
Cephalosporin-resistant Escherichia coli in the Norwegian broiler 

production pyramid 

-genetic characterization and determination of risk factors 

Philosophiae Doctor (PhD) Thesis 

Solveig Sølverød Mo 

 

 

 

Department of Production Animal Clinical Sciences 

Faculty of Veterinary Medicine and Biosciences 

Norwegian University of Life Sciences 

Adamstuen 2016 

 

 

Thesis number 2016:63 

ISSN 1894-6402 

ISBN 978-82-575-1975-9   



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“A scientist in his laboratory is not a mere technician; he is also a child confronting natural 

phenomena that impress him as though they were fairytales” 

Marie Curie (1867-1934) 
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3. Summary 

Antimicrobial resistance is defined as one of our times’ main public health challenges. The 

prevalence of Escherichia coli displaying resistance against extended-spectrum 

cephalosporins, a class of antimicrobials that are critically important for treatment of human 

infections, has increased in both human and veterinary medicine during the last decade. In 

Norway, the use of antimicrobial agents for food producing animals is low, and in the 

broiler production almost non-existent. Therefore, it was surprising to find a relatively high 

occurrence of cephalosporin-resistant E. coli in broilers following implementation of a 

selective detection method of such resistance as part of the Norwegian monitoring 

programme for antimicrobial resistance in bacteria from food, feed and animals (NORM-

VET) from 2011. The aim of the present study was to increase knowledge on cephalosporin-

resistant E. coli in the Norwegian broiler production in order to provide scientifically based 

advice to the authorities and the broiler industry regarding preventive measures related to 

introduction, persistence and spread of cephalosporin-resistant E. coli. 

Data collected in 2011 and 2012 were compiled and analysed. An epidemiological study 

was performed in order to determine risk factors related to the occurrence of cephalosporin-

resistant E. coli in Norwegian broiler flocks. Furthermore, thorough genetic characterization 

of cephalosporin-resistant isolates was performed in order to determine whether successful 

clones and/or resistance plasmids were present in the broiler production. Further, transfer 

experiments using relevant recipient strains and two donor strains harbouring well 

characterized plasmids with cephalosporin-encoding genes were carried out under different 

conditions. 

All cephalosporin-resistant E. coli included in the present study displayed an AmpC-

phenotype, and the vast majority carried the blaCMY-2 gene. AmpC-producing E. coli have 

been detected at all levels of the Norwegian broiler production pyramid, and are present in 

all areas of Norway with broiler production. The risk for occurrence of cephalosporin-

resistant E. coli was associated with the status of the previous flock in the broiler house, 

number of parent flocks supplying the broiler flock with day-old chickens, routines for 

disinfection of floor between production cycles, and transport personnel entering the room 

where the broilers are raised. The results indicated that a high level of biosecurity, including 

implementation of thorough cleaning and disinfection routines, will aid in minimizing the 

odds of cephalosporin-resistant E. coli occurring in broiler flocks. Characterization of 
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isolates revealed that cephalosporin-resistance was generally mediated by blaCMY-2 on IncI1 

or IncK plasmids. The majority of the plasmids were self-transmissible. Furthermore, a 

large cluster of closely related isolates grouping into multilocus sequence type (ST)38, and a 

cluster grouping into ST1158 were identified. These isolates harboured blaCMY-2 on IncK 

plasmids. Interestingly, E. coli ST38 and IncK and IncI1 plasmids highly similar to 

plasmids found in Norway have been reported from other European countries, indicating 

that some successful clones and plasmids are circulating in the European broiler production. 

In addition, plasmid stability systems were identified in both IncK (pNVI1292/IncK) and 

IncI1 plasmids (pNVI2798/IncI1). The presence of such systems might partly explain the 

persistence of cephalosporin-resistant E. coli in the Norwegian broiler production despite 

the lack of antimicrobial selection pressure. Transfer experiments revealed the ability of 

IncK and IncI1 plasmids to self-transfer to other hosts within biofilm. Furthermore, self-

transfer of pNVI1292/IncK into Serratia spp. was observed. Bacteria in biofilm have an 

increased ability to survive cleaning and disinfection. Environmental bacteria can also have 

intrinsic properties making them more tolerant to some disinfectants. Therefore, the results 

might indicate that biofilms and environmental bacteria can act as reservoirs for 

cephalosporin-resistant E. coli and plasmids encoding cephalosporin-resistance in the 

broiler production.  

Overall, the results presented in this thesis provide important knowledge regarding the 

molecular epidemiology of cephalosporin-resistant E. coli in the Norwegian broiler 

production. Furthermore, the identification of risk factors for occurrence of cephalosporin-

resistant E. coli in broiler flocks can contribute to implementation of preventive measures 

aimed at minimization of persistence of these bacteria. 
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4. Sammendrag (summary in Norwegian) 

Antibiotikaresistens er definert som en av de største helseutfordringene verden står overfor. 

Forekomsten av Escherichia coli som uttrykker resistens mot bredspektrede cefalosporiner, 

en gruppe antibiotika som er kritisk viktige for behandling av infeksjoner hos mennesker, 

har økt i både human- og veterinærmedisinen det siste tiåret. I Norge er bruken av 

antibiotika til husdyr lav, og forbruket i slaktekyllingproduksjonen er minimalt. Derfor var 

det overraskende å finne en relativt høy forekomst av cefalosporin-resistente E. coli i 

slaktekylling etter innføring av en selektiv metode for deteksjon av slik resistens i det 

norske overvåkningsprogrammet for antibiotikaresistens i mat, fôr og dyr (NORM-VET) fra 

2011. Målsettingen for denne studien har vært å øke kunnskapen om cefalosporin-resistente 

E. coli i den norske slaktekyllingproduksjonen for å kunne gi kunnskapsbaserte anbefalinger 

til myndigheter og fjørfenæringen om forebyggende tiltak mot introduksjon, persistens og 

spredning av cefalosporin-resistente E. coli. 

Data innsamlet i 2011 og 2012 ble ferdigstilt og analysert. En epidemiologisk studie ble 

utført for å identifisere risikofaktorer for forekomst av cefalosporin-resistente E. coli i 

norske slaktekyllingflokker. Videre ble cefalosporin-resistente isolater grundig karakterisert 

for å undersøke om vellykkede kloner og/eller resistensplasmider forekom i 

slaktekyllingproduksjonen. I tillegg ble det gjort overføringsforsøk med resistensplasmider 

ved forskjellige forutsetninger. To donorer inneholdende godt karakteriserte plasmider med 

gener som koder for cefalosporin resistens, og relevante mottakerstammer ble brukt. 

Alle cefalosporin-resistente E. coli inkludert i denne studien hadde en AmpC-fenotype, og 

de fleste inneholdt genet blaCMY-2. AmpC-produserende E. coli ble påvist på alle nivåer av 

den norske slaktekyllingproduksjonen og var spredt i alle områder i Norge med 

slaktekyllingproduksjon. Risiko for tilstedeværelse av cefalosporin-resistente E. coli var 

assosiert med status på foregående flokk i samme kyllinghus, antall foreldreflokker som 

leverte daggamle kyllinger til slaktekyllingflokken, rutiner for desinfeksjon av gulv mellom 

innsett, og om transportpersonell gikk inn i dyrerommet i kyllinghuset. Resultatene indikerte 

at god biosikkerhet, inkludert implementering av grundige rengjørings- og 

desinfeksjonsrutiner, kan bidra til å minimere risikoen for forekomst av cefalosporin-

resistente E. coli i slaktekyllingflokker. Karakterisering av isolatene viste at cefalosporin-

resistensen generelt ble mediert av IncK eller IncI1 plasmider med blaCMY-2. Majoriteten av 

plasmidene var overførbare. I tillegg viste studiene tilstedeværelse av en stor gruppe av nært 
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beslektede isolater som tilhørte multilokus sekvenstype (ST)38, og en gruppe som tilhørte 

ST1158. Disse isolatene inneholdt IncK plasmider. E. coli ST38, samt IncK og IncI1 

plasmider som er svært like plasmidene funnet i Norge, har også blitt funnet i andre 

europeiske land. Dette er en indikasjon på at enkelte vellykkede kloner og plasmider 

sirkulerer i den europeiske slaktekyllingproduksjonen. I nukleotidsekvensene til ett IncK 

plasmid (pNVI1292/IncK) og ett IncI1 plasmid (pNVI2798/IncI1) ble det funnet gener som 

koder for plasmidstabilitets-systemer. Tilstedeværelsen av slike systemer kan være en av 

grunnene til at cefalosporin-resistente E. coli kan persistere i den norske 

slaktekyllingproduksjonen til tross for mangelen på seleksjonspress fra antibiotikabruk. 

Overføringsforsøk viste at plasmider med blaCMY-2 kunne overføres til andre bakterieverter i 

biofilm. I tillegg ble overføring av IncK plasmidet (pNVI1292/IncK) til Serratia spp. 

observert. Bakterier i biofilm har generelt økt evne til å overleve renhold og desinfeksjon. 

Miljøbakterier kan også ha iboende egenskaper som gjør dem mer tolerante overfor visse 

typer desinfeksjonsmidler. Resultatene kan derfor tyde på at biofilm og miljøbakterier kan 

fungere som et reservoar for cefalosporin-resistente E. coli og plasmider som koder for 

cefalosporin-resistens i kyllingproduksjonen. 

Resultatene presentert i denne studien gir viktig kunnskap om den molekylære 

epidemiologien til cefalosporin-resistente E. coli i den norske slaktekyllingproduksjonen. I 

tillegg vil kunnskap om hvilke risikofaktorer som påvirker forekomst av cefalosporin-

resistente E. coli i slaktekyllingflokker kunne bidra til implementering av forebyggende 

tiltak for å minimere forekomsten av disse bakteriene.  
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6. Introduction 

6.1 The Norwegian broiler production pyramid 

The broiler production follows a pyramidal structure with purebred animals at the top, 

followed by breeding animals in the middle and broilers producing retail chicken meat at the 

bottom (Figure 1). Until 1994, the broiler production in Norway was self-supplied with 

breeding animals. However, after allowing import of breeding animals from abroad (EFTA, 

2014), maintenance of the breeding stock was too costly (NL, 2014), and the Norwegian 

breeding animals were outcompeted. Nowadays, the broiler production in Norway depends 

on import of hatching eggs from grandparent animals in Sweden. However, a single 

grandparent flock was imported to Norway in 2011 due to an increased demand for chicken 

meat in the Norwegian market (KOORIMP, 2012). The majority of grandparent animals 

originate from Scotland, while a minor proportion originate from Germany. Only parent 

animals and broiler chickens are produced in Norway (Figure 1).  

 

Figure 1: The complete broiler production pyramid. Only parent animals and broiler chickens are reared in Norway. 

Illustration: S. S. Mo. 
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Eggs imported from Sweden are hatched to parent animals, and sent to rearing farms where 

they are held until they are approximately 18 weeks old. Then, the flock is sent to a 

production farm, where they start laying eggs at around 20 weeks of age. Eggs from 

breeding parent flocks are sent to a broiler hatchery, and day old chickens are further 

supplied to broiler producers. Broiler chickens are raised to approximately 28-32 days of 

age before they are slaughtered (Nortura, 2015). An overview of the Norwegian broiler 

production is shown in Figure 2.  

 

Figure 2: Step- by- step presentation of the Norwegian broiler production. Illustration: S. S. Mo. 

In Norway, broiler chickens are raised in free-range houses with a standard animal density 

of 25 kg/m
2
. However, the animal density can be increased to 36 kg/m

2
 if the producer is 

committed to an animal welfare programme and a range of requirements are fulfilled 

(Lovdata, 2001). Since 2015, the concession limit for each broiler producer is 280 000 

animals per year (Lovdata, 2004, 2014). Broiler production is a growing industry in 

Norway. From 2007 to 2016, the number of broilers reared annually has increased by 

approximately 36 %. In 2015, more than 63.3 million broilers were reared in Norway, in 

approximately 650 broiler farms (SN, 2016). The Norwegian broiler production is large 

enough to supply the Norwegian market. Thus, most commercial chicken meat available at 

retail in Norway is domestically produced. A limited amount of chicken meat is imported to 

Norway yearly (NAA, 2016), of which most is halal chicken (Personal communication, 

Julie Kilde Mjelva, Norwegian Agriculture Agency). The regions with highest production of 

broiler chickens in Norway are Hedmark, Østfold, Rogaland and Trøndelag (Figure 3).  
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Figure 3. Map showing the density of broiler farms per 100 km
2
 in Norway in 2014. Farms with parent flocks 

are indicated by blue dots and broiler hatcheries are indicated by yellow dots. Illustration: A. Tarpai, NVI. 

Antimicrobial usage in the Norwegian broiler production is rare, with only a single broiler 

flock (0.02 %) treated annually from 2013-2015. Furthermore, only two parent flocks (1.1 

%) were treated in 2013 and 2014 (Animalia, 2015; Refsum, 2015; Animalia, 2016). The 

antimicrobial growth promoter avoparcin was banned in 1995, and the Norwegian broiler 

industry voluntarily abandoned the use of all other antimicrobial growth promoter the same 

year (Grave et al., 2004). After the ban of antimicrobial growth promoters, the ionophore 

coccidiostat narasin was licensed for use as a feed additive for broilers (Grave et al., 2004), 
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and has been used routinely since (Grave et al., 2004; NORM/NORM-VET, 2015). 

However, the broiler industry in Norway aims to phase out the use of narasin during 2016 

(Nortura, 2014; Hommelsgård, 2016), and, the largest broiler cooperative in Norway has 

already succeeded (Nortura, 2016). 

 

6.2 Antimicrobial resistance 

Antimicrobial resistance (AMR) has been identified as one of the main global health 

challenges by the World Health Organization (WHO) (Dziekan et al., 2012). Several 

definitions of AMR exist, but the most commonly used definitions are that an isolate 

displays AMR if it can grow in the presence of higher antimicrobial concentrations than 

wild-type isolates (Guardabassi and Courvalin, 2006) or if it can survive treatment with an 

antimicrobial that would normally kill it or limit its growth (WHO, 2014). The emergence 

of bacteria displaying AMR is especially provoked by the extensive use of antimicrobials 

(Schwarz et al., 2001; Guardabassi and Kruse, 2008; Davies and Davies, 2010; WHO, 

2014), and a direct correlation between the use of antimicrobial agents and the emergence of 

strains resistant to these antimicrobials has been reported (Chantziaras et al., 2014). This is 

due to the selection pressure the antimicrobial exerts on the bacterial population by killing 

susceptible strains, while resistant strains survive and become the dominant phenotype. The 

main mechanisms of AMR in bacteria are enzymatic inactivation of the antimicrobial, 

replacement or modification of the antimicrobial target in the cell, active efflux of the 

antimicrobial from the bacteria, and reduced uptake of the antimicrobial (Levy and 

Marshall, 2004; Guardabassi and Courvalin, 2006; Schwarz et al., 2006; Tenover, 2006). 

AMR can be intrinsic or acquired. Intrinsic resistance relates to features that are inherently 

associated to a particular type or group of bacteria, e.g. the outer membrane of Gram-

negative bacteria, which is impermeable to several antimicrobials used to treat infections 

caused by Gram-positive bacteria (Guardabassi and Courvalin, 2006; Tenover, 2006; 

Guardabassi and Kruse, 2008; Cox and Wright, 2013). Acquired resistance arises due to 

changes in the bacterial genome. These changes can be due to mutations in the bacterial 

chromosome, or horizontal acquisition of foreign DNA. Horizontal acquisition of DNA can 

occur via transformation, transduction or conjugation (Figure 4). Transformation represents 

the uptake of naked DNA from the surrounding environment; transduction is acquisition of 
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DNA from bacteriophages, while conjugation is transfer of mobile DNA elements between 

two bacterial cells (Bennett, 1995; Guardabassi and Courvalin, 2006; Guardabassi and 

Kruse, 2008; Norman et al., 2009; Sykes, 2010; Tortora et al., 2010).      

 

Figure 4. Routes for horizontal acquisition of DNA by bacteria. Transformation (a) represents the uptake of 

naked DNA from the surroundings; transduction (b) is acquisition of DNA from bacteriophages, while 

conjugation (c) is direct transfer of DNA between two bacterial cells. Figure reprinted from Furuya and Lowy 

(2006) with permission from Macmillan Publishers Ltd. 

The contribution of transformation and transduction to development of antimicrobial 

resistance is considered to be limited. Transformation requires homology between the DNA 

in donor and recipient strains, and can therefore only occur between closely related bacteria 

(Guardabassi and Courvalin, 2006; Schwarz et al., 2006; Norman et al., 2009). Furthermore, 

free DNA is degraded quickly in the environment after being released from lysed bacteria 

(Guardabassi and Courvalin, 2006; Schwarz et al., 2006; Norman et al., 2009). Phages 

involved in transduction have high host specificity, and thus the range of hosts able to 

receive AMR genes through transduction is probably restricted (Guardabassi and Courvalin, 

2006; Schwarz et al., 2006; Norman et al., 2009). Thus, conjugation is the most important 

mode of horizontal gene transfer between bacteria in vivo. This is both due to the frequent 

location of AMR genes on conjugative genetic elements, and to the ability of these elements 
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to transfer DNA between a broad range of different bacterial species (Schwarz et al., 2001; 

Guardabassi and Courvalin, 2006; Schwarz et al., 2006; Guardabassi and Kruse, 2008; 

Norman et al., 2009; Sykes, 2010). Conjugative spread of AMR genes is mediated by 

mobile genetic elements, with dissemination of plasmids being the main contributor (Su et 

al., 2008; Carattoli, 2009, 2013).  

Plasmids are circular, extrachromosomal DNA elements, which are capable of self-

replication within a bacterial host (Novick, 1987; Norman et al., 2009; Tortora et al., 2010). 

Plasmid transfer by conjugation is a stepwise process. First, a conjugation pilus is formed to 

connect the donor bacteria with the recipient bacteria to ensure cell-to-cell contact. 

Subsequently, the plasmid is nicked and a relaxosome including single-stranded plasmid 

DNA is formed. The relaxosome is then transferred into the recipient bacterium (Bennett, 

1995; Wilkins, 1995; Norman et al., 2009; Tortora et al., 2010). Finally, the second plasmid 

DNA strand is synthesized in both the donor and recipient bacteria (Bennett, 1995; Norman 

et al., 2009; Tortora et al., 2010) (Figure 5). 

 

Figure 5.  Schematic presentation of the conjugation process. A conjugation pilus is formed (1), and the donor 

and recipient cells are connected (2). The relaxosome including single stranded plasmid DNA is formed and 

transferred from the donor to the recipient cell (3). The second strand of plasmid DNA is synthesized, and the 

mobile plasmid is now present in both the donor and recipient cell (4). Figure adapted from 

https://en.wikipedia.org/wiki/Bacterial_conjugation.  

https://en.wikipedia.org/wiki/Bacterial_conjugation
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Normally, the expression of genes encoding pili formation is repressed, probably due to the 

energy costs (Norman et al., 2009). However, external factors, such as temperature (Alonso 

et al., 2005), or proximity to plasmid-free cells (Norman et al., 2009) can influence the 

expression of genes encoding these pili. In addition, moisture, pH, water movement, 

changes in amount of available nutrients, type of soil and the presence of other 

microorganisms have been reported to influence the rate of plasmid transfer in natural 

environments (Sørensen et al., 2005). Furthermore, the environment in which the bacteria 

are present affect the rates of conjugation, as the pilus morphology determines whether a 

liquid or solid environment (i.e. biofilm) is optimal for conjugation (Bradley et al., 1980). 

Factors encoded by several conjugative plasmids have been shown to increase the biofilm-

forming ability of E. coli and to enable E. coli to enter already existing biofilms (Ghigo, 

2001; Burmølle et al., 2008). Also, the process of conjugative plasmid transfer itself has 

been shown to promote biofilm formation in E. coli (Reisner et al., 2006). This might 

enhance the ability of conjugative spread of plasmids harboured by these bacteria, as 

biofilms are considered to represent hot-spots for horizontal gene transfer (Jefferson, 2004; 

Sørensen et al., 2005). 

Two plasmids sharing the same replication system cannot stably exist within the same host, 

a phenomenon referred to as incompatibility. Incompatibility is a consequence of the 

homogeneity of sequences controlling replication. This has been used to divide plasmids 

into different incompatibility (Inc) groups on the basis of their replicon type (Novick, 1987; 

Carattoli, 2013). Replicon typing of plasmids is a useful tool in monitoring dissemination of 

plasmids carrying AMR genes in bacteria from different niches, and to monitor horizontal 

spread of AMR genes between bacteria (Carattoli et al., 2005). Major plasmid families 

associated with dissemination of AMR genes in Enterobacteriaceae include IncF, IncA/C, 

Inc L/M, IncI1, IncHI2 and IncN (Carattoli, 2009). 

Plasmids may possess several factors contributing to their stable maintenance within a 

bacterial host, including during cell division (Hayes, 2003; Unterholzner et al., 2013). These 

factors are known as toxin-antitoxin (TA) modules, post-segregational killing systems, 

addiction systems, or plasmid stability systems (Hayes, 2003). TA modules consist of two 

genes encoding a stable toxin and a labile antitoxin, respectively (Hayes, 2003; Norman et 

al., 2009). The antitoxin binds to the toxin forming a TA complex that neutralizes the toxin 

(Unterholzner et al., 2013). Daughter cells that do not inherit a copy of the plasmid will still 

inherit the TA complex (Hayes, 2003). The antitoxin is more rapidly degraded than the 
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toxin, which will lead to killing or growth restriction of plasmid-free daughter cells (Hayes, 

2003; Norman et al., 2009; Van Melderen and Saavedra De Bast, 2009; Unterholzner et al., 

2013). In addition, TA modules aid the exclusion of other compatible plasmids from the 

bacteria (Cooper and Heinemann, 2000). Two plasmids with the same Inc-group cannot 

stably exist in the same bacterial cell. Exclusion of the plasmid with the TA module will kill 

or retard the growth of the bacteria, while exclusion of the plasmid without the TA module 

will leave the bacteria viable. Thus, the presence of TA modules will increase the relative 

fitness of their host plasmid by eliminating competitive plasmids in the bacterial population 

(Van Melderen and Saavedra De Bast, 2009). These attributes contribute efficiently to the 

stable maintenance and persistence of plasmids within the bacterial population (Hayes, 

2003; Van Melderen and Saavedra De Bast, 2009; Unterholzner et al., 2013). 

When AMR genes target a successful plasmid type, it will have a significant effect on the 

dissemination of that gene to different bacterial hosts. This is due to the fact that such 

plasmids are often stably maintained within its hosts, which will contribute to both spread 

and persistence of resistance genes in the bacterial population (Carattoli, 2013). Therefore, 

plasmids represent a serious challenge due to their contribution in the dissemination and 

persistence of relevant AMR genes (Su et al., 2008; Carattoli, 2013).  

6.2.1. Monitoring of antimicrobial resistance 

Since January 2014, all EU/EEA member states are obliged to monitor the occurrence of 

AMR in zoonotic and commensal bacteria from food and food-producing animals as 

implemented by the European Commission (SANCO/11591/2012). To estimate the 

occurrence of AMR in Gram-negative and Gram-positive bacterial populations, indicator 

bacteria are monitored for the occurrence of AMR. Indicator bacteria are bacteria with 

relevance for human medicine that are commonly isolated from the faecal flora of animals. 

In addition, the most relevant resistance phenotypes can be found in indicator bacteria, and 

they represent a reservoir of resistance genes that might have the potential to be transferred 

to other bacteria, including pathogenic strains. Furthermore, as indicator bacteria are a part 

of the normal flora, they provide a good indication of the selection pressure generated by 

antimicrobial use on the intestinal flora of food-producing animals. E. coli are used as 

indicator organisms for the Gram-negative bacterial population, while Enterococcus spp. are 

used as indicator organisms for the Gram-positive population (EFSA, 2008). In order to 

optimize detection of acquired resistance, epidemiological cut-off values (ECOFFs) 
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determined by the European Committee for Antimicrobial Susceptibility Testing (EUCAST, 

www.eucast.org) are used to classify isolates as susceptible or resistant (EFSA, 2008). The 

ECOFFs are normally set at a lower MIC value than clinical breakpoints, which are used to 

predict the clinical efficacy of antimicrobial treatment (Aarestrup et al., 2007). 

In Norway, the monitoring programme for the occurrence of antimicrobial resistance in 

bacteria from food, feed and animals (NORM-VET) has been running since 2000. A joint 

report with the monitoring programme for the occurrence of antimicrobial resistance in 

bacteria from humans (NORM) is published annually 

(http://www.vetinst.no/eng/Publications/NORM-NORM-VET-Report). The NORM-VET 

programme is coordinated by the Norwegian Veterinary Institute (NVI) and commissioned 

by the Norwegian Food Safety Authority.  

6.2.2. Cephalosporin resistance in E. coli 

Cephalosporins are beta-lactam antimicrobials that exert their antimicrobial effect by 

interfering with cell wall synthesis. The cell wall is thereby weakened, causing disruption 

and death of the bacteria (Papich and Riviere, 2009). The extended-spectrum cephalosporins 

(ESC) are defined as critically important by WHO for treatment of human infections 

(Dziekan et al., 2012), and the emergence of resistance towards these antimicrobials is 

therefore concerning. Resistance to ESC in E. coli is mainly mediated by hydrolysis of the 

cephalosporin by beta-lactamases (Pfeifer et al., 2010) (Figure 6).  

 

Figure 6. The chemical structure of cephalosporins. Beta-lactamases hydrolyse the beta-lactam ring, indicated 

by the red arrow, causing inactivation of the antimicrobial. Figure adapted from 

https://en.wikipedia.org/wiki/Cephalosporin.  

A variety of different enzymes with small differences in their spectrums of activity exist 

(www.lahey.org/studies). Attempts have been made to classify the different beta-lactamases. 

http://www.eucast.org/
http://www.vetinst.no/eng/Publications/NORM-NORM-VET-Report
https://en.wikipedia.org/wiki/Cephalosporin
http://www.lahey.org/studies
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Ambler (1980) suggested a classification on the background of the beta-lactamase structure, 

while Bush et al. (1995) made a classification based on the functional characteristics of the 

enzymes. In addition, a classification scheme based on the spectrum of beta-lactamase 

resistance was proposed by Giske et al. (2009) to simplify the understanding of differences 

between beta-lactamase groups. In this thesis, the terms “ESBL” and “AmpC”, as specified 

underneath, will be used, while “cephalosporin-resistant” will be used as a collective term 

for ESC resistance.  

Extended-spectrum beta-lactamases 

Enzymes classified as extended-spectrum beta-lactamases (ESBLs), also called “classical” 

ESBLs, are the major cause of cephalosporin resistance in E. coli worldwide. They have a 

broad spectrum of activity, including both 3
rd

 and 4
th

 generation cephalosporins, and 

monobactams. However, ESBLs do not confer resistance to cephamycins, and they are 

susceptible to beta-lactamase inhibitors such as clavulanic acid (Bush et al., 1995; Bradford, 

2001; Pfeifer et al., 2010). The classical ESBLs belong to Ambler class A, Bush-Jacoby-

Medeiros group 2be and Giske group ESBLA (Ambler, 1980; Bush et al., 1995; Giske et al., 

2009). The enzymes can be divided into different groups based on their origin (Bradford, 

2001). Hundreds of different ESBLs exist, and the major groups include CTX-M, TEM and 

SHV (www.lahey.org/studies). Different enzymes in the TEM and SHV groups are 

generated by amino acid substitutions in the blaTEM and blaSHV genes, which result in small 

alterations in the resistance spectrum. The CTX-M enzymes can be divided into five major 

groups, where each group consist of highly similar enzymes resulting from mutations in the 

blaCTX-M genes (Pfeifer et al., 2010). 

ESBLs are frequently associated with plasmids belonging to Inc groups F, A/C, L/M, I1, 

HI2 and N in E. coli isolated from both humans and animals (Carattoli, 2009). Plasmid 

borne blaCTX-M genes have been mobilized from the chromosomal cephalosporinase of 

Kluyvera spp. (Humeniuk et al., 2002; Poirel et al., 2002), while blaSHV-1 is thought to 

originate from the chromosome of Klebsiella pneumoniae (Hæggman et al., 1997). The 

ancestor of the blaTEM genes is thought to originate from naturally occurring plasmids from 

where it has translocated onto other resistance plasmids (Heffron et al., 1975).  

AmpC beta-lactamases  

The AmpC beta-lactamases mediate resistance to 3
rd

 generation cephalosporins, 

monobactams and cephamycins. In addition, they are resistant to deactivation by clavulanic 

http://www.lahey.org/studies
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acid and other beta-lactamase inhibitors, but susceptible to 4
th

 generation cephalosporins 

and cloxacillin (Philippon et al., 2002; Jacoby, 2009). The AmpC beta-lactamases are 

classified into Ambler class C, Bush-Jacoby-Medeiros group 1 and Giske group ESBLM 

(Ambler, 1980; Bush et al., 1995; Giske et al., 2009). In E. coli, cephalosporin resistance 

caused by production of AmpC beta-lactamases can be mediated either by an up-regulated 

expression of the chromosomal ampC gene, or by acquisition of a plasmid carrying a 

blaAmpC gene (Jacoby, 2009; Pfeifer et al., 2010). 

Up-regulated chromosomal ampC 

E. coli have a chromosomal ampC gene which is expressed at a low level due to a defect 

promoter region (Pfeifer et al., 2010). In contrast to chromosomal ampC genes in several 

Enterobacteriaceae, the expression of chromosomal ampC in E. coli is not inducible by 

exposure to beta-lactams (Jacoby, 2009) due to the lack of an ampR regulator (Pfeifer et al., 

2010). The expression of chromosomal ampC in E. coli is regulated by promoter and 

attenuator regions (Jacoby, 2009). Mutations and insertions in certain areas of the promoter 

region can enable up-regulation in chromosomal ampC expression, resulting in 

overproduction of ampC enzyme and expression of cephalosporin resistance (Caroff et al., 

2000; Siu et al., 2003; Pfeifer et al., 2010).  

Plasmid-mediated AmpC (pAmpC)  

Genes encoding AmpC beta-lactamases located on plasmids (pAmpC) have been mobilized 

from chromosomal AmpC-encoding genes found in Enterobacteriaceae and other Gram-

negative bacteria (Walther-Rasmussen and Høiby, 2002; Su et al., 2008). The pAmpC beta-

lactamases are grouped based on their origin, including CMY, MOX, FOX, DHA, and ACT 

(Walther-Rasmussen and Høiby, 2002; Jacoby, 2009; Pfeifer et al., 2010). The most 

commonly occurring pAmpC beta-lactamase is CMY-2, which is globally distributed 

(Jacoby, 2009; Ewers et al., 2012). The gene encoding CMY-2, blaCMY-2, originates from 

the chromosome of Citrobacter freundii (Wu et al., 1999) and has been frequently reported 

on IncF, IncA/C and IncI1 plasmids (Carattoli, 2009). In addition, an association between 

blaCMY-2 and IncK plasmids has been reported in recent years (Dierikx et al., 2010; 

Börjesson et al., 2013b; Börjesson et al., 2013c; Voets et al., 2013; Agersø et al., 2014; 

Egervärn et al., 2014). 
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6.3 Epidemiology of cephalosporin-resistant E. coli 

The epidemiology of AMR is highly complex. In addition to clonal spread of AMR strains, 

plasmids carrying AMR-encoding genes can spread horizontally in the bacterial population, 

increasing the complexity of transmission pathways (Coque et al., 2008a; Brolund, 2014). 

AMR can be attributed to the «One Health» concept, describing the complex interplay 

between humans and animals, and their respective social and environmental contexts 

(Zinsstag et al., 2011). An increasing occurrence of resistant bacteria in one compartment 

may cause emergence of resistant strains in other compartments as well (EFSA, 2011). In 

Figure 7, a schematic overview of possible ways by which AMR bacteria, including 

cephalosporin-resistant E. coli, can spread between different populations is illustrated 

(Davies and Davies, 2010).  

 

Figure 7. Possible routes by which bacteria, displaying antimicrobial resistance can move between different 

environmental compartments. Figure reprinted from Davies and Davies (2010) with permission from the 

American Society for Microbiology, John Wiley and Sons, and BMJ Publishing Group Ltd. 

The occurrence of cephalosporin-resistant E. coli has increased substantially in both human 

and veterinary medicine during the course of the last decade (Cantón et al., 2008; Carattoli, 
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2008; Coque et al., 2008a; Pitout and Laupland, 2008; Overdevest et al., 2011; Ewers et al., 

2012; ECDC, 2015; EFSA and ECDC, 2016). This increased occurrence is likely attributed 

to both expansion of pandemic and successful cephalosporin-resistant clones (Coque et al., 

2008a; Mathers et al., 2015b; Schaufler et al., 2016), and by horizontal transfer of 

ESBL/AmpC-encoding plasmids within and between E. coli clones (Coque et al., 2008a; 

Woerther et al., 2013; de Been et al., 2014). The epidemiology of cephalosporin-resistant 

bacteria in humans, and to some extent broilers, is complicated by the occurrence of similar 

plasmids carrying identical ESBL/AmpC-encoding genes in different bacterial species, 

including E. coli, Klebsiella spp. and Salmonella spp. (Coque et al., 2008a; Sunde et al., 

2009; Dierikx et al., 2010; Woerther et al., 2013).  

In humans, a global pandemic of ESBL-producing E. coli of multilocus sequence type 

(ST)131 has been documented (Coque et al., 2008a). Although this clone has also been 

isolated from companion animals (Pomba et al., 2009; Ewers et al., 2010), wild birds 

(Rogers et al., 2011; Schaufler et al., 2016), rodents, food-producing animals and retail meat 

(Rogers et al., 2011), it appears that E. coli ST131 is well adapted to human hosts (Mathers 

et al., 2015b, a). Other successful E. coli clones displaying cephalosporin resistance may be 

better adapted to several hosts. Examples include ST410 isolated from humans, wild birds 

(Schaufler et al., 2016), companion animals (Huber et al., 2013) and retail meat (López-

Cerero et al., 2011), or ST648, isolated from humans, companion animals and food-

producing animals (Wieler et al., 2011; Ewers et al., 2014).  

In this section, a brief summary on the epidemiology of cephalosporin-resistant E. coli in 

the broiler production pyramid and humans in Norway and Europe will be presented. 

6.3.1. Epidemiology in the broiler production pyramid 

In veterinary medicine, the highest frequencies of cephalosporin-resistant E. coli are found 

in poultry (Smet et al., 2008; Ewers et al., 2012; Dierikx et al., 2013a; MARAN, 2015). The 

first description dates back to 2000-2001, when E. coli harbouring ESBL- and AmpC-

encoding genes were detected in broilers in Spain (Briñas et al., 2003). Since then, 

numerous studies on the occurrence of cephalosporin-resistant E. coli in broilers and their 

products have shown that the distribution is global (Carattoli, 2008; Smet et al., 2008; 

Dierikx et al., 2010; Doi et al., 2010; Ewers et al., 2012; Hiroi et al., 2012b).  
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The situation in Norway 

The first E. coli resistant to cephalosporins detected in the veterinary sector in Norway was 

isolated from a faecal sample from healthy broilers collected within the frame of the 

NORM-VET programme in 2006 (NORM/NORM-VET, 2007). Genetic characterization of 

the isolate revealed a blaTEM-20 gene on an IncI1 plasmid as the cause of the cephalosporin 

resistant phenotype. The IncI1 plasmid was closely related to plasmids originating from 

broilers in the Netherlands, and poultry and humans in Belgium and France (Sunde et al., 

2009). This finding was considered an “early warning”, indicating that the broiler 

production could be a reservoir of cephalosporin-resistant bacteria in Norway 

(NORM/NORM-VET, 2012), and suggested that international trade of breeding animals for 

broiler production also contributed to the international spread of cephalosporin-resistant 

Enterobacteriaceae (NORM/NORM-VET, 2007; Sunde et al., 2009).  

In 2011, a selective method for detection of cephalosporin-resistant E. coli was 

implemented in the NORM-VET programme (NORM/NORM-VET, 2012). Samples were 

plated directly out on MacConkey agar supplemented with 1 mg/L cefotaxime and 

MacConkey agar supplemented with 2 mg/L ceftazidime. In parallel, the original non-

selective method with plating out on MacConkey agar without supplement followed by 

isolation and susceptibility testing of one indicator E. coli was applied. Using the selective 

method, the occurrence of cephalosporin-resistant E. coli was surprisingly high in faecal 

samples from broilers (35.7-42.9 %) (NORM/NORM-VET, 2012, 2015) and retail chicken 

meat (28.9-32.2 %) (NORM/NORM-VET, 2013, 2015). However, a very low occurrence 

was identified when the non-selective method was used, as cephalosporin-resistant E. coli 

was detected in only 1.0-1.5 % of broiler flocks (2011 and 2014), and 0.5 % of retail 

chicken meat samples (2012) (NORM/NORM-VET, 2012, 2013, 2015).  

Since the introduction of a selective detection method in 2011, all cephalosporin-resistant E. 

coli isolated from the broiler production pyramid in the NORM-VET programme have 

displayed an AmpC-phenotype. All isolates with an acquired AmpC-encoding gene have 

been found to carry the blaCMY-2 gene (NORM/NORM-VET, 2012, 2013, 2015).  

A semi-quantitative method was applied to detect the proportion of cephalosporin-resistant 

E. coli of total E. coli in broiler caecal samples during 2014 (NORM/NORM-VET, 2015). 

The results indicated that in more than 78.3 % of the samples, 0.1 % or less of the total E. 

coli population were cephalosporin-resistant. Also, quantification of cephalosporin-resistant 
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E. coli in retail chicken meat showed that in 87.9 % of the samples, the occurrence was ≤ 

0.2 cfu/g (NORM/NORM-VET, 2015). Together, these findings indicated that the 

proportion of cephalosporin-resistant E. coli in positive samples from Norwegian broilers 

and retail meat was low.  

In 2014, the Norwegian poultry industry initiated an action plan against cephalosporin-

resistant E. coli in the broiler production pyramid (Animalia, 2013). Samples were collected 

from each batch of imported parent animals after hatching and from parent flocks in 

production. Cephalosporin-resistant E. coli were detected in 5 of 87 (5.7 %) batches of 

newly hatched parent animals. In parent flocks, 23 of 85 (27.1 %) flocks sampled were 

positive (Animalia, 2015). In 2015, cephalosporin-resistant E. coli were detected in 2 of 84 

imports (2.4 %), and in 13 of 60 (21.7 %) parent flocks in production (Animalia, 2016). 

Samples collected during this action plan were analysed using a pre-enrichment step in 

MacConkey broth supplemented with 1 mg/L cefotaxime, before plating out on MacConkey 

agar supplemented with 1 mg/L cefotaxime. Thus, it is assumed that this method is more 

sensitive than the method used in the NORM-VET programme (2011, 2012 and 3014), and 

the results cannot be directly compared.    

The situation in Europe 

In Denmark and Sweden, the occurrence of cephalosporin-resistant E. coli in the broiler 

production pyramid is comparable to Norwegian conditions. The pAmpC-beta-lactamase 

encoded by the blaCMY-2 gene dominates, with only sporadic findings of ESBLs encoded by 

blaCTX-M, blaSHV and blaTEM genes. However, direct comparison of the occurrences is 

problematic due to small differences in the detection methods used (DANMAP, 2011; 

SVARM, 2011; Agersø et al., 2012; DANMAP, 2012; SVARM, 2012; Börjesson et al., 

2013a; Börjesson et al., 2013c; DANMAP, 2013; SWEDRES/SVARM, 2013; Agersø et al., 

2014; DANMAP, 2014; SWEDRES/SVARM, 2014; DANMAP, 2015; 

SWEDRES/SVARM, 2015; Börjesson et al., 2016). In Iceland, a very limited number of 

AmpC-producing isolates have been detected. However, only a limited screening has been 

performed (MAST, 2015). Cephalosporins have not been used for treatment of flocks in the 

broiler production in any of these Nordic countries, and the general consumption of 

antimicrobial agents for treatment of disease is low. Thus, the selection pressure from 

antimicrobial use is virtually non-existent (NORM/NORM-VET, 2007; Sunde et al., 2009; 

SVARM, 2011; SWEDRES/SVARM, 2013; Agersø et al., 2014; MAST, 2015; 
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NORM/NORM-VET, 2015). Therefore, import of breeding animals or hatching eggs has 

been identified as the likely source of introduction of cephalosporin-resistant E. coli to the 

broiler production in the Nordic countries (Sunde et al., 2009; NORM/NORM-VET, 2012; 

Agersø et al., 2014; Nilsson et al., 2014). In Sweden, pAmpC-producing E. coli have been 

detected in samples taken from day old grandparent animals imported from Scotland 

(SVARM, 2011; Nilsson et al., 2014). Furthermore, clonally related pAmpC-producing E. 

coli were detected through all levels of the Swedish broiler production, suggesting vertical 

transmission through the pyramid (Nilsson et al., 2014).   

In several other European countries, a higher occurrence of cephalosporin-resistant E. coli 

compared to the Nordic countries is seen. Prevalence’s of cephalosporin resistance in 

indicator E. coli among European broilers ranging from 0.0-32.2 % were reported in 2014, 

using non-selective methods for detection (Figure 8) (EFSA and ECDC, 2016).  

 

Figure 8. Occurrence of cephalosporin resistance in indicator E. coli isolated from broilers in European 

countries in 2014. Reprinted from “The European Union summary report on antimicrobial resistance in 

zoonotic and indicator bacteria from humans, animals and food in 2014”, www.ecdc.europa.eu (EFSA and 

ECDC, 2016). 

http://www.ecdc.europa.eu/
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Furthermore, numerous studies investigating the occurrence of cephalosporin-resistant E. 

coli in broilers and retail chicken meat in European countries using selective methods have 

detected high occurrences. In broilers, occurrences have ranged from 54.5-100.0 % (Smet et 

al., 2008; Wasyl et al., 2012; Dierikx et al., 2013a; Reich et al., 2013; Huijbers et al., 2014), 

while in meat samples, occurrences of 34.0-100.0 % have been reported (Overdevest et al., 

2011; Agersø et al., 2012; Cohen Stuart et al., 2012; Egea et al., 2012; Belmar Campos et 

al., 2014; Egervärn et al., 2014; Vogt et al., 2014). Furthermore, a high within-flock 

occurrence of cephalosporin-resistant E. coli has been identified in the Netherlands and 

Germany (Dierikx et al., 2013a; Reich et al., 2013).   

In comparison to Norway and the other Nordic countries, the genetic background encoding 

cephalosporin resistance in E. coli isolated from the broiler production pyramid in European 

countries is heterogeneous. While blaCMY-2 dominates largely in the Nordic countries 

(Agersø et al., 2012; NORM/NORM-VET, 2012; Börjesson et al., 2013b; Börjesson et al., 

2013c; NORM/NORM-VET, 2013; Agersø et al., 2014; NORM/NORM-VET, 2015; 

Börjesson et al., 2016), genes encoding enzymes of the CTX-M, SHV and TEM type beta-

lactamases are also frequently detected in other European countries (Smet et al., 2008; 

Bortolaia et al., 2010; Cortés et al., 2010; Dierikx et al., 2010; Overdevest et al., 2011; Egea 

et al., 2012; Ewers et al., 2012; Dierikx et al., 2013a; Belmar Campos et al., 2014; Huijbers 

et al., 2014; Vogt et al., 2014; Day et al., 2016).  

The high occurrence of cephalosporin-resistant E. coli detected in some European countries 

may be partly explained by the extensive use of antimicrobial agents (EMA, 2013; 

MARAN, 2015), as antimicrobial use has been identified as a risk factor for occurrence of 

cephalosporin-resistant E. coli in broilers (Persoons et al., 2011). Although cephalosporins 

are not approved for use in broilers in Europe, off-label use for prophylactic treatment of 

newly hatched chickens in broiler hatcheries has been practiced (Liebana et al., 2013). In 

January 2012, the British Poultry Council (BPC) voluntarily abandoned the use of 

cephalosporins in the broiler production (WorldPoultry, 2011). However, it has been 

hypothesized that use of cephalosporins in animals at the top of the pyramid prior to this ban 

might have provoked the emergence of cephalosporin-resistant E. coli, which have then 

been exported with breeding animals to Sweden (Agersø et al., 2014) and to other European 

countries (Dierikx et al., 2013b). Following the ban of off-label use of cephalosporins for 

prophylactic treatment of day-old chickens in Dutch hatcheries, the occurrence of 
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cephalosporin-resistant E. coli isolated from broilers decreased drastically within a short 

time period (MARAN, 2015; EFSA and ECDC, 2016). 

6.3.2. Epidemiology in humans 

A variety of ESBL/AmpC-enzymes have been reported in E. coli from humans (Hawkey 

and Jones, 2009). However, a global epidemic of ESBL-producing E. coli associated with 

the clonal spread of the highly virulent strain E. coli O25:H4-ST131-CTX-M-15 has been 

identified (Coque et al., 2008a; Woodford et al., 2011; Mathers et al., 2015b, a). This strain 

is often associated with urinary tract infections (Nicolas-Chanoine et al., 2008). In Europe, 

CTX-M-15 is the most commonly occurring beta-lactamase (Hawkey and Jones, 2009; 

Woerther et al., 2013) and is often associated with IncF plasmids  (Coque et al., 2008b; 

Carattoli, 2009; Brolund, 2014; Mathers et al., 2015b). The success of the CTX-M-15 

enzyme relies both on the endemic spread of E. coli ST131 and horizontal spread of 

plasmids carrying blaCTX-M-15 (Peirano and Pitout, 2010). Recently, CTX-M-15 has also 

been associated with the emerging successful clones ST410 (Schaufler et al., 2016) and 

ST648 (van der Bij et al., 2011; Wieler et al., 2011). Globalization and intercontinental 

travel have also been found to play major roles in the worldwide spread of resistant bacteria 

(Woerther et al., 2013; Prescott, 2014; Hawkey, 2015).  

The situation in Norway 

In the NORM programme, E. coli isolated from clinical cases of sepsis and urinary tract 

infections are susceptibility tested. In 2014, the occurrence of cephalosporin resistance was 

5.8 % and 3.8 % in isolates from sepsis and urinary tract infections, respectively. The 

majority of the isolates harboured blaCTX-M-1 or blaCTX-M-9, while a few were carriers of 

blaSHV or blaCMY genes (NORM/NORM-VET, 2015). An increasing trend in the occurrence 

of cephalosporin-resistant E. coli in clinical samples has been evident in recent years 

(ECDC, 2015; NORM/NORM-VET, 2015). A nosocomial outbreak of E. coli carrying 

blaCTX-M-15 has been reported (Naseer et al., 2007), and molecular characterization of E. coli 

isolates with blaCTX-M-15 isolated from diagnostic laboratories in Norway revealed that the 

majority of these strains could be assigned to the global multidrug-resistant clone O25:H4-

ST131-CTX-M-15 (Naseer et al., 2009). Isolates displaying AmpC-phenotypes seem to 

occur only sporadically in human patients, with blaCMY-2 being the most frequently detected 

pAmpC-encoding gene (Naseer et al., 2010). Currently, a research project is investigating 

the occurrence of resistant bacteria in the faecal flora of healthy humans in Norway, 
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including cephalosporin-resistant E. coli (personal communication, Marianne Sunde, NVI 

and Norwegian Institute of Public Health). 

The situation in Europe 

In Europe, the population-weighted mean occurrence of cephalosporin-resistant E. coli from 

human clinical isolates increased significantly between 2011 and 2014 from 9.6 % to 12.0 

% (ECDC, 2015). The occurrence varied between countries with a range from 3.3 % in 

Iceland to 40.4 % in Bulgaria. The lowest occurrences were found in the Nordic countries 

and the Netherlands, while the highest occurrences were reported from countries in the 

south- and south-eastern parts of Europe (ECDC, 2015). The occurrences of cephalosporin-

resistant E. coli in different European countries in 2009 and 2014 are illustrated in Figures 9 

and 10, respectively. The change in colour from green and yellow towards orange and red 

indicates an increase in the occurrence during this period. 

 

 

Figure 9. Occurrence of cephalosporin resistance in invasive E. coli isolated from human patients per country 

in 2009. Reprinted from “Antimicrobial resistance surveillance in Europe 2009, www.ecdc.europa.eu (ECDC, 

2010). 

http://www.ecdc.europa.eu/
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Figure 10. Occurrence of cephalosporin resistance in invasive E. coli isolated from human patients per 

country in 2014. Reprinted from “Antimicrobial resistance surveillance in Europe 2014, www.ecdc.europa.eu 

(ECDC, 2015). 

A review of data available from healthy humans carrying cephalosporin-resistant 

Enterobacteriaceae showed that the occurrence in Europe was generally low to moderate, 

ranging from 0.0-11.6 %. This level is low compared to other regions in the world, such as 

Southeast Asia (up to 69.3 %). Based on modelling of data from studies on intestinal 

carriage, it has been estimated that approximately 34 million people in Europe are healthy 

carriers of cephalosporin-resistant Enterobacteriaceae (Woerther et al., 2013). The most 

prevalent enzyme by far is CTX-M-15 (Woerther et al., 2013), which is also associated with 

the global spread of the highly virulent E. coli variants O25:H4-ST131-CTX-M-15 (Coque 

et al., 2008a; Naseer and Sundsfjord, 2011; Mathers et al., 2015b, a), ST405 (Coque et al., 

2008b; Naseer and Sundsfjord, 2011), ST410 (López-Cerero et al., 2011; Schaufler et al., 

2016) and ST648 (van der Bij et al., 2011).  

 

6.4 Public health aspects 

The increasing incidence of infections caused by cephalosporin-resistant bacteria observed 

in Europe (ECDC, 2015) is considered a serious threat to public health due to a limitation in 

http://www.ecdc.europa.eu/
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the number of antimicrobial agents available for treatment of such infections (Pitout and 

Laupland, 2008; ECDC and EMEA, 2009; Dziekan et al., 2012; Mathers et al., 2015a). 

Furthermore, infections caused by resistant bacteria result in increased morbidity, mortality, 

and increased costs. In 2007, it was estimated that infections caused by AMR bacteria were 

the direct cause of 25,000 deaths annually in Europe, and represented a cost of 

approximately 1.5 billion Euros. Furthermore, these infections lead to approximately 2.5 

million additional hospital days (ECDC and EMEA, 2009). A recent report has estimated 

that AMR infections alone will cause 10 million deaths yearly by 2050, and that the annual 

cost will be 100 trillion US dollars (O'Neill, 2016). However, it has been suggested that the 

true cost of AMR is even higher, as current estimates do not take the whole healthcare 

system into consideration (Smith and Coast, 2013). 

It has been hypothesized that food-producing animals and their products can constitute a 

reservoir of cephalosporin-resistant E. coli, which may be transferred to humans (Winokur 

et al., 2001; Coque et al., 2008a; Doi et al., 2010; EFSA, 2011; Leverstein-van Hall et al., 

2011; Overdevest et al., 2011; Ewers et al., 2012; Kluytmans et al., 2013; Voets et al., 

2013). Poultry has been suggested as the most likely source of cephalosporin-resistant 

extraintestinal pathogenic E. coli (ExPEC) acquired from the food chain (Lazarus et al., 

2015). Also, studies have proposed retail chicken meat as a source of ExPEC, causing 

urinary tract infections in humans (Jakobsen et al., 2010; Vincent et al., 2010; Manges, 

2016).  

Studies from the Netherlands have identified an increased risk of colonization with 

cephalosporin-resistant E. coli for people working or living on broiler farms compared to 

the general population, indicating direct transmission of resistant strains between broilers 

and humans (Dierikx et al., 2013a; Huijbers et al., 2014). However, living in close 

proximity of a broiler farm did not increase the risk of being colonized with cephalosporin-

resistant E. coli (Huijbers et al., 2013), suggesting that direct contact with animals is 

important for transmission of cephalosporin-resistant strains. Detection of identical E. coli 

STs, resistance genes, and plasmids belonging to the same Inc groups in broilers and 

humans also supports the hypothesis that such transmission occurs (Winokur et al., 2001; 

Leverstein-van Hall et al., 2011; Overdevest et al., 2011; Kluytmans et al., 2013; Lazarus et 

al., 2015). Furthermore, in situ experiments have shown the ability of ESBL-producing E. 

coli of avian origin to establish and persist in a model mimicking the human intestine (Smet 

et al., 2011). Also, conjugal transfer of ESBL-encoding plasmids from avian to human E. 
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coli has been demonstrated (Smet et al., 2011). In addition, resistant E. coli from humans 

have been shown to have a higher genetic similarity to E. coli isolated from poultry than to 

susceptible E. coli from humans (Johnson et al., 2007).  

A small study in Sweden showed no close relationship between pAmpC-producing E. coli 

isolated from broilers and humans. However, IncK plasmids carrying blaCMY-2 were 

detected in both populations. Further characterization of the IncK plasmids was not 

performed, and transmission of the resistance plasmids between broiler and human strains 

could therefore not be ruled out (Börjesson et al., 2013c). Conjugal transfer of plasmids 

carrying ESBL/AmpC-encoding genes from E. coli originating from broilers or retail 

chicken meat to human strains has also been suggested by others (Winokur et al., 2001; 

Carattoli, 2008; Leverstein-van Hall et al., 2011; Kluytmans et al., 2013; Voets et al., 2013; 

Wu et al., 2013; de Been et al., 2014; Day et al., 2016). Another study from Sweden 

concluded that the contribution of cephalosporin-resistant E. coli from food products to the 

occurrence of cephalosporin-resistant E. coli in healthy humans in Sweden was very limited 

(Börjesson et al., 2016). A scientific report from Norway concluded that the possibility of 

transmission of cephalosporin-resistant E. coli from broilers and retail chicken meat to 

humans is non-negligible, but that more knowledge is required to determine the probability 

of such transmission (VKM, 2015). Both Sweden and Norway have a low occurrence of 

cephalosporin-resistant E. coli in the broiler production compared to other European 

countries. As both the frequency of occurrence and quantity of cephalosporin-resistant E. 

coli in broilers and retail chicken meat will influence the likelihood of zoonotic transmission 

of resistant strains and/or resistance plasmids (Liebana et al., 2013), transmission may be 

more likely in countries where the occurrence is higher than in the Nordic countries. 

In a study from the Netherlands, the genetic relatedness between cephalosporin-resistant E. 

coli from broilers, retail chicken meat and humans was investigated by the use of whole 

genome sequencing (WGS) (de Been et al., 2014). WGS has a higher discriminatory power 

than traditional typing methods (den Bakker et al., 2014; Joensen et al., 2014). The study 

showed that highly related plasmids carrying ESBL/AmpC-encoding genes were present in 

isolates from humans, animals and meat. However, there was no indication of recent clonal 

dissemination of cephalosporin-resistant E. coli strains between the reservoirs. Notably, 

only a limited number of isolates from each reservoir was investigated (de Been et al., 

2014). On the contrary, a small study in Norway also utilizing WGS, found a limited 

number of human clinical E. coli isolates with a high degree of genetic relatedness to 
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pAmpC-producing E. coli from chicken. In addition, the plasmids found in human and 

broiler isolates were highly similar, both in closely and more distantly related E. coli 

isolates (Berg et al., 2015). Highly similar plasmids harbouring blaCMY-2 were also detected 

in E. coli of different STs isolated from humans, parent- and broiler flocks, and retail meat 

in Denmark (Hansen et al., 2016). 

Transmission of cephalosporin-resistant E. coli from retail meat might occur through 

handling or consumption of meat contaminated with resistant bacteria (Leverstein-van Hall 

et al., 2011; Voets et al., 2013), or via contaminated kitchen supplies such as cutting boards 

(Tschudin-Sutter et al., 2014). The overall goal should therefore be to aspire to keep the 

occurrence of cephalosporin-resistant E. coli in the broiler production pyramid and retail 

chicken meat at the lowest possible level. This would minimize the probability of zoonotic 

transfer of resistant strains and/or resistance plasmids via the food chain (Liebana et al., 

2013). 

 

6.5 Knowledge gaps 

Before the start of this PhD project in 2013, knowledge relating to cephalosporin-resistant 

E. coli in the Norwegian broiler production pyramid was limited. In the NORM-VET 

programme, cephalosporin-resistant E. coli had been found at several levels of the broiler 

production pyramid, but there was lack of knowledge of the epidemiology of these bacteria. 

Also, there was a need to establish knowledge about how the resistance situation developed, 

and to identify and estimate possible risk factors for the presence of cephalosporin-resistant 

E. coli in Norwegian broiler flocks. In order to identify successful clones and/or resistance 

plasmids, and possibly determine their origin, studies on the genetic relationships between 

resistant isolates and resistance plasmids were needed. This would provide information 

regarding the ability of cephalosporin-resistant E. coli to persist in a population without 

selection pressure from antimicrobial use.  
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7. Aims of the study 

The aim of the study was to provide knowledge about cephalosporin-resistant E. coli in the 

Norwegian broiler production pyramid, in order to give scientifically based advice to the 

authorities and the broiler industry regarding preventive measures for introduction, 

persistence and spread of cephalosporin-resistant E. coli. 

The aim was accomplished through the following objectives: 

 Determination of the occurrence of cephalosporin-resistant E. coli in the Norwegian 

broiler production pyramid (Papers I and II). 

 Creation of a model for identification and estimation of risk factors for occurrence of 

cephalosporin-resistant E. coli in the Norwegian broiler production (Paper II). 

 Characterization of cephalosporin-resistant E. coli and their associated resistance 

plasmids (Papers I, III and IV). 

 Determination of the ability of cephalosporin-resistant E. coli and their plasmids to 

disseminate and persist in the Norwegian broiler production pyramid (Papers I-IV). 
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8. Summary of materials and methods 

This section gives a brief summary of the sample materials and methods used in the study. 

Methodological considerations will be addressed in the discussion. A detailed description of 

materials and methods is provided in Papers I-IV. 

8.1. Materials 

8.1.1. Study population  

In Paper II, 62 randomly selected commercial broiler producers affiliated to a single broiler 

production company and hatchery, namely Nortura Samvirkekylling were considered for 

inclusion. This affiliation was chosen because Nortura SA was partner in the project, and it 

enabled us to obtain information regarding sampled flocks, including ancestry, flock size, 

slaughter age and slaughter date. Furthermore, we were able to sample the parent flocks 

most likely to supply the broiler flocks with day-old chickens. This provided us with the 

opportunity to detect a possible association between occurrence of cephalosporin-resistant 

E. coli in supplying parent flocks and in receiving broiler flocks. In order to be included in 

the study, broiler farmers had to fulfil the following inclusion criteria; active commercial 

broiler producer, farm located in Hedmark county, affiliation to Nortura Samvirkekylling 

only, respond to questionnaire, and provide samples from a minimum of two broiler flocks 

housed at the farm during the study period. The final study group consisted of 27 broiler 

producers with a total of 34 broiler houses. 

8.1.2. Samples collected from parent- and broiler flocks 

Boot swabs (Sodibox, Nevez, France) were collected from selected parent flocks every four 

weeks from November 2013 to October 2014. Furthermore, boot swabs were collected from 

broiler flocks at selected farms from February 2014 to January 2015. All samples were 

collected by the farmers and sent per mail to the NVI in Oslo for analysis. The sampling 

was performed in order to estimate the occurrence of cephalosporin-resistant E. coli in 

Norwegian parent and broiler flocks. Furthermore, the results were used to identify and 

estimate risk factors for occurrence of cephalosporin-resistant E. coli in broiler flocks (Paper 

II).  
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8.1.3. Samples collected in previous studies 

AmpC-producing isolates originating from healthy broiler chickens (Papers I and III), 

parent animals, grandparent animals (Paper I), and retail chicken meat (Papers I and III) 

were available from the in-house strain collection at the NVI. The isolates were collected 

within the frame of the NORM-VET programme in 2011 (broilers), 2012 (retail meat and 

parent animals) and 2014 (retail meat) (NORM/NORM-VET, 2012, 2013, 2015), a survey 

conducted on an imported grandparent flock in 2011, and a small study initiated by the 

largest poultry cooperative in Norway (Nortura SA) in 2011 (grandparent- and parent 

animals in production). Samples from the imported grandparent flock (day-old) were 

collected from paper linings and meconium. Broiler-, parent- and grandparent flocks in 

production were sampled using boot swabs. Retail meat samples were collected at retail 

following a proportionate stratified sampling scheme representing production units from all 

areas of Norway with broiler production.  

Serratia spp. included in Paper IV were selected from the in-house strain collection at 

Nofima and originated from retail chicken meat and food processing units in Norway. 

8.1.4. Collection of data for identification of risk factors (Paper II) 

Online questionnaire 

Randomly selected broiler producers affiliated to Nortura Samvirkekylling (n=62) were 

requested to respond to an online questionnaire distributed per e-mail. The questions 

referred to antimicrobial use at the farm, the size of the farm and the production, 

management factors at the farm, and the area surrounding the farm and broiler house(s). 

Also, farmers were asked to describe the washing and disinfection routines applied in the 

broiler house between production cycles. 

Data provided by Nortura SA 

Nortura SA provided data on the status of grandparent flocks (i.e. cephalosporin-resistant E. 

coli present or absent) supplying the included parent flocks, and the ancestry of parent and 

broiler flocks sampled. In addition, flock size, slaughter age and slaughter date for each 

sampled broiler flock was provided. 
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Data on status of parent- and broiler flocks 

Data on the status of parent and broiler flocks (i.e. cephalosporin-resistant E. coli present or 

absent) were obtained from the samples collected as described in section 8.1.2. Nine parent 

flocks supplying day-old chickens to the sampled broiler flocks were not sampled in Paper 

II. However, information regarding their status was available from the action plan against 

cephalosporin-resistant E. coli initiated by the poultry industry (Animalia, 2015). 

8.2. Laboratory methods 

8.2.1. Detection and identification of cephalosporin-resistant E. coli 

Boot swabs (Paper I) were dissolved in sterile water and plated directly onto MacConkey 

agar supplemented with 1 mg/L cefotaxime and MacConkey agar supplemented with 2 

mg/L ceftazidime. For other samples, overnight pre-enrichment in MacConkey broth (retail 

meat samples, Paper I), peptone water (meconium and paper linings, Paper I) or in 

MacConkey broth supplemented with 1 mg/L cefotaxime (boot swabs, Paper II) was done 

before plating out as described above. Agar plates were incubated for 24-48 hours at 37-38 

o
C. Colonies displaying typical morphology were selected and confirmed as E. coli using 

API 20 E (bioMérieux, Marcy L’Etoile, Rhone, France) or PCR (Heininger et al., 1999) 

(Paper I), or by the use of matrix-assisted laser desorption/ionization-time of flight 

(MALDI-TOF, Bruker Daltonics GmbH, Bremen, Germany) (Paper II). All isolates 

included in Paper III were collected in the NORM-VET programme, and had previously 

been confirmed as E. coli (NORM/NORM-VET, 2012, 2013, 2015). 

8.2.2. Antimicrobial susceptibility testing 

Isolates with suspected ESBL/AmpC-production were subjected to disk-diffusion as 

recommended by EUCAST (www.eucast.org) to determine the cephalosporin resistance 

phenotype (Papers I and II). Furthermore, isolates included in Paper I were subjected to 

broth microdilution to determine the minimum inhibitory concentrations (MICs) to a panel 

of different antimicrobials (VET-MIC
TM

 GN-mo, National Veterinary Institute, Uppsala, 

Sweden). Recipient- and transconjugant isolates included in Paper IV were also subjected to 

MIC determination by the use of the broth microdilution method in order to determine the 

beta-lactam resistance pattern before and after acquisition of a plasmid encoding 

cephalosporin resistance (EUVSEC2, Sensititre®, TREK Diagnostic LTD, Thermo 

Scientific, Grinstead, UK). 

http://www.eucast.org/
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8.2.3. Characterization of cephalosporin-resistant E. coli 

All E. coli isolates included in the study displayed cephalosporin resistance with an AmpC-

phenotype. In Paper I, all isolates were subjected to PCR (Pérez-Pérez and Hanson, 2002) 

and sequencing to determine the gene responsible for resistance. Isolates with a negative 

PCR result were further investigated for mutations in the promoter region of the 

chromosomal ampC gene (Agersø et al., 2012). Isolates collected in Paper II were subjected 

to real-time PCR with previously published primers and probe (Schmidt et al., 2015) for 

detection of blaCMY-2. Isolates included in Paper III had previously been characterized with 

respect to AmpC-encoding genes. Transconjugants obtained from conjugation experiments 

(Paper III and IV) were subjected to real-time PCR as described above to confirm transfer of 

plasmids carrying blaCMY-2. 

Isolates included in Paper III were subjected to thorough characterization. To obtain an 

overall classification of all isolates, they were subjected to phylotyping (Doumith et al., 

2012). For more discriminatory typing, pulsed-field gel electrophoresis (PFGE) with the 

XbaI restriction enzyme was performed (Ribot et al., 2006; Sunde et al., 2015). Isolates 

originating from retail meat that were non-typeable by PFGE (with XbaI) were subjected to 

multiple-locus variable number tandem repeat analysis (MLVA) including 10 loci (Løbersli 

et al., 2012). Finally, WGS was performed on 15 isolates using Illumina technology. WGS 

was conducted by BGI (BGI Tech solutions Co. Ltd., Hong Kong). Sequences were used to 

perform in silico typing using tools available online from Centre for Genomic 

Epidemiology, Technical University Denmark (www.genomicepidemiology.org). 

Furthermore, single nucleotide polymorphism (SNP) analysis was performed using CSI 

Phylogeny 1.1 (Kaas et al., 2014).  

8.2.4. Characterization of blaCMY-2 carrying plasmids 

To determine whether plasmids carrying blaCMY-2 were conjugative, all isolates included in 

Paper III were subjected to conjugation experiments in broth. E. coli DH5α (nalidixic acid 

resistant) was used as recipient strain for isolates that were quinolone susceptible, while E. 

coli One Shot
TM

 with pCRTM II vector encoding kanamycin resistance was used as 

recipient strain for isolates that were quinolone resistant. Transconjugants obtained from the 

conjugation experiments in Paper III were subjected to PCR- based replicon typing using 

the commercial PBRT-kit (Diatheva, Fano, Italy) to determine the replicon type of plasmids 

transferred to the recipient strain. 

http://www.genomicepidemiology.org/
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The nucleotide sequence of an IncK plasmid carrying blaCMY-2 (pNVI1292/IncK) was 

reconstructed from a WGS sequence (Paper III). Genes encoded on the plasmid sequence 

were annotated using a combination of RAST v. 4.0 (Aziz et al., 2008) and manual 

annotation in CLC Main Workbench (CLC bio, Qiagen, Aarhus, Denmark). 

In Paper IV, further investigations of the transferability of the IncK (pNVI1292/IncK) and 

IncI1 (pNVI2798/IncI1) plasmids with blaCMY-2 were performed. Selected E. coli and 

Serratia spp. were included as recipient strains. Conjugation experiments were performed 

by colony mating on agar plates, in broth, and in biofilm. For colony mating, one fresh 

colony of the donor strain was mixed with one fresh colony of the recipient strain on a 

tryptone soya agar (TSA) plate. Broth matings were prepared as described earlier (Sunde 

and Sørum, 2001). For the biofilm experiments, a biofilm of the recipient strain was 

prepared on steel coupons as previously described (Nesse et al., 2014). Thereafter, the steel 

coupons were washed and transferred to tubes containing overnight cultures of the donor 

strain (Król et al., 2011). All experiments in Paper IV were performed under various 

conditions mimicking those relevant for food processing units. 

8.3. Statistical methods 

Data management and statistical analysis of significance was performed in SAS Enterprise 

guide version 4.3 for Windows (Paper I) or version 6.1 (Paper II) (SAS Institute Inc., Cary, 

NC, USA). Multivariable logistic regression analysis was performed to create a model 

predicting risk factors (Paper II). The model was built in R i386 version 3.2.2 (R Foundation 

for Statistical Computing, Vienna, Austria) using the glm command in the lme4 library to 

model generalized linear models. The study unit was a broiler flock and the outcome 

variable was the status of the flock (i.e. cephalosporin-resistant E. coli present or absent). 

All potential risk factors were first tested for association to flock status (i.e. cephalosporin-

resistant E. coli present or absent) by univariable analysis. All independent variables with p 

≤ 0.20 were available for inclusion in the multivariable analysis. Association between 

variables available for inclusion in the multivariable model was investigated using the 

Pearson Chi-square test. The presence of a possible nested random effect of house within 

farm was also investigated. The final model was built using manual stepwise backward 

selection. 
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8.3.1. Study design 

The risk factor study (Paper II) was designed as a longitudinal study with broiler flock as 

the study unit. 
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9. Summary of papers 

9.1. Paper I. Emergence of AmpC-producing Escherichia coli in the broiler 

production chain in a country with a low antimicrobial usage profile 

Samples were collected from all levels of the Norwegian broiler production pyramid, 

including retail chicken meat (n=649), and analysed using a selective method for detection. 

Cephalosporin-resistant E. coli were detected at all levels of the pyramid, with the 

occurrence ranging from 8-43 %. The beta-lactam resistance profile displayed by all 

cephalosporin-resistant isolates was equivalent to an AmpC-phenotype. The majority of the 

isolates were found to harbour the blaCMY-2 gene, while a few isolates had up-regulated 

chromosomal ampC production. The use of antimicrobial agents in the Norwegian broiler 

production is minimal, and cephalosporins have never been used. Despite the lack of 

selection pressure from antimicrobial use, AmpC-producing E. coli were disseminated 

throughout the Norwegian broiler production pyramid. 

9.2. Paper II. Risk factors for occurrence of cephalosporin-resistant Escherichia coli 

in Norwegian broiler flocks 

A longitudinal study of broiler flocks affiliated to the largest broiler cooperative in Norway 

was performed to determine risk factors for occurrence of cephalosporin-resistant E. coli in 

Norwegian broiler flocks. Four risk factors were identified; positive status (i.e. 

cephalosporin-resistant E. coli present) of the previous broiler flock in the same house, three 

or more parent flocks supplying the broiler flock with day-old chickens, transport personnel 

occasionally entering the room where the broilers are raised, and irregular disinfection of 

floors in the broiler house between production cycles. The results indicated that 

implementation of a high level of biosecurity, including rigorous cleaning and disinfection 

routines, would be favourable in order to minimize the occurrence of cephalosporin-

resistant E. coli in Norwegian broiler flocks. 

9.3. Paper III. Plasmid and host strain characteristics of Escherichia coli resistant to 

extended-spectrum cephalosporins in the Norwegian broiler production  

E. coli isolates with pAmpC-production (n=232) were characterized and compared to 

investigate the possibility of successful clones and/or plasmids being present. All isolates 

were subjected to phylotyping, PFGE and conjugation experiments. PCR-based replicon 

typing was performed on transconjugants. Subsets of isolates were subjected to MLVA and 
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WGS, respectively. The nucleotide sequence of an IncK plasmid harbouring blaCMY-2 was 

determined. The genetic diversity was higher in isolates originating from broiler intestines 

than among isolates originating from retail chicken meat. Two clusters of isolates belonging 

to ST38 and ST1158, respectively, were detected. Isolates in both clusters grouped into 

phylotype D and harboured IncK plasmids with blaCMY-2. Genes encoding plasmid stability 

systems were present within the IncK nucleotide sequence. SNP analysis revealed few 

differences between isolates within the same ST. Also, highly similar IncK plasmids were 

present in both ST38 and ST1158 isolates. Both clonal expansion and horizontal transfer of 

plasmids have contributed to the dissemination of pAmpC-producing E. coli in the 

Norwegian broiler production. Also, high homology was detected between the IncK plasmid 

originating from Norwegian retail chicken meat and an IncK plasmid originating from 

Dutch retail meat, indicating that a this plasmid could be widespread within the European 

broiler production. 

9.4. Paper IV. Transfer potential of plasmids encoding extended-spectrum 

cephalosporin resistance in Escherichia coli from poultry into different 

Enterobacteriaceae under various conditions 

Two E. coli donors (isolated from retail chicken meat) harbouring an IncK 

(pNVI1292/IncK) and an IncI1 (pNVI2798/IncI1) plasmid, respectively, were subjected to 

conjugation experiments with E. coli and Serratia spp. recipients. The recipients originated 

from retail chicken meat, broiler intestines or food processing units. Colony mating on agar, 

broth mating and conjugation experiments in biofilm was performed at different 

temperatures to investigate the ability of the plasmids to self-transfer under different 

conditions. Plasmid transfer was observed using all three methods. Both the 

pNVI1292/IncK and the pNVI2798/IncI1 plasmids were able to self-transfer to the E. coli 

recipient. Furthermore, pNVI1292/IncK transferred to Serratia marcescens recipients. 

Interestingly, S. marcescens could act as a secondary donor of pNVI1292/IncK, and it was 

further transferred to E. coli and S. proteamaculans recipients. Transfer of plasmids was 

observed in conditions sub-optimal for bacterial growth, indicating a large potential for 

horizontal transfer of IncK and IncI1 plasmids. Both Serratia spp. and bacteria in biofilms 

have been shown to have an increased ability to survive disinfection. The ability of the 

plasmids to self-transfer to Serratia spp. and to hosts with good biofilm forming ability, 

together with the potential of transconjugants to act as secondary donors, could contribute to 

the maintenance of these plasmids throughout the food chain. 
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10. Discussion 

10.1. Material and methodological considerations 

10.1.1. Materials and methods applied in the laboratory 

Bacterial isolates 

All E. coli isolates included in Papers I, III and IV originated from the in-house strain 

collection at the NVI and were collected from grandparent animals, parent animals, broiler 

chickens and retail chicken meat between 2011 and 2014. The majority of isolates 

originated from the NORM-VET programme. In NORM-VET, samples are collected using 

defined sampling schemes and are thus considered as a representative selection of the actual 

population of E. coli at the different levels of the Norwegian broiler production pyramid. 

Some isolates included in Paper I (parent flocks and one grandparent flock sampled in 2011) 

originated from a small study performed by the largest broiler cooperative in Norway 

(Nortura SA) and a small study on imported breeding animals performed at the NVI. Recent 

results from the broiler industry’s action plan against cephalosporin-resistant bacteria have 

shown that the occurrence varies between the different broiler cooperatives (Animalia, 

2015, 2016). Therefore, over-representation of samples from the company with the lowest 

occurrence in Paper I and Paper II may have biased the results to some degree.  

Detection of cephalosporin-resistant E. coli  

All cephalosporin-resistant E. coli included in the present study were detected using a 

selective method as described in section 8.2.1. Some isolates were detected using a single 

selection step, while others were detected using double selection. Double selection is 

recommended by the European Food Safety Authority (EFSA) in order to achieve optimal 

sensitivity for detection of cephalosporin-resistant E. coli (EFSA, 2011). It is assumed that 

the sensitivity for the detection method using double selection is higher than 95% (Wasyl et 

al., 2010). For isolates collected in Paper II, both methods were performed in parallel 

(unpublished data). Following use of a single selection step, the occurrence of pAmpC-

producing E. coli was lower in both parent and broiler flocks than when double selection 

was used (8.6 % vs 13.8 % and 13.9 % vs 22.5 %, respectively) (Paper II and unpublished 

data). It is important to bear in mind that the use of different methods for detection means 

that direct comparison of occurrence of cephalosporin-resistant E. coli in the various studies 

is not possible.  
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Characterization of cephalosporin-resistant E. coli 

Phylotyping was performed to roughly classify isolates included in Paper III. The protocol 

suggested by Doumith et al. (2012) was used, although an updated protocol including more 

phylotypes (A, B1, B2, C, D, E, F and clade I-V) (Clermont et al., 2013) than the one used 

(A, B1, B2 and D) has been published. All isolates were subjected to further typing by 

PFGE, and a subset subjected to MLVA and WGS. Therefore, the additional discrimination 

provided by the updated phylotyping protocol provided by Clermont et al. (2013) would 

have been of limited value. Also, use of the already established protocol enabled 

comparison with reports from other countries using the same method. 

PFGE is considered the “golden standard” molecular typing method for several bacterial 

species, and is known to have good reproducibility and discriminatory power (Tenover et 

al., 1997; Olive and Bean, 1999). However, the banding pattern of DNA fragments 

produced after cutting with a restriction enzyme does not provide information of the genetic 

content of each band. Thus, it is not possible to conclude that isolates are genetically 

identical (Tenover et al., 1997), only that their banding patterns are indistinguishable or 

highly similar, and that the isolates are probably closely related (Tenover et al., 1995; 

Tenover et al., 1997). A single genetic event can cause up to three differences in banding 

patterns between two isolates (Olive and Bean, 1999), which must be taken into 

consideration when interpreting the results. A set of criteria for interpretation of PFGE 

banding patterns of epidemiologically linked isolates have been proposed. However, these 

criteria should be applied with caution if the isolates investigated are not epidemiologically 

related (Tenover et al., 1995). Although PFGE does not provide the same level of 

discrimination as WGS, it is known to be highly associated with the epidemiological 

relatedness between strains (CDC, 2016). Also, the banding patterns are relatively easy to 

interpret using software such as BioNumerics (Applies Maths, Sint-Martens-Latem, 

Belgium). The PFGE method for E. coli was already established in our laboratory, and the 

software for interpretation of banding patterns was available. Therefore, PFGE was chosen 

as the main method for comparison of cephalosporin-resistant E. coli in Paper III.    

Some isolates were non-typeable by PFGE. This could be due to degradation of DNA in the 

agarose plugs. Such degradation can be prevented by the use of thiourea in the 

electrophoresis buffer (Silbert et al., 2003). It has also been suggested that methylation of 

sites targeted by the restriction enzyme prevents enzymatic cutting of the DNA strand (Sales 
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et al., 2007), resulting in discrepancies in PFGE banding patterns. It is, however, considered 

unlikely that such methylation would have occurred at all restriction sites on the genome. A 

possible solution to work around the problem of methylation could be to use another 

restriction enzyme targeting different restriction sites. Instead of performing modified PFGE 

methods using the highly mutagenic thiourea, or another restriction enzyme than XbaI, 

MLVA was performed on a selection of PFGE non-typeable isolates in order to identify 

whether they were closely related or genetically diverse. This was done because the method 

using thiourea in the PFGE electrophoresis buffer or another restriction enzyme was not 

established in our laboratory, while MLVA was well established.  

MLVA has been proposed as a typing method which can be a fast and easy alternative to 

PFGE, and that might replace PFGE as the method of choice for genotyping of E. coli 

(Løbersli et al., 2012). By using MLVA, isolates that were non-typeable by PFGE could be 

genotyped. This has also been previously reported, although PFGE was shown to be 

somewhat more discriminatory (Christiansson et al., 2011).  

WGS has been proposed as a good alternative for surveillance and typing of E. coli (Zankari 

et al., 2013; Joensen et al., 2014). Data provided by WGS and standardized phenotypic 

methods for surveillance of antimicrobial resistance (Zankari et al., 2012) as well as typing 

and outbreak detection of E. coli (Joensen et al., 2014) have a high compliance. 

Furthermore, WGS provides a rapid and cost-effective typing method compared to the many 

phenotypic methods that are often needed in order to achieve sufficient discrimination 

between strains (Joensen et al., 2014). WGS data would have provided a substantial amount 

of information regarding each strain, and thus a more reliable assumption regarding the 

genetic similarity between included strains would be available. In retrospect, WGS would 

most likely have been used extensively in Paper III if the study started at a later time point. 

Recently, several online tools for in silico typing of WGS data have been made available by 

the Centre for Genomic Epidemiology at the Technical University of Denmark 

(www.genomicepidemiology.org) and other institutions. For in silico detection of 

antimicrobial resistance genes, several online databases exist (Zankari et al., 2012; 

McArthur et al., 2013; Gupta et al., 2014). The availability of these online tools simplifies 

the typing of sequenced isolates. At the time the study started, the knowledge and skills on 

handling and assembling raw WGS data were limited at the NVI. Also, the price of WGS 

was higher and the quality of the sequences was not as good as they are today, possibly 

http://www.genomicepidemiology.org/
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complicating assembly and subsequent sequence analysis. Therefore, only a limited number 

of strains were subjected to WGS in Paper III (n=15).  

Conjugation experiments 

Conjugation experiments in broth were performed in order to evaluate the self-

transmissibility of blaCMY-2 carrying plasmids. Two different recipient strains were used, 

depending on the resistance phenotype of the donor isolate. Sampling of the matings was 

done after four, six and/or 24 hours (Paper III). The majority of the blaCMY-2 carrying 

plasmids were self-transmissible. However, some isolates grouping in the main cluster after 

PFGE analysis, seemed to carry non-transferrable plasmids. This could be erroneous, as 

isolates grouping closely together in the PFGE analysis are considered to be closely related, 

and thus are expected to contain the same plasmids. The possible false classification of 

some of these plasmids as non-transmissible might be due to a low transfer frequency, 

causing the number of transconjugants to be under the detection limit for the method used. It 

is also possible that the method is not optimal, and that the time of mating should be longer, 

or the ratio between donor and recipient strain in the initial mating should be different. 

Another possible explanation could be that non-transferable plasmids had acquired 

insertions or other modifications in the nucleotide sequence encoding important proteins 

involved in the transfer process. This could lead to a non-functional transfer region, leaving 

the plasmids unable to self-transfer by conjugation into novel hosts (Hansen et al., 2016).  

Further conjugation experiments were performed in biofilm. Briefly, a biofilm of the 

recipient strain was established on a coupon of stainless steel (Nesse et al., 2014). 

Subsequently, the steel coupon was transferred to a tube with a culture of the donor strain.  

The method used was derived from that described by Król et al. (2011). However, on the 

basis of this method, transmission of the plasmid in the broth in which the steel coupon was 

submerged could not be excluded. Possibly, recipient cells from the biofilm could have 

detached, entered the broth, received the plasmid from donor cells in the broth and 

subsequently re-attached to the biofilm. Thus, we cannot be sure that the transmission of the 

plasmid actually occurred in the biofilm. Use of antimicrobial supplement in the broth could 

have minimized the probability of this occurring, as the recipient strain would have been 

killed if entering the broth (Solheim et al., 2013). Broth- and colony matings were run in 

parallel with the biofilm experiments. Transconjugants were generally detected earlier in 

broth matings. This could indicate that the conjugation actually occurred in the biofilm, as it 



55 
 

is expected to occur at an earlier time-point in broth. However, it is also possible that the 

time lag is due to the need for recipients to detach from the biofilm and enter the broth 

before conjugation can occur, and then re-attaching to the biofilm before they can be 

detected. On the other hand, it has been suggested that biofilms are hot-spots for conjugative 

transfer of plasmids (Jefferson, 2004; Sørensen et al., 2005), and conjugative transfer of 

plasmids in biofilm has been reported previously (Król et al., 2011; Król et al., 2013). 

Therefore, it is tempting to conclude that the conjugative transfer of plasmids in biofilm 

observed in Paper IV is genuine.  

No plasmid transfer was observed at 12
o
C in our experiments. This could have been due to a 

low growth rate of the bacteria or a low number of bacteria in the experiments performed at 

this temperature. However, self-transfer of plasmids at temperatures down to 8
o
C have been 

observed previously (Fernandez-Astorga et al., 1992). Thus, it is possible that horizontal 

transfer might have occurred in our experiments as well, but at a rate too low to be detected 

by the methods used. Therefore, we cannot exclude the possibility that pNVI1292/IncK and 

pNVI2798/IncI1 can self-transfer at low temperatures relevant for food processing. 

Sampling the biofilms to investigate whether conjugation had occurred included harvesting 

the whole biofilm. The steel coupon was rinsed with peptone water to remove unattached 

cells. In some cases, this led to loosening of large parts of the biofilm. Possibly, this might 

have led to errors when counting the number of donors, recipients and transconjugants in the 

samples. 

To estimate the transfer frequencies of plasmids from donor to recipients in the biofilm, the 

transconjugant/recipient (T/R) ratio was calculated based on plating on different selective 

agar plates, and counting the number of donors, recipients and transconjugants in the 

sample. A drawback of this method is that we are not able to determine if all 

transconjugants had received the plasmid from a donor, if a few transconjugants expanded 

in the biofilm (Sørensen et al., 2005), or if transconjugant strains acted as plasmid donors 

themselves. Therefore, we cannot be certain that the transfer frequencies calculated are 

accurate. 
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10.1.2. Materials and methods used in the epidemiological study 

Study design 

In Paper II, a longitudinal study was performed in order to identify possible risk factors for 

occurrence of cephalosporin-resistant E. coli in broiler flocks. This study design was chosen 

because the status of the flocks was unknown, and we wanted to include flocks with a 

variety of possible exposures of interest for the analysis. The study population was selected 

from a defined geographic area. This can minimize the risk of unmeasured confounding, as 

the study population will have numerous characteristics in common, e.g. climatic factors 

(Dohoo et al., 2010a). A multivariable logistic regression analysis was performed in order to 

determine the association between the status of a broiler flock (i.e. cephalosporin-resistant 

E. coli present or absent) and a variety of possible risk factors. The favourable situation 

regarding occurrence of cephalosporin-resistant E. coli in the Norwegian broiler production 

enabled us to include both positive and negative flocks, which facilitated the identification 

of risk factors. 

Selection bias 

The target population was broiler producers in Norway and the source population was 

broiler producers in Hedmark county affiliated to a single hatchery, namely Nortura 

Samvirkekylling. From the source population, 62 broiler producers were randomly selected 

and invited to participate in the study. The final study group consisted of 29 broiler 

producers.  

The source population was selected due to cooperation with Nortura SA in the current 

project. This cooperation enabled acquisition of data regarding ancestry of parent- and 

broiler flocks included in the study, status (i.e. presence or absence of cephalosporin-

resistant E. coli) of grandparent flocks supplying parent flocks included in the study, 

slaughter age, slaughter date, and flock size of sampled broiler flocks.   

Only a single broiler hybrid, namely Ross 308, was represented at the farms included in the 

study. As both hybrid and hatchery of origin have been identified as risk factors for 

occurrence of cephalosporin-resistant E. coli in a previous study (Persoons et al., 2011), it 

cannot be excluded that these factors might be of importance in Norway as well. 
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Non-response bias 

The response rate of included broiler producers in Paper II was somewhat low (46.8 %) in 

spite of repeated reminders. It is possible that producers with a higher interest in AMR and 

higher levels of caring for their animals were more prone to respond than producers with a 

lower interest for participating in the study. It has been suggested that non-response can be 

an indication of management differences relating to the outcome (Dohoo et al., 2010b). This 

should be kept in mind when interpreting the results from Paper II, as it might have led to an 

under-estimation of the effect of infrequent disinfection of floors and transport personnel 

entering the house. Furthermore, not all flocks housed at individual farms included in the 

study were sampled. This, together with the low response rate led to the sample size being 

smaller than expected. The small sample size might have increased the relative impact of the 

random error (Dohoo, 2014). 

Information bias 

An online questionnaire distributed per e-mail to selected broiler producers was the main 

data source in Paper II. The questionnaire was based on one previously used to collect 

information regarding possible risk factors for campylobacteriosis in Norwegian broiler 

farms (Lyngstad et al., 2008), and was prepared in close collaboration with a representative 

from Nortura SA. Furthermore, it was pilot tested by consultants working with Norwegian 

broiler farmers to minimize the risk of information bias. However, the possibility of 

producers misinterpreting questions and/or ticking wrong boxes when answering the 

questionnaire cannot be ruled out. The included producers replied to the questionnaire prior 

to the start of sample collection, and samples from their respective broiler flocks were 

collected during the course of a year. Therefore, it is possible that some of the answers 

given in the questionnaire regarding e.g. some management factors might have changed 

during the course of the study. It is difficult to predict the direction of any possible bias 

resulting from this. Furthermore, it is possible that factors not considered for inclusion in the 

questionnaire can represent true risk factors that were impossible to detect in this study. 

Some samples received in the laboratory were not marked with a sampling date or age of the 

flock at sampling. Thus, information bias regarding flock age at sampling can be present. 

This was handled by assigning the mean age at sampling for all included flocks to the flocks 

where the information was lacking.  
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Information regarding ancestry for parent and broiler flocks, slaughter age and slaughter 

date for broiler flocks, and status of grandparent flocks supplying the included parent flocks 

was provided by Nortura SA. Errors in their databases cannot be excluded, but are 

considered highly unlikely. 

Semi-quantitative studies done on caecal content from Norwegian broilers have shown that 

only a small fraction of E. coli present in the caeca displays cephalosporin resistance 

(NORM/NORM-VET, 2015). Thus, a detection method with high sensitivity is required. 

EFSA recommends the use of double selection, i.e. selective enrichment in broth 

supplemented with cephalosporins before plating out on agar supplemented with 

cephalosporins (EFSA, 2011). It is assumed that the method used in Paper II has 100 % 

specificity, and a conservative estimate for the sensitivity is 95 % (Wasyl et al., 2010). 

Therefore, the possibility of some flocks being misclassified as negative although 

cephalosporin-resistant E. coli are in fact present (false negatives) cannot be excluded. It is 

possible that this could have influenced the results in the multivariable logistic regression 

model. However, if the true prevalence is calculated based on the assumption of 95 % 

sensitivity, a minimal change is observed from 13.8 % to 14.5 % in parent flocks and 22.5 

% to 23.7 % in broiler flocks. It is therefore assumed that this possible misclassification of 

outcome would not have significant influence on the output of the model presented in Paper 

II.   

Another factor that could possibly influence the probability of correct classification is the 

sampling method. Sampling was performed by each producer, and they were instructed to 

follow the same sampling method as applied in the Norwegian Salmonella spp. control 

programme (http://www.vetinst.no/eng/Surveillance-programmes/Salmonella). It is not 

possible to know how thoroughly the sampling was performed. However, both parent- and 

broiler producers are used to collecting samples from their flocks for the monitoring 

programme on Salmonella spp. The sampling method using boot swabs may have 

influenced the probability of detecting cephalosporin-resistant E. coli if they were in fact 

present in the flock. Possibly, other methods, such as direct sampling of a defined number of 

animals in the flock, sampling of caeca at slaughter, or using more than one pair of boot 

swabs per sampling might be more sensitive. The use of boot swabs is cheap and easy to 

perform, and was therefore chosen as the method for sample collection in Paper II.  

  

http://www.vetinst.no/eng/Surveillance-programmes/Salmonella


59 
 

Confounding 

A confounding factor is associated with both a variable of interest and the outcome, and 

might therefore influence the association between these two (Vittinghoff et al., 2012a, b). In 

the analysis performed in Paper II, confounders were controlled for by offering all non-

significant variables one-by-one in the final model. If a confounding factor was present, a 

large change in the model estimates would be expected (Vittinghoff et al., 2012a). The 

possible presence of confounding factors associated with the farm and broiler house were 

controlled for by including a nested random effect of house within farm in the analysis. 

Confounding factors explained by such random effects could include the managerial ability 

of the farmer or similar factors that are difficult to measure (Dohoo, 2014). The nested 

random effect of house within farm was not significant. Although no confounding factors 

were detected, the presence of confounders not adjusted for cannot be excluded.  

External validity 

The main focus of this study was to determine the occurrence of and characterize 

cephalosporin-resistant E. coli in the Norwegian broiler production pyramid. Also, risk 

factors for occurrence of cephalosporin-resistant E. coli were identified. The use of 

antimicrobial agents to food-producing animals is generally higher in other European 

countries compared to Norway (Grave et al., 2014). Furthermore, the size of the broiler 

production industry is larger in many other European countries (Marquer et al., 2015). 

Therefore, the results presented in this thesis are probably not directly valid for countries 

where a different situation regarding antimicrobial use and occurrence of cephalosporin-

resistant E. coli is seen.  

For countries such as Iceland, Sweden and Denmark, where a situation similar to that in 

Norway has been reported (DANMAP, 2011; SVARM, 2011; Agersø et al., 2012; 

DANMAP, 2012; SVARM, 2012; Börjesson et al., 2013b; Börjesson et al., 2013c; 

SWEDRES/SVARM, 2013; Agersø et al., 2014; DANMAP, 2014; SWEDRES/SVARM, 

2014; MAST, 2015), the results from this study might be partly valid.  

Recent investigations have shown that the situation regarding the occurrence of 

cephalosporin-resistant E. coli in the broiler production pyramid differs between different 

hatcheries and geographical locations in Norway (Animalia, 2015, 2016). Therefore, it is 

possible that the risk factors identified in the longitudinal study presented in Paper II are not 
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directly applicable to the entire Norwegian broiler production. However, the Norwegian 

broiler production is quite uniform, and it is assumed that the same risk factors may apply 

for the whole country, only with different estimates of the effect. Also, other additional risk 

factors for occurrence of cephalosporin-resistant E. coli in broiler flocks might be present in 

other parts of Norway. The risk factors identified in Paper II might also be extrapolated to 

populations in other countries that are similar to Norway and with similar exposure to 

antimicrobials. Furthermore, high levels of biosecurity, including rigorous cleaning and 

disinfection routines will probably generally be advantageous when attempting to combat 

cephalosporin-resistant E. coli in the broiler production.   

The genetic characteristics of pAmpC-producing E. coli reported in Paper III might to some 

degree be representative for the corresponding bacterial population in Sweden and 

Denmark, but a more heterogeneous population has been reported from other countries 

(Smet et al., 2008; Bortolaia et al., 2010; Cortés et al., 2010; Dierikx et al., 2010; 

Overdevest et al., 2011; Egea et al., 2012; Ewers et al., 2012; Belmar Campos et al., 2014; 

Huijbers et al., 2014; Vogt et al., 2014; Day et al., 2016). However, E. coli with blaCMY-2 on 

IncK or IncI1 plasmids with blaCMY-2 are widespread in the European broiler production 

(Dierikx et al., 2010; Börjesson et al., 2013b; Börjesson et al., 2013c; Voets et al., 2013; 

Agersø et al., 2014; Egervärn et al., 2014; Börjesson et al., 2016). Also, ST38, which was a 

common ST for pAmpC-producing E. coli in Norwegian broilers and retail chicken meat 

(Paper III),  has also been reported from other countries (Börjesson et al., 2013b; Dierikx et 

al., 2013a; Voets et al., 2013; Agersø et al., 2014). Furthermore, a high similarity of both 

IncK and IncI1 plasmids originating from the Netherlands (Voets et al., 2013; de Been et al., 

2014; Smith et al., 2015) with IncK and IncI1 plasmids originating from E. coli in 

Norwegian retail chicken meat has been found (Papers III-IV and unpublished data). Thus, 

the results from the characterization of host strains and plasmids might, in part, be 

extrapolated to other European counties. It is important to keep in mind that chicken meat 

samples described in this study were collected from fresh fillets at retail. Knowledge on how 

packaging in modified atmosphere and the subsequent storage at low temperatures influence 

the E. coli flora on the meat is scarce. Possibly, the dominating E. coli ST38 and ST1158 

with their IncK plasmids (Paper III) can have an advantage in this environment, but this 

remains to be determined. If samples from chicken meat had been collected in a different 

manner, for example from whole carcases at abattoirs, the composition of the E. coli flora 

could possibly be different from that described in this study.  
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10.2 Results and general discussion 

10.2.1. Occurrence of cephalosporin-resistant E. coli in the Norwegian broiler 

production 

By the use of a selective detection method, cephalosporin-resistant E. coli were identified at 

all levels of the Norwegian broiler production pyramid in Paper I. All isolates displayed an 

AmpC-phenotype. The occurrence ranged from 8-43 % with the highest levels found in 

broiler flocks, closely followed by retail chicken meat. In Paper II, the occurrence of 

pAmpC-producing E. coli in selected parent- and broiler flocks affiliated to Nortura 

Samvirkekylling was estimated. The occurrence was found to be 13.8 % and 22.2 % in 

parent- and broiler flocks, respectively. However, a more sensitive method using double 

selection was used for analysis of these samples. In parallel, the method with only a single 

selection step was also applied (direct plating on MacConkey agar supplemented with 

cephalosporin). When a single selection step was used, the occurrence of pAmpC-producing 

E. coli was 8.6 % in parent flocks and 13.9 % in broiler flocks (unpublished data). These 

results show that the occurrence of pAmpC-producing E. coli in parent flocks decreased 

significantly from 2011 to 2012 (p < 0.05), and has remained at a stable relatively low level 

until 2014 (Paper I and unpublished data). For broilers, a significant decrease was seen from 

43 % in 2011 (Paper I) to 13.9 % in 2014-2015 (p < 0.05) (unpublished data). For retail 

chicken meat, a relatively stable occurrence was seen from 32 % in 2012 (Paper I) to 28.9 % 

in 2014 (NORM/NORM-VET, 2015). The same method for sampling and detection of 

cephalosporin-resistant E. coli was applied for broilers and retail chicken meat, respectively, 

sampled in different years, enabling direct comparison of the results.  

In the NORM-VET programme, the selective method for detection of cephalosporin-

resistant E. coli was performed in parallel to a non-selective method for detection of 

indicator E. coli from the same samples (NORM/NORM-VET, 2012, 2013). When the non-

selective method was applied, only 0.5-1.0 % of the indicator E. coli isolates displayed 

cephalosporin-resistance (NORM/NORM-VET, 2012, 2013). In 2014, a semi-quantitative 

method was also applied (NORM/NORM-VET, 2015). The results showed that in the 

majority of broiler flocks tested, a very low level of the total E. coli population in the caeca 

displayed cephalosporin resistance. In addition, less than 0.2 cfu/g cephalosporin-resistant 

E. coli were detected in the vast majority of positive retail meat samples (NORM/NORM-

VET, 2015). This indicated that in general, the quantity of cephalosporin-resistant E. coli 

relative to the total number of E. coli in positive broiler flocks and meat samples was low. 
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Also, the difference in occurrences revealed by the use of the two different selective 

detection methods (single- and double selection step, respectively), support this theory. The 

within-flock occurrence of cephalosporin-resistant E. coli in Norwegian broiler flocks has 

so far not been assessed.  

Interestingly, all cephalosporin-resistant E. coli included and collected in this study had a 

beta-lactam resistance profile with an AmpC-phenotype, displaying cefoxitin resistance and 

cloxacillin synergy. A limited number of isolates were found to have mutations in the 

promoter region of the chromosomal ampC gene, resulting in increased expression (Paper 

I). The remaining isolates displayed pAmpC-production, mediated by the blaCMY-2 gene 

(Papers I-III), which has also been frequently associated with the broiler production in 

Europe (Ewers et al., 2012; Börjesson et al., 2013b; Börjesson et al., 2013c; Dierikx et al., 

2013a; Dierikx et al., 2013b; Agersø et al., 2014). However, a much more heterogeneous 

combination of cephalosporin resistance genes, also including genes from the CTX-M, SHV 

and TEM classes of beta-lactamases, are found in the broiler production in several European 

countries (Smet et al., 2008; Bortolaia et al., 2010; Cortés et al., 2010; Dierikx et al., 2010; 

Overdevest et al., 2011; Egea et al., 2012; Ewers et al., 2012; Agersø et al., 2014; Belmar 

Campos et al., 2014; Huijbers et al., 2014; Vogt et al., 2014; Day et al., 2016).  

10.2.2. Risk factors for occurrence of cephalosporin-resistant E. coli in Norwegian 

broilers 

In order to give scientifically based advice regarding preventive measures against 

cephalosporin-resistant E. coli in Norwegian broiler flocks, a study aimed at identifying risk 

factors for occurrence was performed (Paper II). Several risk factors had already been 

reported from a Belgian study (Persoons et al., 2011), but the results could not be directly 

extrapolated to the Norwegian situation. This was due to considerable differences in the 

Norwegian and Belgian broiler production with regard to antimicrobial use, size of the 

farms, and the size of the flocks and the production (Persoons et al., 2012; Dewulf et al., 

2013). 

Four risk factors were identified. At the flock level, a positive status (i.e. cephalosporin-

resistant E. coli present) of the previous broiler flock in the same house and three or more 

parent flocks supplying day-old chickens to the broiler flock were associated with an 

increased risk of occurrence of cephalosporin-resistant E. coli. At the house level, not 

disinfecting the floors between each production cycle, and transport personnel occasionally 
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entering the broiler house was associated with increased risk of a positive broiler flock. A 

positive status of the previous flock was identified as the most important risk factor (odds 

ratio [OR]=12.7). This was interpreted as an indication that recirculation of cephalosporin-

resistant E. coli can occur between consecutive flocks in the same house. Also, the fact that 

houses in which disinfection of floors was performed between each production cycle had a 

lower occurrence of cephalosporin-resistant E. coli (OR=0.1), supported this theory. 

Survival and recirculation of cephalosporin-resistant E. coli in broiler houses between 

production cycles has also been suggested by others (Hiroi et al., 2012a; Dierikx et al., 

2013a; Laube et al., 2013; Agersø et al., 2014; Nilsson et al., 2014). Furthermore, transport 

personnel occasionally entering the room where the broilers are raised represented a 

significant increase in the odds of a flock being positive (OR=9.3). This variable was 

closely associated with the variable describing number of people visiting the broiler house 

during a production cycle. Thus, it seems that this variable explains an increased risk of 

cross-contamination from surrounding areas, hatcheries and/or other broiler holdings when 

the number of people entering the broiler house increases. Although no statistical 

association between the status of the supplying parent flocks and the status of the broiler 

flocks receiving day-old chickens from these parent flocks was identified, a significant 

increase in the odds of being positive was detected by increasing number of parent flocks 

(three or more) supplying the broiler flock (OR=6.3). It cannot be excluded that some of the 

parent flocks might have been positive even though no cephalosporin-resistant E. coli were 

detected by the method used. Therefore, it is possible that when several parent flocks with a 

undetectable positive status supply a broiler flock with day-old chickens, the burden of 

cephalosporin-resistant E. coli accumulates, resulting in a positive broiler flock. 

Overall, it seems that the first introduction of cephalosporin-resistant E. coli into the 

Norwegian broiler production pyramid was through import of breeding animals 

(NORM/NORM-VET, 2007; Sunde et al., 2009). However, as the import of breeding 

animals positive for cephalosporin-resistant E. coli is currently minimal (Animalia, 2015, 

2016) local recirculation on farms seems to play a more significant role at present (Paper II). 

Also, the results indicate that a high level of biosecurity including rigorous cleaning and 

disinfection routines between production cycles will contribute to preventing occurrence of 

cephalosporin-resistant E. coli in Norwegian broiler flocks. 
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10.2.3. Characterization of cephalosporin-resistant E. coli 

Characterization of pAmpC-producing E. coli  

In Paper III, all included isolates (n=232) were characterized by phylotyping and PFGE. 

Furthermore, isolates originating from meat that were non-typeable by PFGE (n=20) were 

subjected to MLVA. Also, 15 isolates were thoroughly characterized by the use of WGS. 

The isolates characterized in Paper III included all pAmpC-producing E. coli detected in 

samples from broilers in 2011 and retail meat in 2012 and 2014 collected within the frame 

of the NORM-VET programme, and are considered to represent an estimate of the true 

situation in Norway.  

Isolates originating from broilers were more heterogeneous with respect to both phylotype 

and PFGE banding patterns. A large PFGE cluster consisting of 69 isolates (≥ 80 % 

similarity of banding patterns), including 20 isolates from broilers and 49 isolates from meat 

was identified. Within this cluster, 25 isolates with identical PFGE profiles (≥ 97 % 

similarity of banding patterns) were detected. Isolates from both broilers (n=4) and meat 

(n=21) were included. Of the isolates subjected to MLVA, 15 isolates from 2014 displayed 

highly similar MLVA-profiles, indicating a close genetic relationship. Of the 15 isolates 

subjected to WGS, five grouped in the main PFGE cluster, 5 grouped right outside the main 

PFGE cluster, and five isolates were non-typeable by PFGE, but displayed highly similar 

MLVA profiles. Analysis of the WGS data in silico (www.genomicepidemiology.org) 

revealed that the ten isolates sharing similar PFGE banding patterns belonged to ST38 and 

serotype O7:H18. Isolates with highly similar MLVA profiles belonged to ST1158 and 

serotype O17/77:H34. When analysing the number of SNPs between isolates subjected to 

WGS (Kaas et al., 2014), few SNP differences were identified between isolates with highly 

similar PFGE banding patterns and between isolates with highly similar MLVA profiles. 

Also, isolates originating from different sources (i.e. broiler intestine and retail meat) 

showed few SNP differences, as did isolates collected in different years. Together, these 

results suggest that clonal dissemination of ST38 and ST1158 has occurred in the 

Norwegian broiler production. E. coli ST38 with pAmpC production has also been reported 

from broilers and retail chicken meat in other European countries (Börjesson et al., 2013b; 

Dierikx et al., 2013a; Voets et al., 2013; Agersø et al., 2014; Vogt et al., 2014; Hansen et al., 

2016). Therefore, it is tempting to suggest that clonal dissemination of a successful E. coli 

ST38 clone with pAmpC-production has occurred across the European broiler production.  

http://www.genomicepidemiology.org/
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Characterization of plasmids harbouring blaCMY-2 

Conjugation experiments and replicon typing was performed on all pAmpC-producing 

isolates included in Paper III. In addition, the nucleotide sequence of an IncK plasmid 

associated with E. coli ST38 was determined.  

The vast majority of plasmids associated with blaCMY-2 were conjugative. In isolates 

originating from broilers, an equal distribution of IncK and IncI1 plasmids was seen. In 

isolates originating from retail chicken meat, however, IncK plasmids were largely 

predominant. Determination of the nucleotide sequence of an IncK plasmid, 

pNVI1292/IncK (accession number KU312044) and annotation of its encoded genes, 

revealed the presence of two plasmid stability systems, namely relBE/stbDE and pndAC 

(Paper III). These systems were also identified in an IncI1 plasmid (pNVI2798/IncI1) 

originating from retail chicken meat (unpublished data). Plasmid stability systems provide a 

fitness advantage for bacteria carrying the plasmid. This is due to post-segregational killing 

of plasmid-free daughter cells, and also by elimination of incompatible plasmids from the 

bacteria during replication (Unterholzner et al., 2013). The presence of these plasmid 

stability systems might provide some part of the explanation of how pAmpC-producing E. 

coli are maintained in the Norwegian broiler production despite the minimal use of 

antimicrobials. 

Analysis of IncK plasmids using CSI Phylogeny (Kaas et al., 2014) with the nucleotide 

sequence of pNVI1292/IncK as a reference, revealed the presence of highly similar 

plasmids in all E. coli isolates subjected to WGS, including both ST38 and ST1158 isolates. 

Also, close homology to an IncK plasmid isolated from retail chicken meat in the 

Netherlands in 2010 (Paper III),  and to IncK plasmids isolated from parent animals and 

broilers in Denmark, and retail meat both produced in and imported to Denmark during 

2009-2011 (Hansen et al., 2016) was observed. SNP analyses using the nucleotide sequence 

of two different IncI1 plasmids, originating from poultry sampled in the Netherlands in 

2007 and 2008 (Smith et al., 2015) as reference, showed close homology between IncI1 

plasmids from the Netherlands and pNVI2798/IncI1 from Norway (Paper IV and 

unpublished data). Thus, there are indications that several successful, possibly endemic, 

plasmids carrying blaCMY-2 are disseminated across the European broiler production. In 

addition, the findings suggest that highly similar IncI1 (isolated from 2007-2012) and IncK 
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plasmids (isolated from 2009-2014) associated with blaCMY-2 have circulated within the 

European broiler production for several years (Figure 11). 

 

Figure 11. Map showing European countries where highly similar IncK and/or IncI1 plasmids carrying 

blaCMY-2 originating from the broiler production have been identified. Illustration: S. S. Mo. 

The pNVI1292/IncK and pNVI2798/IncI1 plasmids were further subjected to conjugation 

experiments using E. coli (indicator E. coli from broiler intestine) and Serratia spp. 

(originating from retail chicken meat and disinfecting footbaths) as recipients in Paper IV. 

In order to investigate the transferability of these two plasmids in conditions relevant for the 

broiler production, conjugation experiments were performed at different temperatures and 

under both planktonic and biofilm modes of growth. Plasmid transfer was observed using 

colony mating on agar, broth mating and in biofilm at 25
o
C, 30

o
C (matings including 

Serratia spp.) and 37
o
C (matings including E. coli only). The pNVI2798/IncI1 plasmid was 

transferred to the E. coli recipient, but no transfer was observed when S. marcescens was 

used as recipient. The pNVI1292/IncK plasmid on the other hand was transferred to both E. 
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coli and S. marcescens recipients. Furthermore, the S. marcescens transconjugant could 

transfer the pNVI1292/IncK plasmid on to both E. coli and S. proteamaculans recipients. 

Transfer of pNVI1292/IncK, and pNVI2798/IncI1 was observed at suboptimal growth 

conditions, and also in biofilms. The plasmids could be transferred into bacterial hosts with 

good biofilm forming abilities, and to Serratia spp. (only pNVI1292/IncK).  

Overall, the molecular characterization of pAmpC-producing E. coli pointed towards a 

scenario where both horizontal spread of plasmids harbouring blaCMY-2 and clonal expansion 

of successful E. coli clones has occurred in the Norwegian broiler production. Also, the 

pNVI1292/IncK and pNVI2798/IncI1 plasmids appear to have a large potential for 

horizontal spread to different hosts and under different conditions. Furthermore, successful 

IncK and IncI1 plasmids seem to be pandemic in the European broiler production.  

10.2.4. Persistence of cephalosporin-resistant E. coli in the Norwegian broiler 

production  

Initially, imported breeding animals were suspected as the source of introduction of 

cephalosporin-resistant E. coli into the Norwegian broiler production (NORM/NORM-VET, 

2007; Sunde et al., 2009). Identification of broiler flocks with pAmpC-producing E. coli 

scattered throughout Norway supported this theory of a common source (Paper I), as there is 

little or no contact between farms. The identification of pAmpC-producing E. coli ST38 

(Paper III), previously detected in the broiler production in several European countries 

(Börjesson et al., 2013b; Dierikx et al., 2013a; Voets et al., 2013; Agersø et al., 2014; Vogt 

et al., 2014; Hansen et al., 2016) in addition to the occurrence of blaCMY-2 harbouring 

plasmids with high homology in the Netherlands (Voets et al., 2013; de Been et al., 2014; 

Smith et al., 2015), Denmark (Hansen et al., 2016) and Norway (Paper III and unpublished 

data), also support this assumption. The detection of similar STs and highly similar 

resistance plasmids may indicate a common source of cephalosporin-resistant E. coli, and it 

is tempting to assume that the sources are the breeding companies supplying the vast 

majority of the European broiler production. Also, pAmpC-producing E. coli have been 

detected in day-old grandparent animals imported to Sweden (SVARM, 2011), Norway 

(unpublished data) and the Netherlands (Dierikx et al., 2013b), which further supports this 

theory. Evidence substantiating vertical transmission of pAmpC-producing E. coli 

throughout the broiler production pyramid has been reported from Sweden (Nilsson et al., 

2014). Therefore it seems legitimate to assume that cephalosporin-resistant E. coli have 

emerged in the top of the breeding pyramid as a consequence of cephalosporin use (Agersø 
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et al., 2014), and subsequently been vertically transferred downwards in the broiler 

production pyramid. 

From January 1
st
 2012, the BPC voluntarily abandoned the use of cephalosporins in the 

broiler production (WorldPoultry, 2011). A rapid decrease in the occurrence of 

cephalosporin-resistant bacteria after discontinuing the use of cephalosporins in day-old 

chickens has been reported previously (Dutil et al., 2010; MARAN, 2015). Thus, it is likely 

that this measure implemented by the BPC has contributed to a decrease in the occurrence 

of cephalosporin-resistant E. coli at higher levels of the production pyramid where the 

ancestors of most Norwegian broilers have their origin (section 6.1. and Figure 1). 

Furthermore, an action plan against cephalosporin-resistant E. coli was initiated by the 

Norwegian poultry industry in 2014 (Animalia, 2013). The action plan included, amongst 

other things, sampling of all batches of imported parent animals after hatching, sampling of 

parent flocks in production, and increasing knowledge and awareness of the importance of 

biosecurity, including thorough on-farm cleaning and disinfection routines. Also, the 

Norwegian poultry industry required that antimicrobials were not routinely used at the 

higher levels of the breeding pyramid, and that the therapeutic use of antimicrobials (if any) 

had to be documented by the breeding companies. Furthermore, surveillance of the 

occurrence of cephalosporin-resistant E. coli in grandparent flocks supplying the Norwegian 

market was required. In both 2014 and 2015, a low occurrence of cephalosporin-resistant E. 

coli (5.7 % and 2.4 %, respectively) were detected in samples collected from imported 

batches of breeding animals. This low occurrence probably reflected the ban of 

cephalosporin use at higher levels of the broiler production pyramid. In parent flocks in 

production, the occurrences were 27.1 % in 2014 and 21.7 % in 2015 when the detection 

method with double selection was used (Animalia, 2015, 2016). These findings indicate that 

the primary source of cephalosporin-resistant E. coli, namely imported breeding animals, 

currently plays a minor role. It is possible that local recirculation takes place between 

subsequent parent flocks as suggested for broiler flocks (Paper II), as the occurrence at this 

level is higher than expected with the low occurrence seen in newly hatched parent animals. 

The increased focus on a high level of biosecurity including proper cleaning and 

disinfection routines in the action plan against cephalosporin-resistant E. coli address two of 

the risk factors identified in Paper II. Furthermore, it is assumed that the actions made will 

also minimize the possibility of carry-over of cephalosporin-resistant E. coli from one flock 

to the next. Therefore, it is likely that both the discontinuation of cephalosporin use 
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implemented by the BPC and the action plan initiated by the Norwegian poultry industry 

has played an important role in the significant decrease of cephalosporin-resistant E. coli 

observed during the course of this study (Papers I and II).      

Findings in Paper IV emphasised the ability of blaCMY-2 encoding plasmids to self-transfer to 

and persist in Serratia spp. and E. coli hosts with good biofilm forming abilities. Both 

Serratia spp. and bacteria in biofilms have an increased ability to withstand disinfection 

(Willinghan et al., 1996; Kumar and Anand, 1998; Langsrud et al., 2003; Shi and Zhu, 

2009; Srey et al., 2013). Furthermore, biofilms are considered hot-spots for horizontal 

transfer of genes (Jefferson, 2004; Sørensen et al., 2005), which was also demonstrated in 

Paper IV. In addition, transconjugants were able to act as secondary plasmid donors. This 

underlines the possible contribution of environmental bacteria and biofilms in the 

maintenance and dissemination of plasmids encoding cephalosporin resistance. It is 

plausible that the existence of blaCMY-2 carrying plasmids in such hosts might constitute a 

reservoir of cephalosporin-resistance determinants that can persist between production 

cycles, as suggested in Paper II. Possibly, intestinal colonisation of pAmpC-producing 

bacteria and/or horizontal dissemination of blaCMY-2 carrying plasmids can take place when 

a new flock is introduced, causing this flock in turn to become positive. 

Plasmid stability systems have been reported to play an essential role in the maintenance of 

IncF plasmids encoding blaCTX-M-15 in the globally dispersed pathogenic clone E. coli 

ST131, even when antimicrobial selection pressure is absent (Mathers et al., 2015b). 

Therefore, it is reasonable to assume that the presence of plasmid stability systems on the 

pNVI1292/IncK (Paper III) and pNVI2798/IncI1 (unpublished data) plasmids are likely to 

play an important role in the maintenance of these plasmids in E. coli and possibly other 

Enterobacteriaceae in the Norwegian broiler production, as the use of antimicrobials is 

negligible in both parent- and broiler flocks (Animalia, 2015; Refsum, 2015; Animalia, 

2016).  

Overall, it is tempting to suggest that the observed interrelationship between successful E. 

coli clones (ST38 and ST1158) and IncK plasmids carrying blaCMY-2 and plasmid stability 

systems, ensuring their stable segregation within these successful E. coli clones, represent 

an important part of the explanation of the ability of these bacteria to persist. Furthermore, 

the ability of environmental bacteria and biofilms to act as hosts and reservoirs for plasmids 
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encoding cephalosporin-resistance is also likely to play a significant role in the maintenance 

of these plasmids and their hosts in the Norwegian broiler production. 

10.2.5. Preventive measures 

As mentioned in section 10.2.4, the preventive measures already initiated by the BPC and 

the Norwegian poultry industry in the action plan against cephalosporin-resistant E. coli 

seem to have had a significant impact on the occurrence at different levels of the production. 

In order to minimize the occurrence of cephalosporin-resistant E. coli in the Norwegian 

broiler production, continuous awareness of the importance of strict biosecurity, including 

rigorous cleaning and disinfection routines, is important (Paper II). This will contribute to 

limit the probability of cross-contamination between contaminated and clean environments, 

and to prevent recirculation of resistant strains and/or plasmids on farms. Also, it is 

important to continue the surveillance of imported breeding material to ensure that the 

contribution of this important source of cephalosporin-resistant E. coli is minimized. 

Furthermore, a continued prudent use of antimicrobials is required in order to keep the 

situation in Norway as favourable as it is today. 
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11. Main conclusions 

 Cephalosporin-resistant E. coli were detected at all levels of the Norwegian broiler 

production pyramid. Since 2011, a decrease in the occurrence of cephalosporin-

resistant E. coli in parent- and broiler flocks was observed. 

 

 The risk of occurrence of cephalosporin-resistant E. coli can be minimized by 

implementation of a high level of biosecurity with a minimal number of people 

entering the broiler house during each production cycle, and intensive washing and 

disinfection routines. 

 

 All cephalosporin-resistant E. coli included in the study displayed an AmpC-

phenotype, and the vast majority carried the blaCMY-2 gene. 

 

 pAmpC-producing E. coli isolated from broilers displayed a higher genetic diversity 

than isolates from retail chicken meat. Two E. coli sequence types, namely ST38 and 

ST1158, dominated among isolates from retail chicken meat.  

 

 The plasmids associated with blaCMY-2 were in general self-transmissible and 

belonged to the incompatibility groups IncK and IncI1. 

 

 Highly similar IncK plasmids were present in E. coli of different sequence types. 

Furthermore, highly similar IncK and IncI1 plasmids were present in E. coli 

originating from the broiler production in Norway and in other European countries. 

 

 Both horizontal transfer of blaCMY-2 harboring plasmids and clonal dissemination of 

E. coli have facilitated the spread of pAmpC-producing E. coli in the Norwegian 

broiler production. 

 

 Plasmids harboring blaCMY-2 (pNVI1292/IncK and pNVI2798/IncI) could be 

transferred to other hosts in biofilm, and pNVI1292/IncK could be transferred to 

Serratia spp. Transconjugants were able to act as secondary plasmid donors. 

Transfer occurred at different temperatures, including temperatures sub-optimal for 

bacterial growth. 
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 The plasmids pNVI1292/IncK and pNVI2798/IncI1 both carried genes encoding 

plasmid stability systems, possibly explaining the ability of pAmpC-producing 

strains to survive within a broiler production without antimicrobial selection 

pressure. 

 

 Serratia spp. and bacteria in biofilms have an increased ability to survive cleaning 

and disinfection. Therefore, the ability of pNVI1292/IncK and to some extent 

pNVI2798/IncI1 to transfer into such hosts might indicate that Serratia spp. and 

bacteria in biofilms can constitute a reservoir for resistance plasmids in the broiler 

production. 
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12. Future perspectives 

 Continuation of in-depth characterization of cephalosporin-resistant E. coli in the 

Norwegian broiler production to keep knowledge of the molecular epidemiology up-

to-date. 

 

 Utilization of WGS to facilitate assessment of the genetic similarity between 

cephalosporin-resistant isolates and their plasmids originating from the broiler 

production in Norway and other European countries. This would allow identification 

of clones and/or resistance plasmids that are successful and possibly endemic in the 

European broiler production, and simplify detection of emerging clones and/or 

resistance plasmids. Also, comparison with isolates and plasmids originating from 

other sources, such as human infections, would be easier by the use of WGS. Online 

tools available for analysis of WGS data will also facilitate efficient typing and 

surveillance of resistant bacteria. 

 

 Investigation of whether plasmids harboring blaCMY-2 are naturally occurring in other 

Enterobacteriaceae in the broiler production, and determine to what extent these 

plasmids are able to be stably maintained within these hosts. Furthermore, 

identifying whether biofilms containing pAmpC-producing bacteria and/or 

resistance plasmids occurs naturally in different parts of the broiler production might 

give comprehensive information regarding the ability of such strains and/or plasmids 

to persist in the production. 

 

 Determination of factors causing some broiler farms to have a higher number of 

positive flocks (i.e. cephalosporin-resistant E. coli present) than others. It would be 

interesting to perform thorough sampling at these farms, including sampling before 

and after cleaning and disinfection, sampling of the surrounding environment and 

manure, and sampling of insects and rodents at the farm to determine the extent of 

contamination with cephalosporin-resistant bacteria. Furthermore, it would be 

interesting to investigate whether specific clones were more prone to survive on 

these farms, whether biofilms were present in the broiler houses, and whether these 

could be reservoirs for pAmpC-producing E. coli or plasmids with blaCMY-2. This 
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could provide increased knowledge on factors affecting the high occurrence of 

cephalosporin-resistant E. coli on certain farms. 

 

 Determination of the efficacy of different cleaning and disinfection strategies on 

elimination of cephalosporin-resistant bacteria and their plasmids under conditions 

relevant for the broiler production to identify factors essential for improved control 

of cephalosporin-resistant E. coli. 
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13. Errata 

 Page 15: Submitted to Preventive Veterinary Medicine after revision corrected 

to Preventive Veterinary Medicine 130, 112-118 

 Page 37: conjugational corrected to conjugal 

 Page 43: general discussion corrected to discussion 

 Page 47: (R Foundation for Statistical Computing, Vienna, Austria) font size 

corrected from 11 to 12 

 Page 51: selective step corrected to selection step 

 Page 55: hotspots corrected to hot-spots 

 Page 63: some of the parent flocks might be positive corrected to some of the 

parent flocks might have been 

 Page 69: hotspot corrected to hot-spot 
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Antimicrobial resistance is recognised as one of the
st important global health challenges (Dziekan et al.,
2). In recent years, the prevalence of extended-
ctrum beta-lactamase (ESBL) producing Escherichia coli

coli) has been increasing in both human and veterinary
dicine (Carattoli, 2008; Coque et al., 2008; Ewers et al.,
2; Overdevest et al., 2011). In veterinary medicine,
ltry are associated with especially high prevalence of
L-producing E. coli (Ewers et al., 2012), and in some

countries the majority of tested broiler flocks are positive,
i.e. ESBL producing E. coli are present (Dierikx et al., 2013;
Reich et al., 2013; Smet et al., 2008).

Since the start of the Norwegian monitoring pro-
gramme on antimicrobial resistance in bacteria from food,
feed and animals (NORM-VET) in year 2000, the occur-
rence of resistance has been low to moderate (NORM/
NORM-VET reports, www.vetinst.no). Until 2006, ESBL-
producing E. coli had not been detected in any food
producing animals in Norway (Sunde et al., 2009).
However, in 2006 the first ESBL-producing E. coli was
isolated from the faeces of a healthy broiler (NORM/
NORM-VET, 2007). This could be interpreted as an ‘‘early
warning’’ that the broiler production could be a reservoir
for ESBL-producing E. coli in Norway. The isolate carried an
incI1 plasmid with a blaTEM-20 gene, and the plasmid
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The aim of this study was to estimate the prevalence of cephalosporin-resistant Escherichia

coli at the different levels of the Norwegian broiler production pyramid and identify the

mechanisms responsible for the resistance phenotype. Samples from all levels of the

broiler production pyramid and retail chicken meat (fillets) were included (n = 649). The

occurrence of cephalosporin-resistant E. coli at the different production levels ranged from

8 to 43%. All these isolates had an AmpC-phenotype, and the majority carried the blaCMY-2

gene. In addition, a few isolates with up-regulated chromosomal ampC were identified.

The results show that Norway has a relatively high prevalence of cephalosporin-resistant

E. coli in the broiler production chain in spite of a very low consumption of antimicrobial

agents. Cephalosporins have not been used in the Norwegian broiler production, and it has

been hypothesised that import of breeding animals and hatching eggs may be the source of

these resistant bacteria. We demonstrate that these bacteria are disseminated in the

production pyramid despite the lack of selection pressure from antimicrobial agents.
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showed close relation to a plasmid present in Salmonella

Parathypi B dT+ isolated from poultry in the Netherlands
(Sunde et al., 2009). This indicated possible spread of a
common resistance plasmid in the broiler production
between European countries.

The aim of this study was to estimate the prevalence of
cephalosporin-resistant E. coli at all levels in the Norwe-
gian broiler production chain using a selective method.
Isolates with reduced cephalosporin susceptibility were
further investigated for the mechanisms responsible for
the resistance phenotype.

2. Materials and methods

2.1. Sampling and bacterial isolates

Samples were collected and analysed from January
2011 to December 2012. The samples were collected under
the auspices of a survey conducted on the only grand-
parent flock imported from Scotland during the study
period (in 2011), and a survey including parent and
grandparent flocks (n = 64 out of 66) associated with the
largest poultry cooperation in Norway (Nortura SA) in
November 2011. In addition, samples collected in the
NORM-VET programme were included in the present
study. These comprised of samples from broiler flocks
(n = 252) in 2011, and Norwegian retail chicken meat
(n = 205) and all parent flocks (n = 120) in 2012 (NORM/
NORM-VET, 2012, 2013). In general, one flock was sampled
at one time point to represent the status of the flock or
meat product. However, the grandparent flock was
sampled several times (n = 8) at different ages.

Samples were collected from paper linings (day old
chickens), meconium, boot swabs, and retail chicken meat.
Boot swabs were dissolved in sterile water and plated
directly onto MacConkey agar (Beckton, Dickinson and
Company, Le Pont de Claire, France) containing 1 mg/L
cefotaxime (Duchefa, Haarlem, The Netherlands) and
MacConkey agar containing 2 mg/L ceftazidime (Sigma–
Aldrich, St. Louis, MO, USA). Overnight pre-enrichment of
samples from retail meat was done in MacConkey broth
(BD), while meconium and paper linings were enriched in
peptone water (Oxoid, Basingstoke, UK). After overnight
pre-enrichment, the samples were plated out as described
above. Agar plates were incubated at 37 8C for 24–48 h.
Colonies with typical morphology were selected and
confirmed as E. coli using API 20 E (bioMérieux, Marcy
L’Etoile, Rhone, France). Isolates from meat samples and
parent stock in 2012 were confirmed as E. coli by PCR
(Heininger et al., 1999).

2.2. Susceptibility testing

E. coli isolates with suspected ESBL/AmpC-production,
originating from the MacConkey screening plates, were
subjected to further testing. The isolates were tested for
resistance to cefotaxime, ceftazidime, cefepime, cefoxitin
and synergy to clavulanic acid and cloxacillin using the
disc diffusion methodology recommended by the Eur-
opean Committee on Antimicrobial Susceptibility Testing
(EUCAST, www.eucast.org). E. coli ATCC 25922, E. coli K5-

20 (blaCMY-2) and E. coli K8-1 (blaCTX-M-15) were included as
quality controls. Minimum inhibitory concentrations
(MICs) were determined by the use of a broth microdilu-
tion method (VetMICTM GN-mo, National Veterinary
Institute, Uppsala, Sweden). Epidemiological cut-off values
recommended by EUCAST were applied for categorising
the isolates as susceptible or resistant. E. coli ATCC 25922
was included as quality control.

2.3. Characterisation of resistance genes

All E. coli isolates displaying cephalosporin resistance
(with cloxacillin synergy, i.e. augmented zone around
cephalosporin discs towards the cloxacillin disc) were
subjected to a multiplex PCR for detection of plasmid
mediated AmpC encoding genes as previously described
(Perez-Perez and Hanson, 2002). Further, the PCR ampli-
cons were sequenced to determine the gene responsible
for resistance. Investigation of up-regulated chromosomal
ampC-production was performed on cephalosporin-resis-
tant isolates with a negative PCR result. Briefly, the
promoter region of the chromosomal ampC gene was
amplified and sequenced in order to detect mutations
(Agersø et al., 2012). The sequences were analysed in CLC
Main Workbench 6 (CLC bio A/S, Aarhus, Denmark), and
interpreted as previously described (Peter-Getzlaff et al.,
2011).

2.4. Data management and statistical analysis

Data management and statistical analyses were carried
out using SAS Enterprise Guide version 4.3 for Windows
(SAS Institute Inc., Cary, NC, USA). Handling of geographical
data and generation of the map was performed using
ArcGIS 9.3 Software (ESRI, Redlands, CA, USA).

3. Results

All E. coli isolates resistant to third generation
cephalosporins had a beta-lactam resistance profile with
an AmpC-phenotype, displaying resistance to cefoxitin and
synergy to cloxacillin.

The blaCMY-2 gene was found in all cephalosporin-
resistant E. coli, except for 15 isolates (originating from
parent flocks; n = 9, broilers; n = 4, and retail meat; n = 2).
These isolates were investigated for mutations in the ampC

promoter and attenuator regions. In all these isolates the
same sequence variant was found with nucleotide sub-
stitutions at position-42 and -18.

The occurrence of blaCMY-2 carrying E. coli at the
different production levels ranged from 8 to 43% (Fig. 1).
The highest occurrence was found in broilers (43%), while
the occurrence in chicken meat was lower (32%, p < 0.05).
The occurrence in parent flocks decreased significantly
(p < 0.05) from 28% in 2011 to 8% in 2012 (Fig. 1).
Furthermore, the occurrence of blaCMY-2 carrying E. coli in
parent flocks decreased during 2012, and was detected
only in two flocks after March 2012.

Broiler flocks positive for E. coli with plasmid-mediated
AmpC-production were geographically scattered through-
out Norway as illustrated in Fig. 2.

http://www.eucast.org/
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Resistance to non-beta lactams was observed in some
blaCMY-2 carrying isolates (Tables 1 and 2). None of the
isolates displayed multidrug resistance (resistance to three
or more antimicrobial classes), and the resistance patterns
were similar in isolates from the different production
levels (Table 1).

4. Discussion

This study shows that cephalosporin-resistant E. coli is
present at all levels of the Norwegian broiler production
chain with higher occurrence in broilers than in parent
animals and meat. These observed differences should be
further investigated in new prevalence studies. A similar
study from the Netherlands also revealed higher pre-
valence of ESBL-producing E. coli in broilers than in parent
animals. Retail meat was not included. However, the
broiler production in the Netherlands differs from that in
Norway with larger flocks, different management prac-
tices, and higher consumption of antimicrobial agents
(Dierikx et al., 2013).

1. Prevalence of plasmid mediated AmpC-producing Escherichia coli at

different levels of the broiler production pyramid in Norway during

study period (2011–2012).

le 2

imum inhibitory concentrations (MICs) and antimicrobial resistance in Escherichia coli with plasmid mediated AmpC-production (n = 203) isolated from

evels of the Norwegian broiler production pyramid during 2011–2012.

le 1

microbial resistance in Escherichia coli with plasmid mediated AmpC-production (n = 203) isolated from the different levels of the Norwegian broiler

uction pyramid during 2011–2012.

late origin Number of isolates

(%) carrying blaCMY-2

Total number

of isolates

Coresistance (%)

TET CHL FF SMX TMP GEN STR KAN CIP NAL COL

andparents 2 (25) 8 2 (100) 2 (100)

rents (2011) 18 (28) 64 2 (7) 1 (4)

rents (2012) 9 (8) 120 1 (11) 3 (33) 2 (22) 1 (11) 1 (11)

oilers 108 (43) 252 3 (3) 9 (8) 1 (1) 3 (3) 1 (1) 4 (4) 2 (2)

eat 66 (32) 205 4 (6) 2 (3) 2 (3) 1 (2) 1 (2)

, tetracycline; CHL, chloramphenicol; FF, florfenicol; SMX, sulfametoxazole; TMP, trimethoprim; GEN, gentamicin; STR, streptomycin; KAN, kanamycin;

 ciprofloxacin; NAL, nalidixic acid; COL, colistin.
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Of special concern is the occurrence of cephalosporin-
resistant E. coli in retail meat. A close relationship between
ESBL-producing E. coli isolated from poultry and humans
has been identified, suggesting a link between the
occurrence of ESBL-producing E. coli in retail meat and

humans (Overdevest et al., 2011). Also, resistant E. coli

from human faeces showed a higher degree of similarity to
E. coli from poultry than to susceptible E. coli from humans
(Johnson et al., 2007). On the other hand, a limited number
of blaCMY-2 carrying E. coli isolates from broilers and

Fig. 2. Distribution of the positive and negative commercial broiler farms tested for plasmid mediated AmpC-producing Escherichia coli and the number of

commercial broiler farms per municipality in Norway in 2011.
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ans (clinical isolates) in Sweden showed high
ersity, indicating distinct populations. However, an
K plasmid carrying blaCMY-2 was identified in both

an and broiler isolates, thus transmission of this
smid cannot be excluded (Börjesson et al., 2013b). It
uld therefore be an overall goal to keep the prevalence
ephalosporin-resistant E. coli in retail chicken meat

 in order to limit the probability of zoonotic
smission.

The cephalosporin-resistant E. coli isolated from the
wegian broiler production pyramid in this study have
n found to carry the blaCMY-2 gene, except for a small

ber of isolates with up-regulated chromosomal ampC.

 genetic background for cephalosporin resistance in E.

 isolated from broilers and retail chicken meat in other
opean countries is more heterogeneous, also including
es of the CTX-M, TEM and SHV groups (Ewers et al.,
2). The blaCMY-2 gene is also the most frequently
orted gene responsible for cephalosporin resistance in
oli from broilers and meat in Sweden and Denmark.

ever, both blaCTX-M-1 (Sweden and Denmark) and

HV-2 (Denmark) have been reported in recent years
w.danmap.org, www.sva.se). The results indicate that

MY-2-carrying E. coli is capable of broad dissemination
hin the Norwegian broiler production.
Previous studies have shown that treatment with third-
eration cephalosporins result in selection of blaCMY-2-

rying E. coli in cattle (Tragesser et al., 2006). It has also
n hypothesised that treatment with other antimicro-
l agents, such as amoxicillin, may select ESBL/AmpC-
ducing isolates (EFSA, 2011). Norway has a low level of
imicrobial usage to food producing animals compared
other European countries (Chantziaras et al., 2013;
AC, 2013; Grave et al., 2012). In 2012, roughly 600
iler farms produced 62.7 million broilers for human
sumption (Statistics Norway, www.ssb.no). The total

 of antimicrobial agents to the poultry production was
.5 kg active substance in 2012, consisting of amoxicillin
1 kg), phenoxymethylpenicillin (16 kg) and enroflox-

 (0.5 kg) (Kari Grave, European Medicines Agency,
sonal communication). It is estimated that less than

 of these antimicrobials are prescribed to the broiler
duction, hence the use of antimicrobial agents, except
cidiostatics (11.890 kg in 2012 (NORM/NORM-VET,
3)), in the Norwegian broiler production is nearly
ligible. Furthermore, there are no commercial prepara-
s containing cephalosporins available for treatment of

d producing animals in Norway (www.felleskatalo-
.no). Thus, there is no selection pressure from
halosporin usage, making the high occurrence of
istance surprising. Other factors must therefore play
important role in the emergence and persistence of
halosporin-resistant E. coli in the Norwegian broiler
duction.
Cephalosporin-resistant E. coli have emerged in the
iler production in Sweden and Denmark in a similar
nner as in Norway (www.danmap.org, www.sva.se). It

 been hypothesised that the introduction of these
teria may have been through imported breeding
mals (Börjesson et al., 2013a; NORM/NORM-VET,

emergence of cephalosporin-resistant E. coli in the
Norwegian broiler industry, as it is dependent on import
of parent animals (hatching eggs) and, in some cases,
grandparent animals. The fact that positive broiler flocks
are geographically scattered throughout Norway
might also support this theory. The mechanism behind
dissemination of cephalosporin resistant E. coli in the
Norwegian broiler production should be further investi-
gated. Preliminary typing results and conjugation experi-
ments indicate that the resistant isolates from broilers are
genetically diverse, and that the blaCMY-2 gene is located
on a self-transmissible plasmid in a large proportion of the
isolates (data not published).

Interestingly, the occurrence of blaCMY-2 carrying E. coli

in the parent stock was significantly lower in 2012 than in
2011. In addition, only two parent flocks sampled after
March 2012 were positive even if the sampling was
distributed throughout the year.

When using a non-selective method, which was done
in parallel for the samples from broilers and meat (NORM/
NORM-VET, 2012, 2013), the occurrence of cephalos-
porin-resistant E. coli was less than 1%. This indicates that
even if cephalosporin resistance is present in the
Norwegian broiler production chain, it is still at a low
level. Methods of quantification has so far not been
applied but is expected to be implemented in future
surveillance as recommended by the European Commis-
sion (SANCO/11591/2012r14).

In conclusion, AmpC-producing E. coli is disseminated
throughout the Norwegian broiler production pyramid
without the presence of selection pressure from anti-
microbial use. Other factors must therefore play an
important role. A single gene, namely blaCMY-2, has so far
been responsible for the plasmid-mediated cephalosporin
resistance.
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Abstract 

A longitudinal study of 27 broiler farms including 182 broiler flocks was performed to determine risk 

factors for occurrence of cephalosporin-resistant E. coli in Norwegian broiler flocks. Information 

regarding possible risk factors was collected by an online questionnaire and by samples obtained from 

broiler and parent flocks during the study period. Additional information was provided by the broiler 

production company. The prevalence of cephalosporin-resistant E. coli in parent flocks and broiler 

flocks sampled in the study was estimated. 

Cephalosporin-resistant E. coli was detected in 13.8% of the parent flocks and 22.5% of the broiler 

flocks included in the study. 

A multivariable generalized linear model was used to estimate risk factors. The risk for occurrence of 

cephalosporin-resistant E. coli was associated with the status of the previous flock in the broiler house 

(odds ratio=12.7), number of parent flocks supplying the broiler flock with day-old chickens (odds 

ratio=6.3), routines for disinfection of floor between production cycles (odds ratio=0.1), and transport 

personnel entering the room where the broilers are raised (odds ratio=9.3). 

Our findings highlights that implementation of a high level of biosecurity with a minimal number of 

people entering the broiler house during production cycles, as well as rigorous cleaning and 

disinfection routines between production cycles will contribute to a decrease in the occurrence of 

cephalosporin-resistant E. coli in broiler flocks provided that there is no selection pressure from 

antimicrobial use in the broiler production. 

Keywords: Antimicrobial resistance, AmpC, Biosecurity, Broiler, E. coli, Risk factor  

1. Introduction 

Escherichia coli (E. coli) with acquired resistance towards extended-spectrum cephalosporins is an 

increasing problem worldwide (Carattoli, 2008; Coque et al., 2008; Overdevest et al., 2011; Ewers, 

2012). This is worrying, as cephalosporins are regarded as critically important antimicrobials for 

treatment of human infections (WHO-AGISAR, 2011). Broilers, including retail chicken meat, are 

associated with especially high occurrences of cephalosporin-resistant E. coli (Ewers, 2012). Presence 

of resistant bacteria in food is unwanted, as this can constitute a reservoir for human acquisition 

(Winokur et al., 2001; EFSA, 2011; Overdevest et al., 2011). In order to minimize the occurrence of 

cephalosporin-resistant E. coli in broiler flocks and thereby possibly also in retail chicken meat, it is 

necessary to identify and quantify risk factors for occurrence of cephalosporin-resistant E. coli in 

broiler flocks. 

The usage of antimicrobial agents in the Norwegian broiler production is minimal (Mo et al., 2014), 

with only a single broiler flock treated in 2013 and 2014 (0.02%) (Animalia, 2015; Refsum, 2015) and 
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four flocks treated in 2015 (0.08%) (Animalia, 2016). Furthermore, only two parent flocks (1.1%), 

have been treated yearly in the period 2013-2015 (Personal communication, Thorbjørn Refsum, 

Animalia, (Refsum, 2015)). Findings indicating vertical transmission of both cephalosporin-resistant 

E. coli and quinolone-resistant E. coli throughout the broiler production pyramid has been reported 

from Sweden (Nilsson et al., 2014; Börjesson et al., 2015), and import of breeding animals have been 

suggested as the probable source of resistant E. coli in both Sweden and Norway (NORM/NORM-

VET, 2007; Sunde et al., 2009; Börjesson et al., 2013; Nilsson et al., 2014).  

Norway is dependent on import of parent animals (imported as hatching eggs) from Sweden to supply 

the broiler production. Thus, only parent animals and broilers are produced in Norway (Figure 1). One 

parent flock can supply several broiler flocks, and one broiler flock can receive chickens from several 

parent flocks per production cycle. Therefore, the potential for spread of newly introduced resistant 

bacteria is considerable (Dierikx et al., 2013b). In 2014, the Norwegian poultry industry started an 

action plan against cephalosporin-resistant E. coli in the Norwegian broiler production. As part of this 

project, samples were collected from imported parent animals after hatching. None of the samples 

collected at the parent hatchery of the largest chicken breeding company in Norway were positive for 

cephalosporin-resistant E. coli in 2014 (Animalia, 2015). However, cephalosporin-resistant E. coli 

were still detected in samples from retail chicken meat and faecal material from broilers collected in 

2015 (NORM/NORM-VET, 2015). Therefore it is hypothesized that other factors than antimicrobial 

use and import of breeding animals contaminated with cephalosporin-resistant E. coli must play a role 

in the maintenance of cephalosporin-resistant E. coli in the Norwegian broiler production. 

The aim of this study was to identify possible risk factors for occurrence of cephalosporin-resistant E. 

coli in broiler flocks affiliated to the largest broiler production company in Norway. Furthermore, the 

occurrence of cephalosporin-resistant E. coli in sampled parent- and broiler flocks during the study 

period was estimated. 

2. Materials and methods 

2.1. Study design and study population 

The study was designed as a longitudinal study with each broiler flock as the study unit. The study 

population consisted of 62 randomly selected commercial broiler producers located in Hedmark 

county and affiliated to the largest broiler production company in Norway, Nortura Samvirkekylling. 

The random selection was generated using the command surveyselect in SAS Enterprise Guide 6.1 for 

Windows (SAS Institute Inc., Cary, NC, USA) from a dataset provided by Nortura SA. Criteria for 

inclusion in the study were as follows; active commercial broiler producer, farm located in Hedmark 

county, affiliation to Nortura Samvirkekylling, respond to questionnaire, and providing samples from 

a minimum of two broiler flocks housed at the farm during the study period. 
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To calculate the sample size (n), we used the following formula (Thrusfield, 2005) considering a large 

population size; 

𝑛 = (𝑍𝛼 
2 × 𝑝 × 𝑞)/𝐿2                                                                                                                            (1) 

We expected a flock prevalence of 30% (p=0.30, q=1-0.30=0.70) based on previous knowledge on 

occurrence of cephalosporin-resistant E. coli in Norwegian broilers (NORM/NORM-VET, 2012). 

When applying a 95% confidence level (Zα=1.96) and an acceptable error of 5% (L=0.05), this resulted 

in a sample size of 323 flocks. We further assumed that each producer would supply samples from an 

average of 6.5 flocks, proposing a required inclusion of at least 62 producers, as the expected response 

rate was 80%. 

2.2. Data collection 

An online questionnaire was designed in order to collect information about potential risk factors for 

the presence of cephalosporin-resistant E. coli in broiler flocks (Supplementary material). The 

questionnaire was based on a questionnaire previously used for collection of data regarding risk 

factors for campylobacteriosis in Norwegian broilers (Lyngstad et al., 2008). Furthermore, it was pilot 

tested on consultants working with broiler producers affiliated to Nortura SA. Before distribution of 

the questionnaire, a report was sent to the Norwegian Data Protection Authority.  

A link to the online questionnaire and a request for participation in the study were sent per e-mail to 

the 62 selected broiler producers in November 2013, with three weeks’ response time. The day after 

the deadline, reminders were sent to the producers that did not respond (n=35). The same procedure 

was repeated one week later (n=22). Three weeks after the first reminder, producers that still had not 

responded to the questionnaire (n=17) were called and reminded again. Only broiler producers 

completing the questionnaire (n=45) received equipment for sampling. This included boot swabs, 

prepaid envelopes for sending samples to the Norwegian Veterinary Institute in Oslo for analysis, and 

a thorough description of how to sample their broiler flocks. Broiler producers were instructed to 

sample broiler flocks housed at the farm from February 2014 through January 2015. Sampling was 

performed once during the production period using boot swabs. A flock was defined as broilers housed 

in a single house at the same farm during the same time period. All sampled flocks consisted 

exclusively of the hybrid Ross 308. 

To obtain results regarding the occurrence of cephalosporin-resistant E. coli in the parent flocks 

providing hatching eggs for the broiler flocks, sampling was performed from November 2013 through 

October 2014. Samples were collected by the respective producer using boot swabs every four weeks 

during the production period. Nine parent flocks were not sampled in this study, but information 

regarding the presence of cephalosporin-resistant E. coli in these flocks was available from the poultry 

industry’s action plan (Animalia, 2015). Sampling of these flocks was done once during the 
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production period using boot swabs, and the samples were analysed using the same detection method 

in the laboratory. Furthermore, some grandparent flocks provided hatching eggs for a limited number 

of broiler flocks. Information regarding the occurrence of cephalosporin-resistant E. coli in 

grandparent flocks was provided by Nortura SA. 

Broiler producers were reminded per e-mail if the sample was not received within the week the flock 

was going to be slaughtered, while producers with parent flocks were reminded if the sample was not 

received five weeks after the previous sample. 

Information about ancestry, flock size, slaughter date and slaughter age for all sampled broiler flocks 

was provided by Nortura SA. 

2.3. Detection of cephalosporin-resistant E. coli 

Boot swabs were dissolved in MacConkey broth (Beckton, Dickinson and Company, Le Pont de 

Claire, France) with 1mg/L cefotaxime (Duchefa, Haarlem, The Netherlands) and incubated at 37
o
C 

overnight. Subsequently, 10 µL of the broth was plated out on MacConkey agar (BD) supplemented 

with 1 mg/L cefotaxime, and MacConkey agar supplemented with 2 mg/L ceftazidime (Sigma-

Aldrich, St. Louis, MO, USA). Agar plates were incubated at 37
o
C for 24-48 hours. Colonies with 

typical morphology were plated on blood agar, incubated at 37
o
C overnight, and confirmed as E. coli 

using Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF, Bruker Daltonics). The 

cephalosporin resistance phenotype was investigated using the disk-diffusion method as recommended 

by the European Committee on Antimicrobial Susceptibility Testing (EUCAST, www.eucast.org). 

Real-time PCR with previously published primers and probe (Schmidt et al., 2015) was applied to 

determine the genetic background of acquired cephalosporin resistance. The specificity of the 

detection method was assumed to be 100%, while a conservative estimate for the sensitivity was 

assumed to be 95% (Wasyl et al., 2010). The method corresponds to the method recommended by the 

European Food Safety Authority (EFSA, 2011). 

2.4. Case definition and dependent variable 

The occurrence of cephalosporin-resistant E. coli in a broiler flock was defined as the dependent 

variable. The status of a flock was defined as positive if E. coli from the sample were able to grow on 

MacConkey agar supplemented with cephalosporins, and an acquired cephalosporin resistance gene 

was detected by PCR. Otherwise, the flock was defined as negative.  

2.5. Description of variables  

The questionnaire included 58 multiple choice questions on potential risk factors for occurrence of 

cephalosporin-resistant E. coli in the broiler flock. The main subjects covered were information 

regarding the size of the production, management factors at the farm and in the broiler house(s), and 
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areas surrounding the broiler house(s). Information regarding washing and disinfection routines was 

divided into single binary variables describing whether or not different parts of the house and 

equipment were washed or disinfected between each production cycle. Also, a binary variable 

indicating whether or not the disinfection routine was performed between each production cycle was 

included. For 13 of the variables derived from the questionnaire, two or more categories were merged 

to accomplish reasonable representation of each category.  

The variable “Day sampled” represented the day a certain flock was sampled, and was defined as 

number of days after 31
st
 January 2014, in accordance with the starting date for sampling of the 

included broiler flocks. Thus, “Day sampled” represented a variable explaining a possible seasonal 

variation in occurrence of cephalosporin-resistant E. coli. 

For ten parent flocks, the status regarding occurrence of cephalosporin-resistant E. coli was unknown. 

To avoid missing data in the analysis, parent status was imputated once based on the distribution of the 

status of grandparent flocks and the status of the receiving parent flocks. Imputation was performed 

using the ranbin function in SAS Enterprise Guide 6.1 for Windows. If the status of the grandparent 

flock was negative, the probability of a receiving parent flock being positive was 0.12. Furthermore, if 

the status of the grandparent flock was positive, the probability of the receiving parent flock being 

positive was 0.14. In total, 25 broiler flocks were affected by the imputated parent status. In order to 

ensure that the imputation did not have a significant effect in the model, sensitivity analysis was 

performed on three datasets.  The status of all parent flocks with an imputated status was changed to 

negative in the first dataset, positive in the second dataset, while all the 25 broiler flocks affected by 

the imputation were excluded in the third dataset. Univariable analyses with the status of the broiler 

flock as outcome and parent status as explanatory variable were performed on each dataset. 

A variable describing the “overall status” of the parent flocks supplying hatching eggs for a single 

broiler flock was determined as follows; if at least one of the parent flocks were positive, the overall 

status was positive. If all parent flocks were negative, the overall status was negative.  

Variables explaining the “total score cleaning” and “total score disinfection” were determined on the 

basis of how many parts of the broiler house and equipment were washed and disinfected between 

production cycles. One point was awarded for each part cleaned or disinfected with a maximum score 

of 11. 

In order to distinguish between different houses at the same farm, a variable explaining the House ID 

was included in the dataset. If the farm only had one house, the House ID was the same as the Farm 

ID. A variable describing the number of parent flocks (i.e. 1, 2 or ≥3 flocks) supplying hatching eggs 

to each broiler flock and a variable explaining the size of the broiler flock (>10,000; 10,000-20,000; 

>20,000 chickens) was derived from the data provided by Nortura SA.  
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The start of the production period for a broiler flock was calculated as follows; 

𝑡 𝑖𝑗 =  𝑠𝑖𝑗 − 𝑎𝑖𝑗                 (2) 

where s was the slaughter date of flock i at farm j, and a is the slaughter age of flock i at farm j. 

To calculate the number of empty days between two consecutive production cycles, the following 

formula was used; 

𝑡𝑒𝑚𝑝𝑡𝑦 =   𝑡𝑖𝑗 − 𝑠(𝑖−1)𝑗                          (3) 

where t was the start of production of flock i at farm j, and s is the slaughter date of flock i at farm j. 

The number of empty days between production cycles was divided into three categories; <11 days, 11-

20 days and >20 days. 

A variable explaining the status of the previous broiler flock in the same house was included on the 

basis of the samples collected in this study. Consequently, the first flock sampled in each included 

house (n=37) was excluded from the dataset to avoid missing values for the variable “Status of the 

previous broiler flock in the same house”. In addition, farms or houses where samples from only a 

single flock were available were excluded in order to enable inclusion of a random nested effect of 

House ID within Farm ID in the model. The final dataset included 182 observations from 34 different 

broiler houses.  

2.6. Data management and statistical analyses 

Data management was performed in SAS Enterprise Guide 6.1 for Windows (SAS Institute Inc.), and 

statistical analyses were performed in R version 3.2.2 (R Foundation for Statistical Computing, 

Vienna, Austria). 

2.7. Univariable and multivariable analysis 

All explanatory variables were fit into separate univariable logistic regression models using the 

function glm in R with status as the binary outcome variable. In parallel, the variables were also fit 

into separate univariable logistic regression models using the function glmer in the lme4 library in 

order to include a nested random effect of House ID within Farm ID. A p-value ≤ 0.20 was set as 

criterion for considering inclusion of the variable in the multivariable analysis.  

“Day sampled” was modelled as a b-spline using the function bs in the R library splines. 

The multivariable analysis was divided into two steps. First, variables were sorted into sub-groups, 

and a multivariable model was built for each sub-group. For each sub-group, associations between 

pairs of included variables were tested using Pearson Chi-squared tests (two categorical variables), 
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ANOVA (one categorical and one numerical variable) or Spearman correlation (two numerical 

variables). If two variables were significantly associated, the variable with the highest biological 

plausibility or with the strongest association to the outcome was withheld for inclusion in the 

multivariable analysis. Each sub-model was built by backward selection. Only variables with a p-value 

≤ 0.05 were retained in the sub-models. Subsequently, the significant variables from each of the sub-

models were included in building of the final predictive model. This model was built as described for 

the sub-models. Due to the hierarchical structure of the data (i.e. multiple flocks and houses within 

farms), we performed the modelling with and without a nested random effect of House ID within Farm 

ID. Finally, all remaining variables, regardless of exclusion in univariable- and sub-models, were 

tested against the model one by one to investigate if any confounding effects were present. 

Furthermore, biologically plausible interactions between variables included in the final model were 

investigated. The models were compared using ANOVA and Akaike information criterion (AIC).  

A receiver-operating characteristics (ROC)-curve was used to assess the overall predictive ability of 

the model, and the area under the curve was calculated. Residuals were plotted against predicted 

values and variables included in the final model.  

Odds ratios and 95% confidence intervals were calculated from the estimated coefficients in the final 

model, and used as a prediction of the strength of the association between the variable and the 

outcome.  

3. Results 

3.1. Response rate 

Two broiler producers randomly selected for participation in the project were excluded due to 

discontinuation of broiler production. The response-rate for the questionnaire was 72.6 % (45/62). 

However, only 31 of the 45 responders contributed with samples from their broiler flocks, and two of 

these were excluded due to affiliation to another hatchery. Thus, the final response rate was 46.8 % 

(29/62). An overview of included and excluded broiler producers is illustrated in Figure 2. 

3.2. Descriptive results 

Cephalosporin-resistant E. coli were detected in samples from eight (13.8 %) parent flocks (n=58). 

Furthermore, 50 (22.5 %) of all sampled broiler flocks (n=222) and 41 (22.5 %) of the broiler flocks 

included in the final dataset (n=182) were positive. All isolates displayed an AmpC-phenotype and 

were found to carry the blaCMY-2 gene encoding cephalosporin resistance. 

Five of the included broiler producers (n=27) had more than one house at the farm, of which four 

producers had two houses and one producer had four houses, leading to a total of 34 houses included 

in the study. Overall, 28 (82.4 %) of the houses housed only or mainly negative flocks (60-100 % of 
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flocks negative), while three houses (8.8 %) housed only positive flocks. In three houses (8.8 %), an 

equal distribution between positive and negative flocks was seen. The number of flocks sampled per 

house varied from two-eight, and the time span between sampling of consecutive flocks varied from 

27-151 days. 

The average flock size was approximately 14,000 broilers (range 3,600-30,450), and the mean age of 

broilers at sampling was 17 days (range 6-32). The mean number of empty days between two 

production cycles was 22 (range 5-118 days). 

The majority of the broiler flocks (n=85, 46.7 %) received day-old chickens from two parent flocks, 

while 58 (31.9 %) broiler flocks received chickens from a single parent flock, and 39 (21.4 %) 

received chickens from three or more parent flocks. None of the sampled broiler flocks were subjected 

to treatment with antimicrobial agents.  

3.3. Multivariable analysis 

Results from the univariable analyses are presented in supplementary material (Tables S1a-b). 

The variance for the nested random effect of House ID within Farm ID did not change when the 

variable describing floor disinfection was excluded, while the random effect of Farm ID increased 

from <0.001 to 0.4 (Tables S3a and S3b, supplementary material). For the nested random effect of 

House ID within Farm ID, the variance increased from <0.001 to 0.12 when excluding the variable 

describing transport personnel entering the house. The variance for the random effect of Farm ID did 

not change (Tables S3a and S3c, supplementary material). When comparing the different models 

including the nested random effect of House ID within Farm ID, the full model provided the best fit 

for the data (p=0.02 and p=0.01, respectively) (Table S3a, supplementary material). The estimates for 

the included variables did not change significantly using the different models, but the AIC values were 

higher for the models including the nested random effect compared to the model excluding the nested 

random effect (Table 1 and Tables S3a-c, supplementary material). Also, when the final multivariable 

models including and excluding the nested random effect of House ID within Farm ID were compared 

by ANOVA, the random effect was not significant (p=1.0). Therefore, the simplest model possible 

with a high degree of explanation of the data without the nested random effect was chosen. The final 

multivariable model included the four variables “Status of previous broiler flock in the same house”, 

“Transport personnel enter the room where the broilers are raised”, “Always disinfect floor between 

production cycles” and “Number of parent flocks supplying the broiler flock” (Table 1). Disinfection 

of floor between production cycles reduced the odds of a positive status (OR=0.1, p=0.01, 95 % 

confidence interval [CI] 0.03-0.6). On the other hand, a positive status of the previous flock (OR=12.7, 

p<0.001, 95 % CI 4.8-33.5), having transport personnel entering the room where the broilers are raised 

(OR=9.3, p=0.01, 95 % CI 1.6-55.1) and having three or more parent flocks supplying the broiler flock 
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with day old chickens (OR=6.3, p=0.01, 95 % CI 1.6-25.0) all increased the odds of a positive status 

(Table 1).  

The area under the ROC curve was 0.86, indicating a good overall fit of the model to the observed 

data. The plot of residuals against the predicted values revealed no major shortcomings of the model. 

4. Discussion 

Our study indicated that the variables “status of previous broiler flock in the same house”, “transport 

personnel entering the room where the broilers are raised”, “always disinfect floor between production 

cycles” and number of parent flocks supplying the broiler flock” were associated with a broiler flock 

being positive for cephalosporin-resistant E. coli. 

The models including a nested random effect of House ID within Farm ID did not improve the models, 

as random effect provided the same explanation as the variables describing floor disinfection and 

transport personnel entering the house. These results led us to the conclusion that the multivariable 

model excluding the nested random effect provided the simplest and best fit for the data. 

We identified a positive status of the previous broiler flock in the same broiler house as the most 

significant risk factor for occurrence of cephalosporin-resistant E. coli in a broiler flock. If the 

previous flock was positive, the odds of the next flock being positive was approximately thirteen times 

higher compared to if the previous flock was negative. Also, not always disinfecting the floor between 

production cycles was identified as a significant risk factor. This suggests that good cleaning and 

disinfection routines are essential in lowering the risk of transmission of cephalosporin-resistant E. 

coli from one flock to the next. Improvement of hygiene has also previously been suggested as a 

control measure to prevent spread of cephalosporin-resistant E. coli, and to prevent local recirculation 

of resistant strains in broiler houses (Liebana et al., 2013).  Furthermore, we found that some broiler 

houses included in the study housed mainly positive flocks, while others housed none or only a few 

positive flocks. These findings enhance the theory that recirculation of cephalosporin-resistant E. coli 

in broiler houses may occur. A previous study from the Netherlands identified cephalosporin-resistant 

E. coli in empty broiler houses even after intensive cleaning and disinfection routines had been 

performed (Dierikx et al., 2013b). Recirculation of cephalosporin-resistant E. coli to consecutive 

flocks has also been suggested by others (Hiroi et al., 2012; Dierikx et al., 2013a; Laube et al., 2013; 

Agerso et al., 2014; Nilsson et al., 2014). These findings also underline the importance of sufficient 

cleaning and disinfection routines to minimize the risk of cephalosporin-resistant E. coli surviving in 

the broiler house and infecting the subsequent flock. However, our findings are in contrast to previous 

findings in a Belgian study, where it was suggested that a dirty environment may lead to a decrease in 

occurrence of resistant bacteria due to a more diverse microbiota and a dilution effect by susceptible 

bacteria (Persoons et al., 2011). Contamination of the environment surrounding the broiler farms with 
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cephalosporin-resistant E. coli has been reported (Laube et al., 2014; Blaak et al., 2015). Thus, there is 

a possibility of cross-contamination from surrounding areas into the broiler house if hygienic measures 

are insufficient, or possibly via vectors such as flies (Blaak et al., 2014). The contamination of the 

surroundings, and thus the risk of cross-contamination will probably be higher on farms with many 

positive flocks, and might offer an explanation for why we observed some farms where the majority of 

flocks were positive, while other farms had no or only a few positive flocks. 

The variable “Transport personnel enter the room where the broilers are raised” was identified as 

having a strong positive association with broiler flock status. Furthermore, this variable was not 

surprisingly, strongly associated with the variable “Average frequency of visitors in the broiler house 

per production cycle”, and in the final model only one could be included. However, both variables 

represent an increased number of people entering the broiler house, which again might result in an 

increased risk of cross-contamination of resistant strains between hatchery and broiler house, between 

broiler houses at different farms, or between surrounding environment and the broiler house.  

The odds of a positive status increased when three or more parent flocks supplied day-old chickens for 

a specific broiler flock. This may be explained by an increased probability of at least one of the 

supplying parent flocks being positive when the number of parent flocks increase, as only a limited 

occurrence of cephalosporin-resistant E. coli in parent flocks was found in this study. However, as no 

apparent association was found between status of supplying parent flocks and status of broiler flocks 

this theory does not represent a full explanation. Another possibility may be that several parent flocks 

can have a low level of cephalosporin-resistant E. coli circulating, and that this low level cannot be 

detected by the laboratory tests used in our study. However, when several parent flocks with low 

levels of cephalosporin-resistant E. coli supply one broiler flock with day old chickens, the “burden” 

of cephalosporin-resistant E. coli might accumulate, and the broiler flock could be positive. The lack 

of an association between the status of parent flocks and the status of broiler flocks receiving day-old 

chickens from these parent flocks was somewhat surprising. Vertical transmission of clonally related 

cephalosporin-resistant E. coli through the broiler production has been substantiated by findings in a 

study from Sweden (Nilsson et al., 2014), which has a broiler production highly similar to that in 

Norway. However, a decrease in the occurrence of cephalosporin-resistant E. coli in parent flocks has 

been reported in the Norwegian broiler production (Mo et al., 2014). Also, cephalosporin-resistant E. 

coli was not detected in any of the samples collected in conjunction with hatching of imported parent 

animals by Nortura Samvirkekylling in 2014 (Animalia, 2015). Thus, it is possible that the initial 

introduction of cephalosporin-resistant E. coli to the Norwegian broiler production was by vertical 

transmission from breeding animals as previously hypothesized (NORM/NORM-VET, 2007; Sunde et 

al., 2009), but that recirculation on farms already contaminated with resistant bacteria is more 

important when the burden of resistant bacteria from supplying parent flocks is low.     
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Previous studies have pointed at treatment with antimicrobials as an important risk factor for 

occurrence of cephalosporin-resistant E. coli in broiler flocks (Persoons et al., 2011; Agerso et al., 

2014). In this study, none of the sampled broiler flocks were treated with antimicrobial agents. 

Furthermore, the consumption of antimicrobial agents in the Norwegian broiler production is minimal 

(Mo et al., 2014; Animalia, 2015; Refsum, 2015; Animalia, 2016), and therefore this important risk 

factor cannot be identified in Norway.   

The occurrence of cephalosporin-resistant E. coli in broiler flocks and parent flocks in this study was 

low to moderate compared to other countries (Persoons et al., 2011; Dierikx et al., 2013a; Reich et al., 

2013; Agerso et al., 2014; MARAN, 2015). The plasmid-mediated AmpC-gene blaCMY-2, was 

identified in all cephalosporin-resistant isolates, which is in accordance with previous findings (Mo et 

al., 2014; NORM/NORM-VET, 2015).  

A strength of the study was that the broiler flocks of included producers were sampled throughout a 

year. Thus, we would be able to identify possible seasonal variations in the occurrence of 

cephalosporin-resistant E. coli. However, no such variation was present in our data. Furthermore, we 

were able to get an overview of several flocks at each farm, meaning that we could identify whether 

included producers had houses where the majority of flocks were positive or negative. Also, parent 

flocks supplying the broiler flocks included in the study were sampled prior to the broiler flocks, 

allowing us to identify a possible association between status of the parent flocks and status of the 

broiler flocks. Data on the ancestry of all broiler flocks sampled in the study and the status of 

grandparent flocks supplying the included flocks was available from Nortura SA. However, this study 

also had some limitations. Only farms affiliated to a single hatchery were included, and the final 

response rate was low. In addition, samples were not provided for all flocks on all included farms, as 

we only received samples from 222 of 275 flocks (80.7%). This led to a smaller sample size than 

expected. Participation in the study was voluntary, possibly resulting in an over-representation of 

farmers with interest in issues regarding antimicrobial resistance and bacterial contamination. It is 

possible that these farmers also were extra careful with their cleaning and disinfection routines, and 

had better biosecurity routines than an average farmer. However, we still found that infrequent 

disinfection of floors, and transport personnel entering the broiler house increased the odds of 

occurrence of cephalosporin-resistant E. coli in broiler flocks. Thus, it is possible that the effect of 

these two variables have been underestimated in the current study. The online questionnaire was 

answered before the initiation of sampling. Therefore, it cannot be excluded that some of the answers 

provided might not be applicable for all flocks from the same farm, as routines could have changed 

during the study period. The direction of any possible bias resulting from this is difficult to estimate. 

The farms were located in a restricted geographical area, and only one hybrid, namely Ross 308, was 

represented. Thus, the results might not be directly extrapolated to the entire Norwegian broiler 

production. However, Nortura SA has the main share in the retail chicken meat market, and Ross 308 
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is by far the most common hybrid used in the Norwegian broiler production. Although the Norwegian 

broiler production is quite uniform, both hybrid and hatchery of origin has previously been identified 

as risk factors for cephalosporin-resistant E. coli (Persoons et al., 2011), and a possible effect of these 

two factors cannot be excluded on the basis of this study. Only one broiler producer reported that 

floors were not always disinfected between production cycles, and two broiler producers reported that 

transport personnel occasionally entered the room where the broilers are raised when delivering day-

old chickens. Thus, it cannot be excluded that other factors than disinfection of floor and transport 

personnel entering the broiler house, not identified by the questionnaire, can be the reason that these 

producers differ from the others. However, it is highly biologically plausible that cephalosporin-

resistant E. coli can survive in the broiler house if disinfection is not done, and that cross-

contamination from hatcheries, other broiler farms or surrounding areas can occur if transport 

personnel enter the room where the broilers are raised. 

5. Conclusion 

This is the first study identifying risk factors for occurrence of cephalosporin-resistant E. coli in 

Norwegian broilers. Our results indicate that implementation of a high level of biosecurity with a 

minimal number of persons entering the broiler house during each production cycle, and intensive 

washing and disinfection routines will contribute to a decrease in the odds of cephalosporin-resistant 

E. coli being detected in a broiler flock.  
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Table 1. Results from the multivariable generalized model used to identify risk factors for occurrence of cephalosporin-resistant Escherichia coli in 182 1 

Norwegian broiler flocks originating from 34 houses on 27 farms during February 2014-January 2015. Nested random effect of House ID within Farm ID was 2 

not found to be significant (ANOVA, p=1.0), and therefore not included in the final model. 3 

Variable Estimate SE OR (95% CI) p- value 

Status of previous broiler flock in the same house 

   

 

Negative 0 

 

1 

 

 

Positive 2.5 0.5 12.7 (4.8-33.5) <0.001 

Transport personnel enter the room where the broilers are raised 

  

 

Never 0 

 

1 

 

 

Occasionally 2.2 0.9 9.3 (1.6-55.1) 0.01 

Always disinfect floor between production cycles 

   

 

No 0 

 

1 

 

 

Yes -2.0 0.8 0.1 (0.03-0.6) 0.01 

Number of parent flocks supplying the broiler flock 

  

0.02 

 

1 0 

 

1 

 

 

2 1.2 0.6 3.2 (0.9-11.1) 0.06 

  >2 1.8 0.7 6.3(1.6-25.0) 0.01 

Null deviance 194 on 181 degrees of freedom, residual deviance 126 on 176degrees of freedom, and AIC=138.0. SE: standard error, OR: odds ratio, CI: 4 

confidence interval. 5 



Figure 1. Structure of the broiler production pyramid. Norway is dependent on import of hatching 

eggs produced by grandparent animals in Sweden. In Norway, only parent animals and broiler are 

produced.   

Figure 2. Flow-chart showing included and excluded broiler producers in a study of risk factors for 

occurrence of cephalosporin-resistant E. coli in Norwegian broiler flocks from February 2014 through 

January 2015. The inclusion criteria were as follows; 1) Active commercial broiler producer, 2) 

respond to online questionnaire, 3) provide samples from broiler flocks housed at the farm during the 

study period, 4) affiliation to the hatchery of Nortura Samvirkekylling 

 



Purebred pedigree and great grandparent animals  

(Breeding companies in Scotland or Germany) 

Grandparent animals  

(Sweden) 

Parent animals 

Rearing flocks 0-18 weeks 

Breeding flocks 18-60 weeks 

Broiler chickens 

Retail chicken meat 



62 broiler producers 

60 broiler producers 

45 broiler producers 

31 broiler producers 

29 broiler producers 

a) 2 producers excluded due to 
discontinuation of broiler 
production 

b) 15 producers did not 
answer the online 
questionnaire 

c) 14 producers did not sample 
their broiler flocks  

d) 2 producers were affiliated 
to a different hatchery 

Total number of broiler 
producers 

Number of excluded broiler 
producers 



Supplementary material 

 

Results from the univariable analyses 

A total of 34 variables had a p-value ≤ 0.20 in the univariable analysis and were considered for inclusion in the multivariable analysis excluding random effect 

(Table S1a).When a nested random effect of House ID within Farm ID was included in the univariable analysis, 17 variables had a p-value ≤ 0.20 and were 

considered for inclusion in the multivariable analysis (Table S1b). The variables were divided into sub-groups as shown in Table S2a-b. For sub-models 2-5 at 

least one pair of variables were significantly associated. All remaining variables had a p-value > 0.20, and were not eligible for inclusion in the multivariable 

analysis.   

The sensitivity analysis of the imputation of parent flock status showed that none of the different imputation methods changed the association between parent 

flock status and broiler flock status.  

 

 

  



Data provided in Tables S1a-b represent results from the univariable logistic regression on potential risk factors for occurrence of cephalosporin-resistant 

Escherichia coli in 182 Norwegian broiler flocks during February 2014-January 2015 excluding and including a nested random effect of house (House ID) 

within farm (Farm ID), respectively. The dataset used for analyses was extracted from the original dataset, as only houses and farms with two or more flocks 

sampled could be included in analyses with random effect. In order to facilitate comparison of models with and without random effect, the same dataset was 

used for analysis including and excluding the nested random effect. Table S1a presents results from models run without random effect, while Table S1b 

present results from models run including a nested random effect of House ID within Farm ID.  

 

Table S1a. Results from the univariable generalized linear model on potential risk factors for occurrence of cephalosporin-resistant Escherichia coli in 182 

Norwegian broiler flocks originating from 34 houses on 27 farms during February 2014-January 2015. The collection of information regarding possible risk 

factors were done at both farm level (a) and flock level (b). The overall p-values for variables with more than two categories were calculated using ANOVA.  

 

 Variable 

Negative 

flocks 

(No.) 

Positive 

flocks 

(No.) 

OR (95 % CI) p- value AIC 
Overall p-

value 

Number of parent flocks supplying the broiler flock (b)   
  

193.8 0.04 

 

One 50 8 
    

 

Two 66 19 1.8 (0.7-4.4) 0.20 
  

 

More than two 25 14 3.5 (1.3-9.4) 0.01 
  

Age of flock (in days) at sampling (b) 

    

190.8 
 

 

Range: 6-32 

  

1.1 (1.0-1.2) 0.01 
  

 

Mean=17 

  
    

 

Median=19 

  
    

Placement of the broiler house (a) 

  
  

185.5 <0.001 

 

Own separate building 92 36 
    

 

Integrated in another building 26 5 0.5 (0.2-1.4) 0.18 
  

 

Different for different houses 23 0 <0.001 (0-∞) 0.99 
  

Floor heating in the broiler house (a) 

  
  

184.2 <0.001 

 

No 89 16 
    

 

Yes 42 25 3.3 (1.6-6.8) 0.001 
  

 

Different for different houses 10 0 <0.001 (0-∞) 1.0 
  



Bucket used to collect dead chickens is in contact with unclean part of the broiler house (a) 
  

195.7 
 

 

Never 96 33 
    

 

Occasionally 45 8 0.5 (0.2-1.2) 0.13 
  

Transport personnel enter the room where the broiler are raised (a) 
   

181.9 
 

 

Never 138 32 
    

 

Occasionally 3 9 12.9 (3.3-50.5) <0.001 
  

Storage of the paper used to feed chickens on between production cycles 
   

195.4 0.09 

 

Wrapped in packaging 122 31 
    

 

Unpacked 10 8 3.1 (1.1-8.6) 0.03 
  

 

Don't use paper 9 2 0.9 (0.2-4.3) 0.87 
  

Air inlet secured with mesh (a) 
    

193.4 
 

 

No 17 1 
    

 

Yes 124 40 5.5 (0.7-42.5) 0.10 
  

Mesh checked between production cycles (a) 
    

191.6 0.01 

 

Don't have mesh 17 1 
    

 

Rarely 70 22 5.3 (0.7-42.5) 0.11 
  

 

Often 39 7 3.1 (0.3-26.8) 0.31 
  

 

Always 15 11 12.5 (1.4-108.3) 0.02 
  

Water source for the broiler house (a) 

  
  

187.2 
 

 

Public or private waterworks 99 17 
    

 

Own private water source 42 24 3.3 (1.6-6.8) 0.001 
  

Specify type of private water source (a) 
  

193.0 0.03 

 

Drill water 45 23 
    

 

Well 5 2 0.8 (0.1-4.3) 0.78 
  

 

Lake/pond 19 2 0.2 (0.04-1.0) 0.04 
  

 

Not private water source 72 14 0.4 (0.2-0.8) 0.01 
  

UV equipment in the broiler house (a) 

  
  

194.6 
 

 

No 68 13 
    

 

Yes 73 28 2.0 (1.0-4.2) 0.06 
  

Alarm if UV equipment fails (a) 

  
  

196.5 0.15 



 

No 36 15 
    

 

Yes 37 13 0.8 (0.4-2.0) 0.70 
  

 

Don't have UV equipment 68 13 0.5 (0.2-1.1) 0.07 
  

Bacteriological sampling of UV equipment yearly (a) 

 
  

197.7 0.29 

 

No 64 23 
    

 

Yes 13 5 1.1 (0.3-3.3) 0.91 
  

 

Don't have UV equipment 64 13 0.6 (0.3-1.2) 0.14 
  

Tractor used when litter material is spread in the house (a)  
  

193.5 
 

 

No 64 11 
    

 

Yes 77 30 2.3 (1.1-4.9) 0.04 
  

Distance to nearest lake, pond, pool or swamp (a) 

 
  

190.0 0.01 

 

0-200 meters 25 10 
    

 

200m-1 km 69 9 0.3 (0.1-0.9) 0.03 
  

 

>1 km 47 22 1.2 (0.5-2.9) 0.73 
  

Dog present at the farm (a) 

  
  

182.5 
 

 

No 15 16 
    

 

Yes 126 25 0.2 (0.1-0.4) <0.001 
  

Horse present at the farm (a) 

  
  

193.3 
 

 

No 111 38 
    

 

Yes 30 3 0.3 (0.1-1.0) 0.05 
  

Caretakers live at the farm (a) 

  
  

192.4 
 

 

No 13 10 
    

 

Yes 128 31 0.3 (0.1-0.8) 0.01 
  

Average frequency of visitors in the broiler house per production cycle (a) 
  

 

173.9 
 

 

No visitors 95 10 
    

 

One visitor or more 46 31 6.4 (2.9-14.2) <0.001 
  

Observed rodents in the room where the broilers are raised (a) 
   

196.6 
 

 

No 122 32 
    

 

Yes 19 9 1.8 (0.7-4.4) 0.19 
  

Same tools used for cleaning and disinfectin in more than one house (a) 
   

197.3 0.23 



 

No 24 3 
    

 

Yes 45 13 2.3 (0.6-8.9) 0.22 
  

 

Only have one house 72 25 2.8 (0.8-10.0) 0.12 
  

Design of the hygiene barrier (a) 

  
  

194.5 
 

 

Own room 80 30 
    

 

Limited part of the service room 61 11 0.5 (0.2-1.0) 0.06 
  

Ground outside doors and entrance to the broiler house (a) 
  

194.0 
 

 

Hard (asphalt, concrete etc.) 108 37 
    

 

Gravel 33 4 0.4 (0.1-1.1) 0.06 
  

Disinfection always performed between production cycles (a) 
  

196.1 
 

 

No 29 13 
    

 

Yes 112 28 0.6 (0.3-1.2) 0.14 
  

Always disinfect floor between production cycles (a) 

 
  

186.6 
 

 

No 4 8 
    

 

Yes 137 33 0.1 (0.03-0.4) <0.001 
  

Always disinfect walls between production cycles (a) 

 
  

189.9 
 

 

No 12 11 
    

 

Yes 129 30 0.3 (0.1-0.6) 0.003 
  

Always disinfect ceiling between production cycles (a) 

 
  

195.4 
 

 

No 86 19 
    

 

Yes 55 22 1.8 (0.9-3.6) 0.10 
  

Always disinfect ventilation system between production cycles (a) 
   

196.5 
 

 

No 
      

 

Yes 
  

1.6 (0.8-3.2) 0.20 
  

Always disinfect footwear between production cycles (a) 

 
  

195.7 
 

 

No 78 13 
    

 

Yes 63 28 0.6 (0.3-1.1) 0.11 
  

Total score cleaning (a) 

    

195.8 
 

 

Range:9-11 

  

1.7 (0.8-3.3) 0.16 
  

 

Mean=11 

  
    



 

Median=11 

  
    

Size of broiler flock (b) 

  
  

198.3 0.38 

 

<10,000 50 10 
    

 

10,000-20,000 65 23 1.8 (0.8-4.1) 0.18 
  

 

>20,000 26 8 1.5 (0.5-4.4) 0.42 
  

Status of previous broiler flock in the same house (b) 

 
  

147.6 
 

 

Negative 129 15 
    

 

Positive 12 26 18.6 (7.8-44.4) <0.001 
  

Empty period between production cycles (b) 

 
  

195.9 0.11 

 

< 11 days 21 4 
    

 

11-20 days 60 25 2.2 (0.7-7.0) 0.19 
  

  >20 days 60 12 1.1 (0.3-3.6) 0.94     

Null-model: AIC=196.2. Null model including nested random effect of broiler house and broiler farm: AIC=168.9. OR: odds ratio, CI: confidence interval. 

 

 

 

 

  



Table S1b. Results from the univariable generalized linear model including a nested random effect of House ID within Farm ID on potential risk factors for 

occurrence of cephalosporin-resistant Escherichia coli in 182 Norwegian broiler flocks originating from 34 houses on 27 farms during February 2014-January 

2015. The collection of information regarding possible risk factors were done at both farm level (a) and flock level (b). The overall p-values for variables with 

more than two categories were calculated using ANOVA. 

  

 Variables 

Negative 

flocks 

(No.) 

Positive 

flocks 

(No.) 

OR (95 % CI) p-value AIC Overall p-value 

Number of parent flocks supplying the broiler flock (b) 

   

168.2 0.09 

 

One 50 8 

    

 

Two 66 19 2.2 (0.6-7.6) 0.23 

  

 

More than two 25 14 5.0 (1.1-22.8) 0.03 

  Floor heating in the broiler house (a) 

    
  

 

No 89 16 

  

167.3 0.06 

 

Yes 42 25 4.3 (0.9-19.6) 0.06 

  

 

Different for different houses 10 0 <0.001 (0-∞) 1.0 

  Transport personnel enter the room where the broiler are raised (a) 

   

165.5 

 

 

Never 138 32 

    

 

Rarely 3 9 38.5 (1.6-943.5) 0.02 

  Mesh checked between production cycles (a) 

    

170.6 0.23 

 

Don't have mesh 17 1 

    

 

Rarely 70 22 6.2 (0.2-211.5) 0.31 

  

 

Often 39 7 4.5 (0.12-171.3) 0.42 

  

 

Always 15 11 30.3 (0.7-1328.9) 0.08 

  Water source for the broiler house (a) 

    

166.1 

 

 

Public or private waterworks 99 17 

    

 

Own private watersource 42 24 6.6 (1.3-33.9) 0.02 

  Specify type of private water source (a) 

  

171.8 
 

 

Drillwater 45 23 

   

0.36 

 

Well 5 2 1.0 (0.02-59.3) 1.0 

  

 

Lake/pond 19 2 0.2 (0.01-2.9) 0.22 

  



 

Not private watersource 72 14 0.2 (0.03-1.2) 0.09 

  UV equipment in the broiler house (a) 

    

169.0 

 

 

No 68 13 

    

 

Yes 73 28 3.8 (0.6-24.4) 0.16 

  Alarm if UV equipment fails (a) 

    

170.5 0.29 

 

No 36 15 

    

 

Yes 37 13 0.5 (0.04-4.5) 0.50 

  

 

Don't have UV equipment 68 13 0-2 (0.02-1.6) 0.13 

  Dog present at the farm (a) 

    

164.5 

 

 

No 15 16 

    

 

Yes 126 25 0.08 (0.01-0.6) 0.01 

  Horse present at the farm (a) 

    

169.0 

 

 

No 111 38 

    

 

Yes 30 3 0.2 (0.02-2.2) 0.18 

  Caretakers live at the farm (a) 

    

169.7 

 

 

No 13 10 

    

 

Yes 128 31 0.2 (0.02-2.2) 0.19 

  Average frequency of visitors in the broiler house per production cycle (a) 

   

162.4 

 

 

No visitors 95 10 

    

 

One visitor or more 46 31 9.6 (2.2-42.2) 0.003 

  Ground outside doors and entrance to the broiler house (a) 

   

168.8 

 

 

Hard (asphalt, concrete etc) 108 37 

    

 

Gravel 33 4 0.2 (0.01-2.1) 0.17 

  Always disinfect floor between production cycles (a) 

   

167.8 

 

 

No 4 8 

    

 

Yes 137 33 0.04 (0.002-1.2) 0.06 

  Always disinfect walls between production cycles (a) 

   

168.4 

 

 

No 12 11 

    

 

Yes 129 30 0.1 (0.01-1.3) 0.08 

  Always disinfect ceiling between production cycles (a) 

   

168.5 

 



 

No 86 19 

    

 

Yes 55 22 4.4 (0.6-31.2) 0.13 

  Status of previous broiler flock in the same house (b) 

   

150.7 

 

 

Negative 129 15 

      Positive 12 26 15.4 (5.5-42.8) <0.001     

OR: odds ratio, CI: confidence interval. 

 



Data provided in Tables S2a-b shows the sub-grouping of variables for building a multivariable 

generalized logistic regression model. Table S2a presents sub-grouping for a multivariable model 

without random effect, while Table S2b present sub-grouping for a multivariable model run including 

a nested random effect of House ID within Farm ID.  

 

Table 2a. Sub-grouping of variables for building a multivariable generalized model in a study on risk 

factors for occurrence of cephalosporin-resistant Escherichia coli in 182 Norwegian broiler flocks 

originating from 34 houses on 27 farms during February 2014- January 2015. 

 

Sub-model Description Variables included  

Sub-model 1 Flock specific 

variables 

Status of previous broiler flock in the same house, Number of parent 

flocks supplying the broiler flock, Size of broiler flock, Age of broiler 

flock at sampling, Empty period between production cycles 

Sub-model 2 House specific 

variables 

Location of broiler house(s), Floor heating in the broiler house, 

Storage of the paper used to feed chickens on, Air inlet secured with 

mesh, Mesh checked between production cycles, Water source for the 

broiler house, Type of private water source, UV equipment in the 

broiler house, Alarm if UV equipment fails, Bacteriological sampling 

of UV equipment yearly, Ground outside doors and entrance to the 

broiler house 

Sub-model 3 Biosecurity Bucket used to collect dead chickens is in contact with the unclean 

part of the broiler house, Transport personnel enter the room where the 

broiler are raised, Tractor used when litter material is spread in the 

house, Average frequency of visitors in the broiler house per 

production period, Same tools used to clean and disinfect several 

broiler houses, Empty period between production cycles, Observed 

rodents in the room where the broilers are raised 

Sub-model 4 Surroundings Distance to nearest lake, pond, pool or swamp, Dog present at the 

farm, Horse present at the farm, Caretakers live at the farm 

Sub-model 5 Cleaning and 

disinfection 

Design of hygiene barrier, Always disinfect between production 

cycles, Always disinfect floors between production cycles, Always 

disinfect walls between production cycles, Always disinfect ceiling 

between production cycles, Always disinfect ventilation system 

between production cycles, Always disinfect footwear between 

production cycles, Total score cleaning 

 

 

  



Table 2b. Sub-grouping of variables for building a multivariable generalized model including a nested 

random effect of House ID within Farm ID in a study on risk factors for occurrence of cephalosporin-

resistant Escherichia coli in 182 Norwegian broiler flocks originating from 34 houses on 27 farms 

during February 2014- January 2015. 

Sub-model Description Variables included  

Sub-model 1 Flock specific 

variables 

Status of previous broiler flock in the same house, Number of parent 

flocks supplying the broiler flock 

Sub-model 2 House specific 

variables 

Floor heating in the broiler house,  Mesh checked between production 

cycles, Water source for the broiler house, Type of private water 

source, UV equipment in the broiler house, Alarm if UV equipment 

fails, Ground outside doors and entrance to the broiler house 

Sub-model 3 Biosecurity Transport personnel enter the room where the broiler are raised, 

Average frequency of visitors in the broiler house per production 

period,  

Sub-model 4 Surroundings Dog present at the farm, Horse present at the farm, Caretakers live at 

the farm 

Sub-model 5 Cleaning and 

disinfection 

Always disinfect floors between production cycles, Always disinfect 

walls between production cycles, Always disinfect ceiling between 

production cycles,  

  



Data provided in Tables 3a-c present results from the final multivariable model including a nested random effect of House ID within Farm ID, and the changes 

in the variation of random effect when the variables “Transport personnel enter the room where the broilers are raised” and “Always disinfect floor between 

production cycles” are removed from the model, respectively.  

 

Table S3a. Results from the multivariable generalized model including a nested random effect of House ID within Farm ID used to identify risk factors for 

occurrence of cephalosporin-resistant Escherichia coli in 182 Norwegian broiler flocks originating from 34 houses on 27 farms during February 2014-January 

2015. 

Variable Estimate SE OR (95 % CI) p-value 

Status of previous broiler flock in the same house 

   

 
Negative 0 

 
1 

 

 
Positive 2.5 0.5 12.7 (4.8-33.5) <0.001 

Transport personnel enter the room where the broilers are raised 

  

 
Never 0 

 
1 

 

 
Occasionally 2.2 0.9 9.4 (1.6-55.1) 0.01 

Always disinfect floor between production cycles 

   

 
No 0 

 
1 

 

 
Yes -2.0 0.8 0.1 (0.03-0.6) 0.01 

Number of parent flocks supplying the broiler flock 

  
0.02 

 
1 0 

 
1 

 

 
2 1.2 0.6 3.2 (0.9-11.1) 0.06 

  >2 1.8 0.7 6.3 (1.6-25.0) 0.01 

AIC: 142.0, Variance for random effect of House ID:Farm ID=<0.001, variance for random effect of Farm ID: <0.001 

ANOVA comparing this model to the final model excluding the nested random effect of House ID within Farm ID; p=1.0. 

ANOVA comparing this model to the model excluding the variable describing floor disinfection; p=0.01. 

ANOVA comparing this model to the model excluding the variable describing transport personnel entering the house; p=0.02. 

 

 

  



Table S3b. Results from the multivariable generalized model including a nested random effect of House ID within Farm ID used to identify risk factors for 

occurrence of cephalosporin-resistant Escherichia coli in 182 Norwegian broiler flocks originating from 34 houses on 27 farms during February 2014- January 

2015. Variable describing disinfection of floors excluded. 

Variable Estimate SE OR (95 % CI) p-value 

Status of previous broiler flock in the same house 

   

 
Negative 0 

 
1 

 

 
Positive 2.7 0.5 15.4 (5.5-43.6) <0.001 

Transport personnel enter the room where the broilers are raised 

  

 
Never 0 

 
1 

 

 
Occasionally 2.2 1.1 9.2 (1..01-80.2) 0.04 

Number of parent flocks supplying the broiler flock 

  
0.06 

 
1 0 

 
1 

 

 
2 1.0 0.6 2.8 (0.8-9.5) 0.10 

  >2 1.6 0.7 4.8 (1.2-19.5) 0.03 
AIC: 146.0, Variance for random effect of House ID:Farm ID=<0.001, variance random effect of Farm ID: 0.4 

  



Table S3c. Results from the multivariable generalized model including a nested random effect of House ID within Farm ID used to identify risk factors for 

occurrence of cephalosporin-resistant Escherichia coli in 182 Norwegian broiler flocks originating from 34 houses on 27 farms during February 2014- January 

2015. Variable describing transport personnel entering the room excluded. 

Variable Estimate SE OR (95 % CI) p-value 

Status of previous broiler flock in the same house 

   

 
Negative 0 

 
1 

 

 
Positive 2.7 0.5 15.6 (5.6-43.6) <0.001 

Always disinfect floor between production cycles 

   

 
No 0 

 
1 

 

 
Yes -1.8 0.9 0.2 (0.02-1.0) 0.05 

Number of parent flocks supplying the broiler flock 

  
0.02 

 
1 0 

 
1 

 

 
2 1.1 0.6 3.1 (0.9-10.7) 0.08 

  >2 1.9 0.7 6.4 (1.6-25.5) 0.01 
AIC: 146.8, Variance for random effect of House ID:Farm ID=0.12, variance for random effect of Farm ID: <0.001 
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Abstract
Escherichia coli resistant to extended-spectrum cephalosporins have been detected in the

Norwegian broiler production, despite the fact that antimicrobial agents are rarely used. The

genetic mechanism responsible for cephalosporin resistance is mainly attributed to the pres-

ence of the blaCMY-2 gene encoding a plasmid-mediated AmpC-beta-lactamase (pAmpC). The

aim of this study was to characterize and compare blaCMY-2 containing Escherichia coli isolated
from the intestinal flora of broilers and retail chicken meat (fillets) to identify possible successful

clones and/or resistance plasmids widespread in the Norwegian broiler production. Methods

used included PCR based phylotyping, conjugation experiments, plasmid replicon typing,

pulsed-field gel electrophoresis, multiple locus variable-number tandem-repeats analysis and

whole genome sequencing. The nucleotide sequence of an IncK plasmid carrying blaCMY-2

was determined. Intestinal isolates displayed a higher degree of genetic diversity than meat

isolates. A cluster of genetically related isolates belonging to ST38, phylogroup D, carrying

blaCMY-2 containing IncK plasmids was identified. Furthermore, genes encoding plasmid stabil-

ity systems (relBE/stbDE and pndAC)were identified on the IncK plasmid. Single nucleotide

polymorphism (SNP) analysis of a subset of isolates confirmed a close genetic relationship

within the twomost prevalent STs. The IncK plasmids within these two STs also shared a high

degree of similarity. Cephalosporin-resistant E. coliwith the same genetic characteristics have

been identified in the broiler production in other European countries, and the IncK plasmid

characterized in this study showed close homology to a plasmid isolated from retail chicken

meat in the Netherlands. The results indicate that both clonal expansion and horizontal transfer

of blaCMY-2 containing plasmids contribute to dissemination of cephalosporin resistant E. coli in
the broiler production. The presence of plasmid stability systemsmay explain why the IncK

plasmid containing blaCMY-2 is maintained and disseminated in the Norwegian broiler produc-

tion in absence of selection pressure from the use of antimicrobial agents.
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Introduction
In the last decade, Escherichia coli resistant to extended-spectrum cephalosporins have
emerged globally in both human and veterinary medicine [1–4]. This trend is concerning, as
cephalosporins are defined as critically important for treatment of human infections [5]. Ceph-
alosporin resistance in E. coli is primarily mediated by the spread and acquisition of genes
encoding extended-spectrum beta-lactamases (ESBLs) and/or plasmid-mediated AmpC-beta-
lactamases (pAmpC) [6]. These genes are usually located on plasmids [7], and thus have a
large potential for dissemination in the bacterial population through horizontal spread. Fur-
thermore, clonal spread also plays a significant role in the dissemination of cephalosporin-
resistant E. coli [2], exemplified by the global spread of E. coli sequence type 131 (ST131) con-
taining the blaCTX-M-15 gene [8, 9].

In veterinary medicine, poultry have been associated with high rates of cephalosporin-resis-
tant E. coli [3]. Recently, cephalosporin-resistant E. coli have also been detected in the Norwe-
gian broiler production pyramid [10–13]. However, the situation in Norway is unique, as the
use of antimicrobials is minimal, and therefore selection pressure is virtually absent [10–13].
Only a single broiler flock was treated with antimicrobial agents in 2013 and 2014 [14, 15], and
four flocks were treated in 2015 [16]. Also, a previous study has shown that the blaCMY-2 gene,
encoding a pAmpC-beta-lactamase, is responsible for cephalosporin resistance in the vast
majority of the resistant isolates [10]. In other countries, a more heterogeneous genetic back-
ground for cephalosporin resistance is present, also including genes of the blaCTX-M, blaSHV

and blaTEM groups [3]. Furthermore, fresh conventional chicken meat available at retail is pro-
duced in Norway, and the import of chicken meat is very limited [17]. Thus, consumers may
be exposed to E. coli carrying blaCMY-2 through handling of raw chicken meat, or by consump-
tion of undercooked chicken meat. The occurrence of cephalosporin resistant E. coli in other
food products seems to be of less importance in Norway [11–13, 18]. Import of breeding ani-
mals and hatching eggs has been suggested as the likely source of the pAmpC-producing E. coli
present in the Norwegian broiler production pyramid [10, 19, 20].

It has been hypothesized that animals and food contaminated with ESBL/pAmpC-produc-
ing E. colimay constitute a reservoir for human acquisition of such bacteria. An increasing
number of studies highlight the similarities between isolates and resistance elements from ani-
mals and/or meat and humans [4, 21–28]. In order to minimize a possible zoonotic transfer of
resistant bacteria, it should be an overall goal to keep the occurrence of ESBL/AmpC-produc-
ing E. coli in animals and food at the lowest possible level.

The aim of this study was to characterize and compare pAmpC-producing E. coli isolated
from the intestinal flora of broilers and retail chicken meat (fillets) in order to identify possi-
ble successful clones and/or resistance plasmids widespread in the Norwegian broiler pro-
duction. Furthermore, the nucleotide sequence of a frequently occurring IncK plasmid
carrying blaCMY-2 was determined. This knowledge is important in order to evaluate a possi-
ble “spill-over” effect to humans and the environment, and in evaluation of the epidemiology
of blaCMY-2 carrying plasmids in the Norwegian and European broiler production.

Materials and Methods

Bacterial isolates
A total of 232 E. coli with pAmpC-production previously collected within the frame of the
Norwegian monitoring programme for antimicrobial resistance in bacteria from food, feed
and animals (NORM/NORMVET) were included in the study. The isolates were collected
from the intestinal flora of healthy broiler chickens by the use of boot swabs and from retail
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chicken meat (fillets) in 2011 (n = 108, boot swabs), 2012 (n = 66, retail meat) and 2014
(n = 58, retail meat). Methods for isolation and species determination are described previ-
ously [11–13]. The included isolates represented all pAmpC-producing E. coli isolated from
broiler in 2011 and retail chicken meat in 2012 and 2014. All isolates were known to harbour
the blaCMY-2 gene. Intestinal isolates originated from pieces of boot swabs collected in the
Norwegian Salmonella control programme for live animals. Five samples were collected each
week during January to November 2011. One piece of boot swab was analysed per flock, and
maximum one isolate was obtained per flock. Meat isolates originated from samples collected
at retail in counties Oslo, Akershus and Vestfold following a proportionate stratified sam-
pling scheme throughout 2012 and 2014, representing the market share from the three larg-
est chicken meat producers in Norway. Due to the centralised structure of the Norwegian
meat production, samples collected in the three counties represent production units in all
parts of Norway with broiler production. The chicken meat producers are affiliated to differ-
ent supermarkets rather than different parts of the country and a representative proportion
of samples from each meat producer according to their market shares were obtained by col-
lecting samples from different supermarkets. Each meat isolate represent one unique sample.
All isolates had been subjected to susceptibility testing (VetMIC or Sensititre1 TREK) and
the minimum inhibitory concentrations (MICs) to several antimicrobial agents were known
[11–13].

Determination of phylogroups
All isolates were subjected to phylotyping using multiplex PCR as described previously [29].
The isolates were classified into phylogroup A, B1, B2 or D. An isolate belonging to the B2
group, (E. coli 2003500827) [30] producing amplicons with all four primer sets, was included
as positive control in each PCR run.

Conjugation experiments
Transferability of blaCMY-2 containing resistance plasmids was determined by conjugation
experiments. Quinolone susceptible isolates were subjected to conjugation with quinolone-
resistant E. coli DH5α (CCUG 32825) as the recipient. Quinolone-resistant isolates were sub-
jected to conjugation with E. coli OneShotTM cells with pCRTM II vector encoding kanamycin
resistance (Invitrogen™, LifeTechnologies, Thermo Fisher Scientific Inc., Waltham, MA, USA).
Overnight cultures of recipient and donor was mated 500 μL: 10 μL in four mL Luria Bertani
(LB) broth (Merck, Damstadt, Germany), and incubated at 37°C. From the respective matings,
100 μL broth was plated out on Mueller Hinton agar (Difco, Becton Dickinson and company,
Sparks, MD) supplemented with 0,5 mg/L cefotaxime and 20 mg/L nalidixic acid (E. coli
DH5α) or 0,5 mg/L cefotaxime and 50 mg/L kanamycin (E. coli OneShotTM), and incubated at
37°C for 24–48 hours. Sampling of the matings was done using the following strategy: The first
samples were plated out after four hours incubation. If no transconjugants were identified,
samples were also plated out after 24 hours incubation. Furthermore, a new mating was pre-
pared and samples plated out after two and six hours if no transconjugants were identified in
the first conjugation experiment. Presumptive transconjugants were plated on blood agar and
lactose-saccharose-bromthymol blue agar to inspect the colony morphology. All donor strains
were lactose fermenters, while the recipient strains did not ferment lactose. In addition, the
recipient strain grew with small characteristic colonies on blood-agar. The transconjugants
were subjected to Real-Time-PCR with a previously published probe [31] to confirm conjuga-
tive transfer of blaCMY-2.
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PCR-based replicon typing
PCR-based replicon typing (PBRT) was performed on all transconjugants to determine the
incompatibility group of plasmids transferred from the donor isolates. The replicon typing was
carried out using the PBRT KIT-PCR- based replicon typing (Diatheva, Fano, Italy), according
to the manufacturers’ instruction. Positive and negative controls were included in each PCR
reaction.

Pulsed-Field gel electrophoresis
All isolates were subjected to Pulsed-Field Gel Electrophoresis (PFGE) after digestion with the
XbaI restriction enzyme (Sigma, St Louis, MO). A protocol recommended by Pulse Net [32]
was used with minor alterations as previously described [30]. Lambda Ladder PFG marker
(New England Biolabs, Hitchin, UK) was included in each run. The banding patterns were
evaluated using UPGMA cluster analysis in BioNumerics version 6.6 (BioNumerics, Applied
Maths, Sint-Marten-Latem, Belgium) with tolerance 1% and optimization 1%, and visual
inspection. Banding patterns with�97% similarity were defined as identical, while banding
patterns with�80% similarity were defined as belonging to the same PFGE cluster.

Multiple locus variable-number tandem-repeat analysis
A subset of meat isolates (n = 20) that were non-typeable by PFGE were subjected to multiple
locus variable-number tandem-repeat analysis (MLVA) to investigate the genetic relatedness
between these isolates. MLVA of 10 loci was conducted as previously described [33]. The PCR
products were separated by capillary electrophoresis on a 3130xl Genetic Analyzer (Applied
Biosystems Life Technologies, Thermo Fisher Scientific Inc., Waltham, MA). Peaks were ana-
lysed using Peak Scanner Software (Applied Biosystems) with respect to colour and size. Allele
numbers were determined based on the fragment size. If no fragment was detected, the allele
number was set to zero. Intestinal isolates that were non-typeable by PFGE were not subjected
to further genotyping.

Whole genome sequencing
In order to do further characterization of isolates within the two largest clusters identified in
this study, we selected relevant isolates for whole genome sequencing (WGS). These included
five isolates representing the largest PFGE cluster, of which three isolates were from faeces and
two isolates from meat. Also, five isolates from meat displaying a banding pattern highly simi-
lar to the largest PFGE cluster were included. Finally, five meat isolates with highly similar
MLVA profiles, representing the second largest cluster, were subjected to WGS. One isolate
from 2011 and one isolate from 2012 were sequenced twice to serve as controls of reproducibil-
ity. DNA was isolated manually by the use of the Wizard Genomic Purification Kit (Promega
Corporation, Madison, WI) (isolates from 2011 and 2012) or automated by the use of MagNA
Pure LS Total Nucleic acid Isolation kit in a MagNA Pure LS instrument (Roche Diagnostics,
Mannheim, Germany) (isolates from 2014). Library construction and WGS was performed by
BGI (BGI Tech Solutions Co. Ltd., Hong Kong) and by the use of a HiSeq 2500 Illumina plat-
form. Furthermore, the sequence servicing centre provided trimmed, cleaned paired- end read
sets and assembled contigs by use of SOAPdenovo software version 2.04 (http://sourceforge.
net/projects/soapdenovo2/files/SOAPdenovo2/). The processed sequence data were analysed
in silico with regard to multi-locus sequence type (ST) [34], serotype, acquired resistance genes,
plasmid replicon types and virulence genes by the use of tools available online at www.
genomicepidemiology.org from Center for Genomic Epidemiology (CGE), DTU, Denmark.
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Also, a SNP tree was constructed using CSI Phylogeny 1.1 [35] available from CGE, to investi-
gate the number of SNP differences between the isolates subjected to WGS. An E. coli isolated
from retail meat in 2012 (2012-01-1292) was used as reference. A selection of E. coli reference
genomes available from NCBI was also included. The analysis was run using default settings.

Furthermore, the nucleotide sequence of one frequently occurring IncK plasmid was recon-
structed. The plasmid was present in one of the isolates within the largest PFGE cluster (isolate
no 2012-01-1292). A transconjugant from the conjugation experiment containing the plasmid
(1292DH5α) was subjected to WGS, and the draft sequence of the plasmid was identified in an
assembled contig. This was done by aligning each contig to an assembled sequence of E. coli
DH1 (accession no. CP001637.1) in CLC Genomics (CLC Bio, Qiagen, Aarhus, Denmark).
One scaffold did not align to the DH1sequence, and was assumed to represent the IncK plas-
mid sequence. To ensure sufficient quality of the plasmid sequence, Sanger sequencing was
performed to cover areas with inadequate quality, regions containing repeat sequences, and
each side of the scaffold to determine if it could be closed into a circular sequence. Plasmid
DNA was extracted using Qiagen Plasmid Plus Maxi Kit (Qiagen, Venlo, The Netherlands)
and used as template directly in the sequencing reactions. Primers for sequencing relevant
regions were designed using CLC Genomics. BigDye Terminator v3.1/1.1. cycle sequencing kit
(Applied Biosystems) was used to determine the nucleotide sequences. The reactions were sub-
jected to capillary electrophoresis on a 3130xl Genetic Analyser (Applied Biosystems), and fur-
ther analysis was performed in CLCMain Workbench (CLC Bio, Qiagen). Open reading
frames (ORFs) on the plasmid sequence were identified using CLC Genomics. Annotations
were performed by a combination of automated annotation using RAST v4.0 [36] and manual
annotation in CLCMain Workbench. The plasmid was designated pNVI1292.

To investigate if similar IncK plasmids were present in the other isolates subjected to WGS,
we used CSI Phylogeny with pNVI1292 as reference [35].

Results

Phylogenetic grouping and genetic relationship
The results from the phylotyping experiments showed that phylogroup D dominated among
isolates from both broilers (56%) and meat (84%). Seven isolates from broilers (6%) and six iso-
late from meat (5%) belonged to phylogroup B2. Furthermore, 31 broiler isolates (29%) and
two meat isolates (2%) grouped into phylogroup B1, while nine (8%) broiler isolates and 12
(10%) meat isolates belonged to phylogroup A. The distribution of phylogroups is shown in
Table 1.

PFGE and subsequent cluster analysis revealed that the intestinal isolates showed a higher
diversity than the meat isolates (S1 and S2 Figs). Furthermore, a main cluster including 69 iso-
lates was identified when all isolates were analysed together. This cluster included 20 of 108
intestinal isolates (2011), and 49 of 124 meat isolates (43 of 66 from 2012 and 6 of 58 from
2014). The main cluster is indicated in the dendrogram based on the PFGE banding pattern of
all isolates included in the study (S3 Fig). Within the main cluster, 25 isolates displayed identi-
cal banding patterns. Of these, 21 isolates originated from meat and four from the intestinal
flora. E. coli with this banding pattern was isolated from meat samples originating from two
different manufacturers, and thus different abattoirs. A proportion of the isolates were non-
typeable (n = 50), including 30 intestinal isolates and 20 meat isolates.

Of the 20 meat isolates subjected to MLVA (all non-typeable by PFGE), 15 had highly simi-
lar MLVA profiles indicating close genetic relationship. All these isolates belonged to phy-
logroup D. Of the remaining five isolates, two belonged to phylogroup D, and both displayed
unique MLVA profiles. The remaining three isolates grouped into phylogroup A and displayed
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closely related MLVA profiles, but differed substantially from the other isolates subjected to
MLVA (S4 Fig).

Transferability and replicons of blaCMY-2 containing plasmids
Conjugative plasmids carrying blaCMY-2 were identified in 202 of 232 isolates (87%). A similar
occurrence of conjugative IncI1 and IncK plasmids was observed among intestinal isolates
from broilers. However, in isolates originating from meat, IncK plasmids were identified in all
but one isolate (n = 101, 99%) with conjugative plasmids (Table 1). In addition to IncK and
IncI1 plasmids, IncFII and IncFIB plasmids were identified in a few transconjugants (S2 Fig).

In silico typing of WGS data
Isolates within the main PFGE cluster were identified as belonging to ST38 and serotype O7:
H18. Five isolates with a highly similar PFGE pattern but grouping just outside the main PFGE
cluster were also identified as belonging to ST38, serotype O7:H18. Isolates exhibiting nearly
identical MLVA patterns (n = 5) belonged to ST1158 and serotype O17/77:H34. Among the
ST38 strains, three isolates contained the blaTEM-1 gene in addition to blaCMY-2. No additional
acquired resistance genes were identified in the remaining isolates subjected to WGS. The
WGS data further showed that 14 isolates carried the virulence factors iss (increased serum sur-
vival) and iha (adhesion siderophore). Eleven isolates carried gad (glutamate decarboxylase),
and nine isolates carried iroN (enterobactin siderophore) and cma (colicin M). Also, a few iso-
lates carried celb (endonuclease colicin) and astA (heat-stable enterotoxin) [37, 38]. The SNP
analysis (S5 Fig) showed that isolates within the main cluster, including both intestinal and
meat isolates had a limited number of SNP differences (2–14 SNPs). Between isolates in the
main cluster and isolates with highly similar PFGE banding patterns outside the main cluster
(ST38), 138–150 SNP differences were observed. Isolates that were non-typeable by PFGE but
displayed highly similar MLVA profiles (ST1158), differed by 8–63 SNPs. More than 10352
SNP differences were observed between isolates in the two main clusters defined by PFGE and
MLVA (ST38 and ST1158) (S1 Table).

Table 1. Distribution of phylogroups, conjugative blaCMY-2 containing plasmids and replicon types of conjugative plasmids among pAmpC-pro-
ducing Escherichia coli isolated from broiler faeces and retail chickenmeat in Norway 2011, 2012 and 2014.

Origin Replicon- type A B1 B2 D Total

Broiler 2011 IncK 3 6 1 32 42

IncI1 3 20 4 25 52

IncK and IncI1 1 0 2 3 6

NTP 2 5 0 1 8

Total broiler 2011 9 31 7 61 108

Retail chicken meat 2012 IncK 4 0 1 56 61

IncI1 1 0 0 0 1

NTP 0 0 0 4 4

Total retail chicken meat 2012 5 0 1 60 66

Retail chicken meat 2014 IncK 6 0 5 28 39

IncK and IncI1 1 0 0 0 1

NTP 0 2 0 16 18

Total retail chicken meat 2014 7 2 5 44 58

Overall total 21 33 13 165 232

NTP: Non-transferable plasmid

doi:10.1371/journal.pone.0154019.t001
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Plasmid characterization
The nucleotide sequence of an IncK plasmid harboured by an ST38 isolate grouping within the
main PFGE cluster (1292DH5α), designated pNVI1292, was determined and characterized.
The plasmid was 79.3 kB in size, and the majority of the genes encoded were associated with
conjugal transfer or transcription. The blaCMY-2 gene was flanked by ISEcp1 downstream and
blc and sugE upstream. This genetic organization has previously been described in other plas-
mids from E. coli and Salmonella enterica [39]. The insertion sequence ISEcp1 is known to
function both as a transposase [40], and as a strong promotor for expression of genes located
downstream [41]. The blc gene encodes a membrane lipoprotein [42], while sugE encodes an
efflux pump mediating resistance to quaternary ammonium compounds when overexpressed
[43]. In addition, two plasmid stability systems, namely relBE/stbDE and pndAC were present
on the plasmid sequence (Fig 1). The plasmid sequence showed close homology to Escherichia

Fig 1. Structure of the blaCMY-2 containing plasmid pNVI1292 isolated from 1292DH5α. Light blue colour indicate transfer associated genes, blue colour
indicate pilus associated genes, light green colour indicate resistance genes, red colour indicate plasmid stability systems, purple colour indicate insertion
sequence, dark green colour indicate replication associated genes, orange colour indicate other proteins, and grey colour indicate hypothetical proteins.

doi:10.1371/journal.pone.0154019.g001
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coli 53C plasmid unnamed 3 (Accession number NZ_JXMX01000007.1) isolated from retail
chicken meat in the Netherlands in 2010 [22, 25]. However, the pNVI1292 plasmid lacked a
6.6 kb sequence compared to the plasmid from the Netherlands (Fig 2). This 6.6 kb sequence
was not found in any of the isolates subjected to WGS in this study.

The nucleotide sequence of the pNVI1292 plasmid from 1292DH5α has been submitted to
GenBank (KU312044).

Analysis of the plasmid sequences from all isolates subjected to WGS (ST38 and ST1158) by
the use of CSI Phylogeny showed that a 75.6 kb part of the nucleotide sequence from the
pNVI1292 plasmid from 1292DH5α was present in all the isolates (S2 Table). This indicates
that plasmids within ST38 and ST1158 share a high degree of similarity.

Discussion
Our genotyping studies showed that cephalosporin resistant E. coli isolated from the intestinal
flora of chickens in Norway is more diverse than those isolated from retail chicken meat. Two
large clusters of genetically related isolates frommeat were identified, belonging to ST38 and
ST1158, respectively. In other studies, a more diverse genetic composition of cephalosporin-resis-
tant E. coli has been identified in chicken meat samples [21, 23, 44, 45]. To our best knowledge,
there are no other studies demonstrating the dominance of particular cephalosporin resistant
clones in chicken meat over a prolonged time period. Only one pAmpC gene, namely blaCMY-2

was detected in cephalosporin resistant E. coli isolated from chicken and chicken meat in Norway
[10]. Worldwide, blaCMY-2 is associated with pAmpC- producing E. coli isolated from poultry
[3]. In Europe, blaCMY-2 is frequently linked to IncA/C and IncI1 plasmids in both human and

Fig 2. Alignment of plasmid pNVI1292 from 1292DH5α and Escherichia coli 53C. A 6.6 kB sequence present in the plasmid from Escherichia coli 53C
but absent in the pNVI1292 plasmid is shown in the bottom of the figure. Differences in the nucleotide sequence between the two plasmids are marked with
blue shadings.

doi:10.1371/journal.pone.0154019.g002
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poultry isolates [7], however an association with IncK plasmids has recently been reported [22,
24, 44, 46–48]. An equal distribution between IncK and IncI1 plasmids carrying blaCMY-2 was
seen among pAmpC-producing E. coli isolated from faecal samples. However, in isolates origi-
nating frommeat samples, the majority were found to carry IncK plasmids. This may be
explained partly by the abundance of E. coli ST38 and ST1158 carrying IncK plasmids in Norway.
SNP analysis of isolates subjected toWGS showed few SNP differences between ST38 isolates
with highly similar PFGE banding patterns. Furthermore, few SNP differences between isolates
originating from broilers and retail meat, and isolates collected in different years was seen. It is a
perception that E. coli isolates from food-borne outbreaks have been shown to differ by 10–20
SNPs [49].Until now, clonal dissemination of cephalosporin-resistant E. coli has mostly been
described for human adapted E. coli variants [8, 9]. However, our results showing few SNP differ-
ences highlight that clonal dissemination of pAmpC-producing strains has occurred in the Nor-
wegian broiler production. Most of the blaCMY-2 carrying plasmids were conjugative in vitro.
This indicates a large potential for horizontal transfer of these resistance plasmids in the bacterial
population. The fact that the genetic diversity was smaller among meat isolates compared to
intestinal isolates, and that IncK plasmids are dominating, indicate that a selection step favouring
these variants and plasmids may occur from live animals to retail meat. Possibly, these variants
and/or plasmids harbour a selection advantage throughout the production pyramid.

Our genotyping results revealed that a considerable proportion of the meat isolates belonged
to ST38. This ST has also been identified in E. coli carrying blaCMY-2 on an IncK plasmid isolated
from broilers and retail chicken meat in the Netherlands [22, 50], broilers and parent animals in
Denmark [48], and retail chicken meat originating from Sweden, Finland and Denmark [46].
Thus, E. coli ST38 seems to be a variant commonly associated with cephalosporin resistance in the
European broiler production pyramid. E. coli ST38 is associated with both uropathogenic E. coli
(UPEC) and entero-aggregative E. coli (EAEC) in humans, but these isolates often carry other
cephalosporin resistance genes on plasmids different than those found in isolates from broilers
and retail chicken meat [51–53]. However, recent findings in Norway revealed a few E. coli ST38
carrying blaCMY-2 on IncK plasmids in human UPEC isolates. These isolates and plasmids were
highly similar to isolates and plasmids from retail chicken meat. The results indicate that chicken
meat may be a possible source for human acquisition of resistance plasmids and pAmpC-produc-
ing E. coli [54]. However, further studies are required to determine the route of transmission and
whether other possible sources exist for human acquisition of these bacteria. Among isolates from
2014 we identified ST1158 as an emerging ST. Isolates within this ST were non-typeable by PFGE,
but the majority displayed highly similar MLVA profiles. This finding may indicate a shift of the
clonality of the pAmpC-producing E. coli isolated from chicken meat. This may be due to intro-
duction of new pAmpC-producing E. coli strains through import of hatching eggs. ST38 was still
prevalent in meat isolates from 2014. E. coli ST1158 has also been reported in retail chicken meat
from Switzerland, but carrying blaCTX-M-1 and not blaCMY-2 [45]. To our best knowledge, this is
the first report of E. coli ST1158 carrying blaCMY-2 on an IncK plasmid.

The pNVI1292 plasmid characterized in this study was highly similar to a plasmid isolated
from E. coli in Dutch chicken meat in 2010. It may therefore be argued that this plasmid is dis-
seminated and successful in the European broiler production. The pNVI1292 plasmid was iso-
lated in 2012, and highly similar plasmids were identified in E. coli isolated from chicken in
2014. This suggests that the IncK plasmid has been circulating in the European broiler produc-
tion for several years. Furthermore, the WGS data supported the hypothesis that related IncK
plasmids are widespread and successful in the Norwegian broiler production. Overall, the
results from the plasmid characterization and genotyping experiments strengthen the theory
that import of hatching eggs is the original source of pAmpC-producing E. coli in the Norwe-
gian broiler production.
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The presence of the plasmid stability systems relBE/stbDE and pndAC represents a selection
advantage for the plasmids due to post-segregational killing of plasmid-free daughter cells.
Also, the addiction modules ensure plasmid stability during replication by elimination of other
compatible plasmids from the bacteria [55]. This may represent an explanation of how
pAmpC-producing E. coli can be maintained in the Norwegian broiler production in spite of
the absence of selection pressure from antimicrobial use.

Phylotyping revealed that the majority of the isolates from both broilers and retail chicken
meat belonged to phylogroup D. Also, a small number of isolates were identified as belonging
to phylogroup B2. A small study from Denmark also showed that phylogroup D dominated
among E. coli isolated from the broiler production pyramid and retail meat [48]. Also, phy-
logroup D and blaCMY-2 has previously been shown to have a close association with E. coli iso-
lated from poultry in Spain [56]. The phylogroups D and B2 are associated with human
extraintestinal pathogenic E. coli (ExPEC) strains [57]. Also, ExPEC associated virulence fac-
tors were detected among isolates subjected to WGS, namely iss, iha, iroN and astA [58, 59].
Thus, there are indications that pAmpC-producing E. coli from broilers and retail chicken
meat in Norway may have pathogenic potential.

In conclusion, both clonal expansion and horizontal transfer of blaCMY-2 carrying plasmids
are likely to contribute to the dissemination of pAmpC-producing E. coli in the Norwegian
broiler production. The presence of the plasmid stability systems relBE/stbDE and pndAC is
likely to play a significant role in the broad dissemination and maintenance of IncK plasmids
carrying blaCMY-2, as it represents a selection advantage for isolates carrying this plasmid. We
also suggest that highly related blaCMY-2 carrying IncK plasmids are disseminated and success-
ful in the European broiler production.

Supporting Information
S1 Fig. Pulsed-Field gel electrophoresis (PFGE) banding patterns for intestinal isolates.
Dendrogram based on UPGMA cluster analysis of PFGE banding patterns of pAmpC-produc-
ing E. coli isolated from and faecal samples from healthy broiler chickens, 2011. The red line
indicates 80% similarity of banding patterns, and the blue line indicates 97% similarity of band-
ing patterns. Isolates subjected to whole genome sequencing are indicated by �. Isolates that
were PFGE non-typeable are shown as a straight line in the bottom of the dendrogram.
(PDF)

S2 Fig. Pulsed-Field gel electrophoresis (PFGE) banding patterns for meat isolates.Dendro-
gram based on UPGMA cluster analysis of PFGE banding patterns of pAmpC- producing E.
coli isolated from retail chicken meat, 2012 and 2014. The red line indicates 80% similarity of
banding patterns, and the blue line indicates 97% similarity of banding patterns. Isolates sub-
jected to whole genome sequencing are indicated by �. Isolates that were PFGE non-typeable
are shown as a straight line in the bottom of the dendrogram.
(PDF)

S3 Fig. Dendrogram including Pulsed-Field gel electrophoresis (PFGE) banding patterns
of all isolates included in the study. The red line denotes 80% similarity of banding patterns,
while the blue line denotes 97% similarity of banding patterns. The green box highlights the
main cluster including 69 isolates. Isolates that were PFGE non-typeable are shown as a
straight line in the bottom of the dendrogram. Isolates subjected to whole genome sequencing
are indicated by �.
(PDF)
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S4 Fig. Minimum-spanning-tree analysis of 20 meat isolates subjected to Multiple locus
variable-number tandem-repeats analysis (MLVA). Green colour represents isolates belong-
ing to phylogroup D, while blue colour represents isolates belonging to phylotype B1. The
main cluster of highly related MLVA profiles, including 15 isolates, is indicated by the red cir-
cle.
(TIF)

S5 Fig. Single nucleotide polymorphism (SNP) tree of isolates subjected to whole genome
sequencing and NCBI E. coli reference genomes. Retail meat isolates are highlighted with yel-
low, isolates from broiler faeces are highlighted with green, while NCBI E. coli reference
genomes are highlighted with blue. Isolate 2012-01-1292 was used as reference. Isolates 2012-
01-1292ctrl and 2011-01-2112-2ctrl were included as control of sequence reproducibility.
(PDF)

S1 Table. Number of single nucleotide polymorphisms (SNPs) between pairs of isolates
subjected to whole genome sequencing. Isolate 2012-01-1292 was used as reference. Isolates
2012-01-1292ctrl and 2011-01-2112-2ctrl were included as control of sequence reproducibility.
(XLSX)

S2 Table. Percentage similarity between IncK plasmids subjected to whole genome
sequencing. The assembled plasmid sequence from pNVI1292 was used as reference (79.3 kb).
Percentage of reference genome covered by all isolates was 95.3% (75.6 kb). Number of single
nucleotide polymorphisms (SNPs) between pairs of plasmids is shown.
(XLSX)
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2011-01-4182-4

2011-01-4277-1

2011-01-5250-4

2011-01-5251-6

2011-01-5254-1

2011-01-5254-6

2011-01-5815-1

2011-01-6227-6

2011-01-6462-4

2011-01-7378-4

2011-01-7464-1

2011-01-7464-5

2011-01-7940-1

2011-01-8174-2

2011-01-8174-5

2011-01-8908-5

2011-01-9386-2
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D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

B2

B1

B2

D

B1

B1

B1

B1

B1

B2

A

B2

D

B2

D

D

D

A

B1

B1

B1

B1

B1

B1

B1

B1

B1

B1

B2

D

A

B1

A

D

A

B1

D

D

D

D

D

A

D

D

D

D

D

D

D

D

D

D

A

B1

B2

B1

D

D

A

D

A

D

D

D

B1

D
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D

B1
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+

+

+

+

+

+

+

+

-

-

-
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+
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+

+
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+

+

+
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I1

K

K

K

K

K, FIB, FII

I1

I1, FII

I1

I1

I1

I1

I1

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K, FIB, FII

K

K

I1

I1

NR

I1

I1

NR

K

NR

I1

NR

I1

K

K

I1

K, I1

K, I1

K, I1

K

I1

I1

I1

I1

I1

I1

I1

I1

I1

I1

I1

I1

I1

NR

I1

I1

I1

I1

I1

K

I1

I1

I1

I1

K

I1

I1

I1

I1

I1

I1

I1

I1

I1

NR

NR

NR

K, I1

K

I1

I1

K

K, I1

K, I1

I1

I1, I2

K

K

I1

K

I1

K

         ID                                     Source                   Year             Phylogroup 
Conjugative 

plasmid* 
Replicontype* 

*Transferability of plasmids carrying blaCMY-2. Replicon type refers to plasmid replicon (s) in transconjugant. NR: not relevant. 



XbaI

1
0

0

9
5

9
0

8
5

8
0

7
5

7
0

6
5

6
0

5
5

5
0

4
5

4
0

3
5

3
0

2
5

2
0

1
5

1
0
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.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

2014-01-2449

2014-01-2452

2014-01-5687

2014-01-5983

2014-01-6137

2014-01-1676

2012-01-2798

2014-01-7010

2014-01-7037

2014-01-6321

2014-01-7011

2014-01-4267

2014-01-7150

2014-01-5104

2014-01-5689

2014-01-1672

2012-01-5334

2014-01-1336

2014-01-7427

2014-01-1673

2014-01-3681

2014-01-4991

2012-01-771

2012-01-960

2012-01-7896

2014-01-2454

2012-01-1137

2012-01-5335

2012-01-1292  *

2012-01-1459

2012-01-1988

2012-01-772

2012-01-1138

2012-01-1293

2012-01-1294

2012-01-1657

2012-01-2350

2012-01-3380

2012-01-5336

2012-01-3702

2012-01-4274

2012-01-3703

2012-01-4101

2012-01-4272

2012-01-4273

2012-01-5581

2012-01-2800

2012-01-6775

2012-01-3701

2012-01-6612

2012-01-3584

2012-01-3585

2012-01-1134

2012-01-3686

2012-01-2599

2012-01-1550

2012-01-706

2012-01-1295

2012-01-708

2014-01-6135

2012-01-6001  *

2012-01-8642

2012-01-7316

2012-01-7898

2012-01-7900

2012-01-5998

2012-01-7901

2012-01-6154

2014-01-5749

2012-01-707

2014-01-7292

2014-01-7296

2012-01-1552

2012-01-1553  *

2012-01-1849  *

2012-01-2348

2012-01-5332

2012-01-5507

2012-01-3184

2012-01-5333

2012-01-6774

2012-01-6613

2014-01-7008

2014-01-3384

2014-01-14

2014-01-1040  *

2014-01-1044  *

2014-01-1675  *

2014-01-4662

2014-01-1076

2014-01-5572

2014-01-5771

2012-01-4096

2012-01-6908

2012-01-646

2014-01-7295

2012-01-3586

2012-01-3762

2012-01-5997

2014-01-5656

2012-01-1658

2012-01-1659

2014-01-7149

2014-01-7282

2012-01-6611

2014-01-13  *

2014-01-1042  *

2014-01-1043  *

2014-01-1756

2014-01-3128

2014-01-3678

2014-01-3680  *

2014-01-3682

2014-01-3683

2014-01-4268

2014-01-5100

2014-01-5105  *

2014-01-5106

2014-01-5686

2014-01-5750

2014-01-5772

2014-01-5982

2014-01-6247

2014-01-7475
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+

+

+

+

+

+

+
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NR

NR

NR

NR

NR

NR

I1

K

K

K

NR

K

K

K

K

K

K

K, I1

K

NR

NR

K

K

K

K

NR

K, FIB, FII

K

K

K

K

K

K

NR

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

NR

K

NR

K, FIB, FII

K

K

K

K

K, FIB, FII

K

NR

K

K

K

K

K

K

K

K

NR

K

K

K

NR

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K, FIB, FII

NR

K

NR

NR

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

NR

K

K

K

NR

NR

K

K

K, FII

K

K

K

K

K

K

K

*Transferability of plasmids carrying blaCMY-2. Replicon type refers to plasmid replicon (s) in transconjugant. NR: not relevant. 

         ID                             Source                     Year             Phylogroup 
Conjugative 

plasmid* 
Replicontype* 



XbaI

1
0
0

9
8

9
6

9
4

9
2

9
0

8
8

8
6

8
4

8
2

8
0

7
8

7
6

7
4

7
2

7
0

6
8

6
6

6
4

6
2

6
0

5
8

5
6

5
4

5
2

5
0

4
8

4
6

4
4

4
2

4
0

3
8

3
6

3
4

3
2

3
0

2
8

2
6

2
4

2
2

2
0

1
8

1
6

1
4

1
2

1
0

86420
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.

.

2011-01-3460-3

2014-01-1673

2011-01-5251-4

2014-01-1336

2011-01-1670-3

2011-01-1670-5

2011-01-1544-4

2011-01-1544-6

2011-01-6928-3

2011-01-6928-6

2014-01-7011

2014-01-7010

2014-01-7037

2014-01-6321

2014-01-7427

2014-01-4267

2014-01-7150

2011-01-5815-5

2011-01-6928-5

2011-01-7940-6

2011-01-6927-1

2014-01-3681

2011-01-6462-6

2012-01-5334

2014-01-5104

2014-01-5689

2014-01-1672

2011-01-1960-3

2014-01-2449

2014-01-2452

2014-01-5687

2014-01-5983

2014-01-6137

2014-01-1676

2011-01-323-4

2012-01-2798

2011-01-5610-4

2011-01-6928-1

2011-01-3646-4

2011-01-5254-5

2011-01-5815-2

2011-01-5610-3

2011-01-3646-1

2011-01-1960-6

2011-01-3717-1

2011-01-3717-3

2011-01-7464-6

2011-01-8709-5

2012-01-3586

2011-01-323-3

2011-01-5251-5

2011-01-6927-5

2011-01-323-5

2011-01-7940-2

2011-01-8304-1

2011-01-1670-4

2011-01-3646-6

2012-01-5997

2014-01-5656

2012-01-1658

2012-01-1659

2014-01-7149

2014-01-7292

2014-01-7296

2014-01-14

2014-01-1040  *

2014-01-1044  *

2014-01-1675  *

2011-01-7660-3

2011-01-6227-2

2012-01-1137

2012-01-1292  *

2012-01-1459

2012-01-5335

2011-01-2112-2  *

2012-01-1138

2012-01-1293

2012-01-1294

2012-01-1657

2012-01-2350

2012-01-3702

2012-01-3703

2012-01-4101

2012-01-4272

2012-01-4273

2012-01-4274

2012-01-1988

2011-01-7378-5

2011-01-3460-4

2012-01-6775

2012-01-2800

2012-01-3380

2012-01-3701

2012-01-6612

2012-01-3584

2012-01-3585

2012-01-1134

2012-01-3686

2012-01-2599

2012-01-1550

2012-01-1295

2011-01-8174-1

2014-01-4662

2012-01-6001  *

2012-01-8642

2012-01-7316

2012-01-7898

2012-01-7900

2012-01-5998

2012-01-7901

2011-01-5432-3  *

2011-01-5815-4

2012-01-706

2011-01-5432-1

2011-01-5432-5

2011-01-6462-1

2012-01-772

2012-01-5336

2012-01-5581

2012-01-708

2011-01-3717-6

2011-01-3991-2

2011-01-3991-6

2014-01-6135

2011-01-101-4

2014-01-5749

2012-01-6154

2012-01-707

2011-01-7660-1  *

2011-01-8304-4

2014-01-1076

2011-01-8709-3

2011-01-5252-4

2014-01-5572

2011-01-7660-6

2011-01-8908-2

2012-01-6613

2014-01-7008

2012-01-1552

2012-01-1553  *

2012-01-1849  *

2012-01-2348

2012-01-5332

2012-01-5507

2012-01-3184

2012-01-5333

2012-01-6774

2014-01-2454

2014-01-3384

2014-01-5771

2011-01-4277-2

2011-01-5250-6

2011-01-5250-7

2011-01-4277-3

2012-01-646

2012-01-4096

2012-01-6908

2012-01-7896

2011-01-8304-5

2011-01-3460-1

2011-01-8908-6

2011-01-3018-6

2011-01-5251-1

2011-01-5432-6

2011-01-5610-1

2011-01-6462-5

2011-01-7660-5

2011-01-5252-1

2011-01-3018-3

2012-01-771

2012-01-960

2011-01-7660-2

2011-01-7464-4

2011-01-4277-4

2014-01-4991

2011-01-5253-5

2012-01-3762

2011-01-4182-2

2014-01-7282

2011-01-7660-4

2014-01-7295

2011-01-7464-3

2011-01-101-5

2011-01-1960-4

2011-01-2112-3

2011-01-2112-5

2011-01-2508-3

2011-01-2508-6

2011-01-3339-2

2011-01-3339-5

2011-01-3646-3

2011-01-3717-2

2011-01-3717-4

2011-01-3717-5

2011-01-4182-3

2011-01-4182-4

2011-01-4277-1

2011-01-5250-4

2011-01-5251-6

2011-01-5254-1

2011-01-5254-6

2011-01-5815-1

2011-01-6227-6

2011-01-6462-4

2011-01-7378-4

2011-01-7464-1

2011-01-7464-5

2011-01-7940-1

2011-01-8174-2

2011-01-8174-5

2011-01-8908-5

2011-01-9386-2

2012-01-6611

2014-01-13  *

2014-01-1042  *

2014-01-1043  *

2014-01-1756

2014-01-3128

2014-01-3678

2014-01-3680  *

2014-01-3682

2014-01-3683

2014-01-4268

2014-01-5100

2014-01-5105  *

2014-01-5106

2014-01-5686

2014-01-5750

2014-01-5772

2014-01-5982

2014-01-6247

2014-01-7475

Faeces

Meat

Faeces

Meat

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Faeces

Faeces

Faeces

Faeces

Meat

Faeces

Meat

Meat

Meat

Meat

Faeces

Meat

Meat

Meat

Meat

Meat

Meat

Faeces

Meat

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Meat

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Faeces

Faeces

Meat

Meat

Meat

Meat

Faeces

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Faeces

Faeces

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Faeces

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Faeces

Faeces

Meat

Faeces

Faeces

Faeces

Meat

Meat

Meat

Meat

Faeces

Faeces

Faeces

Meat

Faeces

Meat

Meat

Meat

Faeces

Faeces

Meat

Faeces

Faeces

Meat

Faeces

Faeces

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Faeces

Faeces

Faeces

Faeces

Meat

Meat

Meat

Meat

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Meat

Meat

Faeces

Faeces

Faeces

Meat

Faeces

Meat

Faeces

Meat

Faeces

Meat

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Faeces

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

Meat

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

2011

2014

2011

2014

2011

2011

2011

2011

2011

2011

2014

2014

2014

2014

2014

2014

2014

2011

2011

2011

2011

2014

2011

2012

2014

2014

2014

2011

2014

2014

2014

2014

2014

2014

2011

2012

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2012

2011

2011

2011

2011

2011

2011

2011

2011

2012

2014

2012

2012

2014

2014

2014

2014

2014

2014

2014

2011

2011

2012

2012

2012

2012

2011

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2011

2011

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2011

2014

2012

2012

2012

2012

2012

2012

2012

2011

2011

2012

2011

2011

2011

2012

2012

2012

2012

2011

2011

2011

2014

2011

2014

2012

2012

2011

2011

2014

2011

2011

2014

2011

2011

2012

2014

2012

2012

2012

2012

2012

2012

2012

2012

2012

2014

2014

2014

2011

2011

2011

2011

2012

2012

2012

2012

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2012

2012

2011

2011

2011

2014

2011

2012

2011

2014

2011

2014

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2011

2012

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

B1

B1

D

A

B1

B1

B1

B1

B1

B2

D

B2

B2

B2

B2

A

B2

B2

B1

B2

D

B1

D

A

D

D

D

A

D

D

D

D

D

D

D

A

B1

B1

B1

B1

B1

B1

B1

B1

B1

B1

B2

A

B2

B2

A

D

B2

D

D

D

A

A

A

A

A

A

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

B1

B1

B1

B1

B1

B1

B1

D

D

D

D

B1

B1

D

D

D

A

D

D

D

D

D

D

A

D

D

D

D

D

D

D

D

D

D

A

B1

B2

B1

D

D

A

D

A

D

D

D

B1

D

B1

D

B1

D

D

D

D

D

D

D

D

D

D

D

A

D

D

D

A

D

D

A

D

+

-

+

+

-

+

-

+

-

+

-

+

+

+

+

+

+

+

-

+

+

-

+

+

+

+

+

+

-

-

-

-

-

-

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

-

+

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

-

+

+

+

+

+

+

+

-

+

+

+

+

-

+

+

+

+

+

+

+

+

-

+

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

-

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

+

+

-

-

+

+

+

+

+

+

+

+

+

+

K, FIB, FII

NR

I1

K, I1

NR

K

NR

I1

NR

I1

NR

K

K

K

K

K

K

I1

NR

I1

I1

NR

I1

K

K

K

K

K

NR

NR

NR

NR

NR

NR

I1

I1

I1

I1

I1

I1

I1

I1

I1

I1

I1

I1

I1

NR

K

K

I1

I1

K, I1

K, I1

K, I1

K

I1

K

K

K

K

K

K

K

K

K

K

K, FIB, FII

K

K

K, FIB, FII

K

K

K

K

K

NR

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

NR

K

NR

K, FIB, FII

K

K

K

K, FIB, FII

K

NR

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

NR

K

NR

K

K

K

K

K

K

K

NR

K

K

K

K

NR

K

K

K

K

K

K

K

K

NR

K

NR

K, FIB, FII

K

K

K

K

K

K

K

I1

K

K

I1

I1, FII

I1

I1

I1

I1

I1

K

K

K

K

I1

I1

K

K

K

I1

K

I1

K

I1

I1

I1

K

I1

I1

I1

I1

I1

I1

I1

I1

I1

NR

NR

NR

K, I1

K

I1

I1

K

K, I1

K, I1

I1

I1, I2

K

K

I1

K

I1

K

K

K

K

K

NR

K

K

K

NR

NR

K

K

K, FII

K

K

K

K

K

K

K
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Conjugative 
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*Transferability of plasmids carrying blaCMY-2. Replicon type refers to plasmid replicon (s) in transconjugant. NR: not relevant. 





Retail meat 

Commensal 

EHEC ExPEC 

Environment AIEC 

ETEC 

EAEC 

ND EPEC 

Broiler faees 



S1 Table
2011-01-2112 2011-01-2112_ctrl 2011-01-5432 2011-01-7660 2012-01-1292 2012-01-1292_ctrl 2012-01-1553 2012-01-1849 2012-01-6001

2011-01-2112 0 0 8 140 6 6 145 143 10
2011-01-2112_ctrl 0 0 8 140 6 6 145 143 10
2011-01-5432 8 8 0 140 4 4 145 143 10
2011-01-7660 140 140 140 0 138 138 85 83 142
2012-01-1292 6 6 4 138 0 0 143 141 8
2012-01-1292_ctrl 6 6 4 138 0 0 143 141 8
2012-01-1553 145 145 145 85 143 143 0 2 147
2012-01-1849 143 143 143 83 141 141 2 0 145
2012-01-6001 10 10 10 142 8 8 147 145 0
2014-01-0013 10364 10364 10364 10412 10362 10362 10411 10409 10366
2014-01-1040 13 13 13 145 11 11 150 148 9
2014-01-1042 10354 10354 10354 10414 10352 10352 10431 10429 10356
2014-01-1043 10355 10355 10355 10415 10353 10353 10432 10430 10357
2014-01-1044 9 9 9 141 7 7 146 144 5
2014-01-1675 14 14 14 146 12 12 151 149 10
2014-01-3680 10364 10364 10364 10412 10362 10362 10411 10409 10366
2014-01-5105 10369 10369 10369 10417 10367 10367 10416 10414 10371
reference/1-10539 12 12 10 144 6 6 149 147 14
min: 0 max: 10432

Percentage of reference genome covered by all isolates: 52.7659708609038
2879076 positions was found in all analyzed genomes.
Size of reference genome: 5456312



2014-01-0013 2014-01-1040 2014-01-1042 2014-01-1043 2014-01-1044 2014-01-1675 2014-01-3680 2014-01-5105 reference/1-10539
10364 13 10354 10355 9 14 10364 10369 12
10364 13 10354 10355 9 14 10364 10369 12
10364 13 10354 10355 9 14 10364 10369 10
10412 145 10414 10415 141 146 10412 10417 144
10362 11 10352 10353 7 12 10362 10367 6
10362 11 10352 10353 7 12 10362 10367 6
10411 150 10431 10432 146 151 10411 10416 149
10409 148 10429 10430 144 149 10409 10414 147
10366 9 10356 10357 5 10 10366 10371 14

0 10369 60 59 10365 10370 8 9 10364
10369 0 10359 10360 6 3 10369 10374 17

60 10359 0 11 10355 10360 62 63 10354
59 10360 11 0 10356 10361 61 62 10355

10365 6 10355 10356 0 7 10365 10370 13
10370 3 10360 10361 7 0 10370 10375 18

8 10369 62 61 10365 10370 0 11 10364
9 10374 63 62 10370 10375 11 0 10369

10364 17 10354 10355 13 18 10364 10369 0



S2 Table
2011-01-2112-2/1-32 2011-01-5432-3/1-32 2011-01-7660-1/1-32 2012-01-1292/1-32 2012-01-1553/1-32 2012-01-1849/1-32

2011-01-2112-2/1-32 0 1 3 1 0 14
2011-01-5432-3/1-32 1 0 4 0 1 13
2011-01-7660-1/1-32 3 4 0 4 3 17
2012-01-1292/1-32 1 0 4 0 1 13
2012-01-1553/1-32 0 1 3 1 0 14
2012-01-1849/1-32 14 13 17 13 14 0
2012-01-6001/1-32 3 4 6 4 3 17
2014-01-0013/1-32 10 9 11 9 10 22
2014-01-1040/1-32 0 1 3 1 0 14
2014-01-1042/1-32 8 9 9 9 8 22
2014-01-1043/1-32 9 10 10 10 9 23
2014-01-1044/1-32 1 2 4 2 1 15
2014-01-1675/1-32 0 1 3 1 0 14
2014-01-3680/1-32 9 10 10 10 9 23
2014-01-5105/1-32 8 9 9 9 8 22
reference/1-32 1 0 4 0 1 13
min: 0 max: 23

Percentage of reference genome covered by all isolates: 95.3239678175994
75590 positions was found in all analyzed genomes.
Size of reference genome: 79298



2012-01-6001/1-32 2014-01-0013/1-32 2014-01-1040/1-32 2014-01-1042/1-32 2014-01-1043/1-32 2014-01-1044/1-32 2014-01-1675/1-32
3 10 0 8 9 1 0
4 9 1 9 10 2 1
6 11 3 9 10 4 3
4 9 1 9 10 2 1
3 10 0 8 9 1 0

17 22 14 22 23 15 14
0 13 3 11 12 4 3

13 0 10 4 5 11 10
3 10 0 8 9 1 0

11 4 8 0 1 9 8
12 5 9 1 0 10 9

4 11 1 9 10 0 1
3 10 0 8 9 1 0

12 5 9 1 2 10 9
11 4 8 0 1 9 8

4 9 1 9 10 2 1



2014-01-3680/1-32 2014-01-5105/1-32 reference/1-32
9 8 1

10 9 0
10 9 4
10 9 0

9 8 1
23 22 13
12 11 4

5 4 9
9 8 1
1 0 9
2 1 10

10 9 2
9 8 1
0 1 10
1 0 9

10 9 0
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Abstract 

Escherichia coli displaying resistance to extended-spectrum cephalosporins (ESC) have 

been detected in the Norwegian broiler production. Characterization of isolates have 

identified that the majority of isolates harboured self-transmissible IncK or IncI1 plasmids 

with blaCMY-2. Also, recent investigations have indicated that local recirculation of ESC-

resistant strains on broiler farms is more likely than continued re-introduction from parent 

flocks. Little is known about the ability of these plasmids to transfer to other environmental 

bacteria or in biofilms. Some environmental bacteria and biofilms have an increased ability 

to withstand disinfection, and could potentially act as a reservoir for resistance plasmids in 

the broiler production chain. The aim of this study was to determine the transferability of 

two well characterized blaCMY-2 carrying plasmids belonging to the incompatibility groups 

IncK and IncI1, respectively, into E. coli and Serratia spp. recipients. Experiments were 

performed at different temperatures and under both planktonic and biofilm modes of 

growth. This was done in order to mimic conditions relevant for the broiler production 
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chain. Self-transfer of plasmids was observed in colony- and broth matings and in biofilm at 

different temperatures, including temperatures sub-optimal for bacterial growth. The IncK 

plasmid was able to self-transfer into Serratia marcescens. Furthermore, transconjugant 

strains were able to act as secondary donors of this plasmid. The findings indicate a large 

potential for horizontal transfer of blaCMY-2 carrying plasmids. Transfer to Serratia spp. and 

hosts with good biofilm forming abilities and with potential to act as secondary plasmid 

donors to new hosts might contribute to maintenance of these resistance plasmids in the 

food chain. 

Introduction 

During the course of the last decade, an increasing occurrence of Escherichia coli 

displaying resistance to extended-spectrum cephalosporins (ESC) has been observed in both 

human and veterinary medicine (Cantón et al., 2008; Carattoli, 2008; Coque et al., 2008; 

Pitout and Laupland, 2008; Overdevest et al., 2011; Ewers et al., 2012; ECDC, 2015; EFSA 

and ECDC, 2016). Broilers and broiler products have been reported to be highly associated 

with ESC-resistant E. coli (Carattoli, 2008; Coque et al., 2008; Overdevest et al., 2011; 

Ewers et al., 2012). In 2011, a selective method for detection of ESC-resistant E. coli was 

implemented in NORM-VET, the Norwegian monitoring programme for antimicrobial 

resistance in bacteria from the veterinary and food production sectors (NORM/NORM-

VET, 2012). Subsequently, ESC-resistant E. coli have been shown to be widely distributed 

in the Norwegian broiler production and in retail chicken meat. All isolates have displayed 

an AmpC-phenotype, mainly mediated by plasmids carrying blaCMY-2, while a small 

proportion of isolates were resistant due to up-regulation of chromosomal ampC 

(NORM/NORM-VET, 2012, 2013; Mo et al., 2014; NORM/NORM-VET, 2015). As the use 

of antimicrobial agents in the Norwegian broiler production is almost absent (Animalia, 

2015; Refsum, 2015; Animalia, 2016), this was a surprising finding. Import of breeding 

animals has been suggested as the probable source of introduction of ESC-resistant E. coli 

into the Norwegian broiler production (NORM/NORM-VET, 2007; Sunde et al., 2009). 

Therefore, the Norwegian poultry industry initiated an action plan against ESC-resistant E. 

coli in 2014, including sampling of each batch of imported breeding animals after hatching, 

sampling of parent flocks in production, and requirement of no routine use of antimicrobials 

in the higher levels of the production pyramid (Animalia, 2013). The number of imported 

batches positive for ESC-resistant E. coli was low in both 2014 and 2015 (6 % and 2 %, 

respectively), while the occurrence in parent flocks in production decreased from 27 % in 
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2014 to 22 % in 2015 (Animalia, 2015, 2016). Also, there was no statistical association 

between the status of parent flocks (i.e. ESC-resistant E. coli present or absent) and the 

status of the broiler flocks receiving day-old chickens from these parent flocks in a study 

recently performed in Norway (Mo et al., 2016a). Therefore, a continued introduction of 

new ESC-resistant strains and subsequent vertical spread in the production is considered of 

less importance. Having good disinfection routines, i.e. always disinfecting the floors in the 

broiler house between production cycles, lowered the odds of ESC-resistant E. coli 

occurring in broiler flocks (odds ratio [OR]=0.1). However, if the previous flock in the same 

house was positive, the odds of the subsequent flock also being positive was much higher 

than if the previous flock was negative (OR=12.7). These results indicate a possible 

recirculation of ESC-resistant E. coli on farms between production cycles (Mo et al., 

2016a), facilitating persistence of ESC-resistant E. coli and their associated resistance 

plasmids in the Norwegian broiler production. 

We have previously shown that ESC-resistant E. coli from the Norwegian broiler production 

usually carry blaCMY-2 on self-transmissible plasmids belonging to incompatibility (Inc) 

groups K or I1. Also, highly similar IncK plasmids have been detected in E. coli of different 

multi locus sequence types (STs) in Norway (Mo et al., 2016b). IncK and IncI1 plasmids 

with blaCMY-2 have also been detected in ESC-resistant E. coli isolated from the broiler 

production chain in several other European countries (Dierikx et al., 2010; Börjesson et al., 

2013a; Börjesson et al., 2013b; Dierikx et al., 2013; Voets et al., 2013; Agersø et al., 2014; 

Egervärn et al., 2014). A high degree of similarity between IncK (Hansen et al., 2016; Mo et 

al., 2016b) and IncI1 (unpublished data) plasmids with blaCMY-2 isolated from the broiler 

production in Norway and other European countries have been detected. These findings 

suggest that these IncK and IncI1 plasmids might be common and successful in the 

European broiler production. Occurrence of E. coli harbouring IncK or IncI1 plasmids with 

blaCMY-2 at several levels of the broiler production pyramid (Mo et al., 2016b) could 

facilitate horizontal spread and distribution to other bacterial hosts in the environment. This 

might also play an important role in the epidemiology and maintenance of ESC resistance in 

the Norwegian broiler production. 

Biofilms are considered as the natural way of living for most bacteria, and provide 

protection of the bacteria under sub-optimal conditions. The coexistence of bacteria in 

biofilms enable close interactions between bacteria, often involving different species (Davey 

and O'Toole G, 2000), and thus biofilms have been suggested as a hot-spot for horizontal 
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gene transfer (Jefferson, 2004; Sørensen et al., 2005). Both conjugative transfer of plasmids 

and transduction of bacteriophages between bacteria in biofilm have been reported (Król et 

al., 2011; Solheim et al., 2013).  

The aim of this study was to determine the transferability of two well characterized blaCMY-2 

carrying plasmids, belonging to the incompatibility groups IncK and IncI1, respectively. 

The plasmids originated from E. coli isolated from retail chicken meat. Transfer 

experiments were performed with other E. coli and Serratia spp. as recipient strains, at 

different temperatures and under both planktonic and biofilm modes of growth, reflecting 

conditions relevant for the broiler production chain.  

Materials and Methods 

Bacterial isolates 

Plasmid donor isolates used included E. coli 2012-01-1292 (designated E. coli 1292) 

carrying a recently characterized IncK plasmid (pNVI1292/IncK, accession number 

KU312044) (Mo et al., 2016b) and E. coli 2012-01-2798 (designated E. coli 2798) carrying 

an IncI1 plasmid (pNVI2798/IncI1). Both donor strains were known to harbour blaCMY-2, 

and originated from retail chicken meat collected in 2012 as part of the NORM-VET 

programme (NORM/NORM-VET, 2013). Potential recipient strains included a selection of 

E. coli from broiler faeces and retail chicken meat (n=14) resistant to nalidixic acid (Nal
R
), 

and Serratia spp. from food processing units and retail chicken meat (n=18) (Table 1). The 

Serratia spp. isolates were rifampicin resistant (Rif
R
) (n=15) or made rifampicin resistant 

(n=3) as previously described (Heir et al., 2010).  

Selection of mating pairs 

Initially, the two included donor strains were mated with all the included recipient strains 

using colony mating on agar to identify mating pairs where conjugal transfer of the plasmids 

occurred. In addition, S. marcescens transconjugants were mated with E. coli (n=7) and S. 

proteamaculans (n=1) to determine if they could act as secondary donors of 

pNVI1292/IncK.  Pre-cultures of donor and recipient strains were grown on tryptone soy 

agar plates (TSA, Oxoid LTD, Basingstoke, England) at 30
o
C (Serratia spp.) or 37

o
C (E. 

coli) overnight. One colony of the recipient and one colony of the donor were mixed on a 

TSA plate and incubated at 30
o
C. Matings were sampled after four, 24 and 48 hours by 

swiping a loop through the colonies. Samples were plated on Mueller Hinton (MH) agar 



5 
 

(Difco, Sparks, MD, USA) supplemented with two different antimicrobials used to select for 

transconjugant strains. Mating pairs used in the subsequent conjugation experiments were 

selected on the basis of the ability of the recipient strains to receive the pNVI1292/IncK 

and/or the pNVI2798/IncI1 plasmids (Table 2). 

Conjugation experiments 

Conjugation experiments were performed with selected mating pairs by the use of colony 

mating, broth mating, and conjugation in biofilm. Conjugation experiments in biofilm were 

performed in triplicates. All experiments were performed at 12
o
C, 25

o
C and 30

o
C (Serratia 

spp.) or 37
o
C (E. coli).  

Colony mating: Pre-cultures of donor and recipient strains were inoculated on TSA and 

grown at 25
o
C for three days. Before the colony mating was performed, the agar plates were 

incubated at the temperature used in the subsequent experiment for one hour. Colony 

matings were prepared and sampled as described above. Sampling was performed after four 

(30
o
C and 37

o
C), 24 and 48 hours (all matings). 

Broth mating: Pre-cultures of donor and recipient strains used in experiments at 25
o
C, 

30
o
C and 37

o
C were grown separately in Luria Bertani (LB) broth (Oxoid LTD) at 25

o
C for 

three days. Thereafter, they were moved and incubated at the temperature used in the 

subsequent experiment for one hour before broth mating was performed. Pre-cultures used 

in experiments at 12
o
C were incubated at 12

o
C for three days. Broth mating was conducted 

as previously described (Sunde and Sørum, 2001). Briefly, 1 mL of the donor and 1 mL of 

the recipient was mixed in 4 mL fresh LB broth. Sampling was performed after four (30
o
C 

and 37
o
C), 24 and 48 hours (all matings) by plating 100 µL of the broth on MH agar 

supplemented with two different antimicrobials used to select for transconjugant strains.    

Conjugation in biofilm: Pre-cultures of recipient strains were grown in LB without NaCl at 

30
o
C overnight. Subsequently, biofilms of each recipient strain were established on 

autoclaved coupons of stainless steel (AISI 304) as previously described (Nesse et al., 

2014). Pre-cultures of donor strains for conjugation experiments in biofilm were prepared as 

described for broth mating. However, LB without NaCl was used instead of LB. The steel 

coupons with established biofilms were rinsed in peptone water to remove loosely attached 

cells and then transferred to tubes with cultures of the donor strain (Król et al., 2011). 

Sampling was performed after four (30
o
C and 37

o
C), 24 and 48 hours (all matings). 
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Sampling of biofilms included harvesting the whole biofilm. The steel coupon was rinsed in 

peptone water and transferred to a glass tube with 15 mL peptone water. The biofilm was 

detached by scraping with a swab followed by 15 minutes of sonication at 42 kHz in 25
o
C. 

One mL of the samples were diluted ten-fold and the dilution series were plated out on three 

different MH agar plates supplemented with different antimicrobials in order to quantify 

number of donors, recipients and transconjugants in the sample. The transfer frequencies of 

plasmids in biofilms were calculated as number of transconjugants/number of recipients 

(T/R). 

All MH agar plates were incubated at 30
o
C (Serratia spp.) or 37

o
C (E. coli) for 24 hours.  

Confirmation of transconjugant strains 

Donor and recipient strains were differentiated by the use of matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF, Bruker Daltonics) (E. coli-S. 

marcescens matings and S. marcescens-S. proteamaculans matings) or by phylotyping (E. 

coli- E. coli matings) (Doumith et al., 2012), as donor and recipient strains belonged to 

different phylotypes. Transfer of the plasmid to the recipient strains was confirmed by real-

time PCR detection of blaCMY-2 with previously published primers and probe (Schmidt et al., 

2015). Positive and negative controls were included in each run. 

Antimicrobial susceptibility testing 

Recipient strains included in the conjugation experiments were subjected to antimicrobial 

susceptibility testing before and after acquisition of the pNVI1292/IncK or pNVI2798/IncI1 

plasmids. Minimum inhibitory concentrations (MICs) for relevant beta-lactam 

antimicrobials were determined by broth microdilution (EUVSEC2, Sensititre TREK, 

Thermo Scientific). 

Results 

In the initial colony mating experiments, self-transfer of pNVI1292/IncK from E. coli 1292 

was observed to 7/14 E. coli recipients and 4/18 Serratia spp. In addition, the plasmid was 

self-transferred from S. marcescens transconjugants to the same seven E. coli recipients, and 

to the S. proteamaculans recipient. The pNVI2798/IncI1 plasmid from E. coli 2798 was 

self-transferred to 12/14 E. coli recipients. No self-transfer of pNVI2798/IncI1 to Serratia 
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spp. recipients was observed. Seven mating pairs were selected and subjected to conjugation 

experiments using colony- and broth mating, and in biofilm (Table 2). 

Plasmid transfer was observed in colony mating, broth mating and in biofilm at different 

temperatures, including low temperatures sub-optimal for bacterial growth (Table 3). No 

plasmid transfer was observed at 12
o
C (data not shown). 

When self-transfer of plasmids occurred in biofilm, the transfer frequencies of the the 

pNVI1292/ IncK plasmid (T/R) ranged from 5x10
-7

-8x10
-2

, with the highest transfer 

frequencies observed between E. coli-E. coli mating pairs (Table 4). Furthermore, the 

pNVI1292/IncK plasmid was transferred from E. coli to S. marcescens and from the S. 

marcescens transconjugant to an E. coli recipient and from the S. marcescens 

transkonjugant to an S. proteamaculans recipient in biofilm. The transfer frequencies 

observed for the pNVI2798/IncI1 plasmid ranged from 4x10
-5

-2x10
-2

. The pNVI2798/IncI1 

plasmid was not subjected to conjugation experiments with S. marcescens as recipient in 

biofilm on steel coupons, as no transfer was observed after the initial colony mating. In 

general, the transfer frequencies were higher at 30
o
C/37

o
C compared to 25

o
C. Confirmed 

routes for horizontal transfer of the pNVI1292/IncK plasmid are illustrated in Figure 1. 

Counting the number of donors, recipients and transconjugants in the biofilm experiments 

revealed that the total number of bacteria was in general somewhat lower at 12
o
C compared 

to 25
o
C and 30/37

o
C (data not shown).  

None of the recipient strains were resistant to any beta-lactam antimicrobials prior to the 

conjugation experiments. All recipient strains displayed a beta-lactam resistance profile 

corresponding to an AmpC-phenotype after acquisition of either the pNVI1292/IncK or 

pNVI2798/IncI1 plasmid (Table 5). 

Discussion 

IncK and IncI1 plasmids harbouring blaCMY-2 are commonly occurring in ESC-resistant E. 

coli in the European broiler production (Dierikx et al., 2010; Börjesson et al., 2013a; 

Börjesson et al., 2013b; Dierikx et al., 2013; Voets et al., 2013; Agersø et al., 2014; 

Egervärn et al., 2014). However, little is known about the potential of these plasmids to self-

transfer into environmental bacteria, and to what extent the plasmid transfer can occur. 

Serratia spp. are environmental bacteria that are commonly occurring in the broiler 

production (Turtura et al., 1990; Schwaiger et al., 2012; Säde et al., 2013). Furthermore, 
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Serratia spp. have been shown to have the ability to survive and multiply in the presence of 

disinfectants (Willinghan et al., 1996; Langsrud et al., 2003). Therefore, we chose to include 

Serratia spp. in our experiments to investigate if these environmental bacteria could be a 

potential reservoir for resistance plasmids in the broiler production. Also, we chose to 

perform conjugation experiments in biofilm, as these are considered hot-spots for horizontal 

gene transfer (Jefferson, 2004; Sørensen et al., 2005) and are known to exist in the food 

production chain (Kumar and Anand, 1998).  

The pNVI1292/IncK plasmid was highly similar to a plasmid present in E. coli from retail 

chicken meat in the Netherlands (Mo et al., 2016b), plasmids originating from parent- and 

broiler flocks in Denmark, and retail chicken meat produced in and imported to Denmark 

(Hansen et al., 2016). Furthermore, the pNVI2798/IncI1 plasmid was similar to IncI1 

plasmids isolated from poultry in The Netherlands (Smith et al., 2015), sharing 96.8 kb 

corresponding to 97 % nucleotide sequence homology (unpublished data). The plasmid 

stability systems relBE/stbDE and pndAC were present on both pNVI1292/IncK (Mo et al., 

2016b) and on pNVI2798/IncI1 (unpublished data).  

Self-transfer of pNVI1292/IncK and pNVI2798/IncI1 was observed in colony matings, 

broth matings and in biofilm at 25
o
C and 30/37

o
C. Self-transfer of plasmids has also been 

reported to happen in fluids without nutrients (Fernandez-Astorga et al., 1992; Sunde and 

Sørum, 2001), and it is tempting to speculate that this might be possible for the plasmids 

investigated in this study as well. Thus, the plasmid transfer observed in broth mating could 

indicate that conditions present in freshly packed chicken meat (meat juice) and possibly 

other environments in the production where fluids or humid conditions are present might 

favour self-transfer of resistance plasmids. Furthermore, the presence of biofilm at several 

levels of the food production (Kumar and Anand, 1998), and the ability of plasmids to self-

transfer in biofilm indicates that horizontal gene transfer in biofilm might take place at 

many levels of the broiler production.  

We have demonstrated the ability of the pNVI1292/IncK plasmid harbouring blaCMY-2 to 

transfer from E. coli to S. marcescens under different conditions considered relevant for the 

broiler production. Also, we demonstrated that the pNVI1292/IncK plasmid can be 

transferred from the S. marcescens transconjugant back to intestinal E. coli and from the S. 

marcescens transconjugant to S. proteamaculans. The relatively high transfer frequencies 

observed from S. marcescens transconjugants to E. coli recipients indicate the ability of 
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environmental bacteria to be efficient contributors in the dissemination of IncK resistance 

plasmids. The ability of Serratia spp. to acquire and harbour such resistance plasmids 

support the hypothesis that Serratia spp. might act as a reservoir for plasmid-mediated ESC 

resistance. The potential of these plasmids to be harboured by bacteria with enhanced ability 

to survive through cleaning and disinfection routines applied in the production chain might 

also play a part in the maintenance and persistence of ESC-resistant bacteria in the food 

chain. Serratia spp. that survive cleaning and disinfection might transfer the plasmid back to 

E. coli and possibly on to other Enterobacteriaceae when such bacteria are introduced to the 

environment after disinfection. It is assumed that the presence of plasmid stability systems 

on the pNVI1292/IncK and pNVI2798/IncI1 plasmids will facilitate their stability in new 

hosts. However, further experiments should be performed to confirm this theory. 

Bacteria in biofilm might have an increased ability to survive cleaning and disinfection 

(Kumar and Anand, 1998; Shi and Zhu, 2009; Srey et al., 2013), meaning that they might 

serve as a reservoir for contamination of the environment after disinfection. All the isolates 

included in this study had good biofilm forming abilities (data not shown). Thus, it is 

tempting to suggest that survival of ESC-resistant bacteria in biofilm, together with 

conjugative transfer of plasmids, is also a part of the puzzle when it comes to the 

maintenance and dissemination of ESC-resistant bacteria and plasmids in the broiler 

production.  

Interestingly, the pNVI2798/IncI1 plasmid included in this study was not capable of self-

transfer from E. coli to Serratia spp. in any of our experiments. The reason for this is 

unknown, but might be associated with the conditions used in the present studies. Only a 

limited number of strains and mating combinations were investigated, so the possibility of 

self-transfer of pNVI2798/IncI1 plasmids to Serratia spp. can therefore not be excluded. 

Further experiments should be performed in order to determine whether pNVI1292/IncK 

has a higher ability of self-transfer to and maintenance within different hosts relevant for the 

broiler production than pNVI2798/IncI1.  

In general, we observed increased transfer of plasmids at 30/37
o
C compared to 25

o
C, which 

is in correspondence with previous findings (Fernandez-Astorga et al., 1992). No plasmid 

transfer was observed at 12
o
C for any of the mating pairs. Low temperatures have been 

reported to decrease conjugal transfer of plasmids in broth matings (Fernandez-Astorga et 

al., 1992). Possibly, this is due to a lower cell density observed in biofilms at 12
o
C, or lower 
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growth rate of the bacteria at this temperature. This has also been suggested previously 

(Händel et al., 2015). These findings might indicate that conjugal transfer is a limited 

problem in parts of the food-production where low temperatures are applied, such as meat-

processing. The findings suggest that keeping a low temperature in processing units might 

hamper the growth of certain bacteria, but also reduce or inhibit horizontal transfer of 

plasmids. However, self-transfer of plasmids have been reported to take place at 8
o
C 

(Fernandez-Astorga et al., 1992). Therefore, we cannot exclude the possibility that the 

plasmids can be transferred to and maintained within hosts that can facilitate further 

dissemination of the plasmids under conditions that are sub-optimal for E. coli. Thus, it is 

important to investigate to which extent other bacteria than E. coli are able to contribute to 

dissemination of resistance plasmids, and how various environmental conditions affect 

transfer and maintenance of them. Such knowledge will be crucial for a deeper 

understanding of the epidemiology of plasmids mediating ESC-resistance in the broiler 

production. The fact that horizontal transfer of plasmids occurs at 25
o
C might indicate a 

possible relevance in parts of the production with higher temperatures. 

In the biofilm experiments, the number of transconjugants increased with time, which has 

also been described previously (Król et al., 2013). However, with the method used here, it is 

not possible to determine if this was due to an increased number of conjugative transfers 

from donor to recipient, if transconjugants started to act as recipients as well, if 

transconjugant strains started to expand in the biofilm, or a combination of the three. For 

some mating pairs, transconjugants were observed after 24 hours but not after 48 hours. 

This could be due to a low transfer frequency. Possibly, the number of transconjugants was 

around the detection limit, resulting in inconsistent results for consecutive samplings.   

In this study we have demonstrated the ability of plasmids of poultry origin encoding ESC 

resistance to self-transfer into different hosts of E. coli and Serratia spp. Transfer occurred 

in suboptimal conditions and in biofilm, indicating a large potential for horizontal transfer 

of these resistance plasmids. Transfer to hosts with good biofilm forming abilities and with 

potential to act as secondary plasmid donors to new hosts, might contribute to maintenance 

of the resistance plasmid through the food chain. 
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Table 1. All isolates included in the study. Source of isolates and resistance profiles used to 

distinguish between donor (D) and recipient strains (R) in the conjugation experiments are 

provided. 

Isolate ID Origin Resistance profile 

E. coli 1292 (IncK) (D) Retail chicken meat Ctx
R
  

E. coli 2798  (IncI1) (D) Retail chicken meat Ctx
R
  

E. coli 1553 (R) Retail chicken meat Nal
R
  

E. coli 6154 (R) Retail chicken meat Nal
R
  

E. coli 706 (R) Retail chicken meat Nal
R
  

E. coli 7079 (R) Retail chicken meat Nal
R
  

E. coli 3064-5 (R) Faecal flora of healthy broiler Nal
R
  

E. coli 6927-5 (R) Faecal flora of healthy broiler Nal
R
  

E. coli 1268 (R) Faecal flora of healthy broiler Nal
R
  

E. coli 1450 (R) Faecal flora of healthy broiler Nal
R
  

E. coli 1667 (R) Faecal flora of healthy broiler Nal
R
  

E. coli 2362 (R) Faecal flora of healthy broiler Nal
R
  

E. coli 4922 (R) Faecal flora of healthy broiler Nal
R
  

E. coli 5792 (R) Faecal flora of healthy broiler Nal
R
  

E. coli 3064-2 (R) Faecal flora of healthy broiler Nal
R
 

E. coli 4064-1 (R) Faecal flora of healthy broiler Nal
R
 

Serratia marcescens 2336 (R) Disinfecting footbath Rif
R
 

Serratia marcescens 3297 (R) Disinfecting footbath Rif
R
 

Serratia marcescens 3298 (R) Disinfecting footbath Rif
R
 

Serratia marcescens 3299 (R) Disinfecting footbath Rif
R
 

Serratia marcescens 3300 (R) Disinfecting footbath Rif
R
 

Serratia marcescens 3301 (R) Disinfecting footbath Rif
R
 

Serratia marcescens 3302 (R) Disinfecting footbath Rif
R
 

Serratia marcescens 3303 (R) Disinfecting footbath Rif
R
 

Serratia marcescens 3304 (R) Disinfecting footbath Rif
R
 

Serratia marcescens 3305 (R) Disinfecting footbath Rif
R
 

Serratia marcescens 3306 (R) Disinfecting footbath Rif
R
  

Serratia marcescens 3307 (R) Disinfecting footbath Rif
R
  

Serratia marcescens 3309 (R) Disinfecting footbath Rif
R
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Serratia sp. 3612 (R) Slaughterhouse Rif
R
 

Serratia liquefaciens 5676 (R) Retail chicken meat Rif
R
 

Serratia proteamaculans 5682 (R) Retail chicken meat Rif
R
 

Serratia proteamaculans 5685 (R) Retail chicken meat Rif
R
  

MIC=minimum inhibitory concentration, Ctx
R
=cefotaxime resistant, Nal

R
= nalidixic acid resistant, 

Rif
R
=rifampicin resistant 
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Table 2. Isolates included in mating pairs selected for conjugation experiments on agar, in 

broth and in biofilm. Source of isolates and resistance profiles used to distinguish between 

donor (D) and recipient strains (R) in the conjugation experiments are provided. 

Isolate ID Origin Resistance profile 

E. coli 1292 (IncK) (D) Retail chicken meat Ctx
R
 (MIC>2 mg/L) 

E. coli 2798  (IncI1) (D) Retail chicken meat Ctx
R
 (MIC>2 mg/L) 

E. coli 6927-5 (R) Faecal flora of healthy 

broiler 

Nal
R
 (MIC>128 mg/L) 

Serratia marcescens 3306 (D and R) Disinfecting footbath Rif
R
 (MIC=16 mg/L) 

Serratia marcescens 3307 (D and R) Disinfecting footbath Rif
R
 (MIC=16 mg/L) 

Serratia proteamaculans 5685 (R) Retail chicken meat Rif
R
 (MIC=100 mg/L) 

MIC=minimum inhibitory concentration, Ctx
R
=cefotaxime resistant, Nal

R
= nalidixic acid resistant, 

Rif
R
=rifampicin resistant 
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Table 3. Overview of results from conjugation experiments performed by colony mating 

and broth mating. Confirmed transfer of plasmid carrying blaCMY-2 is indicated by “+”, 

while “-“ indicates no observed transfer of blaCMY-2-carrying plasmid. 

Mating pair  

(donor  recipient) 

Time 25
o
C 30/37

o
C

a
 

Colony 

mating 

Broth 

mating 

Colony 

mating 

Broth 

mating 

E. coli 1292 (IncK)  

E. coli 6927-5 

4 h 

24 h 

48 h 

 

+ 

+ 

 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

E. coli 2798 (IncI1)  

E. coli 6927-5 

4 h 

24 h 

48 h 

 

- 

- 

 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

E. coli 1292 (IncK)  

S. marcescens 3306 

4 h 

24 h 

48 h 

 

+ 

- 

 

- 

- 

- 

- 

- 

+ 

+ 

+ 

E. coli 1292 (IncK)  

S. marcescens 3307 

4 h 

24 h 

48 h 

 

+ 

+ 

 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

S. marcescens 3306 

transconjugant (IncK)  

E. coli 6927-5 

4 h 

24 h 

48 h 

 

+ 

+ 

 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

S. marcescens 3307 

transconjugant (IncK)   

E. coli 6927-5 

4 h 

24 h 

48 h 

 

+ 

+ 

 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

S. marcescens 3307 

transconjugant (IncK)  

S. proteamaculans 5685 

4 h 

24 h 

48 h 

 

- 

- 

 

- 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
a
30

o
C was applied for all matings involving Serratia spp, while 37

o
C was applied for 

matings involving E. coli only.  
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Table 4. Overview of maximum transfer frequencies for different mating pairs and 

incubation times for conjugation experiments in biofilm. The transfer frequencies are 

calculated as total number of transconjugants (T) divided by total number of recipients (R). 

Mating pair  

(donor  recipient) 

Time Transfer frequency 

(T/R), 25
o
C 

Transfer frequency 

(T/R), 30/37
o
C 

a
 

E. coli 1292 (IncK)  

E. coli 6927-5 

4 h 

24 h 

48 h 

 

3x10
-6 

3x10
-6

 

NTD 

5x10
-4 

8x10
-2

 

E. coli 2798 (IncI1)  

E. coli 6927-5 

4 h 

24 h 

48 h 

 

NTD 

NTD 

4x10
-5

 

4x10
-3

 

2x10
-2

 

E. coli 1292 (IncK)  

S. marcescens 3306 

4 h 

24 h 

48 h 

 

NTD 

NTD 

NTD 

NTD 

NTD 

E. coli 1292 (IncK)  

S. marcescens 3307 

4 h 

24 h 

48 h 

 

NTD 

NTD 

NTD 

NTD 

7x10
-6

 

S. marcescens 3306 

transconjugant (IncK)  

E. coli 6927-5 

4 h 

24 h 

48 h 

 

2x10
-6

 

NTD 

9x10
-6

 

2x10
-5

 

3x10
-4

 

S. marcescens 3307 

transconjugant (IncK)   

E. coli 6927-5 

4 h 

24 h 

48 h 

 

2x10
-5

 

9x10
-5

 

1x10
-5

 

6x10
-4

 

2x10
-3

 

S. marcescens 3307 

transconjugant (IncK)  

S. proteamaculans 5685 

4 h 

24 h 

48 h 

 

NTD 

NTD 

NTD 

NTD 

5x10
-7

 
a
30

o
C was applied for all matings involving Serratia spp, while 37

o
C was applied for 

matings involving E. coli only. NTD: No transfer detected. 
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Figure 1. Schematic overview of confirmed routes of conjugative transfer for the 

pNVI1292/IncK plasmid harbouring blaCMY-2 commonly found in E. coli resistant to 

extended-spectrum cephalosporins isolated from retail chicken meat in Norway in 2012 and 

2014. The red circle symbolizes the IncK plasmid in the initial E. coli host. The arrows 

indicate the routes of transfer confirmed in this study. 
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Table 5. Minimum inhibitory concentrations (MICs) of beta-lactam antimicrobials for recipient strains before and after acquisition of 1 

pNVI1292/IncK or pNVI2798/IncI1 plasmids. 2 

Recipient strain 

(plasmid) 

Antimicrobial (epidemiological cut-off value) 

 FOX 

(8 mg/L) 

ETP 

(0.06 

mg/L) 

IMI 

(0.5 mg/L) 

MERO 

(0.12 mg/L) 

TAZ 

(0.5 mg/L) 

FEP 

(0.12 

mg/L) 

F/C 

(0.25/4 

mg/L) 

T/C 

(0.5/4 mg/L) 

FOT 

(0.25 mg/L) 

TRM 

(NA) 

E. coli 6927-5  4 ≤0.015 ≤0.12 ≤0.03 ≤0.25 ≤0.06 ≤0.06/4 ≤0.012/4 ≤0.25 4 

E. coli 6927-5 (IncK) 32 0.03 ≤ 0.12 ≤ 0.03 8 0.12 4/4 4/4 4 4 

E. coli 6927-5 (IncI1) 64 0.03 ≤ 0.12 ≤ 0.03 16 0.25 4/4 8/4 8 4 

S. marcescens 3306  16 ≤0.015 0.5 0.06 ≤0.25 ≤0.06 ≤0.06/4 0.5/4 ≤0.25 8 

S. marcescens 3306 

(IncK) 
32 0.03 0.5 0.06 8 0.25 4/4 8/4 4 8 

S. marcescens 3307  8 ≤0.015 0.5 ≤0.03 ≤0.25 ≤0.06 ≤0.06/4 ≤0.12/4 ≤0.25 8 

S. marcescens 3307 

(IncK) 
32 0.06 0.5 0.6 8 0.25 8/4 8/4 4 8 

S. proteamaculans 5685  
4 ≤0.015 0.25 ≤0.03 ≤0.25 ≤0.06 ≤0.06/4 ≤0.12/4 ≤0.25 4 

S. proteamaculans 5685 

(IncK) 
64 ≤ 0.015 0.25 ≤ 0.03 2 0.12 4/4 1/4 8 4 

FOX: cefoxitin, ETP: ertapenem, IMI: imipenem, MERO: meropenem, TAZ: ceftazidime, FEP: cefepim, F/C: cefotaxime/clavulanic acid, T/C: ceftazidime/ 3 

clavulanic acid, FOT: cefotaxime, TRM: temocilin 4 
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