

the gut microbiome at an early age could potentially be a high impact intervention, applicable at 

different levels of the broiler pyramid. This can be done using the concept of competitive exclusion.

 Competitive exclusion (CE) is based on early establishment of natural intestinal bacteria, to 

protect the bird from colonization with certain other bacteria (Nurmi et al., 1992). Different 
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types of competitive exclusion products, containing non-pathogenic bacterial cultures of 

single or mixed strains (Callaway et al., 2008), are available for poultry. The bacterial strains in 

these products can be defined, or consist of unselected intestinal bacteria from adult specific 

pathogen-free (SPF) chickens (e.g. Aviguard®). Also, some products contain a selection of pre- and 

probiotics, so called synbiotics. These CE products reduce colonization of foodborne pathogens, 

such as Salmonella (Nakamura et al., 2002; Ferreira et al., 2003; Luoma et al., 2017; Markazi 

et al., 2018). The administration of a CE product to day-old broilers before challenge resulted 

in decreased intestinal and cecal colonization with resistant pathogenic E. coli (Hofacre et al., 

2002). Other studies showed that, in absence of antibiotics, a single oral supply of a CE product 

led to reduced cecal content (CFU/gram) (Nuotio et al., 2013; Methner et al., 2019), excretion 

and transmission (Ceccarelli et al., 2017) upon challenge with a high dose (105 to 108 CFU/mL) of 

ESBL/pAmpC-producing E. coli, but could not prevent colonization in the gut. However, under field 

circumstances the first colonized birds have likely been exposed to much lower numbers of ESBL/

pAmpC-producing E. coli (Laube et al., 2013; Blaak et al., 2015), especially in a properly cleaned 

and disinfected poultry house. Exposure to a lower dose of ESBL/pAmpC-producing E. coli will 

reduce the risk of colonization (Dame-Korevaar et al., 2019b), and the bacteria present in the CE 

products will most likely result in further reduction of this risk. In addition, a longer supply of a CE 

product might be more effective by supplying more of the competitive bacteria. 

 In this study, we investigated the effect of prolonged supply of CE products in drinking water on 

time until colonization, excretion and transmission of ESBL-producing E. coli after challenge with a 

low dose. In three transmission experiments with contact birds and orally inoculated seeder birds 

the effect of two types of CE products (unselected fermented intestinal bacteria from SPF chickens 

(CEP) and a synbiotic selection of pre- and probiotics (SYN)) was investigated. Two scenarios of 

ESBL-producing E. coli introduction were studied: exposure of broilers to a low dose of ESBL-

producing E. coli at day of hatch (experiment I) and during the first week of life (experiments II 

and III). 

Material and methods

Three consecutive experiments were conducted (Table 1). In experiment I, broilers were 

challenged at day of hatch (day 0) with 0.5 mL with 101 or 102 CFU/mL CTX-M-1-E. coli and 

intervention groups received a competitive exclusion product in the drinking water, derived from 

unselected fermented intestinal bacteria from SPF birds (CEP). In experiments II and III, broilers 

were challenged at day 5 with 0.5 mL with 101 or 102 CFU/mL CTX-M-1-E. coli and intervention 

groups received either CEP or a competitive exclusion product based on synbiotics containing a 

selection of pre- and probiotics (SYN). 
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Table 1 Date, age parent stock (weeks), day (0 or 5) and dose (non-inoculated, or 0.5 mL of 101 or 102 CFU/

mL) of challenge, and intervention (None (-), CEP or SYN) for experiments I, II and III. 

Experiment I II III

Date 12 April – 3 May 2017 24 May – 14 June 2017 23 Oct – 13 Nov 2017

Parent flock a A, 54 weeks A, 60 weeks B, 57 weeks

Day of challenge b Day 0 Day 5 Day 5

Isolator Challenge Intervention Challenge (CFU/mL) Intervention Challenge (CFU/mL) Intervention

1
Non-inoculated 
(-)

-
Non-inoculated 
(saline solution)

-
Non-inoculated 
(saline solution)

-

2 101 None (-) 101 None (-) 102 None (-)

3 101 CEP 101 CEP 102 CEP

4 101 CEP 101 CEP 102 CEP

5 102 None (-) 102 None (-) 102 SYN

6 102 CEP 102 CEP 102 SYN

7 102 CEP 102 CEP 102 SYN

8  102 SYN

a In all three experiments the eggs were disinfected with formaldehyde before incubation and in the hatcher before 

hatching.
b Challenge with E. coli E38.27 with blaCTX-M-1 on IncI1 plasmid.

Ethics of experimentation

Broilers were observed daily and the presence of clinical signs, abnormal behaviour and mortality 

were recorded. The study protocol was approved by the Dutch Central Authority for Scientific 

Procedures on Animals and the Animal Experiments Committee of Utrecht University (Utrecht, 

the Netherlands) under registration number AVD108002015314 and all procedures were done in 

full compliance with all legislation.

Birds, housing and management 

In all three experiments, 100 conventional broilers (Ross 308) were transported on the morning of 

the day of hatch (referred to as day 0 of age and day 0 of the experiment) to the animal facilities 

(Utrecht University, Utrecht, the Netherlands); they were individually tagged and weighed and 

randomly divided over the isolators (Table 1). In experiment I, part of the broilers (n=43, randomly 

selected) were placed temporally in two other isolators, 35 of these broilers were selected for the 

remainder of the experiment and inoculated with CTX-M-1-E. coli (see challenge). One hour after 

inoculation, the inoculated (referred to as seeder) broilers were moved using transport boxes and 

added to the non-inoculated (referred to as contact) broilers in isolators 2 to 7 (5 seeder, 5 contact 

broilers per isolator). In experiments II and III, upon arrival at day 0 all broilers were randomly 

distributed over isolators 1 to 7 (experiment II) or 1 to 8 (experiment III) (max. 15 broilers per 

isolator). At day 5, just before the moment of inoculation, 10 broilers per isolator were selected for 

the remainder of the experiment, and randomly assigned to contact (n=5) or seeder (n=5) birds. 

The seeder broilers were inoculated. The surplus broilers not assigned as contacts or seeders in 
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experiments I, II and III, including all broilers with signs of reduced health or development or low 

hatching weight, were euthanized using cervical dislocation and removed from the isolator. Before 

the start of each of the three experiments samples were taken from the parent flock, incubators, 

hatchers and research facilities to confirm the absence of ESBL/pAmpC-producing E. coli.

 Broilers were housed in negative pressure HEPA isolators, on paper linings with fine wood 

shavings. Standard broiler diet without any antibiotics or coccidiostats, radiated with 9 Gy, was 

available ad libitum. Feed and water were available from day 0, 4:00 p.m. The intervention was 

supplied in the drinking water (next paragraph). A few broilers died or were euthanized before 

the end of the experiment due to causes unrelated to the experiment (8 in experiment I, 2 in 

experiment II, and 1 in experiment III). 

Intervention: competitive exclusion product

Composition 

In this study two CE products were used: 1) competitive exclusion product (CEP) containing 

unselected, fermented intestinal bacteria, derived from SPF chickens and manufactured by 

fermentation (Aviguard®, MSD Animal Health Nederland, Boxmeer, the Netherlands) (experiments 

I, II and III); and 2) a selection of a prebiotic compound and probiotic bacterial strains (SYN): 

fructo-oligosaccharides (FOS) and Enterococcus faecium, Bifidobacterium animalis, Lactobacillus 

salivarius (Poultrystar® sol, Biomin Holding GmbH, Getzersdorf, Austria) (experiment III).

Supply 

The competitive exclusion products were supplied from day of hatch (day 0), 4:00 p.m., until 

day 14, 4:00 p.m., twice a day, in the drinking water. Solutions with CEP or SYN in water were 

prepared in predilution directly before application with a dose according to recommendations of 

the manufacturer, i.e. 0.125 gram CEP versus 0.2 gram SYN per 10 broilers, and was added to the 

drinkers within the isolator. The amount of drinking water was restricted between day 0 and 14, 

based on the expected water consumption of 10 broilers in an isolator to ensure that all supplied 

CEP or SYN product would be consumed. Control groups received drinking water according to the 

same schedule, but without any intervention added. 

Cloacal and cecal samples

Samples were taken using sterile dry cotton swabs (MW100, Medical Wire & Equipment, England, 

during day 0-3, and Copan 155C, Copan Diagnostics, USA, from day 4 onwards). All birds were 

sampled just before inoculation to confirm absence of ESBL/pAmpC-producing bacteria (and 

additionally at day 1 and 3 in experiments II and III), and from the moment of inoculation until 

day 7 twice a day (8:00 a.m., 4:00 p.m.), daily between day 8 to 14, and on days 16, 19, 21 (8:00 

a.m.). At day 21, after the last sampling, post mortem examination was done within at maximum 

30 minutes after euthanasia on each broiler. Broilers were weighed, sex was determined, broilers 
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were checked for exterior and interior abnormalities and ceca were collected and stored on ice 

for further analysis. 

E. coli challenge

Broilers were challenged with E. coli strain E38.27, which carries the ESBL gene blaCTX-M-1 on an IncI1 

plasmid, selected from healthy broilers and resistant to cefotaxime (Dierikx et al., 2010) using a 

1 mL syringe without a needle with 0.5 mL of 101 or 102 CFU/mL. From 1 hour after inoculation 

onwards, 5 contact birds were exposed to 5 seeder birds, either by moving the inoculated seeder 

birds to the isolators containing the contact birds (experiment I) or by removing the temporal 

barrier between the inoculated seeder birds and the contact birds within the isolator (experiments 

II and III). The unchallenged control birds were not inoculated (experiment I) or received 0.5 mL 

physiological saline solution (experiments II and III).

ESBL-producing E. coli detection

All cloacal samples except the ones used for quantification of ESBL-producing E. coli and total E. 

coli (next paragraph) were enriched in 3 mL Luria Bertani (LB) broth. After overnight incubation 

at 37°C, 10 μL broth was inoculated on MacConkey plates supplemented with 1 mg/L cefotaxime 

and incubated overnight at 37°C. E. coli colonies growing on MacConkey plates supplemented 

with cefotaxime were referred to as CTX-M-1-E. coli. If visual assessment was inconclusive for 

the presence of E. coli, colonies were selected for further analysis using MALDI-TOF MS (Bruker 

Daltonik, Germany). 

ESBL-producing E. coli and total E. coli quantification 

Cloacal swabs obtained at 8:00 a.m. were weighed before and after sampling to determine the 

amount of faeces collected. The weight of the faecal material on the cloacal swab ranged from 

0.01 – 0.43 gram. At day 21, content from one of two ceca was collected. Samples were processed 

as previously described (Dame-Korevaar et al., 2019b). Concentrations of ESBL-producing 

E. coli and total E. coli were determined semi-quantitatively (CFU/gram faeces), based on the 

highest consecutive dilution showing growth of typical E. coli colonies (Jett et al., 1997) and 

the weight of the faeces on the swabs or the amount of cecal content collected, as previously 

described (Ceccarelli et al., 2017). E. coli colonies growing on MacConkey plates supplemented 

with cefotaxime were referred to as CTX-M-1-E. coli. If visual assessment was inconclusive for 

the presence of E. coli, colonies were selected for further analysis using MALDI-TOF MS (Bruker 

Daltonik, Germany). 

Statistical analysis

Statistical analyses were performed in R, version 3.4.3 (RStudio Team, 2016), using packages 

“survival” (Cox proportional hazard regression) and “lme4” (mixed linear regression model).
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Time until colonization 

Individual broilers were considered colonized when two consecutive cloacal swabs tested positive 

for ESBL/pAmpC-producing E. coli. Time until colonization, using the first positive cloacal swab, 

was analysed using Cox proportional hazard regression. Validity of the assumptions of proportional 

hazards was checked using Schoenfeld residuals, and these assumptions were met. 

Excretion 

Broilers negative for ESBL/pAmpC-producing E. coli in the dilution series but positive after 

overnight culturing were included in the analysis with excretion concentration 1 log10 CFU/mL LB, 

as the minimum detection level of the semi-quantitative method was 2 log10 CFU/mL LB. Results 

based on negative swab weight (or weight = 0 gram) were excluded from the analysis. Moreover, 

samples negative for ESBL/pAmpC-producing E. coli after overnight culturing were excluded since 

the analysis was based on excreting broilers only. The effect of challenge dose and the intervention 

on the ESBL-producing E. coli and total E. coli excretion (log10 CFU/gram) was analysed using a mixed 

linear regression model including variables time, intervention, dose, contact/seeder bird, weight 

at hatch, weight at day 21 and the interaction between time and intervention. Variable sex was 

only included for experiments I and II, as in experiment III only female birds were delivered by 

the hatchery. Random intercept was included, per bird, to adjust for clustered data in repeated 

measurements for the same bird. Weight at hatch and weight at day 21 were included as 

continuous variables, the others as categorical variables. The best fitting model was obtained by 

backward selection, choosing the model with the lowest AIC value. Models with a difference in 

AIC of 2 or less were considered of equal fit and the most parsimonious model (lowest number 

of parameters) was chosen. Differences in ESBL-producing E. coli and total E. coli in cecal content 

(log
10 CFU/gram) between the control and intervention groups were tested using a linear regression 

model including variables intervention, dose, contact/seeder bird, weight at hatch, weight at day 

21 and sex. The best fitting model was obtained by backward selection, choosing the model with 

the lowest AIC value. Models with a difference in AIC of 2 or less were considered of equal fit and 

the most parsimonious model (lowest number of parameters) was chosen.

Transmission 

The transmission coefficient (β) was estimated using the data of experiments II and III based 

on the stochastic SI model (Velthuis et al., 2007; Dekker et al., 2013), in which the number 

of new cases is determined by transmission from infectious (I)-birds to susceptible (S) birds 

for a total population of (N) birds. The expected number of new cases (C) in time interval Δt 

is calculated by E (C) = S (1-e -foi ×Δt). The force of infection (foi) was determined using different 

models. In model 1, direct transmission with mass action was assumed (foi = βdirect × I/N), in which 

the force of infection was determined by the proportion of infectious birds (I-birds). In model 

2, the cumulative time of excretion determined the force of infection (foi = βtime × 
∑excrhours), in 
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which ∑excrhours is the cumulative sum of hours that all infectious birds were excreting up to the 

beginning of the interval. In model 3, the cumulative excretion determined the force of infection  

(foi = βconcentration × 
∑excrconcentration), in which ∑excrconcentration is the cumulative sum of excretion 

(log10 CFU/gram faeces) of all infectious birds. For all 3 models different assumptions regarding 

the input data of I-birds were compared; assuming that I-birds start to excrete at the moment of 

the first positive cloaca swab (basic model) or half an interval previous to the first positive cloaca 

swab (alternative model) (Table 4). 

Performance 

Differences in performance (growth between day of hatch and day 21) between the control and 

intervention groups were tested using a linear regression model including variables intervention, 

dose, contact/seeder bird and sex. The best fitting model was obtained by backward selection, 

choosing the model with the lowest AIC value. Models with a difference in AIC of 2 or less were 

considered of equal fit and the most parsimonious model (lowest number of parameters) was 

chosen.

Results 

Time until colonization

Experiment I: CTX-M-1-E. coli challenge with 101 or 102 CFU/mL at day of hatch 

All broilers were colonized with CTX-M-1-E. coli within 24 hours after inoculation (Table S1). There 

was no difference in the hazard of colonization between control broilers and CEP broilers, neither 

between broilers challenged with dose 101 or 102. However, isolators 2, 6 and 7 had a higher 

hazard of colonization than isolators 3, 4 and 5 (Table 2). Other variables, being seeder or contact 

bird, weight at day of hatch, weight at day 21 and sex did not influence the time until colonization.

Experiment II: CTX-M-1-E. coli challenge with 101 or 102 CFU/mL at day 5 

Broilers challenged with 101 CFU/mL CTX-M-1-E. coli in both the control and the CEP groups were 

not colonized throughout the entire experiment. All broilers challenged with 102 CFU/mL CTX-M-

1-E. coli were colonized within 48 (control) or within 144 (CEP) hours after inoculation (Figure 1 and 

Table 3). CEP broilers had a lower hazard of colonization (HR isolator 6: 0.08, 95% CI 0.02 – 0.42 and 

isolator 7: 3.71 × 10-3, 95% CI 2.71 × 10-4 – 0.05) than the control isolator (Table 2). Being seeder or 

contact bird, weight at day of hatch, weight at day 21, sex, and the total E. coli excretion (log10 CFU/

gram faeces) just before inoculation (day 5) did not influence the time until colonization. 
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Table 2 Hazard Ratio (HR, 95% CI) of time until colonization for experiments I (n=53), II, dose 102 (n=29) and 

III (n=40). Broilers were challenged with CTX-M-1-E. coli at day 0 in experiment I, and at day 5 in experiments 

II and III. 

Experiment Variable HR (95% CI)

I Isolator 2 (reference) 1

3 (101 – CEP) 0.25 (0.09 – 0.72)

4 (101 – CEP) 0.24 (0.08 – 0.68)

5 (102 – control) 0.27 (0.09 – 0.76)

6 (102 – CEP) 0.74 (0.25 – 2.20)

7 (102 – CEP) 0.89 (0.29 – 2.71)

Seeder/contact bird Seeder (reference) 1

Contact 0.67 (0.34 – 1.30)

Body weight day 0 (hatch) 0.99 (0.91 – 1.09)

Body weight day 21 1.00 (1.00 – 1.01)

Sex Male (reference) 1

Female 0.91 (0.43 – 1.91)

II Isolator 5 (102 - control) 1

6 (102 - CEP) 0.08 (0.02 – 0.42)

7 (102 - CEP) 3.71×10-3 (2.71×10-4 – 0.05)

Seeder/contact bird Seeder (reference) 1

Contact 1.09 (0.40 – 2.98)

Body weight day 0 (hatch) 0.93 (0.800 – 1.09)

Body weight day 21 1.00 (0.99 – 1.00)

Sex Male (reference) 1

Female 0.64 (0.25 – 1.60)

Total E. coli (CFU/g faeces) day 5 1.06 (0.64 – 1.74)

III Isolator 2 (102 - control) 1

6 (102 - SYN) 0.07 (0.01 – 0.39)

7 (102 - SYN) 1.29 (0.39 – 4.28)

8 (102 - SYN) 3.11 (0.97 – 10.05)

Seeder/contact bird Seeder (reference) 1

Contact 0.43 (0.20 – 0.94)

Body weight day 0 (hatch) 1.03 (0.94 – 1.13)

Body weight day 21 1.00 (0.99 – 1.00)

Total E. coli (CFU/g faeces) day 5 1.18 (0.80 – 1.74)

Experiment III: CTX-M-1-E. coli challenge with 102 CFU/mL at day 5 

Broilers treated with CEP were not colonized with CTX-M-1-E. coli during the experiment, whereas 

the broilers in two control isolators were colonized within 56 hours after inoculation. The broilers 

in one of the SYN isolators (isolator 5) were not colonized, the broilers in the other three SYN 

isolators were all colonized within 336 hours after inoculation (Figure 1 and Table 3). Although 

one of the SYN isolators showed a lower hazard than the control isolator (isolator 6, HR 0.07, 

95% CI 0.01 – 0.39), for the broilers in the other isolators there was no effect of SYN on time until 

colonization (HR isolator 7: 1.29, 95% CI 0.39 – 4.28 and HR isolator 8: 3.11, 95% CI 0.97 – 10.05) 
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(Table 2). Weight at day of hatch and weight at day 21 and total E. coli excretion just before 

inoculation (day 5) did not influence time until colonization. However, contact birds had a lower 

hazard of colonization (HR 0.43, 95% CI 0.20 – 0.94) than seeder birds. The variable sex was not 

analysed, as only female broilers were included in experiment III. 

Figure 1 Survival curve of time until colonization of CTX-M-1-E. coli for experiments II and III, after challenge 

at day 5 with dose 102 CFU/mL.

Excretion

Experiment I: excretion of CTX-M-1-E. coli and total E. coli 

The effect of the CEP product on both total E. coli and CTX-M-1-E. coli excretion differed per 

time point. Female birds excreted slightly higher concentrations of CTX-M-1-E. coli (0.23, 95% CI 

0.03 – 0.43 log10 CFU/gram faeces) than male birds, and broilers challenged with either 101 or 102 
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CFU/mL CTX-M-E. coli excreted slightly lower concentrations of total E. coli than non-inoculated 

broilers (-0.81, 95% CI -1.14 – -0.48 versus -0.85, 95% CI -1.19 – -0.51 log10 CFU/gram faeces) 

(Table S2). Concentrations of CTX-M-1-E. coli in cecal content were lower in CEP broilers than 

control broilers (-0.71, 95% CI -1.06 – -0.37 log10 CFU/gram cecal content) and higher in broilers 

receiving dose 102 than dose 101 (0.46, 95% CI 0.14 – 0.79 log10 CFU/gram cecal content). Total E. 

coli concentrations in cecal content were slightly lower in CEP broilers than control broilers (-0.36, 

95% CI -0.63 – -0.08 log10 CFU/gram cecal content, Table S3).

Experiment II: excretion of CTX-M-1-E. coli and total E. coli 

Broilers challenged with 101 CFU/mL CTX-M-1-E. coli did not excrete CTX-M-1-E. coli during the 

experiment. CEP broilers challenged with 102 CFU/mL excreted lower concentrations of CTX-M-

1-E. coli (-0.89, 95% CI -1.33 – -0.45 log10 CFU/gram faeces) than control broilers. Female birds 

excreted slightly higher concentrations of CTX-M-1-E. coli (0.48, 95% CI 0.04 – 0.92 log10 CFU/gram 

faeces) than male birds. CEP broilers excreted lower or equal concentrations of E. coli than control 

broilers, except at day 1, but without a clear pattern (Table S2). Mean concentrations of total E. 

coli and CTX-M-1-E. coli in cecal content were lower in CEP broilers than control broilers (-0.51, 

95% CI -0.79 – -0.22, versus -2.80, 95% CI -3.47 – -2.14 log10 CFU/gram cecal content, Table S3). 

Experiment III: excretion of CTX-M-1-E. coli and total E. coli 

CEP broilers did not excrete CTX-M-1-E. coli. SYN broilers excreted lower concentrations of CTX-

M-1-E. coli than control broilers from day 10 onwards. Total E. coli excretion concentrations in CEP 

and SYN broilers were lower than or equal to the control broilers, except at day 1, however the 

excretion per day was highly variable without a clear pattern (Table S2). The concentrations of 

CTX-M-1-E. coli in cecal content of SYN broilers were lower (-1.13, 95% CI -1.94 – -0.33 log10/gram 

cecal content) than in control broilers. Total E. coli concentrations were lower in CEP broilers than 

in control broilers (-1.50, 95% CI -1.76 – -1.24 log10/gram cecal content, Table S3). 

Transmission 

The transmission coefficients (βdirect , βtime and βconcentration) were estimated using the data of 

experiments II and III. These could not be estimated from experiment I because most broilers 

(seeder and contact) in the control and CEP isolators were colonized already at the first sampling 

moment (16 hours) after inoculation. Also, estimation of the transmission coefficients in the CEP 

groups in experiment III was not possible, because the inoculation did not lead to colonization 

in the CEP groups. 

 Transmission coefficients (βdirect , βtime and βconcentration) estimated using the assumptions in the 

alternative model (assuming that I-birds start to excrete half an interval previous to the first 

positive cloaca swab, having slightly lower AIC values than the basic model), were lower in both 

intervention groups than in the control groups, based on model 2 (βtime: CEP: 0.19 day-2, 95% 
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CI 0.04 – 0.87, SYN: 0.09 day-2, 95% CI 0.02 – 0.40, control: 0.27 day-2, 95% CI 0.13 – 0.49) and 

model 3 (βconcentration: CEP: 0.12 (CFU × day)-1, 95% CI 0.15 – 0.56, SYN: 0.14 (CFU × day)-1, 95% CI 

0.02 – 0.63, control: 0.31 (CFU × day)-1, 95% CI 0.10 – 0.57). The transmission coefficients (βdirect , 

day-1) estimated based on model 1 were not different (βdirect: CEP 2.57 day-1, 95% CI 0.51 – 11.47, 

SYN: 1.58 day-1, 95% CI 0.35 – 6.57, control: 2.19 day-1, 95% CI 1.09 – 3.91) (Table 4). The unit of 

β in model 2 is day-2 and can be interpreted as the number of new colonized broilers caused by a 

positive broiler per day for each day this broiler has been excreting CTX-M-1-E. coli. The unit of β 

in model 3 is (CFU × day)-1 and can be interpreted as the number of new colonized broilers caused 

by a positive broiler per day, for each excreted unit of log10 CTX-M-1-E. coli per gram of faeces. 

In addition, a second alternative model was tested including the assumption that I-birds not 

colonized at 32 hours after inoculation were S-birds. However, this assumption did not improve 

the fit of the model (data not shown). 

Table 4 Transmission coefficients (β, 95% CI) for experiments II and III, using an SI-model, for the basic model 

(assuming I-birds start to excrete at the moment of the first positive cloaca swab) and the alternative model 

(assuming I-birds start to excrete half an interval previous to the first positive cloaca swab).

Transmission coefficient (β, 95% CI)

Basic model Alternative model

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

(day-1) (day-2) (CFU × day)-1 (day-1) (day-2) (CFU × day)-1

Control 2.93 (1.38 – 5.40) 0.40 (0.19 – 0.76) 0.31 (0.10 – 0.57) 2.19 (1.09 – 3.91) 0.27 (0.13 – 0.49) 0.31 (0.10 – 0.57)

CEP 4.08 (0.76 – 19.43) 0.30 (0.05 – 1.48) 0.12 (0.15 – 0.56) 2.57 (0.51 – 11.47) 0.19 (0.04 – 0.87) 0.12 (0.15 – 0.56)

SYN 2.22 (0.46 – 9.96) 0.12 (0.02 – 0.57) 0.14 (0.02 – 0.63) 1.58 (0.35 – 6.57) 0.09 (0.02 – 0.40) 0.14 (0.02 – 0.63)

AIC 82.5 87.8 102.0 78.7 86.8 102.0

Expected number of cases (C) is in model 1: E (C) = S (1 - e -βtime × ×Δt ∑excrconcentration), 

model 2: E (C) = S (1 - e -βtime×∑excrconcentration×Δt), 

model 3: E (C) = S (1 - e -βconcentration×∑excrconcentration×Δt). In model 3 cumulative excretion (CFU/g faeces) is independent of the 

number of I-birds and is therefore independent of the assumption regarding the start of excretion.

Performance

There was no effect of CEP on growth (experiments I, II, and III). In experiment III, SYN broilers 

had higher growth (from day of hatch until day 21) than control broilers (1021.1, 95% CI 914.1 – 

1128.0 gram versus 914.8, 95% CI 866.5 – 963.1 gram). However, this effect was mainly explained 

by the higher growth of broilers in one of the SYN isolators (isolator 7, mean growth 1070.0, 95% 

CI 884.9 – 1228.1 gram). 
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Discussion 

The supply of CE products to broilers during the first two weeks of life resulted in a lower time 

until colonization and excretion of CTX-M-1-E. coli and even in prevention of colonization of 

broilers challenged with a low dose of CTX-M-1-E. coli at day 5. Moreover, transmission rates 

of CTX-M-1-E. coli were lower in the broilers receiving one of the CE products (CEP or SYN) than 

in the control broilers. In contrast, the supply of CEP when challenged at day of hatch did not 

affect colonization. Our results show that a prolonged supply of CE products can be a useful 

intervention to prevent or reduce colonization of ESBL/pAmpC-producing E. coli in a broiler flock, 

when exposure occurs after supply of CE products. These results are in line with earlier studies 

showing a reduction in transmission, colonization and excretion of Salmonella (Nakamura et al., 

2002; Ferreira et al., 2003; Luoma et al., 2017; Markazi et al., 2018), pathogenic E. coli (Hofacre et 

al., 2002) and ESBL/pAmpC-producing E. coli (Nuotio et al., 2013; Ceccarelli et al., 2017; Methner 

et al., 2019), when providing CE products before challenge. Moreover, in our study we were able 

to prevent colonization of CTX-M-1-E. coli, possibly as a result of the prolonged supply of CE 

products, whereas in earlier studies a single supply of CE products did not result in prevention 

of colonization of a group of birds (Hofacre et al., 2002; Nuotio et al., 2013; Ceccarelli et al., 

2017; Methner et al., 2019). In contrast to our study, in the studies of Nuotio et al. (2013) and 

Ceccarelli et al. (2017) broilers were exposed to high concentrations of ESBL-producing E. coli, 

whereas we used a low dose aiming to mimic the initial stages of colonization of a flock in the 

field. A prolonged supply of CE product followed by exposure to lower concentrations of EBSL-

producing E. coli might give more potential for the bacteria in the CE products, and less potential 

for the ESBL/pAmpC-producing E. coli, to colonize. 

 Challenge with dose 101 at day 5 in experiment II did not result in colonization of CTX-M-1-E. 

coli in control and intervention groups, although the results of experiment I and earlier studies 

showed that with this low dose young broilers could become colonized (Dame-Korevaar et al., 

2019b). However, in this earlier study broilers were challenged at day 1, whereas we challenged at 

day 5, simulating exposure to ESBL/pAmpC-producing E. coli during the first week at the farm. This 

age effect suggests that susceptibility to colonization is reduced with age (Chauvin et al., 2013; 

Braykov et al., 2016). Although we did not analyse microbiota composition in this study, it is likely 

that the gut microbiome composition might have played a role, as the different successive stages in 

microbiome development (Jurburg et al., 2019) may also result in different stages of susceptibility 

to colonization with certain bacteria. Analysis of the microbiome would require experiments with 

intensive sampling of intestinal content for comparisons of the changes in microbiota composition 

in intervention- and control groups, to facilitate understanding of the underlying mechanisms 

behind the differences in observed time until colonization. However, due to the different factors 

influencing microbiota composition (Kers et al., 2018) many broilers would need to be tested to 

avoid spurious correlations. 
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The difference in hazard rate of colonization between CEP and SYN groups compared to the 

control groups might be caused by the composition of the products. Both products are aimed at 

establishing competitive exclusion, but CEP contains natural, live, fermented intestinal microflora 

from SPF chickens, whereas SYN contains a prebiotic compound (FOS) and probiotic bacterial 

strains (Enterococcus faecium, Bifidobacterium animalis and Lactobacillus salivarius). In our study 

the total concentrations of E. coli at day 5, just before inoculation, did not influence time until 

colonization. Therefore, the protective effects of the CE products might not be in the competition 

between the different E. coli strains (initially present, inoculated and in the supplied intervention), 

but between other (combinations of) supplied bacteria. Likely, the two CE products have affected 

the gut microbiota composition in different ways, but to what extent and how this may have 

affected colonization of ESBL/pAmpC-E. coli in the intestinal tract cannot be elucidated with the 

data available from these experiments. 

 Some of the observed differences between isolators can also be a result of the so-called 

“cage effect”; animals housed together tend to show less variation in microbiota composition 

than a random group of animals, as described for mice (Laukens et al., 2016), which might result 

in differences in susceptibility to colonization between groups. Furthermore, other host and 

environmental factors can affect the microbiota composition and can influence experimental 

outcomes, as reviewed by Kers et al. (2018). Although we cannot exclude such effects completely, 

the experimental design was aimed to keep the impact of potential confounding factors to a 

minimum. All broilers originated from the same flock, were handled in the same way and the 

isolators were intensively cleaned and disinfected before the start of the experiment. 

 The supply of CE products did not affect the time until colonization when provided at the same 

time as the ESBL-producing E. coli challenge (day of hatch, experiment I). This is in line with earlier 

studies (Ceccarelli et al., 2017), showing that the effect of competitive exclusion depends on 

the time of supply (Varmuzova et al., 2016) and indicates that the CE products need time to be 

established in the gut, before they can protect broilers from colonization with low dose of ESBL-

producing E. coli that may be present at the farm, for example due to insufficient cleaning and 

disinfection, via parallel housed flocks, or from the environment (Dame-Korevaar et al., 2019a).

 The prevention of colonization (experiments II and III), and the fast colonization of one seeder 

bird in both isolators in experiment II followed by colonization of the remaining seeder birds and 

the contact birds, suggest that the effect of CE upon low dose exposure mainly lies in the prevention 

of colonization, rather than substantially affecting transmission. Nevertheless, transmission rates 

were lower in the intervention groups than in the control groups, according to model 2 and 3. We 

did not find this reduction when assuming direct transmission. Model 1 did have the lowest AIC 

value, but from biological reasoning environmental transmission should be a better model. ESBL/

pAmpC-producing E. coli can survive in the environment for months (Merchant et al., 2012; Friese 

et al., 2013), therefore the presence of ESBL/pAmpC-producing E. coli in the litter will facilitate 

transmission via the faecal-oral route, as described for Eimeria acervulina (Velkers et al., 2012). 

96 | CHAPTER 5

5



537335-L-bw-Dame537335-L-bw-Dame537335-L-bw-Dame537335-L-bw-Dame
Processed on: 7-1-2020Processed on: 7-1-2020Processed on: 7-1-2020Processed on: 7-1-2020 PDF page: 95PDF page: 95PDF page: 95PDF page: 95

Thus, the accumulation of E. coli in the environment should be taken into account, as is done in 

model 2, with force of infection based on excretion time of infectious broilers. We suggest to use 

this model for generalization to larger populations, as it best describes the biological mechanisms 

of transmission of ESBL/pAmpC-producing E. coli. Model 3, with force of infection based on 

excretion concentrations, did not improve the fit of the model. However, in both models including 

the environment CE products reduce the transmission coefficients.

 The colonization of ESBL-producing E. coli in the broilers’ intestinal tract as observed in our 

experiments likely is a result of both vertical and horizontal (via conjugation) transfer of the 

plasmids present in the inoculum E. coli to other E. coli strains. This is reflecting the transmission 

dynamics of ESBL/pAmpC-producing E. coli in field situations (Huijbers et al., 2016; van Hoek et 

al., 2018), where horizontal gene transfer occurs naturally and is part of the transmission process. 

 In conclusion, CE products can prevent and reduce initial colonization, but if only one bird 

is successfully colonized and starts to excrete ESBL/pAmpC-producing E. coli, the subsequent 

spread through the flock is inevitable. Therefore, additional interventions are needed to reduce 

transmission. CE products need time to get established in the gut, therefore should be applied 

as soon as possible after hatch, before broilers are exposed to ESBL/pAmpC-producing E. coli. 

It is recommended to further study the mechanisms behind the dynamical processes in the gut 

responsible for the competitive exclusion effects, and to determine the best timing and type of 

bacterial composition manipulations to optimize these interventions strategies for practical use.
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Table S2 Estimates for excretion (log10 CFU/g faeces, 95% CI) of CTX-M-1-E. coli and total E. coli in 

experiments I (n= 53, 62), II (n=29, 68) and III (n=42, 79), using a mixed linear regression model.

Experiment Variable CTX-M-1-E. coli (95% CI) Total E. coli (95% CI)

I Time Day 1, male, non-inoculated, 
control group (intercept)

5.07 (4.50 – 5.63) 6.68 (6.17 – 7.19)

Day 2 2.40 (1.67 – 3.13) 1.29 (0.72 – 1.86)

Day 3 1.86 (1.14 – 2.58) 0.90 (0.35 – 1.46)

Day 4 1.43 (0.71 – 2.15) 1.03 (0.47 – 1.58)

Day 5 1.34 (0.62 – 2.06) 1.13 (0.58 – 1.69)

Day 6 1.20 (0.48 – 1.92) 0.66 (0.10 – 1.22)

Day 7 0.79 (0.07 – 1.51) 0.70 (0.14 – 1.26)

Day 8 1.05 (0.33 – 1.77) 0.79 (0.24 – 1.35)

Day 9 0.35 (-0.37 – 1.07) 0.44 (-0.11 – 1.00)

Day 10 0.36 (-0.36 – 1.08) 0.52 (-0.03 – 1.08)

Day 11 0.92 (0.20 – 1.63) 0.61 (0.06 – 1.17)

Day 12 0.83 (0.11 – 1.54) 0.71 (0.15 – 1.27)

Day 13 0.13 (-0.59 – 0.85) 0.74 (0.18 – 1.30)

Day 14 0.80 (0.08 – 1.52) 0.61 (0.05 – 1.17)

Day 16 2.04 (1.33 – 2.76) 1.36 (0.80 – 1.91)

Day 19 1.05 (0.33 – 1.77) 0.75 (0.19– 1.31)

Day 21 0.78 (0.07 – 1.50) 0.46 (-0.09 – 1.02)

Sex Female 0.23 (0.03 – 0.43)

Dose (CFU/mL) 101 -0.81 (-1.14 – -0.48)

102 -0.85 (-1.19 – -0.51)

Time * Intervention Day 1 * CEP 0.29 (-0.43 – 1.01) -0.12 (-0.75 – 0.51)

Day 2 * CEP -0.28 (-0.90 – 0.33) 0.32 (-0.19 – 0.83)

Day 3 * CEP -0.10 (-0.70 – 0.49) 0.39 (-0.10 – 0.87)

Day 4 * CEP 0.43 (-0.16 – 1.03) 0.20 (-0.28 – 0.69)

Day 5 * CEP -0.22 (-0.81 – 0.38) -0.37 (-0.86 –0.11)

Day 6 * CEP 0.06 (-0.54 – 0.66) 0.36 (-0.13 – 0.85)

Day 7 * CEP -0.12 (-0.72 – 0.48) -0.53 (-1.02 – -0.04)

Day 8 * CEP -0.96 (-1.56 – -0.37) -0.56 (-1.05 – -0.07)

Day 9 * CEP -0.28 (-0.88 – 0.31) -0.21 (-0.69 – 0.28)

Day 10 * CEP -0.38 (-0.98 – 0.21) -0.52 (-1.00 – -0.03)

Day 11 * CEP -1.02 (-1.61 – -0.42) -0.60 (-1.09 – -0.12)

Day 12 * CEP -0.64 (-1.24 – -0.05) -0.55 (-1.04 – -0.07)

Day 13 * CEP 0.07 (-0.52 – 0.67) -0.54 (-1.02 – -0.05)

Day 14 * CEP -0.99 (-1.58 – -0.39) -0.32 (-0.81 – 0.17)

Day 16 * CEP -1.39 (-1.98 – -0.79) -0.70 (-1.19 – -0.21)

Day 19 * CEP -1.22 (-1.82 – -0.63) -0.45 (-0.93 – 0.04)

Day 21 * CEP -0.94 (-1.53 – -0.34) -0.39 (-0.88 – 0.10)

II Time Day 1, control group 
(intercept E. coli)

5.22 (4.85 – 5.60)

Day 3 1.72 (1.25 – 2.20)

Day 5 2.55 (2.07 – 3.02)

Day 6, male, control group 
(intercept CTX-M-1-E. coli)

2.53 (1.75 – 3.31) 1.95 (1.48 – 2.42)

Day 7 0.78 (-0.04 – 1.61) 1.79 (1.32 – 2.27)

Day 8 0.81 (0.03 – 1.58) 2.16 (1.69 – 2.63)

Day 9 1.05 (0.30 – 1.81) 1.92 (1.44 – 2.39)
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Table S2 continued.
Experiment Variable CTX-M-1-E. coli (95% CI) Total E. coli (95% CI)

Day 10 1.49 (0.73 – 2.24) 1.59 (1.12 – 2.06)

Day 11 1.36 (0.62 – 2.11) 1.16 (0.69 – 1.64)

Day 12 1.98 (1.23 – 2.72) 1.80 (1.32 – 2.27)

Day 13 1.54 (0.80 – 2.28) 1.71 (1.23 – 2.18)

Day 14 1.52 (0.77 – 2.26) 1.13 (0.66 – 1.61)

Day 16 1.98 (1.23 – 2.72) 1.26 (0.79 – 1.73)

Day 19 2.12 (1.37 – 2.86) 1.54 (1.06 – 2.01)

Day 21 2.23 (1.49 – 2.98) 1.80 (1.33 – 2.27)

Intervention CEP -0.89 (-1.33 – -0.45)

Time * Intervention Day 1 * CEP 1.30 (0.82 – 1.77)

Day 3 * CEP -0.29 (-0.72 – 0.15)

Day 5 * CEP -0.84 (-1.28 – -0.40) 

Day 6 * CEP -0.43 (-0.87 – 0.01)

Day 7 * CEP -0.69 (-1.13 – -0.25)

Day 8 * CEP -0.60 (-1.04 – -0.16)

Day 9 * CEP -0.83 (-1.27 – -0.40)

Day 10 * CEP -0.67 (-1.11 – -0.23)

Day 11 * CEP 0.06 (-0.38 – 0.50)

Day 12 * CEP -0.70 (-1.14 – -0.26)

Day 13 * CEP -0.82 (-1.26 – -0.38)

Day 14 * CEP -0.15 (-0.59 – 0.29)

Day 16 * CEP -0.04 (-0.48 – 0.40)

Day 19 * CEP -0.48 (-0.92 – -0.04)

Day 21 * CEP -0.56 (-1.00 – -0.12) 

Sex Female 0.48 (0.04 – 0.92)

III Time Day 1, control group 
(intercept E. coli)

5.58 (5.14 – 6.01)

Day 3 1.10 (0.53 – 1.67)

Day 5 1.05 (0.48 – 1.63)

Day 6, control group 
(intercept CTX-M-1-E. coli)

3.64 (1.82 – 5.47) 0.87 (0.30 – 1.44)

Day 7 -0.62 (-2.58 – 1.33) 0.32 (-0.25 – 0.89)

Day 8 -0.14 (-2.02 – 1.75) 0.44 (-0.14 – 1.01)

Day 9 0.15 (-1.73 – 2.03) 0.57 (-0.01 – 1.14)

Day 10 1.07 (-0.82 – 2.95) 0.83 (0.25 – 1.40)

Day 11 1.78 (-0.10 – 3.67) 0.72 (0.15 – 1.29)

Day 12 1.33 (-0.55 – 3.22) 0.66 (0.08 – 1.23)

Day 13 1.49 (-0.39 – 3.37) 0.40 (-0.17 – 0.97)

Day 14 1.59 (-0.29 – 3.47) 0.76 (0.19 – 1.34)

Day 16 1.14 (0.74 – 3.03) 0.33 (-0.24 – 0.90)

Day 19 1.19 (-0.70 – 3.07) 0.75 (0.18 – 1.32)

Day 21 2.14 (0.26 – 4.03) 1.10 (0.52 – 1.67)

Time * Intervention Day 1 * CEP 1.29 (0.68 – 1.89)

Day 3 * CEP -0.77 (-1.38 – -0.17)

Day 5 * CEP -1.20 (-1.81 – -0.60)

Day 6 * CEP -0.64 (-1.25 – -0.03)

Day 7 * CEP -0.60 (-1.20 – 0.01)

Day 8 * CEP -0.37 (-0.98 – 0.24)

Day 9 * CEP -0.84 (-1.44 – -0.23)
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Table S2 continued.
Experiment Variable CTX-M-1-E. coli (95% CI) Total E. coli (95% CI)

Day 10 * CEP -0.87 (-1.48 – -0.27)

Day 11 * CEP -0.83 (-1.44 – -0.23)

Day 12 * CEP -1.16 (-1.76 – -0.55)

Day 13 * CEP -0.59 (-1.20 – 0.02)

Day 14 * CEP -1.19 (-1.80 – -0.59) 

Day 16 * CEP -0.15 (-0.76 – 0.46)

Day 19 * CEP -0.79 (-1.41 – -0.18)

Day 21 * CEP -1.43 (-2.03 – -0.82)

Day 1 * SYN 1.02 (0.50 – 1.55)

Day 3 * SYN 0.27 (-0.25 – 0.80)

Day 5 * SYN -0.12 (-0.65 – 0.41)

Day 6 * SYN -1.18 (-3.28 – 0.93) 0.02 (-0.50 – 0.55)

Day 7 * SYN 0.09 (-0.89 – 1.07) 0.43 (-0.10 – 0.95)

Day 8 * SYN -0.22 (-0.97 – 0.52) 0.44 (-0.09 – 0.97)

Day 9 * SYN -0.21 (-0.96 – 0.53) -0.05 (-0.58 – 0.48)

Day 10 * SYN -1.05 (-1.80 – -0.30) -0.11 (-0.64 – 0.41)

Day 11 * SYN -1.60 (-2.34 – -0.85) -0.08 (-0.61 – 0.45)

Day 12 * SYN -1.35 (-2.08 – -0.62) -0.02 (-0.55 – 0.50)

Day 13 * SYN -1.39 (-2.11 – -0.67) 0.36 (-0.17 – 0.89)

Day 14 * SYN -1.46 (-2.18 – -0.74) -0.17 (-0.69 – 0.36)

Day 16 * SYN -1.39 (-2.12 – -0.67) 0.38 (-0.15 – 0.91)

Day 19 * SYN -1.06 (-1.79 – -0.35) -0.05 (-0.58 – 0.48)

Day 21 * SYN -1.55 (-2.27 – -0.84) -0.07 (-0.60 – 0.46)
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Table S3 Estimates for cecal content (log10 CFU/g cecal content, 95% CI) of CTX-M-1-E. coli and total E. coli in 

experiments I (n=62, 53), II (n=68, 29) and III (n=79, 40), using a linear regression model.

Experiment Variable Estimate CTX-M-1-
E. coli (95% CI)

Total E. coli (95% CI)

I Treatment Control, non-inoculated (intercept 
total E. coli)
Control, dose 101 (intercept CTX-M-
1-E. coli)

7.68 (7.35 – 8.01) 8.03 (7.71 – 8.34)

CEP -0.71 (-1.06 – -0.37) -0.36 (-0.63 – -0.08)

Dose (CFU/mL) 101 -0.27 (-0.68 – 0.14)

102 0.46 (0.14 – 0.79) 0.15 (-0.26 – 0.56)

II Treatment Control, non-inoculated (intercept 
total E. coli) 
Control (intercept CTX-M-1-E. coli)

7.20 (6.67 – 7.74) 8.00 (7.68 – 8.32)

CEP -2.80 (-3.47 – -2.14) -0.51 (-0.79 – -0.22)

Dose (CFU/mL) 101 0.23 (-0.19 – 0.64)

102 -0.27 (-0.68 – 0.14)

III Treatment
Control (intercept total E. coli and CTX-
M-1-E. coli)

7.14 (6.44 – 7.84) 7.99 (7.80 – 8.18)

CEP -1.50 (-1.76 – -1.24)

SYN -1.13 (-1.94 – -0.33) -0.10 (-0.33 – 0.12)
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CHAPTER 6
Competitive exclusion prevents 
colonization and compartmentalization 
reduces transmission of ESBL-producing 
Escherichia coli in broilers

Anita Dame-Korevaar, Jannigje G. Kers, Jeanet van der Goot, Francisca Velkers, Daniela Ceccarelli, 

Dik Mevius, Arjan Stegeman, Egil A.J. Fischer.
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Abstract 

Extended spectrum β-lactamase (ESBL)-producing bacteria are resistant to extended-spectrum 

cephalosporins and are common in broilers. Interventions are needed to reduce the prevalence 

of ESBL-producing bacteria in the broiler production pyramid. This study investigated two 

different interventions. The effect of a prolonged supply of competitive exclusion (CE) product 

and compartmentalization on colonization and transmission, after challenge with a low dose of 

ESBL-producing E. coli, in broilers kept under semi-field conditions, were analysed. One-day-old 

broilers (Ross 308) (n=400) were housed in four experimental rooms, subdivided in one seeder (S/

C1)-pen and eight contact (C2)-pens. In two rooms, CE product was supplied from day 0 to 7. At 

day 5, seeder-broilers were inoculated with E. coli strain carrying bla
CTX-M-1 on plasmid IncI1 (CTX-

M-1-E. coli). Presence of CTX-M-1-E. coli was determined using cloacal swabs (day 5-21 daily) and 

cecal samples (day 21). Time until colonization and cecal excretion (log10 CFU/gram) were analysed 

using survival analysis and linear regression. Transmission coefficients within and between pens 

were estimated using maximum likelihood. The microbiota composition was assessed by 16S 

ribosomal RNA gene amplicon sequencing in cecal content of broilers on days 5 and 21. None of 

the CE broilers was CTX-M-1-E. coli positive. In contrast, in the untreated rooms 187/200 of the 

broilers were CTX-M-1-E. coli positive at day 21. Broilers in C2-pens were colonized later than 

seeder-broilers (TR 3.53, 95% CI 3.14 – 3.93). The transmission coefficient between pens was 

lower than within pens (3.28×10-4 day-2, 95% CI 2.41×10-4 – 4.32×10-4 versus 6.12×10-2 day-2, 95% CI 

4.78×10-2 – 7.64×10-2). The alpha diversity of the cecal microbiota content was higher in CE broilers 

than in control broilers at days 5 and 21. The supply of a CE product from day 0 to 7 prevented 

colonization of CTX-M-1-E. coli after challenge at day 5, possibly as a result of CE induced effects 

on the microbiota composition. Furthermore, compartmentalization reduced transmission rate 

between broilers. Therefore, a combination of compartmentalization and supply of a CE product 

may be a useful intervention to reduce transmission and prevent colonization of ESBL/pAmpC-

producing bacteria in the broiler production pyramid. 
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Introduction

Extended Spectrum Beta-Lactamase and plasmid AmpC Beta-Lactamase (ESBL/pAmpC)-producing 

bacteria are resistant to extended-spectrum cephalosporins (ESC). ESBL/pAmpC-producing 

bacteria are present in humans, animals and the environment (Blaak et al., 2015). Poultry is 

known as a source of ESBL/pAmpC-producing bacteria and high prevalence in poultry and poultry 

products have been reported in several European countries, as reviewed by Saliu et al. (2017). 

ESBL/pAmpC-producing bacteria are present at all levels of the broiler production pyramid 

(Dierikx et al., 2013a; Agerso et al., 2014; Nilsson et al., 2014; Zurfluh et al., 2014a; Zurfluh et 

al., 2014b; Projahn et al., 2018). Different routes of transmission within the broiler production 

pyramid have been described, for example between generations, via the hatcheries, and on and 

between farms (Dame-Korevaar et al., 2019a). Introduction of ESBL/pAmpC-producing bacteria 

can occur at several levels of the broiler production pyramid, for example at the farm or at the 

hatchery. A recent study estimated that, based on the proportional similarity index (PSI), the 

average transfer of ESBL/pAmpC genes between subsequent generations in the broiler production 

pyramid is almost 50% (Apostolakos et al., 2019). However, for most of the routes it is unknown 

to what extent they contribute to the presence of ESBL/pAmpC-producing bacteria in the broiler 

production pyramid. In the Netherlands, antimicrobial resistance in broilers has decreased 

significantly since 2010 (Hesp et al., 2019), following the trend of reduced antimicrobial usage. 

However, additional interventions are needed to further reduce this prevalence in the broiler 

production pyramid.

 Interventions can aim to reduce exposure of broilers to ESBL/pAmpC-producing Escherichia 

coli. This can be done by improving biosecurity. For example hygiene barriers can help reduce 

exposure to bacteria from the farm environment, or by cleaning and disinfection between 

production rounds. However, even after cleaning and disinfection, ESBL/pAmpC-producing 

bacteria might remain in the poultry house and result in colonization of the new flock (Daehre et 

al., 2018). In addition, housing measures may reduce the prevalence of ESBL/pAmpC-producing 

E. coli in poultry flocks. In turkeys, subdividing the flock was associated with a reduced risk for 

the presence of resistant E. coli in the farm (Jones et al., 2013). Experimental studies showed 

that spatial separation between infectious and susceptible animals reduced the transmission rate 

of Campylobacter in broilers (van Bunnik et al., 2012) and Streptococcus suis in pigs (Dekker et 

al., 2013). Further, interventions aiming at preventing colonization by ESBL/pAmpC-producing 

E. coli in broilers have been described, such as acid-based feed additives (Roth et al., 2017) or 

competitive exclusion (CE) products (Nuotio et al., 2013; Ceccarelli et al., 2017; Methner et 

al., 2019; Chapter 5). CE products are aimed at establishing a natural community of intestinal 

bacteria to protect broilers from colonization by invaders (Nurmi et al., 1992). In modern broiler 

production, due to strict hygiene practices in commercial hatcheries, the initial bacterial load to 

colonize the chicken intestinal tract shortly after hatch is low (Varmuzova et al., 2016; Donaldson 

6

INTERVENTIONS TO CONTROL ESBL-PRODUCING E. COLI IN BROILERS | 109



537335-L-bw-Dame537335-L-bw-Dame537335-L-bw-Dame537335-L-bw-Dame
Processed on: 7-1-2020Processed on: 7-1-2020Processed on: 7-1-2020Processed on: 7-1-2020 PDF page: 108PDF page: 108PDF page: 108PDF page: 108

et al., 2017). Eggs are usually disinfected to remove bacterial contamination before placement in 

the hatcher. Consequently, the chicks are exposed mostly to bacteria from environmental sources 

rather than parental sources upon hatching. Microbial treatment supplied after hatch has been 

shown to affect the development of bacterial taxa found in growing chickens (Ballou et al., 2016; 

Schokker et al., 2017). This suggests that early supply of CE products might influence microbiota 

composition and act as a possible intervention to prevent colonization by ESBL/pAmpC-producing 

E. coli in young broilers. A single supply of CE product before challenge with a high dose of ESBL-

producing E. coli has already showed to reduce colonization, cecal and faecal excretion (CFU/

gram), as well as transmission of ESBL-producing E. coli (Nuotio et al., 2013; Ceccarelli et al., 

2017; Methner et al., 2019). Additionally, CE products resulted in a reduced intestinal and cecal 

excretion (CFU/gram) after challenge with pathogenic E. coli (Hofacre et al., 2002). A prolonged 

supply of CE product via the drinking water to broilers kept in isolators, from day of hatch until 

day 14 resulted in a delay and even prevention of colonization after challenge with a in the field 

realistic low dose of ESBL-producing E. coli (Chapter 5). 

 The aim of this study was to determine the effect of interventions on colonization and 

transmission of ESBL-producing E. coli in young broiler chicks kept under semi-field circumstances. 

Two interventions were included: 1) prolonged supply of CE product from day of hatch until 

day 7, and 2) compartmentalization of a broiler flock. To investigate the effect of CE product on 

microbial composition, microbiota in cecal content was assessed before and after challenge by 

16S ribosomal RNA (rRNA) gene amplicon sequencing. 

Material and Methods

Ethics of experimentation

Broilers were observed daily and the presence of clinical signs, abnormal behaviour and mortality 

was recorded. The study protocol was approved by the Dutch Central Authority for Scientific 

Procedures on Animals and the Animal Experiments Committee of Utrecht University (Utrecht, 

the Netherlands) under registration number AVD108002015314; all procedures were done in full 

compliance with all legislations.

Birds, housing and management

Conventional broiler chicks (Ross 308, n=416), from a parent stock flock of 37 weeks of age, 

were transported directly after hatch to the animal facilities (Utrecht University, Utrecht, the 

Netherlands). Upon arrival, the broilers were individually tagged, weighed, and randomly divided 

over four experimental rooms (n=104 broilers per room). Each room was subdivided into nine 

pens, with one seeder (S/C1)-pen in the middle (2 m2, n=24 broilers), surrounded by eight contact 

(C2)-pens (1 m2, n=10 broilers per pen) (Figure 1). The S/C1-pen was separated from the C2-pens 
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by a mesh panel (30 cm solid panel at the bottom, 40 cm mesh panel, 10 cm solid panel on top). 

Feed and water systems were also separated, and strict hygiene measures between pens were 

taken. No direct contact between the broilers was possible, but small particles (e.g. litter, dust) 

could be transferred between pens potentially. The C2-pens were separated from each other with 

wooden panels of 80 cm height, assuming no contact and no spread of particles was possible. At 

day 5, just before challenge with ESBL-producing E. coli, the number of broilers in the S/C1-pen 

was reduced to 20, by removing the surplus broilers. Ten of the remaining 20 broilers in each S/

C1-pen were randomly selected and transported to four separate isolators. In these isolators, the 

broilers (seeder (S) broilers) were inoculated with CTX-M-1-E. coli and after one hour moved back 

to the original S/C1-pens (see paragraph Challenge). Before the start of the experiment the parent 

flock, hatchery and research facilities were tested for the absence of ESBL/pAmpC-producing 

bacteria.

 Broilers were housed on fine wood shavings. A standard broiler diet without any antibiotics 

or coccidiostats, radiated with 9 Gy, was available ad libitum. The intervention was supplied in 

the drinking water (see paragraph Intervention); therefore, drinking water was not available ad 

libitum during the first seven days of the experiment in both intervention and control groups. Five 

broilers died or were euthanized before the end of the experiment due to causes unrelated to the 

experiment.

Figure 1 Schematic representation of the experimental set up of one of four broiler rooms (1 – 4). Each room 

was subdivided in nine pens, with one seeder (S/C1) pen in the middle (2 m2) (n=10 S-broilers, 10 C1-broilers), 

surrounded by eight contact (C2) pens (1 m2) (n=10 broilers per pen). The S/C1-pen was separated from the C2-

pens by 80 cm high mesh panels. The C2-pens were separated from each other by 80 cm high wooden panels.
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Intervention 

In two of four rooms a competitive exclusion (CE) product was supplied, containing natural, live 

intestinal microflora derived from specific pathogen free (SPF) chickens and manufactured by 

fermentation (Aviguard®, MSD Animal Health, the Netherlands). From the moment of arrival in 

the rooms (day 0, 10:00 a.m.) until day 7, (4:00 p.m.), CE product was supplied in the drinking 

water, twice per day. Water solutions containing the CE product were prepared in predilution, 

with a dose level according to recommendations of the manufacturer, i.e. 0.125 gram CE product 

per 10 broilers. The amount of drinking water was restricted between day 0 and 7, based on the 

expected water consumption of 10 (C2-pen) and 20 (S/C1-pen) broilers in a pen to ensure that all 

supplied CE product would be consumed.

E. coli challenge

Broilers were challenged with E. coli strain E38.27, which carries the ESBL gene blaCTX-M-1 on an 

IncI1 plasmid (CTX-M-1-E. coli), isolated from conventional healthy broilers at slaughter age and 

resistant to cefotaxime (Dierikx et al., 2010). Oral inoculation of seeder (S) birds was performed on 

day 5 at 8:00 a.m. using a 1 mL syringe without a needle with 0.5 mL of 102 CFU/mL. The bacterial 

dilution was measured with the McFarland reader and retrospective colony counting. From one 

hour after inoculation onwards, 10 contact (C1) birds were exposed to 10 seeder birds, by moving 

the inoculated seeder birds to the corresponding S/C1-pens containing the contact birds.

Cloacal and cecal samples

Samples were taken using sterile dry cotton swabs (Copan 155C, Copan Diagnostics, USA). Broilers 

were sampled at day 5 at 4:00 a.m., just before inoculation to confirm absence of ESBL/pAmpC-

producing bacteria, and from day 6 until day 21 daily at 8:00 a.m. At day 21, after the last sampling, 

post mortem examination was done within 30 minutes after euthanasia for each broiler. Broilers 

were weighed and sex was determined, exterior and interior abnormalities were assessed, and 

ceca were collected and stored on dry ice for further analysis. 

Microbiota sample collection and analysis 

Cecal content samples were collected from five surplus broilers of the control group and from five 

surplus broilers of the CE intervention group (n=10) at day 5. At day 21, cecal content of all broilers 

in the S/C1-pen in all four rooms (n=80) was collected. The closed side of one of the two ceca 

was cut and cecal content was gently squeezed into a 2 mL sterile cryotube and snap frozen on 

dry ice and stored at -80 °C for genomic DNA extraction. To determine the microbial composition 

of the CE product, Aviguard® was suspended in PBS according to the manufacturer’s instructions 

and four aliquots of 2 mL were stored at -80°C for bacterial genomic DNA extraction. The full 

protocol for DNA extraction and determining microbiota composition was previously described 

(Kers et al., 2019). Briefly, DNA was extracted from 0.25 gram cecal content or frozen CE product, 
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using 700 μL of Stool Transport and Recovery (STAR) buffer (Roche Diagnostics Nederland BV, the 

Netherlands). All 94 samples were transferred to a sterile screw-capped 2 mL tube (BIOplastics 

BV, the Netherlands), used for bead beating. The DNA concentrations were measured with a 

NanoDrop ND-1000 spectrophotometer (NanoDrop® Technologies, USA), and the DNA samples 

were stored at −20°C until further use. Barcoded amplicons covering the variable regions V5-

V6 and primers 784F and 1064R were used for 16S rRNA gene-based microbial composition 

profiling as previously described (Ramiro-Garcia et al., 2016). To ensure high quality sequencing 

data, synthetic communities of known composition were used as positive controls (Ramiro-Garcia 

et al., 2016) and nuclease free water as negative controls. Sequencing of resulting libraries was 

performed on Illumina Hiseq2500 (Eurofins Genomics Germany GmbH). The 16S rRNA data was 

analysed using NG-tax 2.0 (Ramiro-Garcia et al., 2016). In short, to generate amplicon sequence 

variants (ASVs), NG-Tax 2.0 employed a fast de novo ASV-picking algorithm. To assign taxonomy 

the SILVA 128 16S rRNA gene reference database was used (Quast et al., 2013). Raw sequence 

data were deposited into the Sequence Read Archive (SRA) at the NCBI.

ESBL-producing E. coli detection

All cloacal samples were enriched in 3 mL Luria Bertani (LB) broth. After overnight incubation at 

37°C, 10 μL broth were inoculated on MacConkey plates supplemented with 1 mg/L cefotaxime 

and incubated overnight at 37°C. E. coli colonies growing on MacConkey plates supplemented 

with cefotaxime were referred to as CTX-M-1-E. coli. If visual assessment was not conclusive on 

the presence of E. coli, colonies were selected for further analyses using MALDI-TOF MS (Bruker 

Daltonik, Germany).

ESBL-producing E. coli and total E. coli quantification 

At day 21, content from one of two ceca of 80 selected broilers from rooms 1 and 2 was collected. 

For both rooms, selection included all broilers (n=20) from the S/C1-pen and additionally 20 

broilers from the C2-pens which were excreting CTX-M-1-E. coli. Samples were processed as 

previously described (Dame-Korevaar et al., 2019b). Concentrations of ESBL-producing E. coli and 

total E. coli were determined semi-quantitatively. CFU/gram faeces was calculated based on the 

highest dilution showing growth of typical E. coli colonies (Jett et al., 1997) and the weight of 

the faeces on the swabs or the amount of cecal content collected (Ceccarelli et al., 2017). E. coli 

colonies growing on MacConkey plates supplemented with cefotaxime were referred to as CTX-M-

1-E. coli. If visual assessment was not conclusive on the presence of E. coli, colonies were selected 

for further analyses using MALDI-TOF MS. 

Statistical analysis

Statistical analyses were performed in R, version 3.4.3 (RStudio Team, 2016), using packages 

“survival”, “phyloseq”, “microbiome” and “vegan”.
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Time until colonization

Time until colonization was analysed using parametric survival regression with an accelerated 

failure time model using a Weibull distribution (Kalbfleisch and Prentice, 2002). The hazard ratio 

was expected to be non-proportional during the experiment, because of the compartmentalization. 

This accelerated failure time model models the effect of the variables on the acceleration or 

deceleration of the time until colonization with CTX-M-1-E. coli. Colonization of individual broilers 

was measured as excretion of CTX-M-1-E. coli and time until colonization was defined as the time 

point of the first cloacal swab of two consecutive cloacal swabs tested positive for CTX-M-1-E. coli. 

If the last swab (day 21) and the ceca tested positive, broilers were assumed to be colonized at 

day 21. If only the ceca tested positive, broilers were not included as colonized birds within the 

time span of the experiment. 

Microbiota composition

Alpha and beta diversity metrics were calculated and univariate and multivariate statistical 

analyses were applied to determine differences in the cecal microbiota. Alpha diversity (within 

sample richness) was determined using Faiths phylogenetic diversity, taking into account the 

phylogenetic relatedness (Faith, 2007). Differences in alpha diversity were tested using a non-

parametric Kruskal-Wallis test. Beta diversity (between sample differences) was determined using 

weighted and unweighted UniFrac metrics (Lozupone et al., 2007). Principal coordinates analysis 

(PCoA) was used to visualize the data. To test differences within multivariate community data, 

non-parametric permutational analysis of variance (PERMANOVA) were used (Anderson, 2001).

Transmission coefficient

The transmission coefficients for within and between pen transmission (β
within and βbetween) were 

estimated based on a stochastic multi-pen SI model (Klinkenberg et al., 2002; Velthuis et al., 

2007) in which the number of new cases is determined by transmission from excreting (I) birds 

to susceptible (S) birds for a total population of (N) birds, using maximum likelihood estimation. 

 The probability (pĸ) for a susceptible animal in pen ĸ to become colonized during time interval 

Δt is calculated based on the force of infection (foi)  within the pen and between pens (S/C1-pen 

to C2-pen):

pĸ  = 1 - e -(foiwithin +foibetween )Δt   Eq. 1

Two models were used in which the foi was assumed to be based on direct transmission or 

on indirect transmission with a build-up of infectivity in the environment. In model 1 foi was 

determined by the proportion of excreting birds in the same pen ( ) and the proportions of 

excreting birds in the adjacent pen connected through a mesh panel ( ) during a time interval Δt:

pĸ  = 1 - e -(βwithin 
 +βbetween  )Δt    Eq. 2
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The unit of βwithinand βbetweenin model 1 is 1/day, and is interpreted as the number of new colonized 

broilers per day, due to one positive broiler. 

 In model 2 the f oi  in pen k was assumed to be a build-up in the environment. The cumulative 

sum of hours that all excreting birds were excreting in a pen (cumexcrhoursĸ) and in the adjacent 

pen connected with a mesh panel (cumexcrhoursadj) up to the beginning of the interval was used 

as a measure for environmental accumulation: 

pĸ = 1 - e -(βwithincumexcrhoursĸ+βbetweencumexcrhoursadj)Δt   Eq. 3

The unit of βwithin  and βbetween in model 2 is 1/day2 and is interpreted as the number of new colonized 

broilers per day, caused by each day that one positive broiler has been excreting CTX-M-1-E. coli 

(Dekker et al., 2013; Chapter 5).

Cecal excretion levels

The differences in cecal content of total E. coli and CTX-M-1-E. coli (CFU/gram) were tested using 

a linear regression model including the variables room, pen, sex, weight at day of hatch, weight at 

day 21, type of bird (S, C1, C2) and time until colonization. The best fitting model was obtained by 

backward selection based on AIC value. The correlation between cecal content of CTX-M-1-E. coli 

and time until colonization was tested using Pearson’s correlation coefficient.

Results

Time until colonization

Broilers in the intervention rooms (room 3 and 4) were not colonized with CTX-M-1-E. coli. In 

the control groups all broilers in room 1 (n=100), and 87/100 broilers in room 2 were colonized 

at the end of the experiment (Figure 2). Time until colonization was delayed for broilers in room 

2 compared to broilers in room 1 (Time Ratio (TR) 3.00, 95% CI 1.82 – 4.95), and for C2 broilers 

compared to seeder broilers (TR 3.53, 95% CI 3.14 – 3.93). No difference in time until colonization 

was observed between seeder and C1 broilers (TR 1.14, 95% CI 1.00 – 1.30). Weight at day of 

hatch, weight at day 21 and sex did not influence time until colonization (Table 1). 

Microbiota composition in cecal content

The alpha diversity (phylogenetic diversity) was higher in cecal content samples of the broilers 

supplied with CE product (CE broilers) compared to the control broilers on day 5 and day 21 

(Figure 3). On day 21 no differences in alpha diversity between the two intervention rooms were 

observed (Χ2 = 1.90, p=0.17), but the control broilers in room 1 had a lower alpha diversity than 

control broilers from room 2 (Χ2 = 4.92, p=0.03). Within rooms, no differences between seeder 
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and contact (C1) broilers were found. Weight at day of hatch, weight at day 21 and sex did not 

influence the alpha diversity (data not shown). 

 In weighted and unweighted UniFrac (wuf and uf) distance based analysis, the supply of the CE 

product explained 60% (wuf) and 69% (uf) of the variation between the cecal content samples on 

day 5 (Figure 4, principal coordinate analysis (PCoA), PERMANOVA, wuf: R2 = 0.598, p=0.009, uf: R2 

= 0.688, p=0.008). On day 21, application of the CE product explained 46% (wuf) and 51% (uf) of 

the variation between the cecal content samples (Figure 4, PERMANOVA, uf:R2 = 0.461, p=1.0×10-4, 

wuf: R2 = 0.510, p=1.0×10-4). Within rooms, being a seeder or contact broiler did not explain any of 

the variation between the cecal content samples. The variation between the two control groups 

was larger than between the two intervention rooms (wuf: R2 = 0.351 versus R2 = 0. 210).
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Figure 2 Time until colonization (days) of CTX-M-1-E. coli per pen (S/C1, C21, C22, C23, C24, C25, C26, C27, C28) 

and type of bird [seeder (S), contact 1 (C1), contact 2 (C2)] for room 1 (left) and room 2 (right). The violin plot 

indicates the total range of observations; the black dot indicates the median.

Table 1 Regression coefficients of time until colonization (95% CI) of CTX-M-1-E. coli for an accelerated failure 

time model. 

Variable Accelerated failure time (days, 95% CI)

Baseline survival (Room 1, Seeder, Male) 3.00 (1.82 – 4.95)

Room 2 1.24 (1.15 – 1.33)

Animal type Contact 1 1.14 (1.00 – 1.30)

Contact 2 3.53 (3.14 – 3.93)

Sex Female 0.97 (0.91 – 1.03)

Bodyweight at day 0 1.00 (0.99 – 1.02)

Bodyweight at day 21 1.00 (1.00 – 1.00)
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Figure 3 Alpha (phylogenetic) diversity of cecal microbiota at day 5 (n=5 broilers per intervention) and day 

21 (n=40 broilers per intervention), for the control (rooms (R) 1, 2) and intervention groups (rooms (R) 3, 4).
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Figure 4 Principal coordinate analysis (PCoA) of microbiota composition based on weighted UniFrac (A) and 

unweighted UniFrac (B) distances between control (dark blue) and CE (light blue) groups. Different symbols 

indicate different sampling days: triangles are samples of day 5, and circles are samples of day 21. 

The heatmap (Figure 5) shows all genera that significantly differed in relative abundance between 

CE broilers and control broilers at day 5 and 21. Selection of the first four clusters reveal two 

clusters with control broilers: one for the broilers of 5 days of age, and one for the broilers of 21 

days of age. The other two clusters consist of CE broilers, one cluster contains broilers of both 5 
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and 21 days of age, while the second cluster contains only CE broilers of 21 days of age. 

 In the CE product, 22 different genera were identified (Table 2). Of these genera, five were more 

abundant in CE broilers than in control broilers at day 5: Collinsella, Eubacterium, Flavonifractor, 

Lachnoclostridium and Lactobacillus. At day 21, genera Eubacterium coprostanoligenes, 

Bacteroides, Collinsella, Enterococcus, Eubacterium, Megamonas, Megasphaera, Slackia and 

Sutterella were more abundant in CE than in control broilers (Table 2).

o__Coriobacteriales
g__Slackia
f__Coriobacteriaceae
g__Eubacterium
g__Defluviitaleaceae_UCG
g__Alistipes
g__Megasphaera
g__Faecalicoccus
g__Blautia
g__Bacteroides
g__Megamonas
g__Peptococcus
g__Bifidobacterium
g__Sutterella
g__Collinsella
g__Olsenella
g__Bacillus
g__Faecalitalea
g__Enterococcus
g__[Ruminococcus]_gauvreauii_group
g__Escherichia−Shigella
g__Corynebacterium
g__Tyzzerella
g__Coprococcus
g__Anaerostipes
g__Butyricicoccus
f__Clostridiales_vadinBB_group
g__Senegalimassilia
g__Fusicatenibacter
f__Ruminococcaceae
g__Lactobacillus
f__Ruminococcaceae
f__Ruminococcaceae
f__Ruminococcaceae
g__Eisenbergiella
g__Sellimonas
f__Lachnospiraceae
g__[Eubacterium]_coprostanoligenes_group
g__Ruminiclostridium
g__Ruminiclostridium
g__Erysipelatoclostridium
g__Ruminiclostridium
g__Anaerofustis
g__Enorma
g__Enterorhabdus
o__Mollicutes_RF
g__Subdoligranulum
g__Faecalibacterium
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Figure 5 Heatmap representing the abundance of amplicon sequence variants (ASVs) in all individual broiler 

chickens analysed (n=90). Only ASVs that are significantly different at day 5 and day 21 between CE and control 

are shown (Wilcoxon rank-sum test, adjusted p-values are corrected p-values for multiple testing, Benjamini-

Hochberg, p<0.05). Each red, white, or blue rectangle represents the relative abundance of a genus in an 

individual broiler. Clustering of broilers is based on Ward’s minimum variance method and based on weighted 

UniFrac distances matrix. 
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Table 2 Relative abundance and standard deviation (SD) of genera that were present in the CE product, and the 

significantly different relative abundance in cecal content of CE broilers versus control broilers at day 5 (n=10) 

and 21 (n=80). Results are based on differences of relative abundance tested with Wilcoxon rank-sum test. 

Adjusted p-values (<0.05) are corrected for multiple testing with Benjamini-Hochberg (BH). - = not detected.

Relative abundance CE product Change in relative abundance CE vs control broilers

Day 5 Relative abundance (%) Day 21 Relative abundance (%)

Genera Relative 
abundance 
(%)

SD (%) Control CE p-value Control CE p-value

[Eubacterium] coprostanoligenes 
group

0.65 0.22  0.70 1.11 8.05×10-07

Bacteroides 0.47 0.06  - 1.12 9.06×10-15

Blautia 0.30 0.09  18.48 6.64 2.75×10-12

Candidatus_Soleaferrea 0.39 0.06   

Clostridium sensu stricto 1 2.77 0.45 14.67 0.72 0.03 0.04 - 0.04

Clostridium sensu stricto 2 0.72 0.12   

Collinsella 0.53 0.07 - 12.98 0.03 - 4.28 3.34×10-15

Enterococcus 10.80 1.07 31.76 13.40 0.03 0.46 0.94 2.67×10-03

Erysipelatoclostridium 2.53 0.09 0.03 1.84 0.99 0.03

Escherichia-Shigella 0.57 0.02 15.09 0.99 0.03 0.09 3.72×10-03 2.04×10-04

Eubacterium 0.66 0.04 - 3.31 0.03 - 0.20 2.22×10-07

Flavonifractor 1.02 0.14 - 0.79 0.03  

Lachnoclostridium 9.78 0.93 - 1.77 0.03  

Lactobacillus 14.96 1.33 - 10.77 0.03  

Megamonas 1.55 0.56  - 10.36 3.34×10-15

Megasphaera 3.30 0.74  - 0.27 3.82×10-05

Negativicoccus 3.62 0.66   

Oscillibacter 1.94 0.18   

Peptostreptococcus 30.97 4.04  

Sellimonas 1.31 0.38 1.14 0.64 2.60×10-04

Slackia 0.34 0.09 - 0.03  7.57×10-03

Sutterella 1.76 0.21 - 0.99 3.34×10-15

uncultured 4.45 3.56  

unknown 0.08 0.09  

Transmission 

Broilers in the intervention rooms (room 3 and 4) were not colonized with CTX-M-1-E. coli, and 

transmission was thus not observed. In the control groups, the transmission coefficient between 

pens (βbetween) was lower than the transmission coefficient within pens (βwithin) for both models. 

Model 2, with accumulated environmental transmission, is preferred over model 1, assuming 

direct transmission (AIC 402.1 vs. 438.1, Table 3). For model 2, βbetween was 3.28×10-4 day-2 (95% CI 

2.41×10-4 – 4.32×10-4) and βwithin was 6.12×10-2 day-2 (95% CI 4.78×10-2 – 7.64×10-2) (Table 3). 
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Cecal excretion levels

Mean CTX-M-1-E. coli (log10 CFU/gram) was lower in cecal samples from broilers from C2-pens 

than from the S/C1-pen, except for pen C26 and C27 (Table 4). CTX-M-1-E. coli (log10 CFU/gram) 

was lower in cecal samples from broilers kept in room 2 than broilers kept in room 1 (estimate 

-0.52, 95% CI -0.91 – -0.13 log10 CFU/gram). Broilers with a higher bodyweight at day of hatch had 

slightly higher cecal CTX-M-1-E. coli levels (estimate 0.08, 95% CI 0.01 – 0.15 log10 CFU/gram). 

Cecal CTX-M-1-E. coli levels are correlated with time until colonization, the shorter the time until 

colonization, the higher the cecal level (r= -0.60, 95% CI -0.73 – -0.43). Mean E. coli levels in cecal 

content did not differ between rooms or pens. 

Table 3 Transmission coefficients (βwithin and βbetween, 95% CI) using an SI-model for transmission based on the 

proportion of excreting birds (model 1) and the accumulative excretion time (model 2). 

Transmission coefficient (β, 95% CI)

Unit* βwithin (95% CI) βbetween (95% CI) AIC

Model 1 
proportion excreting birds

day-1 1.31 (1.07 – 1.59) 0.03 (0.02 – 0.04) 438.1

Model 2 accumulative excretion 
time

day-2 6.12×10-2 (4.78×10-2 – 7.64×10-2) 3.28×10-4 (2.41×10-4 – 4.32×10-4) 402.1

* The unit in model 1 is 1/day, and is interpreted as the number of new colonized broilers due to one positive broiler per day. 

The unit in model 2 is 1/day2 and is interpreted as the number of new colonized broilers caused by each day that one positive 

broiler has been excreting.

Table 4 Parameter estimates for cecal content levels at day 21 (log10 CFU/g cecal content, 95% CI) of CTX-M-

1-E. coli (n=75) using a linear regression model.

Variable Estimate CTX-M-1-E. coli (95% CI)

Room 1, pen Seeder/C1 (intercept) 3.95 (0.93 – 6.98)

Room 2 -0.52 (-0.91 – -0.13)

Pen C21 -1.17 (-1.91 – -0.43)

Pen C22 -2.28 (-3.23 – - 1.33)

Pen C23 -1.85 (-2.95 – -0.75)

Pen C24 -2.01 (-2.64 – -1.39)

Pen C25 -0.86 (-1.40 – -0.33)

Pen C26 -0.59 (-1.52 – 0.33)

Pen C27 0.34 (-0.77 – 1.46)

Pen C28 -2.69 (-3.49 – -1.88)

Bodyweight day of hatch (day 0) 0.08 (0.01 – 0.15)
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Discussion

The supply of CE product via drinking water from day of hatch until day 7 prevented colonization 

of broilers with ESBL-producing E. coli after challenge of seeder birds. In the control group, 93.5% 

of the broilers were colonized at the end of the experiment. These results are in line with earlier 

experiments within isolators, in which a continuous supply of CE product during the first 14 

days was able to prevent colonization (Chapter 5). In the isolators in which at least one bird was 

colonized with ESBL-producing E. coli, application of CE product reduced the rate of colonization, 

decreased excretion (CFU/gram) and reduced transmission, as previously shown in studies 

applying a single supply of CE (Hofacre et al., 2002; Nuotio et al., 2013; Ceccarelli et al., 2017; 

Methner et al., 2019). The enhanced effect of CE product found in this study compared to these 

earlier studies could have resulted from the prolonged supply, the longer period between start 

of CE product and exposure to ESBL-producing E. coli, or the moment of challenge with ESBL-

producing E. coli and the low challenge dose used in our study. 

 The microbiota composition was more diverse in the CE broilers than in the control broilers 

on day 5 and 21. This supports the hypothesis that microbial diversity plays a role in preventing 

colonization. Also successful competitive exclusion of ESBL-producing E. coli by specific species 

being present in the CE broilers could have prevented colonization. Intestinal colonization with 

microbiota of adult donor hens is associated with increased resistance against colonization, e.g. 

with Salmonella (Varmuzova et al., 2016). In a study where newly hatched layer chicks were 

exposed to an adult hen, transfer of microbiota occurred within 24 hours of contact and a 1-3 

days longer contact period resulted in an even more developed chick microbiota (Kubasova et 

al., 2019). In our study, supplying a CE product derived from intestinal bacteria of adult chickens 

possibly increased resistance and prevented colonization with ESBL-producing E. coli. The higher 

diversity observed in broilers at day 5 was maintained during the experiment. At day 21, two 

weeks after the last supply of the CE product, the intestinal microbiota composition was still more 

diverse in the CE broilers. Next to genera identified in the CE product, also other genera were 

found to be different between CE and control groups, indicating that the intestinal microbiota of 

CE broilers was early and persistently different compared to the composition of the microbiota as 

observed in the control broilers. 

 Direct competition between specific bacteria and inoculated E. coli in CE broilers might have 

played a role in preventing colonization, including competition for binding sites or limiting 

nutrients (Nurmi et al., 1992; Callaway et al., 2008). This could be related also with the production 

of antimicrobial compounds, including volatile fatty acids, inhibiting or eliminating species that 

compete for the same niche (Callaway et al., 2008). Some genera were present exclusively in 

the CE product and in CE broilers, but not in control broilers (Table 2). Due to competition, these 

genera might have prevented colonization. Next to preventing colonization by E. coli, CE products 

have shown to prevent or reduce colonization of different bacteria, e.g. Salmonella (Nakamura 
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et al., 2002; Ferreira et al., 2003; Luoma et al., 2017; Markazi et al., 2018) and Campylobacter 

(Schneitz and Hakkinen, 2016). 

 In the control groups compartmentalization resulted in a significantly lower transmission 

between pens than within pens. Transmission between pens shows that environmental 

transmission can occur and presence of ESBL/pAmpC-producing bacteria in litter, air or dust plays 

a role in transmission (Friese et al., 2013; Laube et al., 2013; Laube et al., 2014; Blaak et al., 2014; 

Blaak et al., 2015; Daehre et al., 2018). Delayed transmission as result of compartmentalization 

has been described for other pathogens (van Bunnik et al., 2012; Dekker et al., 2013). The 

effect of compartmentalization can be two-fold: the physical barrier prevents direct contact 

between broilers, and next to that, during the time needed for transmission between pens to 

occur, the microbiota of the susceptible broilers might develop further, making it more difficult 

for ESBL-producing E. coli to colonize. In chickens, microbiota in the first week of life contains 

Enterobacteriaceae (Videnska et al., 2014; Ballou et al., 2016; Jurburg et al., 2019) suggesting 

that E. coli can easily colonize during the first week. Older birds might get less susceptible for 

colonization (Chapter 5), however in our study colonization with ESBL-producing E. coli still 

occurred at 21 days of life, maybe as a result of accumulation of excreted ESBL-producing E. coli in 

the environment. Once transmission between pens occurred, transmission within pens followed 

rapidly. In room 1, within S/C1-pen transmission occurred very fast: all except one bird were 

positive at the first sampling after challenge. Therefore, this pen could not be included in the 

estimation of within pen transmission. 

 Estimation of the transmission coefficients was done using the proportion of excreting birds 

(model 1) and the accumulative excretion time (model 2). The model including excretion time 

fitted better to the observed data, indicating that accumulation of ESBL-producing E. coli in the 

environment most likely plays a role in the transmission within a flock. This increased infectivity 

by accumulation of the bacteria has been modelled also for other pathogens in pigs and chicken 

(Lurette et al., 2008; Dekker et al., 2013; van Bunnik et al., 2014). In our model, environmental 

accumulation is assumed to be unlimited, whereas in practice it is likely that there is a certain 

maximum, as postulated by Van Bunnik and colleagues that assumed the force of infection to be 

limited by a maximum exposure capacity for recipient animals (van Bunnik et al., 2014). However, 

in our study models including a maximum exposure capacity rendered a model that did not 

converge, which might indicate that the maximum exposure capacity was not yet reached at the 

end of the experiment.

Conclusions

Overall, our study shows that competitive exclusion is a useful intervention tool to prevent 

colonization of ESBL-producing bacteria after challenge with a low dose in the first week in a 
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broiler flock. Transmission within a flock could be delayed by compartmentalization, however 

as soon as ESBL-producing bacteria are excreted and accumulate in the environment spread to 

other birds seems inevitable. Therefore, compartmentalization of large flocks into smaller groups 

of birds, which is for instance more common in breeding flocks at higher levels of the broiler 

production chain, could be combined to enhance the efficacy of other interventions. CE product 

could be supplied to young chicks after hatching at different levels of the broiler production 

pyramid to prevent colonization of birds. The insights provided by this study may provide a basis 

for further developments towards practically applicable measures to further reduce antimicrobial 

resistance in poultry.
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Introduction

The aim of this thesis was to get insight into the processes of colonization and transmission of 

ESBL/pAmpC-producing bacteria in the broiler production pyramid, and to evaluate possible 

interventions to reduce the spread of ESBL/pAmpC-producing E. coli. In this chapter, the current 

status of ESBL/pAmpC-producing bacteria in the Netherlands is described, followed by the main 

findings of this thesis. Then, the effect and possible underlying mechanisms of the studied 

interventions are discussed. Next, the translation of the results from the animal models to the 

poultry farm, the application of the interventions and the value of using mathematical models to 

evaluate the effect of interventions are discussed. Finally, suggestions for further control and the 

main conclusions of this thesis are given. 

ESBL/pAmpC-producing bacteria in the Netherlands

In the Netherlands, the prevalence of ESBL/pAmpC-producing bacteria in broilers has significantly 

decreased (Dorado-Garcia et al., 2016; Hesp et al., 2019), following the trend in reduction of 

antimicrobial usage (MARAN, 2019). Based on this, and the observed decreasing prevalence of 

pAmpC-producing E. coli in a parent stock flock without the presence of antibiotics (Chapter 2), 

one might ask why interventions additional to the reduction of antimicrobial use are needed. 

However, ESBL/pAmpC-producing bacteria can be present even in absence of antibiotic use, and 

are able to maintain and spread within animal populations (Huijbers et al., 2016; Ceccarelli et al., 

2017); Chapter 2, 4 – 6). These ESBL/pAmpC-positive flocks can, via several routes (Chapter 3), 

play a role in further spread of ESBL/pAmpC-producing bacteria through the broiler production 

chain. Moreover, monitoring of antimicrobial usage shows that in 2018 still 77% of the total 

antimicrobials used in broilers were broad spectrum second choice antimicrobials (MARAN, 

2019), including antimicrobials which can select for ESBL/pAmpC-producing bacteria. The use of 

beta-lactam antibiotics might lead to a steep increase in on-farm prevalence of ESBL/pAmpC-

producing bacteria (Dierikx et al., 2013a) and also co-selection might play a role in the occurrence 

of antimicrobial resistance (Dorado-Garcia et al., 2016). Therefore, caution is required and 

interventions should be taken to control ESBL/pAmpC-producing bacteria in the broiler production 

pyramid. 

Main findings of this thesis

Process of colonization and transmission

In the existing literature many observational studies on the occurrence of ESBL/pAmpC-producing 
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bacteria suggest possible transmission routes of ESBL/pAmpC-producing bacteria (Chapter 3). Four 

main transmission routes of ESBL/pAmpC-producing bacteria in the broiler production pyramid 

are categorized (Chapter 3): 1) vertical between generations, 2) at hatcheries, 3) horizontal on 

farm, and 4) horizontal between farms and via the environment of farms. However, due to the lack 

of quantitative information in the literature it remains unclear to what extent the different routes 

contribute to the occurrence of ESBL/pAmpC producing bacteria. 

 Colonization of birds can occur at young age; several studies have observed young birds carrying 

ESBL/pAmpC-producing E. coli shortly after arrival at the farm, followed by a steep increase in 

prevalence during the first days (Dierikx et al., 2013a; Huijbers et al., 2016). In a broiler parent 

stock, a high prevalence of pAmpC-producing E. coli was observed at day 7 of the rearing period. 

Surprisingly, pAmpC-producing E. coli prevalence in the parent flock decreased from 91% in week 

1 to 0% in week 21, and was not detected in the offspring, although it was still present in the 

environment (Chapter 2). A decrease of ESBL/pAmpC-producing E. coli has been described earlier 

in organic broiler flocks (Huijbers et al., 2015b; Huijbers et al., 2016; van Hoek et al., 2018) and 

recently also in parent stock (Apostolakos et al., 2019), but at lower prevalence. The different 

gene-plasmid combinations might have influenced the inability of ESBL/pAmpC-producing E. coli 

to persist. 

 To get more insight into the process of colonization of young broilers, a dose-response study 

was conducted. In this study conventional (Ross 308) and specific pathogen free (SPF) broilers 

were challenged with ESBL/pAmpC-producing E. coli (Chapter 4). A higher challenge dose of ESBL/

pAmpC-producing E. coli resulted in a shorter time until colonization, but even the lowest dose 

(0.5 mL of 101 CFU/mL) resulted in colonization of SPF broilers within 24 hours. A higher challenge 

dose resulted in a higher probability of colonization as result of initial inoculation. Conventional 

broilers showed a delay in colonization compared to SPF broilers, which might be caused by 

competition between initially present bacteria and the inoculated E. coli. The results showed that 

the presence of only a few ESBL/pAmpC-producing bacteria within a poultry house or hatchery 

can lead to colonization of some of the broilers, and subsequently transmission will lead to a high 

prevalence of colonized broilers in the flock. 

Effect of interventions

Transmission of ESBL/pAmpC-producing E. coli can occur via several routes (Chapter 4) and ESBL/

pAmpC-producing bacteria can be present in the environment in and around poultry houses (Laube 

et al., 2013; Zurfluh et al., 2014a; Zurfluh et al., 2014b; Huijbers et al., 2016; Daehre et al., 2018). 

Therefore, sufficiently reducing the exposure of birds to ESBL/pAmpC-producing bacteria is difficult 

and interventions aiming to prevent colonization are needed. Earlier studies described reduced 

colonization, excretion and transmission after supply of a competitive exclusion (CE, containing 

intestinal bacteria) product. However, a single supply of CE product could not prevent colonization 

with ESBL/pAmpC-producing E. coli (Nuotio et al., 2013; Ceccarelli et al., 2017; Methner et al., 
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2019). Therefore, the effect of a prolonged supply of CE product after challenge with a low dose of 

ESBL-producing E. coli was tested, thereby mimicking the initial stages of colonization in the field 

(low exposure) and optimizing the potential effect of CE products (prolonged supply) (Chapter 5). 

 A prolonged supply of CE products prevented colonization of broilers after challenge with 102 

CFU/mL ESBL producing-E. coli at day 5, in some of the isolators. However, if at least one of the 

broilers was colonized, rapid spread to the other broilers present in the same isolator followed 

(Chapter 5). Challenge with a lower dose level (101 CFU/mL) at day 5 did not lead to colonization of 

broilers, whereas at age day 0 or 1 challenge with dose level 101 CFU/mL did lead to colonization 

(Chapter 4, 5). This suggests that broilers at age day 5 are less susceptible to colonization than 

younger broilers. Challenge with 101 or 102 CFU/mL at day of hatch simultaneously with the 

supply of CE product did not show any differences in colonization between control and CE broilers 

(Chapter 5), indicating that the CE product needs time to colonize in the gut before having a 

protective or reducing effect on colonization of ESBL- producing E. coli. 

 After having observed the effect of CE products under controlled circumstances, a transmission 

study under semi-field circumstances was carried out. Besides the prolonged supply of CE product, 

a second intervention was included: compartmentalization (subdividing the flock). If ESBL/

pAmpC-producing bacteria are present in a poultry flock, compartmentalization might reduce the 

transmission, as described for other bacteria (van Bunnik et al., 2012; Dekker et al., 2013). A 

prolonged supply of CE product prevented colonization of ESBL-producing E. coli. In the control 

flocks, compartmentalization reduced the transmission rate of ESBL-producing E. coli within 

the flock (Chapter 6). The more diverse microbiota compositions of CE broilers at day 5 and 21 

(Chapter 6) suggest that the CE product supports the development of the microbiota composition, 

thereby reducing the susceptibility for colonization with ESBL/pAmpC-producing bacteria. 

Interventions affecting colonization and transmission of ESBL/
pAmpC-producing E. coli 

Competitive exclusion

Only a few ESBL/pAmpC-producing bacteria are needed to colonize young broilers, and 

subsequently transmission will lead to a high prevalence within a flock (Dierikx et al., 2013a; 

Huijbers et al., 2016; Robé et al., 2019); Chapter 2, 4). Therefore, interventions aiming to prevent 

colonization with ESBL/pAmpC-producing bacteria should be taken as soon as possible after 

hatching, before exposure with ESBL/pAmpC-producing bacteria occurs. 

 Already in the 1970s experiments have been performed aiming to protect young broilers from 

Salmonella colonization. This resulted in the concept of competitive exclusion, defined as “the 

establishment of adult-type resistance to salmonellas in newly hatched chicks by administering 

adult intestinal microorganisms” (Nurmi et al., 1992). Although the concept was initially 
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developed to prevent colonization with Salmonella, later also protection against E. coli, Yersbua 

and Campylobacter spp. was shown (Nurmi et al., 1992). The expected mechanism of the CE 

products, resulting in preventing colonization with ESBL/pAmpC-producing E. coli, is competition. 

This might include competition for binding sites or limiting nutrients (Nurmi et al., 1992; Callaway 

et al., 2008). 

 In mammals, the ability of intestinal microbiota inhibiting colonization by invading microbes is 

described as “colonization resistance” (van der Waaij et al., 1971). Colonization resistance consists 

of direct microbe-microbe interactions, and the more complex indirect host-microbe interactions, 

for example by immune responses (Lawley and Walker, 2013). Colonization resistance is associated 

with a stable and diverse microbiota composition (Lawley and Walker, 2013; Browne et al., 2017). 

Earlier it was described that the diversity of the microbiota composition increases with age (Lu et 

al., 2003; Richards et al., 2019) and that the prevalence of ESC-resistant E. coli decreases with age 

(Chauvin et al., 2013; Huijbers et al., 2015b; Braykov et al., 2016; Huijbers et al., 2016; van Hoek 

et al., 2018); Chapter 2). A higher phylogenetic diversity was observed in CE broilers, which could 

have contributed to preventing colonization of ESBL/pAmpC-producing E. coli in the CE broilers 

(Chapter 6). Moreover, higher dose levels were needed to colonize older birds than younger ones 

(day 5 versus day 0 or 1) (Chapter 5). These results indicate that CE products stimulate the natural 

development of the microbiota composition, and thus the colonization resistance, making young 

birds less susceptible to colonization with ESBL/pAmpC-producing E. coli. 

 Specific microbe-microbe interactions could have played a role in the observed prevention of 

colonization, for example by competing for specific binding sites or nutrients (Nurmi et al., 1992; 

Callaway et al., 2008). This could also be related with the production of antimicrobial compounds, 

including volatile fatty acids, inhibiting or eliminating species that compete for the same niche 

(Callaway et al., 2008). The results of the dose response study suggest that E. coli present in 

conventional broilers delays colonization of the inoculated E. coli strain (Chapter 4). Likely, also 

other bacteria species were initially present in the conventional broilers, but their detection was 

not included in the culturing methods. Fitness costs of the plasmid-carrying E. coli strain might 

play a role in competition (Andersson and Hughes, 2010). However, the theory that in absence 

of selective pressure the plasmid-carrying strain will be outcompeted by the plasmid-free strain, 

does not always hold (Lopatkin et al., 2017; Fischer et al., 2019). Possibly plasmid transfer occurred 

(Chapter 4) and this might have contributed to the rapid transmission of ESBL/pAmpC-producing 

E. coli between broilers (Chapter 4 - 6). The presence of specific genera in the CE broilers which 

were absent in control broilers shows that the CE product does impact the composition of the 

microbiota (Chapter 6). These genera might have competed with the inoculated E. coli for the 

same niche or nutrients. Earlier studies have shown a reducing or preventing effect of CE products 

on colonization of bacteria such as Salmonella (Nakamura et al., 2002; Ferreira et al., 2003; Luoma 

et al., 2017; Markazi et al., 2018) and Campylobacter (Schneitz and Hakkinen, 2016), showing that 

the effect of the CE product includes, but is not limited to, competition with E. coli. 
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The use of prebiotics might provide a competitive advantage to bacteria acting as competitive 

excluders (Callaway et al., 2008). However, the synbiotic product (including pre- and a selection 

of probiotics) did not provide better results (i.e. prevention of colonization) than the competitive 

exclusion product derived from faeces of adult hens (Chapter 5). 

Competitive exclusion products as artificial hen

The development of the microbiota composition of young birds as described in recent studies 

(Jurburg et al., 2019; Richards et al., 2019) is related to the modern broiler production. Young 

birds are hatched in absence of the hen, and due to strict hygiene practices in commercial 

hatcheries, only a limited number of natural intestinal bacteria are present in the environment to 

colonize the bird intestinal tract (Varmuzova et al., 2016; Donaldson et al., 2017). Experimental 

studies including just hatched chickens in absence and presence of a hen showed that the 

microbiota of an adult hen was transferred within 24 hours. Within a week young chickens had a 

composition similar to adult birds (Kubasova et al., 2019). However, care should be taken when 

inoculating young birds with cecal content from adult donor hens, as pathogens might be present 

or overgrowth of certain genera, resulting in a shift of microbial populations, can occur (Polansky 

et al., 2015). Defined cultures such as synbiotics or cultures originating from faeces from SPF birds 

(Chapter 5, 6) are aimed to avoid these negative effects. 

Compartmentalization

Competitive exclusion products could prevent colonization of birds (Chapter 5, 6). However, 

when one of the birds becomes colonized with ESBL/pAmpC-producing E. coli, this might result 

in spread within the flock (Chapter 4, 5). Housing measures such as compartmentalization can 

decrease transmission within a flock (Chapter 6). The compartmentalization described in Chapter 6 

consisted of a 30 cm solid panel and 40 cm mesh panel on top. The effect of compartmentalization 

might be two-fold: first, preventing direct contact between excreting and susceptible broilers, and 

secondly, during the time needed to transmit ESBL-producing E. coli between compartments, the 

microbiota of the susceptible broilers might develop further making them less susceptible (see 

previous paragraph). 

 Transmission between the pens did occur, demonstrating the important role of the environment 

in transmission of ESBL/pAmpC-producing E. coli, as indicated by earlier studies observing ESBL/

pAmpC-producing E. coli in dust and litter in poultry houses (Laube et al., 2013; Friese et al., 2013; 

Laube et al., 2014; Blaak et al., 2014; Blaak et al., 2015; Daehre et al., 2018). Actually, transmission 

of ESBL/pAmpC-producing E. coli occurs via the faecal-oral route, and thus via the environment, 

but preventing direct contact with faeces of excreting birds reduced the transmission rate 

(Chapter 6). However, transmission between pens could not be prevented, indicating that once 

ESBL/pAmpC-producing E. coli is present in a poultry house, additional interventions are needed 

to successfully limit the spread of ESBL/pAmpC-producing bacteria. 
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From animal models to the farm

In this thesis the processes of colonization and transmission were studied in intensively 

cleaned and disinfected isolators (Chapter 4), to ensure an ESBL/pAmpC-producing E. coli free 

environment. The delayed colonization in conventional broilers compared to SPF broilers showed 

that conventional broilers should be used when testing interventions intended for implementation 

in practice. E. coli was used as reference bacteria, since this is considered as a useful indicator 

bacteria for monitoring antimicrobial resistance (Hesp et al., 2019). 

 The consistent results of the dose-response study led to an animal model used to test 

interventions (Chapter 5) and could also be applied under semi-field circumstances (Chapter 

6). Moreover, the probabilistic model (Chapter 4) gave insight into the process of colonization; 

inoculation did not always lead to colonization, showing the contribution of transmission in these 

type of experiments performed in small groups of broilers (Line et al., 2008). 

 Although the experiments were conducted in isolators (Chapter 4, 5), the conventional 

broilers were hatched in a hatchery and transported to the research facilities, to mimic hatching, 

collection, transport and arrival at the farm of just hatched birds in actual broiler production. 

Housing conditions can affect the microbiota composition (Kers et al., 2019), and thus the effect 

of the tested interventions. However, the promising effect of the interventions in broilers kept in 

isolators were confirmed under circumstances closer to the field situation (Chapter 6). 

 The (seeder-)broilers were exposed to ESBL/pAmpC-producing E. coli by individual oral 

inoculation. In practice however, the first bird needs to actively pick up the ESBL/pAmpC-producing 

bacteria from the environment to get colonized. This includes an additional step in the process of 

colonization, compared to the process studied in Chapter 4. On the other hand, in practice there 

might be long term exposure (e.g. in the poultry house), and not only once, via inoculation. The 

birds in the animal model were rapidly colonized, as was observed in birds at a farm (Dierikx et 

al., 2013a; Huijbers et al., 2016), indicating that the animal model reflects the actual colonization 

of young birds when using strains originating from broilers (Dierikx et al., 2010). The observed 

dynamics of ESBL/pAmpC-producing E. coli likely included clonal and plasmid transfer (Chapter 4), 

similar to the naturally occurring transmission process of ESBL/pAmpC-producing E. coli in field 

situations (Huijbers et al., 2016; van Hoek et al., 2018).

 The supply of CE product occurred via the drinking water. In the animal experiments, with small 

groups and frequent observations, all birds did drink the water. Given good farm management, 

for most birds after arrival at the farm there will be no, or only a short delay until initial feed and 

water intake. However, a small number of birds will not start eating and drinking at all. If these 

birds are exposed to ESBL/pAmpC-producing E. coli, this might lead to colonization. However, 

these birds are likely to perish within a few days, making it unlikely that they will have a substantial 

contribution to excretion and environmental accumulation of ESBL/pAmpC-producing E. coli. 

 The supply of CE product during the first week prevented colonization after challenge at day 
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5. Day 5 was chosen to simulate introduction of ESBL-producing E. coli during the first week 

at the poultry farm (e.g. horizontal transmission from parallel flocks, transmission from the 

environment). In practice, exposure to ESBL-producing E. coli at the hatchery or poultry farm 

might occur before day 5 (e.g. horizontal transmission from previous flocks). The time needed for 

the CE product to colonize and effectively prevent colonization of the inoculated ESBL-producing 

E. coli is unknown. Earlier research showed reduced colonization when challenging broilers with 

ESBL-producing E. coli one day after providing CE product (Nuotio et al., 2013; Ceccarelli et al., 

2017), and microbiota transfer from adult hens to chickens is observed within 24 hours (Kubasova 

et al., 2019). This suggests that the CE product, given the supply started directly after hatch, is 

effective when exposure to ESBL-producing E. coli occurs at day 1 or later. 

 Compartmentalization included not only spatial separation of birds, but also separation of feed 

and water systems, and strict hygiene measures between pens (Chapter 6). Entering compartments 

without e.g. changing boots might facilitate transmission of ESBL/pAmpC-producing E. coli 

(Chapter 3), thus in practice, with less strict hygiene measures, the effect of compartmentalization 

might be smaller.

 Also other variables present in poultry farms might influence colonization and transmission of 

ESBL/pAmpC-producing bacteria. First of all, in our experiments no antibiotics were used. The use 

of antibiotics selecting for resistant bacteria might overrule the effect of CE products (Chantziaras 

et al., 2018). Other factors possibly affecting the presence of resistance bacteria but not included 

in our experiments are, as described in Chapter 3, type of farming, region, season and farm-

related factors as hygiene, acidification of drinking water, feed changes, breed, litter material. 

Some of these factors might be related with the susceptibility of broilers for colonization, possibly 

by affecting the microbiota composition (e.g. hygiene, litter material), others might be related 

with a source of ESBL/pAmpC-producing bacteria (e.g. hatcheries) (Persoons et al., 2011). 

Application of interventions

The effect of a prolonged supply of CE products depends on the moment of exposure of ESBL-

producing E. coli (Chapter 5), indicating that the CE products need time to establish in the gut 

before protecting broilers from colonization. Therefore, CE products can be useful to prevent 

colonization of broilers with ESBL/pAmpC-producing at the farm, but it seems difficult to protect 

broilers from colonization when exposure occurs at the hatchery. 

 Compartmentalization delayed transmission between pens (Chapter 6), but could not prevent 

it. Additional interventions are needed to control the spread of ESBL/pAmpC-producing E. coli, for 

example a combination of compartmentalization and competitive exclusion. Once a compartment 

tested ESBL/pAmpC-producing bacteria positive, CE products could be supplied to all birds 

within the flock to protect susceptible birds in the adjacent pens from colonization. However, 
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the results indicate that the effect of CE products lies in supporting the microbiota development, 

making birds less susceptible for colonization (see “competitive exclusion”). Therefore, the effect 

of supplying CE products to older birds, with a more established microbiota, might be limited. 

On the other hand, during periods of stress or disease, the microbiota composition might be 

affected, becoming more susceptible for colonization of pathogens (Burkholder et al., 2008; 

Stanley et al., 2012), but possibly also increasing the potential for colonization with bacteria in 

the competitive exclusion product. In addition, the ability of CE products to prevent colonization 

might depend on the environmental accumulation of ESBL/pAmpC-producing E. coli. The results 

of the experiments in the isolators (Chapter 5) indicate that as soon as one (or more) birds start 

to excrete, transmission to other birds is inevitable, despite the prolonged supply of CE products. 

 Ideally, interventions should be applicable at different levels of the broiler production 

pyramid. The experiments described in this thesis included broiler chickens. Although microbiota 

composition may vary between different type of chickens (Kers et al., 2018), also young (grand) 

parent chickens were observed ESBL/pAmpC-positive just after hatching (Dierikx et al., 2013a; 

Apostolakos et al., 2019), indicating similar colonization processes. 

 The supply of CE product via the drinking water can be implemented easily, independent of 

the type of farm. Compartmentalization of large flocks into smaller groups of birds, will require 

major adjustments in the design of poultry houses, but is more common in breeding flocks at 

farms in the top of the broiler production chain. Compartmentalization in combination with other 

interventions, such as competitive exclusion, will help to reduce (apparent) vertical transmission. 

In broiler farms implementation of compartmentalization will be more complicated.

 The success of implementation of interventions depends also on the willingness of individual 

farmers. It lies outside the scope of this thesis to discuss the socio-economic aspects of farmers’ 

decisions, but investments will be needed to implement the interventions. However, for individual 

farmers currently there is no direct economic impact (positive or negative) related with the ESBL/

pAmpC-status of delivered animals or animal products. On the other hand, both the supply of CE 

product and compartmentalization might not exclusively prevent or reduce the spread of ESBL/

pAmpC-producing bacteria but also be effective against other invaders (Nakamura et al., 2002; 

Ferreira et al., 2003; van Bunnik et al., 2012; Dekker et al., 2013; Schneitz and Hakkinen, 2016; 

Luoma et al., 2017; Markazi et al., 2018).

Use of models to evaluate interventions

Mathematical models are useful tools to get insight into the population dynamics of, in our study, 

ESBL/pAmpC-producing E. coli, and to interpret the data (de Jong, 1995). In addition to only 

reporting observed colonization data (Robé et al., 2019), the models used in this thesis allow 

to estimate probabilities of colonization as result of inoculation or transmission (Chapter 4) and 
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transmission coefficients (Chapter 5, 6). Transmission coefficients in itself give valuable information 

on time scale of transmission, but can also be used to predict the effect of interventions in larger 

populations. Simulation models can be used to extrapolate findings to larger populations such 

as broiler flocks, or even in the broiler production pyramid, taking into account the differences 

between animal experiments and poultry farms as discussed in the previous paragraph. 

 In this thesis, two different models estimating transmission coefficients were used. The force 

of infection (foi) was determined by either 1) the proportion of excreting birds or 2) by the 

cumulative excretion time (or level) (Chapter 5, 6). The first method is often used in transmission 

studies, and seems useful when observing transmission within groups, e.g. in isolators. However, 

this model has the disadvantage that the foi  is maximized when all broilers are excreting. Based 

on the mechanism of E. coli transmission, via the faecal-oral route, and the survival of E. coli in the 

environment (Merchant et al., 2012; Friese et al., 2013), it seems biologically more relevant to take 

into account accumulation of the excreted ESBL-producing E. coli in the environment to estimate 

transmission rates. Therefore, in the second method the sum of the excretion time is included as 

a measure for the accumulation of the excreted ESBL-producing E. coli in the environment. This 

leads to an increasing foi during the experiment. In the experiment including panels separating 

pens, the second model fitted the data best, indicating that accumulation of ESBL-producing E. coli 

in the environment is relevant in between-pen transmission (Chapter 6). 

Suggestions for further control of ESBL/pAmpC-producing 
bacteria in the poultry production pyramid 

The different transmission routes, the presence of ESBL/pAmpC-producing bacteria throughout 

the broiler production chain, and the finding that young birds are susceptible for colonization 

(Chapter 4) exemplify the need to intervene in the spread of ESBL/pAmpC-producing bacteria 

as soon as possible after hatching. CE products supplied from the moment of arrival at the farm 

can be effective when exposure to ESBL/pAmpC-producing E. coli occurs during the first week. 

Intervene at an even earlier stage, at the hatchery, might be helpful to reduce prevalence of 

colonized flocks (Plaza Rodriguez et al., 2018). As the bacteria in the CE product need time to 

establish in the gut before providing a protective effect (Varmuzova et al., 2016; Ceccarelli et al., 

2017), it seems difficult to protect birds from colonization when exposure occurs at the hatchery. 

An earlier study aiming to determine the effect of CE prior to hatching, was inconclusive with 

respect to the protective effect of dipping eggs in CE product, since ESBL/pAmpC-producing E. coli 

was not persistently present on the eggs surfaces collected from poultry farms (Oikarainen et al., 

2019). Supply of CE products as soon as possible upon hatching could also be done in alternative 

hatching systems such as on farm-hatching.

 In addition to the interventions studied in this thesis, other interventions might help to reduce 
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the prevalence of ESBL/pAmpC-producing bacteria in the broiler production chain. Housing 

measures can influence the risk on resistant E. coli, e.g. the type of litter (Persoons et al., 2011; 

Boulianne et al., 2016). In general, biosecurity measures can play an important role in reducing 

horizontal between flock transmission, as described for Campylobacter (Katsma et al., 2007; 

Newell et al., 2011). Examples of increased biosecurity include disinfecting the floor between 

production rounds (Mo et al., 2016) and wearing gloves by farm personnel (Jones et al., 2013), 

which were effective in reducing the risk on the occurrence of ESC resistant E. coli. The results 

showing that the CE product prevents colonization, provided that it had time to colonize in the 

gut before exposure occurs, indicate the need for a strict biosecurity. This should ensure that 

broilers are not exposed to ESBL/pAmpC producing bacteria directly upon arrival at the farm. 

In practice however, even after cleaning and disinfection, a few ESBL/pAmpC-producing bacteria 

might remain in the poultry house and result in colonization of the new flock (Daehre et al., 2018).

 The studied interventions could be applied not only in broilers, but also in higher levels of the 

broiler production pyramid. Preventing young (grand)parents birds from colonization with ESBL/

pAmpC-producing bacteria, will reduce (apparent) vertical transmission between generations, 

and the spread throughout the production pyramid.

Main conclusions of this thesis

Transmission of ESBL/pAmpC-producing bacteria in the broiler production chain occurs via several 

routes, and young birds are rapidly colonized, even with a low dose of ESBL/pAmpC-producing E. 

coli. Therefore, interventions aiming to prevent colonization should be taken as soon as possible 

after hatch. A prolonged supply of CE product can protect young birds from colonization, if supplied 

before exposure to ESBL/pAmpC-producing E. coli. Transmission of ESBL/pAmpC-producing E. coli 

due to environmental accumulation within a flock, can be reduced by compartmentalization, but 

compartmentalization will not prevent spread of ESBL/pAmpC-producing E. coli completely.  

Recommendations

Since ESBL/pAmpC-producing E. coli is present throughout the broiler production pyramid, 

e.g. at the hatchery, at farms and the environment, and transmission occurs via several routes, 

it is recommended to take interventions at different levels of the pyramid, targeting different 

transmission routes. This will include aiming to reduce (apparent) vertical transmission of ESBL/

pAmpC-producing E. coli between generations and prevent colonization of birds at farms. The 

interventions studied in this thesis can form a basis for further developments towards practically 

applicable measures to further reduce antimicrobial resistance. Knowledge on the attribution of the 

different transmission routes is needed to further design the most effective intervention strategies 

to reduce the prevalence of ESBL/pAmpC-producing bacteria in the broiler production pyramid. 
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Antimicrobial resistance is considered by the World Health Organization as a serious threat to 

global public health. ESBL/pAmpC-producing bacteria, being resistant against extended-spectrum 

cephalosporins, are present in humans, animals, food and the environment. For several countries, 

a high prevalence of these bacteria has been reported in broilers. Even though in the Netherlands 

the prevalence of ESBL/pAmpC-producing bacteria in broilers has decreased during the last 

decade, following the trend of reduction in antimicrobial usage, these bacteria are still frequently 

found in broilers. Although the attribution of ESBL/pAmpC-producing E. coli in broilers to carriage 

in the human population is estimated to be relatively low, direct contact between animals and 

humans could be a transmission route. Considering the complex links between different reservoirs, 

further emergence and spread of antibiotic resistance in humans and animals should be avoided. 

Therefore, food production chains need to be taken into account to further reduce the prevalence 

of ESBL/pAmpC-producing bacteria. 

 The aim of the research described in this thesis is to get insight into the processes of colonization 

and transmission of ESBL/pAmpC-producing bacteria in broilers, and to evaluate interventions 

aiming to prevent or reduce colonization and transmission of these bacteria in the broiler 

production pyramid. 

 

Chapter 2 gives the results of a field study that followed the dynamics of pAmpC-producing 

E. coli in a broiler parent stock flock during the rearing and laying phase. A sharp decrease of 

pAmpC-producing E. coli during the rearing phase was observed. Moreover, no pAmpC-producing 

E. coli was detected in the offspring of the parent flock, although pAmpC-producing E. coli was 

still present in the environment during the laying phase. These observations suggest that, in the 

absence of antibiotics, this specific gene-plasmid combination was unable to persist on animal 

level. 

 

Chapter 3 is a literature study on transmission routes of ESBL/pAmpC-producing bacteria in the 

broiler production pyramid. Transmission can occur throughout the broiler production pyramid 

via four main transmission routes: 1) vertical between generations, 2) at hatcheries, 3) horizontal 

on farm, and 4) horizontal between farms and via the environment of farms. Most of the evidence 

was based on observational studies and quantitative data was limited. These identified gaps in 

knowledge should be studied further to determine to what extend the different routes contribute 

to the occurrence of ESBL/pAmpC-producing bacteria in the broiler production pyramid.

 To test the effect of possible interventions, information is needed on the process of colonization. 

This information should be used to develop a reproducible animal model to test interventions.

 

In Chapter 4, a dose-response study was conducted to study the colonization process of ESBL/

pAmpC-producing E. coli. Specific pathogen free (SPF) and conventional just hatched broilers 

were challenged with different dose levels of two different E. coli strains and gene-plasmid 
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combinations. The results show shorter time until colonization with higher dose levels. However, 

even with the lowest dose level (101 CFU/mL) young broilers were colonized within 72 hours after 

inoculation. A probabilistic model estimating the probability of colonization by initial inoculation 

or transmission showed that higher dose levels have a higher probability of colonization by initial 

inoculation. Conventional broilers were colonized later than SPF broilers, possibly because of 

initial non-resistant E. coli present before inoculation. 

 The finding that young broilers are rapidly colonized with low dose levels indicates the need for 

interventions as soon as possible after hatching. Two interventions were studied in this thesis: 1) 

competitive exclusion, the supply of intestinal bacteria, and 2) compartmentalization, subdividing 

the broiler flock. 

 

In Chapter 5, a transmission experiment was carried out to test the effect of the intervention 

competitive exclusion. One-day old conventional broilers were housed in isolators and supplied 

with a competitive exclusion or synbiotic product from day 0-14. In each isolator, half of the 

broilers were challenged with ESBL-producing E. coli at day 0 or day 5. The results showed that 

both products supplied before challenge with ESBL-producing E. coli reduced colonization, 

transmission and excretion. Moreover, in some isolators colonization was completely prevented. 

When challenging at day 5, the lowest dose (101 CFU/mL) did not result in colonization of broilers, 

indicating that older broilers are less susceptible for colonization. 

After having observed the promising effects of competitive exclusion in broilers kept under 

controlled circumstances in isolators, a transmission experiment was carried out under 

circumstances closer to the field situation.

 

In Chapter 6, two interventions were included: competitive exclusion and compartmentalization 

of the broiler flock. Conventional broilers were housed under semi-field conditions in 

compartmentalized rooms. The groups supplied with competitive exclusion (day 0-7) and 

challenged with ESBL-producing E. coli at day 5 were not colonized. In the control groups, not 

supplied with competitive exclusion, compartmentalization reduced transmission of ESBL-

producing E. coli, but did not prevent it, indicating the importance of transmission of ESBL-

producing E. coli via the environment. The microbiome composition was more diverse in the 

competitive exclusion broilers than in control broilers.  

 

The main conclusions of this thesis are presented in Chapter 7. The presence of ESBL/pAmpC-

producing E. coli at different levels of the broiler producing chain, the different transmission routes, 

and the rapid colonization of young broilers after challenge with only low dose levels exemplify 

the need for interventions as soon as possible after hatch. Competitive exclusion products could 

be useful to protect broilers from colonization at the farm, if supplied before exposure to ESBL/

pAmpC-producing bacteria. Compartmentalization reduced environmental transmission, but did 
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not prevent it. Ideally, combinations of interventions should be applied at different levels of the 

broiler production pyramid targeting different transmission routes. This should include aiming to 

prevent (apparent) vertical transmission between generations and prevent colonization of birds at 

farms. Knowledge on the attribution of the different transmission routes will help to further design 

the most effective intervention strategies to reduce the prevalence of ESBL/pAmpC-producing 

bacteria in the broiler production pyramid.
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Antimicrobiële resistentie wordt door de Wereldgezondheidsorganisatie (WHO) beschouwd als 

een belangrijke bedreiging van de volksgezondheid. ESBL/pAmpC-producerende bacteriën zijn 

resistent tegen breedspectrum cefalosporinen, en zijn aanwezig in mensen, dieren, voedsel en de 

omgeving. In diverse landen is een hoge prevalentie van deze bacteriën gevonden in vleeskuikens. 

Hoewel in Nederland, met de afname van het antibioticagebruik, de prevalentie van ESBL/

pAmpC-producerende bacteriën in vleeskuikens in de afgelopen tien jaar is afgenomen, worden 

deze bacteriën nog vaak aangetroffen in vleeskuikens. Hoewel de bijdrage van ESBL/pAmpC-

producerende E. coli in vleeskuikens aan dragerschap in mensen relatief laag lijkt te zijn, kan direct 

contact tussen dieren en mensen een transmissieroute van deze bacteriën zijn. Gezien de complexe 

verbanden tussen verschillende reservoirs moet verdere verspreiding van antibioticaresistentie in 

mensen en dieren voorkomen worden. Daarom moeten voedselproductieketens deel uit maken 

van de aanpak om de prevalentie van ESBL/pAmpC-producerende bacteriën verder te verlagen.

 Het doel van het onderzoek beschreven in dit proefschrift is om inzicht te krijgen in de processen 

van kolonisatie en transmissie van ESBL/pAmpC-producerende bacteriën en om het effect van 

mogelijke interventies op het voorkomen of verminderen van kolonisatie en transmissie van deze 

bacteriën in de vleeskuikenketen te bepalen.

 

Hoofdstuk 2 bevat de resultaten van een veldstudie waarin de dynamiek van pAmpC-producerende 

E. coli in een ouderdierkoppel tijdens de opfok- en legperiode gevolgd is. De prevalentie van 

pAmpC-producerende E. coli nam sterk af tijdens de opfokperiode. Bovendien is er geen pAmpC-

producerende E. coli gevonden in de nakomelingen van dit ouderdierkoppel, hoewel de bacteriën 

nog wel aanwezig waren in de omgeving tijdens de legperiode. De resultaten suggereren dat in 

afwezigheid van antibiotica, deze specifieke gen-plasmide combinatie niet in staat was om de 

dieren blijvend te koloniseren.

 

Hoofdstuk 3 is een literatuurstudie naar de transmissieroutes van ESBL/pAmpC-producerende 

bacteriën in de vleeskuikenketen. Transmissie kan plaatsvinden in de vleeskuikenketen via vier 

belangrijke routes: 1) verticale transmissie tussen generaties, 2) op de broederijen, 3) horizontaal 

op het bedrijf, en 4) horizontaal tussen bedrijven en hun omgeving. Het meeste bewijs is gebaseerd 

op observationele studies en kwantitatieve data was beperkt aanwezig. Deze hiaten in kennis 

moeten verder bestudeerd worden om de relatieve bijdrage van de verschillende routes aan het 

voorkomen van ESBL/pAmpC-producerende bacteriën in de vleeskuikenketen te kunnen bepalen.  

 Om het effect van mogelijke interventies te kunnen testen, is informatie over kolonisatieproces 

nodig. Deze informatie moet gebruikt worden om een reproduceerbaar diermodel te ontwikkelen 

om interventies te testen.

 

In hoofdstuk 4 is een dosis-respons studie beschreven om het kolonisatieproces van ESBL/

pAmpC-producerende E. coli te kunnen bestuderen. Specifieke pathogeenvrije (SPF) en reguliere 
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eendagskuikens zijn geïnoculeerd met verschillende doseringen van twee verschillende E. coli 

stammen met verschillende gen-plasmide combinaties. Hogere doseringen leidden tot een kortere 

tijd tot kolonisatie, maar zelfs met de laagste dosering (101 CFU/mL) werden de jonge vleeskuikens 

binnen 72 uur na inoculatie gekoloniseerd. Een model waarmee de kans op kolonisatie door 

inoculatie en door transmissie geschat werd liet zien dat hoe hoger de dosering, des te groter de 

kans op kolonisatie door initiële inoculatie is. Reguliere vleeskuikens werden later gekoloniseerd 

dan SPF kuikens, mogelijk omdat de SPF kuikens al gekoloniseerd waren met niet-resistente E. coli 

voorafgaand aan de inoculatie.

 De snelle kolonisatie van jonge vleeskuikens na inoculatie met een lage dosering laat zien dat 

interventies zo snel mogelijk na het uitkomen toegepast moeten worden. Twee interventies zijn 

bestudeerd in dit proefschrift: 1) competitive exclusion, het verstrekken van darmbacteriën, en 2) 

compartimentalisatie, het onderverdelen van de vleeskuikenkoppel. 

 

In hoofdstuk 5 is een transmissie experiment uitgevoerd om het effect van de eerste interventie 

te testen: competitive exclusion. Reguliere eendagskuikens werden gehuisvest in isolatoren en 

kregen een competitive exclusion of een synbiotisch product van dag 0-14. Op dag 0 of dag 5 werd 

in elke isolator de helft van de kuikens geïnoculeerd met ESBL-producerende E. coli. Kolonisatie, 

transmissie en excretie van ESBL-producerende E. coli namen af, mits de producten voorafgaand 

aan de blootstelling met ESBL-producerende E. coli werden gegeven. In sommige isolatoren werd 

kolonisatie voorkomen. De laagste dosering (101 CFU/mL) leidde bij inoculatie op dag 5 niet tot 

kolonisatie, wat suggereert dat oudere vleeskuikens minder gevoelig zijn voor kolonisatie dan 

jongere kuikens. 

 Op basis van de veelbelovende resultaten van competitive exclusion in vleeskuikens onder 

gecontroleerde omstandigheden in de isolatoren, is een transmissie experiment uitgevoerd onder 

omstandigheden die meer op de praktijksituatie lijken.

 

In hoofdstuk 6 zijn twee interventies beschreven: competitive exclusion en compartimentalisatie 

van de vleeskuikenkoppel. Reguliere vleeskuikens werden gehuisvest onder semi-

praktijkomstandigheden in gecompartimentaliseerde ruimten. De kuikens die competitive 

exclusion van dag 0-7 kregen en op dag 5 werden blootgesteld aan ESBL-producerende E. coli 

werden niet gekoloniseerd. In de vleeskuikens in de controlegroepen leidde compartimentalisatie 

tot een vertraging van de transmissie van ESBL-producerende E. coli, maar werd het niet 

voorkomen, wat het belang van transmissie van ESBL-producerende E. coli via de omgeving laat 

zien. De microbioom compositie van de competitive exclusion kuikens was meer divers dan van 

de controle kuikens.

 

De algemene conclusies van dit proefschrift worden gepresenteerd in hoofdstuk 7. De aanwezigheid 

van ESBL/pAmpC-producerende E. coli in verschillende schakels van de vleeskuikenketen, de 
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verschillende transmissieroutes en de snelle kolonisatie van jonge vleeskuikens na blootstelling 

aan slechts lage doseringen laten zien dat interventies zo snel mogelijk na uitkomst toegepast 

moeten worden. Competitive exclusion kan bruikbaar zijn om kolonisatie van kuikens op het bedrijf 

te voorkomen, mits toegediend voordat blootstelling aan ESBL/pAmpC-producerende bacteriën 

plaatsvindt. Compartimentalisatie vermindert transmissie via de omgeving, maar kan het niet 

voorkomen. Combinaties van interventies zouden moeten worden toegepast in verschillende 

schakels van de vleeskuikenketen, gericht op verschillende transmissieroutes. Dit zou zowel 

het voorkomen van verticale transmissie tussen generaties, als het voorkomen van kolonisatie 

van kuikens op het bedrijf moeten omvatten. Meer kennis van de bijdrage van de verschillende 

transmissieroutes is nodig om effectieve interventiestrategieën te ontwikkelen en de prevalentie 

van ESBL/pAmpC-producerende bacteriën in de vleeskuikenketen te verminderen. 
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De laatste woorden zijn voor wie hebben bijgedragen aan dit proefschrift. Een proefschrift komt er 

niet zonder de (zichtbare en minder zichtbare) bijdrage van anderen en daarom is het vierenhalf 

jaar na start van dit project de hoogste tijd om jullie allemaal te bedanken. 

Allereest wil ik Arjan en Dik, mijn promotoren, en Egil en Jeanet, mijn copromotoren, bedanken 

voor jullie begeleiding. Bedankt voor alle goede begeleidingsvergaderingen, de inhoudelijke 

discussies en het in de gaten houden van de grote lijnen. Jullie enorme betrokkenheid van begin 

tot eind, zowel bij de inhoud en de voortgang van het project als bij mijn persoonlijk welbevinden, 

werkte enthousiasmerend en heeft gemaakt dat ik met veel plezier op de afgelopen jaren 

terugkijk! Egil, de echte goede koppen koffie op donderdag 9:00 maakten het doorspreken van de 

wekelijkse stand van zaken des te aangenamer.

Francisca, je was geen officiële copromotor, maar wel heel belangrijk! Enorm bedankt voor je raad 

en daad, je dierenartsenblik, je oog voor details en je pogingen me af en toe naar huis te sturen. 

Daniela, thanks for all your insightful ideas and help with the lab protocols and microbial analysis. 

All stakeholders involved in the 1H4F project, thank you for your input in the project, and for the 

inspiring and constructive discussions at our project meetings.

Freek, Marc, Carmen, Tijmen en Hanke, jullie hebben een enorme bijdrage aan de experimenten 

geleverd. Ontzettend bedankt voor het meedenken, jullie praktische ideeën, jullie flexibiliteit en 

niet te vergeten de gezelligheid tussen de isolatoren en in de stallen. Lars, Ineke en Mirlin, we 

hebben heel wat doordeweekse, maar ook heel veel zon- en feestdagen op het lab doorgebracht. 

Bedankt voor jullie flexibiliteit, goede ideeën en de positieve vibe! Kees en Alieda, dank voor 

jullie aandeel in de opstart van het project en voor het bijbrengen van de beginselen van de 

kweekkunst. Ook Joop, Marga, Arie en Bregtje, bedankt voor het bijspringen tijdens piekdagen. 

Er zijn heel wat samples (en zelfs huissleutels!) jullie kant op gegaan. Bedankt voor de goede 

samenwerking! Onderzoekstage-studenten Bas, Theo, Nathan, Evelien, Celine en Sam, dank voor 

alle hulp tijdens de experimenten! Linsey, gelukkig was jij bereid om met mij je nachtrust op te 

offeren en elke paar uur 100 kuikens te swabben, bedankt!

Medebewoners van kamer 1.035: Annelies en Janneke, AIO zijn is leuk, maar gedeeld AIO-schap 

nog veel leuker: wat was het gezellig in ons kippenhok! Annelies, we zijn AIO-collega’s vanaf (bijna) 

het eerste uur en er is heel veel zin en onzin voorbijgekomen in vier jaar tijd. Ik ben blij dat je mijn 

paranimf wilt zijn! En Karien, gedeelde laatste loodjes wegen toch net wat minder zwaar, bedankt 

voor alle gezellige peptalk! Alle collega’s van de bovenverdieping, de koffie- en lunchpauzes waren 

altijd een gezellig moment; mooi wat er in een kwartier tijd allemaal ter tafel (en opgelost dan wel 

weggeredeneerd) kan komen. 
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Papa en mama, jullie hebben me iets prachtigs meegegeven: de liefde voor de veehouderij. Het 

liefst natuurlijk zwartbont en op vier poten, maar gelukkig kunnen onze gevederde vrienden er 

ook wel mee door. Dank voor jullie steun en interesse en alle hulp waar nodig: van klussen tot 

oppassen. En de rest van de Korevaren: Peter, Aart, Astine, Marien en Renske, het is altijd weer als 

vanouds. Bedankt voor alle goede grappen, het thuis komen en voor de discussies die niemand 

wint. Lieve Rens, je bent het leukste zusje wat er is – superfijn dat je me 18 februari bij wilt staan! 

De Dames, het was voor jullie denk ik weleens onnavolgbaar hoe druk je kunt zijn met “de kippen”. 

Bedankt voor jullie interesse in mijn vorderingen, de mini-vakanties waarin echt niets hoefde en 

voor alle keren Lukas opvangen (en het bordje eten wat dan klaar stond)! 

 

Lieve vrienden, uit alle fases van het leven: Goudriaan, Wageningen, Dordt en Goudriaan 

2.0, gelukkig is er nog meer in het leven dan kippen en antibioticaresistentie. Dank voor jullie 

vriendschap!

 

Lieve Aldwin, wat een geluk om het leven te delen met jou! Dankjewel voor je vertrouwen in mijn 

promotiekunsten en al je relativerende en motiverende woorden. Het waren dynamische jaren, ik 

ben benieuwd wat volgt. Lieve Lukas, jij leert ons echt de kunst van de verwondering (kijk!). Het is 

prachtig om te zien hoe je het leven ontdekt – we genieten met je mee! 
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