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CHAPTER I

GENERAL INTRODUCTION

Introduction

Throughout time the name of an age is usually given by a future generation. There 

have already been many suggestions for our current age. These names tend to focus 

on one of the achievements of humanity, e.g., the information age. One suggestion is 

closely tied to our healthcare system, i.e., the age of antibiotics. Studies in the past 

decades have shown, however, that the achievement of antibiotics might become 

obsolete in the near future. One might call the near future the age of antibiotic 

resistance.

Before antibiotics infectious diseases were deadly diseases with high mortality 

rates. With the introduction of antibiotics the danger of infectious diseases seemed a 

thing of the past. In reaction to the wide-spread use of antibiotics bacteria developed 

or acquired resistance mechanisms. In fact, resistance to all types of currently 

available antibiotics has been described. Vancomycin-resistant enterococci (VRE), 

methicillin-resistant Staphylococcus aureus (MRSA) and multidrug-resistant 

Mycobacterium tuberculosis are well-known examples. In the last two decades a 

rise in the prevalence of multi-resistant Enterobacteriaceae, has been demonstrated. 

Especially the emergence of isolates carrying Extended-Spectrum ß-Lactamases 

(ESBLs) and carbapenemases has contributed to a new impulse into the fi eld of 

antibiotic resistance research. β-Lactam-resistant Enterobacteriaceae are the subject 

of this thesis and questions regarding detection, prevalence, and a potential source 

for humans will be addressed. 

Enterobacteriaceae: pathogenicity

The Enterobacteriaceae is one of the most well-known families of the small gram-

negative rods. Currently, the family consists of 52 genera and 280 species. 1 Clinical 

important genera include, but are not limited to, Enterobacter, Escherichia, Citrobacter, 

Klebsiella, Salmonella, Serratia, Shigella, and Yersinia. Enterobacteriaceae are 

intimately linked to the colonization of the gastrointestinal tract of several vertebrae 

and many pathologic processes ranging from gastrointestinal syndromes to wound 

infections and from respiratory to urinary tract infections. The most common disease 

caused by members of the Enterobacteriaceae, second only to Vibrio cholerae, is 

gastroenteritis and related infections (e.g., enteritis or dysentery). The causative 

strains of these diarrheal diseases differ from their commensal counterparts, but 

nonetheless belong to the same genera or species, e.g., Escherichia spp. 2 Such 

diseases may be considered just an inconvenience in the developed world, but its 
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estimated that more than 2 million people succumbed to diarrheal diseases in 2001 

making it the third-ranking cause of deaths by infectious diseases worldwide. 3

Escherichia coli are present in the intestinal tract of domesticated animals, bird and 

humans. It is estimated that at least 107 CFU E. coli are present in 1 gram of human 

feces. 4, 5 Under normal circumstances this population is considered as commensals, 

however, age, illness or environmental changes can alter this. E. coli are, next to 

diarrhea, associated with urinary tract infections, respiratory tract infections, sepsis, 

primary peritonitis, and meningitis. Especially the mortality rate of meningitis in 

neonates is reported to be as high as 17 to 38%. Of the survivors 58% develop long-

term or permanent complications. 6

Klebsiella spp. can be isolated from a wide variety of mammals, reptiles, birds, 

insects and environmental sources. 7-11 Klebsiella infections are associated with 

urinary tract infections, pneumonia, bloodstream infections, septicemia, and wound 

infections. The mortality from these Klebsiella infections can be as high as 50% in 

case of Klebsiella induced pneumonia. 12

Niches occupied by Enterobacter spp. are diffi cult to identify because most studies 

regarding the environmental distribution of Enterobacter predate the current 

taxonomy. In general Enterobacter species can be found in avian, reptiles, and 

mammals, dating as far back as 12,000 years, as well as in numerous vegetables. 

Clinical conditions associated with Enterobacter spp. are complicated urinary tract 

infections, bacteremia, endocarditis, meningitis, pneumonia, and wound infections. 
10, 13-16

Besides nosocomial- and community acquired infections, Enterobacteriaceae 

infections that originate from a different host have been reported. Infamous examples 

of outbreaks were reported in 2011, when over four thousand people got infected 

with an enterohermorrhagic E. coli, and in 2012, when over one thousand people got 

infected with Salmonella due to the consumption of salmon. 17, 18

Many classes of antibiotics have been useful to treat infections with 

Enterobacteriaceae including tetracyclines, sulfonamides/trimethoprim, 

fl uoroquinolones, aminoglycosides and ß-lactam antibiotics such ampicillin or 

amoxicillin, cephalosporins, and carbapenems. In the Netherlands in particular 

third-generation cephalosporins are used as part of the empiric treatment of severe 

infections that may be caused by Enterobacteriaceae.
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Beta-lactam antibiotics

In 1928 Sir Alexander Flemming discovered the fi rst classical antibiotic. He coined 

the term penicillin for the antimicrobial substance released by the fungus Penicillium 

rubens under stress conditions. 19 He showed that the drug was very effective against 

gram-positive isolates. Later Baron Florey showed the in vivo bactericidal action of 

penicillin in 1939. Strikingly, the fi rst mentioning of the antimicrobial capabilities 

of the Penicillium fungi was already described in 1875 by John Tydall, to whom 

Fleming refers. Penicillin was the fi rst member of a large group of antibiotics sharing 

a ß-lactam ring in their chemical structure. However, by 1957 over 80% of the 

hospitals reported penicillin-resistant Staphylococcus aureus, as well as penicillin-

resistant Streptococcus pneumoniae and Neisseria gonorrhea. 20-23 The development 

of antibiotics and the subsequent rise of resistance became the continuous cycle for 

next few decades.

The members of the β-lactam family are divided based on their structural differences 

into four groups: penicillins, monobactams, cephalosporins, and carbepenems 

(Figure 1).

 

Figure 1: General molecular structures of β-lactam antibiotics.

These antibiotics inhibit the synthesis of the peptidoglycan layer of the bacterial 

cell wall by binding to the penicillin-binding proteins (PBPs). In fact PBPs were 

discovered by the binding of penicillin to the protein rather than by discovering 

their biological function. PBPs differ per species but share conserved regions. A 

PBP is a transpeptidase that facilitates the last transpeptidation step of the synthesis 

of the peptidoglycan layer. PBPs vary in their affi nity for binding different types of 

β-lactam antibiotics and the number of different PBPs varies among bacteria. 24 The 

binding of β-lactam antibiotics to PBPs is facilitated by their structural similarity 

with D-alanyl-D-alanine. During normal synthesis of the peptidoglycan layer PBPs 

use D-alanyl-D-alanine to crosslink the N-acetyl-muramic subunits of the immature 

peptidoglycan layer. However, β-lactam antibiotics can bind irreversibly by acylation 

to a serine residue of the active site of a susceptible PBP due to their characteristic 

β-lactam ring. This irreversible binding inhibits the PBPs and prevents the fi nal 

cross-linking of the immature peptidoglycan layer and therefore cell wall synthesis. 
25

12
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The inhibition of the PBPs by β-lactam antibiotics also causes a build-up of 

peptidoglycan precursors in the periplasmic space. This enhances the antimicrobial 

activity of β-lactam antibiotics, as peptidoglycan precursors are part of a signal to 

reorganize the bacterial cell wall that triggers the activation of autolytic cell wall 

hydrolases. 25

Thus, the bactericidal activity of β-lactam antibiotics is two-fold: decreasing the 

production of new peptidoglycan and indirect triggering of degradation of the 

existing peptidoglycan by autolytic hydrolysis. These two modes of action lead to 

the loss of structural integrity resulting ultimately in cell lysis. 25

The penicillins is arguable the most famous group of the β-lactam antibiotics, 

due to its historical signifi cance. Besides normal penicillins, e.g., benzylpenicillin 

and phenoxymethylpenicillin, pencillinase-resistant penicillins were developed, 

e.g., oxacilline and cloxacilline. Penicillins can differ in half-life, affi nity, and 

effectiveness against certain organisms. 26

Cephalosporins derive their name from fungi belonging to the genus Cephalosporium, 

which later was renamed to Acremonium. Cephalosporins tend to be grouped into 

“generations”, which can loosely be coupled to their antimicrobial activity. First 

generation cephalosporins are predominately active against gram-positive bacteria. 

Consecutive generations have an increased activity against gram-negative bacteria 

in comparison to their preceding generation, albeit this is often accompanied by 

a reduced activity against gram-positive bacteria. The so-called fourth generation 

cephalosporins are an exception to this rule and have a broad spectrum of activity 

against both gram-positive as well as gram-negative bacteria. Cephamycins are a 

subgroup of the second-generation cephalosporins, which, e.g., include cefoxitin and 

cefmetazole. Cephamycins are effi cacious antibiotics against anaerobic microbes, 

unlike most cephalosporins. Third-generation and fourth-generation cephalosporins 

with an oxyimino side chain like cefotaxime and ceftazidime are known as extended-

spectrum cephalosporins, coinciding with their effectiveness against many bacteria. 

The last group of antibiotics that belong to the β-lactam antibiotics are the carbapenems. 

Members of this group have several advantages in comparison to the other β-lactam 

antibiotics. Firstly, they have the broadest antimicrobial spectrum in comparison to 

the other β-lactam antibiotics. They are active against both gram-positive as well 

as gram-negative bacteria. Secondly, the most common β-lactamases, the main 

mechanism of β-lactam resistance in bacteria, are unable to hydrolyze carbapenems. 

Thirdly, agents of the carbapenems group are the only β-lactam antibiotics capable 

of inhibiting L,D-transpeptidases, a transpeptidase that makes use of cysteine as its 

active residue. 27

Monobactams differ from other β-lactam antibiotics by the lack of the second ring 

bound to the β-lactam ring itself. The monobactam aztreonam has a high affi nity 
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for PBPs of gram-negative bacteria, but is largely ineffective against gram-positive 

bacteria and anaerobes.

Due to the rise in resistance against (third-generation) cephalsoporins, however, the 

need to use the last group of β-lactam antibiotics that was developed, the carbapenems, 

becomes ever more frequent. In 2003, as measured by sales, more than half of all 

commercially available antibiotics in use were β-lactam compounds. 28 

Table 1: Overview of β-lactam antibiotics naming scheme.

Type Group Sub-group Examples

Penicillins Narrow spectrum Penicillinase sensi� ve Benzylpenicillin

   Clometocillin

   Penamecillin

   Phenoxymethylpenicillin

  Penicillinase resistant Cloxacillin

   Oxacillin

   Me� cillin

   Nafcillin

Extended spectrum  Amoxicillin

  Ampicillin

  Piperacillin

   Ticarcillin

Cephalosporins 1st genera� on  Cefazolin

   Cefapirin

   Cefatrizine

   Cefazafl ur

 2nd genera� on  Cefo� am

   Ce� uperazone

   Cefuroxime

  Cefoxi� n

  Cephamycins Cefotetan

   Cefmetazole

 3rd genera� on  Ce� riaxone

   Ce� azidime

  ESBLs Cefodizime

   Cefotaxime

   Cefpimizole

   Ce� iofur

 4th genera� on  Cefepime

   ESBLs Cefozopran

   Cefpirome

   Cefquinome

Carbapenems   Biapenem

  Ertapenem

  Imipenem

  Meropenem

Monobactam  Aztreonam

  Tigemonam

  Carumonam

   Nocardicin A

14
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Enterobacteriaceae: resistance and prevalence

Unfortunately, antibiotic resistance for all antibiotics useful for treatment of 

infections with Enterobacteriaceae, including third-genereation cephalosporins, has 

been documented in numerous studies. Best data are available for invasive E. coli 

and Klebsiella pneumonia in Europe which were collected by the European Centre 

for Disease Prevention and Control (ECDC) (Figure 2 and 3). 29

In general resistance rates for K. pneumonia are higher than for E. coli, but the 

resistance rates between different antibiotics for each species show considerable 

differences.  For both species the prevalence of third-generation cephalosporin-

resistant isolates is higher than for aminoglycoside-resistant isolates. For both species 

carbapenem-resistant isolates are still rarely encountered in most countries, however, 

carbapenem-resistant K. pneumonia are reported in Greece, Italy, and Cyprus in 

alarming numbers. In general, countries in the south and east of Europe report more 

resistant isolates than countries in the north and west of Europe. Especially multi-

antibiotic resistance is a problem. In 2011 3.7% of all European invasive E. coli 

isolates was resistant to third-generation cephalosporins and two other groups of 

antibiotics, e.g., aminopencillins, aminoglycosides and fl uorquinolones. Individual 

countries varied greatly in the percentage of isolates resistant to antibiotics from 3 

groups (0.8% in Iceland to 18.2% in Cyprus).

In 2011 in the Netherlands the prevalence for third-generation cephalosporin-

resistant E. coli and K. pneumoniae was 5.7% (CI 95% 5-6) and 8.1% (CI 95% 

6-10), respectively. 29 In 2009/2010 3% of the E. coli causing urinary tract infections 

was resistant to three or more classes of antibiotics. 30

The relative low prevalence of third-generation cephalosporin-resistant isolates in 

western and northern Europe in comparison to eastern and southern Europe may be 

attributed to sparser application of antibiotics in the clinical setting, as well as better 

detection methods and possible containment policies. Regardless of prevalence, an 

increasing trend in the case of antimicrobial non-susceptible and resistant isolates 

was noted in all countries, including the Netherlands (Table 2).

The increasing prevalence of antimicrobial non-susceptible and resistant 

isolates is not limited to Europe. Reports from across the world demonstrate an 

increase in prevalence of drug-resistant Enterobacteriaceae. 31-36 Drug-resistant 

Enterobacteriaceae have also been discovered in farm animals and companion 

animals. 37-40 Bacteria found in these animal compartments have been shown to be 

zoönotic or evidence points to possible zoönosis. 18, 41-44 
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Legenda fi gure 2 and 3

    < 1 %

    1 % to < 5 %

    5 % to < 10 %

    10 % to < 25 %

    25 % to < 50 %

    ≥ 50 %

    No data availabe or  
    less than 10 isolates

    not included

Figure 2: Antibiotic-resistant E. coli in 2011 in Europe. Left top: prevalence of aminoglycoside 

resistance. Right top prevalence of fl uoroquinolone resistance. Left bottom: prevalence of third-

generation cephalosporin resistance. Right bottom: prevalence of carbapenem resistance. 29

Figure 3: Antibiotic-resistant K. pneumonia in 2011 in Europe. Left top: prevalence of aminoglycoside 

resistance. Right top: prevalence of fl uoroquinolone resistance. Left bottom: prevalence of third-

generation cephalosporin resistance. Right bottom: prevalence of carbapenem resistance. 29
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Table 2: Annual percentage (%) of antimicrobial resistant isolates from the Netherlands from 2003 

to 2011. – means no information was gathered in this year. Adapted from Antimicrobial resistance 

surveillance report. 29

Pathogens by an� microbial 

classes 
2003 2004 2005 2006 2007 2008 2009 2010 2011

Escherichia coli

Aminopenicilins 45 43 48 47 49 48 45 48 49

Aminoglycosides 3 3 4 3 5 6 4 7 8

Fluoroquinolones 7 7 10 11 13 14 11 14 14

Third-gen. cephalosporins 1 1 2 3 4 5 4 5 6

Carbapenems < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1

Klebsiella pneumoniae

Aminoglycosides - - 5 4 5 7 3 7 8

Fluoroquinolones - - 6 4 4 7 4 7 7

Third-gen. cephalosporins - - 4 4 7 8 6 7 8

Carbapenems - - < 1 < 1 < 1 < 1 < 1 < 1 < 1

Pseudomonas aeruginosa

Piperacillin (± tazobactam) - - 4 2 2 6 3 4 6

Ce! azidime - - 5 5 4 6 4 3 5

Carbapenems - - 5 2 2 6 3 3 3

Aminoglycosides - - 7 4 3 4 1 2 5

Fluoroquinolones - - 9 9 5 8 7 4 7

β-lactam resistance mechanisms in Enterobacteriaceae

As described before, an alarming number of Enterobacteriaceae have developed 

and/or acquired several mechanisms to counter β-lactam antibiotics. To understand 

these mechanisms, it is important to know that, as gram-negative bacteria, 

Enterobacteriaceae have two lipid bilayer membranes separated by the periplasmic 

space. Within the periplasmic space the peptidoglycan layer is located. The 

peptidoglycan layer adds to the structure and rigidity of the bacterial cell and protects 

against osmotic shock (Figure 4). The assembly of the peptidoglycan layer is the 

target of β-lactam antibiotics. In order to reach its target a β-lactam antibiotic must 

pass the outer lipid bilayer. 

β-lactam antibiotics cannot pass the lipid bilayer. For this they require the presence 

of porins that allow their passage. Normally, porins serve as a passive form of uptake 

of, e.g., nutrients which cannot pass the lipid bilayer. Porins are vital to the survival 

of Enterobacteriaceae. Enterobacteriaceae have several types of porins at their 

disposal. In order to limit the concentration of β-lactam antibiotics they can down 

regulate the expression of porins mostly used by β-lactam antibiotics, e.g., OmpF 

or OmpC (E. coli) and OmpK35 or OmpK36 in (K. pneumoniae). At the same time 

it may up-regulate restricted-channel porins in order to compensate for the loss in 

uptake of vital compounds. 45, 46 Alternatively, porin expression may remain normal, 
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but the porin may be altered to restrict the uptake of β-lactam antibiotics. This 

can be achieved by mutation of the porin or the addition of channel blocker, e.g., 

deoxycholic acid. 47, 48 Another mechanism is not to restrict the infl ow of β-lactam 

antibiotics, but to increase the outfl ow by up regulating the expression of effl ux 

pumps that can actively transport the β-lactam antibiotic across the lipid bilayer into 

the extra cellular compartment, e.g., by MexB and MexY. 49

Another mechanism to develop resistance is the mutation of the target of β-lactam 

antibiotics, the PBPs. This mechanism is rarely detected in Enterobacteriaceae, but 

it is more common among other gram-negative bacteria. These mutations that lead 

to a decreased affi nity of the PBP for a third-generation cephalosporin can lead to a 

reduction of cross-linking. 49-51

Figure 4: Membrane structure of gram-negative bacteria. The inner membrane (IM) is comprised out 

of a phospholipid (PL) bilayer. Proteins, e.g., an effl ux pump, are incorporated into the IM as well. The 

periplasm is an aqueous compartment of the membrane in between the IM and the outer membrane 

(OM). Both the peptidoglycan layer (PGL) as well as many soluble proteins, e.g., β-lactamases, can be 

found in the periplasm. The OM has phospholipids on the inner leafl et and lipopolysaccharides (LPS) 

in the outer leafl et. The OM, just like the IM, has proteins, e.g., porins, incorporated into its structure. 

Proteins that are also covalently attached to the PGL anchor the OM.

The main mechanism of resistance against ß-lactam antibiotics in Enterobacteriaceae, 

however, is the production of ß-lactamases that hydrolyze the β-lactam ring. 

This mechanism is also the most common mechanism found in third-generation 

cephalosporin-resistant Enterobacteriaceae. A few species are capable of hyper-

producing, provided certain mutations occur, their chromosomal β-lactamase 

(Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and Pseudomonas 

aeruginosa) conferring resistance to extended-spectrum β-lactam antibiotics. 

If a hyper-producer has an additional resistance mechanism, as described above, 

it may provide resistance to carbapenems or cefepime. Most members of the 

Enterobacteriaceae, however, do not derepress or hyper-produce their chromosomal 
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β-lactamase. They acquire a β-lactamase due to horizontal transfer mainly in the 

form of a plasmid that harbors a β-lactamase-encoding gene. β-Lactamases can differ 

greatly on basis of their amino acid sequence, mechanism of hydrolysis, substrate 

preference, and resistance to β-lactamase inhibitors. Therefore two schemes have 

been developed to classify β-lactamase(s) (families).

The functional classifi cation, also known as the Jacoby-Bush classifi cation, is based 

on the substrate and inhibitor profi les that attempts to group enzymes in a manner 

that correlates to a phenotype. 52 However, as the presence of several mechanisms 

infl uence the phenotype of an isolate it is rather diffi cult to relate a particular 

phenotype to a β-lactamase group defi ned by this scheme.

The other classifi cation, the Ambler classifi cation, is a molecular classifi cation 

system based on the amino acid sequence. 53 Despite the fact that this provides less 

information about their substrate profi le, due to possible variance of hydrolysis 

profi les within a family of β-lactamases, this scheme is the more widely used. The 

Ambler classifi cation divides the β-lactamases that use a serine residue for β-lactam 

ring hydrolysis into class A, C, and D. The metalloenzymes, which use zinc ions 

for their substrate hydrolysis, are classifi ed as Class B. Class A β-lactamases are in 

general sensitive to inhibition by clavulanate, though for class A carbapenemases 

boronic acid is used. Ambler class B β-lactamases are in general sensitive to inhibition 

by ethylene-diamine-tetra-acetic acid (EDTA) which chelates the zinc ions. Ambler 

C class β-lactamases are in general insensitive to the above mentioned inhibitors. 

The effect of these inhibitors on Ambler D class β-lactamases is varied. 

Within in every Ambler class a number of families are grouped of which the most 

common will be outlined below. The largest family, with more than 200 members, 

is formed by the TEM-ß-lactamases. 54 Its fi rst discovered member, TEM-1, is a 

contestant for the most commonly encountered β-lactamase in Enterobacteriaceae. 

TEM-1 is, however, a narrow-spectrum β-lactamase only capable of conferring 

resistance to penicillins. It is ineffective against (extended-spectrum) cephalosporins 

and carbapenems. Amino acid substitutions, however, that alter the active site to allow 

β-lactam antibiotics with larger side-chains to enter the active site result in changes 

in substrate profi le. Several members of the TEM family are ESBLs, e.g., TEM-3, 

TEM-12, and TEM-52, capable of hydrolyzing extended spectrum cephalosporins. 55

The SHV family is also an important member of the Ambler class A with more than 

150 members. 54 Like the TEM family most members of the SHV family are narrow 

spectrum β-lactamases, but with the proper amino acid substitutions are ESBLs, e.g., 

SHV-2, SHV-5, and SHV-12. 55

The CTX-M family is also part of Ambler class A. It was named for its greater 

activity against cefotaxime in comparison to, e.g., ceftazidime, and the location of 

its discovery, München. The CTX-M family originates from the chromosome of 
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Kluyvera species. They only share 40% amino acid sequence with the TEM- and 

SHV-family ß-lactamases. Since their discovery in 1983, CTX-M has become the 

dominant ESBL family found in studies. Especially CTX-M-9, CTX-M-14, and 

CTX-M-15 are widespread in Europe. 56

Other plasmid-mediated ESBL families belonging to the Ambler class A include, 

among others, the PER, VEB, and GES family. They are less frequently found than 

the TEM, SHV, or CTX-M family. The GES family even contains a few members 

that are classifi ed as carbapenemases. However, the most (in)famous carbapenemase 

family within the Ambler A class is undoubtedly the KPC family. The KPC family 

has caused outbreaks in the USA, Israel, and Greece. 57-59 It is considered the most 

widespread carbapenemase. 60 Less notable Ambler A class carbapenemase families, 

due to a lower spread, are the families known as IMI, SME, and NMC.

The Ambler B class includes all metallo-β-lactamases. All families in this Ambler 

group have at least several members that are classifi ed as carbapenemases. Most 

notable are the IMP, VIM, and NDM family. IMP and VIM spread across the 

world in the 1990’s and 2000’s and are both capable of hydrolyzing every β-lactam 

antibiotic with the exception of monobactams. The NDM family was discovered 

in 2009 and spread quickly across the globe probably due to tourism, specifi cally 

medical tourism. 61, 62

Table 4: Overview of β-lactamase naming scheme.

Ambler Class  Family Example Member

A Narrow spectrum TEM TEM-1

  SHV SHV-1

 ESBL TEM TEM-12

  SHV SHV-12

  CTX-M CTX-M-9

Carbapenemase GES GES-5

 IMI IMI-1

 KPC KPC-1

B Carbapenemase IMP IMP-1

  NDM NDM-1

  VIM VIM-1

C AmpC ACC ACC-1

  CMY CMY-1

  DHA DHA-1

 Carbapenemase pYMG pYMG-1

D Narrow spectrum OXA OXA-1

   OXA-2

 Broad spectrum OXA OXA-16

   OXA-18

 Carbapenemase OXA OXA-48

   OXA-54
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The Ambler class C includes all AmpC type β-lactamases. They tend to be able to 

hydrolyze all cephalosporins but especially cephamycins (e.g., cefotoxin), though 

the hydrolysis rates can differ signifi cantly among themselves and with ESBLs of 

the Ambler A class. These β-lactamases can either be encoded on the chromosome 

in which case they can be either inducible (e.g., in E. cloacae and C. freundii) or 

constitutively (E. coli) expressed. In order to become resistant, however, E. coli must 

become a hyperproducer, requiring mutations in the promoter of the AmpC gene. 

AmpC β-lactamases, however, can also be carried on plasmids. To date only one 

class C carbapenemase family has been detected, namely pYMG-1. 63

The Ambler class D consists mainly of the OXA β-lactmases. The plasmid-mediated 

OXA family is named for its high hydrolytic activity against oxacillin and cloxacillin. 

It is a highly diverse family sharing as little as 20% amino acid sequence homology 

with one another. It is therefore not striking that the individual OXA β-lactamases 

can, e.g., be narrow-spectrum β-lactamases, resemble an ESBL-phenotype, or even 

be classifi ed as a carbapenemase.

Detection Methods

In a clinical environment it is standard diagnostic practice to determine the 

antibiogram of isolates causing severe infections by automated systems like the 

Vitek-2. Phenotypic tests are often used to determine the resistance mechanism. For 

this purpose several detection methods have been developed to provide clinically 

relevant information. They, however, can be labor intensive, time consuming, and 

give inconclusive results. Detection methods include, but are not limited to, Etests, 

double-disk synergy tests, the combination disk method, and the modifi ed Hodge 

test.

An example of an automated system is the Vitek-2 (BioMérieux, Marcy l’Etiole, 

France). It simultaneously assesses the antibacterial activity of several β-lactams 

antibiotics, both with and without the presence of an inhibitor. According to literature 

the test has a high specifi city with ESBLs, but performs poorer with induced AmpC 

isolates. 64-66 Other automated systems exist as well, most notably the Phoenix, 

however, it is considered the lesser of the two. 67

Etests are generally used to determine minimal inhibitory concentrations of 

antibiotics. Etests are also designed for specifi c resistance mechanisms, i.e. ESBLs 

or metallo-β-lactamases, allowing for an indication of the type of mechanism causing 

the resistance. EBSL Etests, specifi cally, are designed to quantify the synergy of 

an extended-spectrum cephalosporin and clavulanate regarding a particular isolate. 

However, the appearance of a so-called phantom zone or deformation of the 

inhibition ellipse is also considered a positive result (Figure 5). However, these latter 

two possible positive results can be diffi cult to determine, which may lead to false-
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positive or false-negative results. MIC values may also lie beyond the range of the 

strips rendering the test inconclusive.68, 69

Figure 5: On the left Etests (adjusted from 

Stürenburg 70) showing, next to a regular 

zone, a phantom zone. On the right a DDST 

which shows phantom zones resulting from 

synergy between two disks.

The double-disk synergy test, or DDST, was developed to differentiate between 

isolates resistant to cephalosporins by overproductions of AmpC’s or those that 

produce ESBLs. In this test an isolate is plated on agar which contains one or more 

disks with a β-lactam antibiotic and one disk with amoxicillin-clavulanate positioned 

at a precise distance from another. The test is considered positive when a decreased 

susceptibility to a particular ESBL is present and if the inhibition zone is enhanced 

between the two disks, showing a synergy between the two compounds (Figure 5). 

The tests can be inconclusive though, if for instance a decreased susceptibility to 

β-lactam antibiotics is present, but no clear synergy is present. Results of the test can 

also differ on basis of the distance of two disks. 71, 72

In a variant of the DDST, the combination disk method the inhibition zone around 

a disk of a β-lactam antibiotic is compared to an inhibition zone around a disk of 

the same β-lactam antibiotic plus clavulanate. The test is considered positive if a 

difference of 5 mm or 50% is detected. Though the test is easy to perform it requires 

accurate measurements regarding the zone.73

The modifi ed Hodge test designed for the detection of carbapenemase production. It 

makes use of a carbapenem disk in the center and an inoculum of a sensitive isolate. 

Inocula of controls and an unknown isolate are made linear to the carbapenem 

disk. If the sensitive isolate can grow towards the carbapenem along the line of the 

unknown isolate the test is considered positive. However, it suffers from relatively 

large number of false-positive results. 74

Isolate Typing

When a hospital encounters an increased number of bacterial isolates from the same 

species that are resistant to a particular antibiotic, it warrants investigation if an 

outbreak is occurring, especially when the isolates are detected in the same ward 

or in short period of time. For this purpose several bacterial isolate typing methods 
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have been developed. These methods can be divided in phenotypic and genotypic 

methods, but in general nowadays only genotypic methods are used. 

Genotypic typing methods make use of the bacterial DNA to determine if isolates 

may be related or not. Genotypic methods include, but are not limited to, multi-locus 

sequence typing (MLST), pulsed-fi eld gel electrophoresis (PFGE), and DiversiLab. 

Genotypic methods have as an advantage that they usually give more detailed 

information in comparison to phenotypic methods, but tend to be more expensive.

For MLST several species specifi c house-keeping genes that are not under 

evolutionary pressure are sequenced. On basis of the DNA sequence a number is 

allocated to an allele. The combination of allele types is assigned an unique MLST 

number. The advantage of this technique is that it allows for the comparison of 

isolates from across the world, especially using electronic databases which store 

centrally all the different allele and MLST types that have been reported. 75 However, 

MLST has a relatively low discriminatory power as it sequences only a limited 

number of house-keeping genes. Whole genome sequencing that is increasingly used 

to study transmission routes will alleviate the lack of discriminatory power, but the 

technique is still too costly and not suffi ciently rapid for implementation in routine 

diagnostics. 76

Other genotypic techniques, known as fi nger-printing techniques, also make use of 

DNA, but they do not provide information on what is encoded in these sequences. 

PFGE, which has been widely used and still is regularly used, falls in this category. 

PFGE makes use of restriction endonucleases to cut a limited number (10-20) of 

specifi c sequences in the genome. The resulting DNA fragments are separated by 

size which generates for each isolate a pattern or ‘fi nger-print’. Other fi nger-printing 

methods make use of conserved repeat sequences which can vary in length and 

number per isolate. DiversiLab (BioMérieux) is a commercial automated system 

that makes use of a repetitive-sequence-based PCR method. However, fi nger-

print techniques suffer from the fact that small differences in execution result in 

differences in the patterns which can make analysis diffi cult, nor does the sharing of 

pattern between two isolates one technique ensure that the two isolates will not differ 

from another in another location in the genome. 77

Plasmids: Transfer and Typing

As mentioned before, the most common mechanism for Enterobacteriaceae to 

become resistant to third-generation cephalosporins is to acquire an external 

resistance gene. This resistance gene is acquired through horizontal gene transfer, 

i.e. the transmission of DNA between two organisms of distinctive lineages. This can 

be achieved by different mechanisms: transduction, transformation, and conjugation. 

During transduction a virus-like particle, a bacteriophage, can transfer DNA from 
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one bacterium to another. During transformation bacteria take up external DNA 

released by dead cells. However, conjugation is considered the most important mode 

of transfer for Enterobacteriaceae. During conjugation a connection between two 

cells is realized and single-stranded DNA is transferred from one cell to another. 

This requires a specialized set of proteins that are encoded on many mobile genetic 

elements, e.g., plasmids that encode tra genes. After conjugation both the donor as 

well as the acceptor has at least one copy of the plasmid that was transferred. The 

products of tra genes are however not plasmid specifi c. This means that the products 

of conjugative plasmids may mobilize other genetic elements, e.g., non-conjugative 

plasmids and transposons.

Plasmids are circular double-stranded DNA molecules that can vary in size from a 

few thousand to hundreds of thousands base pairs. The number of plasmids and type 

of plasmids, harbored by an isolate can vary greatly. It is however impossible for 

an isolate to possess two plasmids that share the same type of origin of replication. 

This phenomenon is known as incompatibility and plasmids with the same origin 

of replication belong to the same incompatibility group. Regardless of their type 

plasmids replicate independently from the chromosome and generally do not encode 

house keeping functions for the host, but rather maintenance mechanisms of the 

plasmid, i.e. so called addictions systems, and genes that can benefi t the host in 

certain environments, e.g., antibiotic resistance or virulence genes.

So, an increase in antibiotic resistance may not only be caused by the classic spread 

of a single resistant organism, but also by the spread of an antibiotic resistance 

encoding mobile element that is transferred between two organisms that come in 

contact. In literature several outbreaks involving horizontal gene transfer have been 

described. e.g. 78, 79

To compare plasmids several techniques have been developed. Using these methods 

it is possible to compare plasmids based on their origin of replication, conserved 

regions, and size. Plasmid based replicon typing (PBRT) makes use of the fact that 

plasmids of different incompatibility groups have different origins of replication. 

Primers unique to these sites on the plasmid are used in a polymerase chain reaction 

(PCR). On the basis of the presence of an amplifi cation product a plasmid can be 

assigned to an incompatibility group. However, this method does not relate any 

genetic information present on the plasmid. 80 Specifi cally, for the incompatibility 

group known as IncI1, because of its wide-spread prevalence, a plasmid-based multi-

locus sequence typing (pMLST) was developed to improve discriminatory power. 

Conserved genes on these plasmids are sequenced. As with the ‘isolate’ multi-locus 

sequence typing, based on the DNA sequence a number is associated with the allele 

type found. The combination of several allele types provides a pMLST type. 81

The size of a plasmid can be determined using a variant of classical PFGE. Though 

this provides additional information in comparison to two previous described 
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techniques, other methods such as sequencing or specifi c PCR are required to detect 

specifi c genes, e.g., bla-genes that encode β-lactamases. 

Thesis Objectives

The rise in prevalence of antibiotic-resistant Enterobacteriaceae, especially 

third-generation cephalosporin-resistant Enterobacteriaceae, is a major threat 

to public health. Despite the knowledge of the rise in prevalence, knowledge 

about the underlying genetic mechanisms responsible for this resistance within 

the Netherlands remains scarce.

This thesis aims to provide a deeper insight into the genetic background of 

the prevalent mechanisms of third-generation cephalosporin resistance in the 

Netherlands. However, the detection of third-generation cephalosporin resistance 

is not straightforward. Therefore techniques to detect ESBLs were evaluated and 

developed.

In chapter 2 the performance of the commercially available Brilliance™ CRE 

Agar (Oxoid, Basingstoke, United Kingdom) to selectively isolate and detect 

carbapenemase-producing Enterobacteriaceae was evaluated.

In chapter 3 the ability of the commercially available Check-MDR CT102 DNA 

microarray (CheckPoints, Wageningen, The Netherlands) used to detect the most 

common carbapenemases as well as the most common ß-lactamase groups with 

ESBLs was evaluated. The assay uses ligation-mediated amplifi cation probes. 

Amplifi cation products can hybridize to specifi c locations on a chip and are 

subsequently visualized. This allows for a fast indication of the β-lactamase involved.

In chapter 4 a set of new multiplex PCRs is described that enables the amplifi cation 

of most members of the 16 most common β-lactamase families using a single 

amplifi cation protocol.

In chapter 5 was investigated whether the DiversiLab (BioMérieux) bacterial 

typing system is suitable to compare E. coli and Klebsiella spp. isolates analysed at 

different centers. This would allow interlaboratory comparison of multi-antibiotic 

resistant isolates. The typing system is an automated repetitive-sequence-based PCR 

technique that creates several amplifi cation products which are run on a commercial 

gel, which in turn is read by a BioAnalyzer. Dedicated software analyzes the intensity 

of peaks and computes the relatedness of isolates.

In chapter 6 the distribution of β-lactamases conferring resistance to third-

generation cephalosporins among clinical Enterobacteriaceae in the Netherlands 

was determined.
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In the study described in chapter 6 several extended-spectrum β-lactamases that have 

been rarely reported in human derived isolates were found. In a different study it was 

suggested that these ESBLs may be derived from poultry.

In chapter 7 the possibility for poultry as a source of AmpC β-lactamases in human 

isolates was investigated. Therefore, the human- and poultry-derived isolates and 

their plasmids sharing these AmpC ß-lactamases were further characterized. 

The aim of chapter 8 was to investigate the ability of poultry-associated E. coli to 

survive in the human gut microbiome using an in vitro model system that mimics 

the healthy human microbiome. Furthermore, the ability of these isolates to transfer 

third-generation cephalosporin resistance to Enterobacteriaceae in the human gut 

microbiome was investigated.
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Abstract

Introduc� on: Adequate detec� on of carbapenemase producing Enterobacteriaceae 

(CPE) is essen� al for adequate an� bio� c therapy, and for infec� on control purposes, 

especially in an outbreak se!  ng. Selec� ve agars play an important role in the 

detec� on of CPE.  

Methods: The Oxoid Brilliance™ CRE Agar (Thermo Fisher Scien� fi c) was evaluated 

for detec� on of carbapenemase producing Enterobacteriaceae using 255 non-

repe� � ve Enterobacteriaceae isolates, including 95 CPE (36 KPC, 4 KPC plus VIM, 4 

NDM, 6 GIM, 20 VIM, and 25 OXA-48 producing isolates). 

Results: The sensi� vity of the CRE agar for detec� on of CPE was 94% (89/95), but 

diff ered per carbapenemase gene (100% for KPC, NDM and GIM, 90% for VIM and 

84% for OXA-48 producing isolates). The specifi city of the CRE agar was 71%, due to 

growth of AmpC and/or ESBL producing isolates.  

Conclusion: The CRE agar is a sensi� vity tool for detec� on of KPC and metallo-

carbapenemase producing Enterobacteriaceae, although detec� on of OXA-48 

producers is less op� mal. The rela� ve low specifi city requires confi rma� on of 

carbapenemase produc� on for isolates recovered from the CRE agar. 

 

Introduc  on

The emergence and spread of carbapenemase producing-Enterobacteriaceae 

(CPE) poses a considerable threat to clinical pa� ent care and public health. CPE are 

characterised by their resistance to virtually all beta-lactam an� bio� cs, as well as 

to fl uoroquinolones, aminoglycosides and co-trimoxazole. Invasive infec� ons with 

these strains are associated with high rates of morbidity and mortality (2,3). Swi&  

and accurate detec� on of CPE is essen� al for infec� on control purposes, especially 

in an outbreak se!  ng, and may infl uence choice of an� bio� c therapy. Selec� ve 

agars play an essen� al role when screening clinical specimens to detect CPE.    

The aims of this study were threefold: 1. To determine the test characteris� cs of 

the O xoid Brilliance™ CRE Agar (Thermo Fisher Scien� fi c, United Kingdom)(CRE 

Agar) for detec� on of CPE. 2. To determine the capacity of the CRE agar to detect 

carbapenem non-suscep� ble Enterobacteriaceae. 3. To inves� gate the species-

specifi city of the colony colours.
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Methods

The test collec� on included 255 well characterized non-repeat Enterobacteriaceae 

isolates, including 95 carbapenemase-posi� ve and 160 carbapenemase-nega� ve 

isolates. PCR and sequencing of beta-lactamases was used as the reference test 

(10).

The 95 carbapenemase-posi� ve isolates consisted of 73 Klebsiella pneumoniae, 10 

Escherichia coli, 8 Enterobacter spp., 2 Proteus mirabilis, and 2 Serra! a marcescens 

isolates producing the following carbapenemases: 36 KPC-2/3, 4 KPC plus VIM, 4 

NDM-1, 6 GIM, 20 VIM, 25 OXA-48 (Table 1). The 160 carbapenemase-nega� ve 

control isolates (Table 2) included 87 E. coli, 42 Enterobacter spp, 16 K. pneumoniae, 

8 Klebsiella oxytoca, 4 P. mirabilis,  one Citrobacter freundii, one P. stuar! i, and one 

S. marcescens, of which 78 produced an ESBL (47 CTX-M, 14 TEM, 10 SHV, 7 other 

ESBL genes or combina� ons), 22 isolates an ESBL plus derepressed chromosomal 

AmpC (15 CTX-M, 4 SHV and 3 other ESBL genes or combina� ons), 11 isolates a 

plasmid AmpC, 26 isolates a derepressed chromosomal AmpC, 4 isolates a plasmid 

AmpC plus ESBL, 8 isolates were K1 hyperproducing K. oxytoca, and 11 isolates were 

beta-lactamase nega� ve. 

The isolates (one per pa� ent) originated from the following sources: 72 isolates 

were collected at a Dutch beta-lactamase reference centre (University Medical 

Centre Utrecht), 29 were from Greece, 20 from New York, 118 from Dutch ESBL 

surveillance studies (7,9), 6 from Germany, and 10 isolates were ATCC or NCTC 

reference strains. 

As described previously (4), the selec� ve plates were inoculated with 10 µL of a 0.5 

McFarland suspension, corresponding to approximately 106 colony forming units 

(CFU). Plates were incubated under aerobic condi� ons and read a! er 24 and 48 h.

The ertapenem and meropenem MICs were determined using broth micro-dilu� on 

(Merlin, Germany). Imipenem MICs were determined using Etest (bioMérieux, 

France). Ertapenem and meropenem MICs of 21 OXA-48 producing isolates were 

determined using Etest. Using EUCAST breakpoints (www.eucast.org), 86 (91%), 83 

(87%), and 82 (86%) of the carbapenemase producing isolates were non-suscep� ble 

to ertapenem, meropenem and imipenem, respec� vely, and all except one (99%) 

of the carbapenemase producers were non-suscep� ble to at least one carbapenem 

(Table 1). Of the carbapenemase nega� ve isolates, 52 (33%), 17 (11%), and 18 (11%) 

were non-suscep� ble to ertapenem, meropenem and imipenem, respec� vely, and 

56 (35%) were non-suscep� ble to one or more of the carbapenems. 
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Results 

The sensi� vity for detec� on of CPE a! er both 24 and 48 hours was 89/95 (94%) 

(Table 1), and diff ered per carbapenemase gene (100% for KPC, GIM, and NDM, 90% 

for VIM, and 84% for OXA-48). Compared to the detec� on of other carbapenemase 

genes, the sensi� vity for detec� on of OXA-48-posi� ve CPE was signifi cantly lower 

(97% versus 84%, p=0.039). However, the sensi� vity of the CRE agar tot detect OXA-

48 producers depended on the co-produc� on of an ESBL. All isolates co-producing 

OXA-48 plus ESBL were able to grow on the CRE agar, whereas only one of the 5 

isolates producing OXA-48 without an ESBL were detected (p<0.001, Table 1). 

The specifi city for detec� on of CPE a! er 24 and 48 hours was only 71% and 63%, 

respec� vely (Table 2). The rela� ve low specifi city was due to growth of AmpC and/or 

ESBL producing isolates with increased carbapenem MICs. Extending the incuba� on 

beyond 24 h is therefore not indicated.

The majority of the 46 carbapenemase-nega� ve isolates growing on the CRE 

agar were E. cloacae (24 (52%)) with a derepressed AmpC gene, and E. coli and 

K. pneumoniae with ESBL genes (CTX-M, SHV) or (plasmidal or chromosomal) 

AmpC genes (Table 2). The sensi� vity and specifi city of the CRE agar to detect 

Enterobacteriaceae isolates non-suscep� ble to at least one carbapenem were 88% 

(123/140) and 103/115 (90%), respec� vely. 

The sensi� vity to detect carbapenem I/R isolates (EUCAST) depended on the 

presence of a carbapenemase gene. CPE isolates were detected with a sensi� vity 

of 88/94 (94%) (Table 1), versus a sensi� vity of only 76% (35/46) for isolates non-

suscep� ble to at least one carbapenem due to other beta-lactamases (p=0.004). 

The 11 carbapenemase-nega� ve isolates with increased carbapenem MICs that 

failed to grow on the agar were 8 chromosomal AmpC producing E. cloacae isolates, 

and 3 ESBL producing isolates (one K. pneumoniae, one E. coli, and one P. mirabilis) 

(Table 2).

The colony colours of all K. pneumoniae, Enterobacter spp., P. mirabilis and S. 

marcesens isolates were blue, and diff eren� a� ng between those species based on 

the colour was not possible. E. coli colonies were brownish. 

Discussion

This study shows that the CRE agar is a sensi� ve tool for detec� on of KPC and 

metallo-carbapenemase producing Enterobacteriaceae. However, the detec� on of 

OXA-48 producing Enterobacteriaceae is signifi cantly lower (84%), in line with the 

results of a previous study (11). The sensi� vity to detect CPE was comparable to the 

reported 91% sensi� vity of the ChromID carba plate (Biomerieux, France)(11). The 
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sensi� vity to detect KPC, VIM and NDM producing isolates was comparable with 

the 85%-100% sensi� vity of the CHROMagar KPC plate (Chromagar Microbiology, 

France) (1,6,8), but detec� on of OXA-48 producing isolates cannot be compared 

because such isolates were not included in the evalua� ons of the CHROMagar 

KPC plate. In contrast to our fi ndings, a detec� on sensi� vity of 100% for OXA-48 

producing isolates was recently reported using a novel screening medium (5). 

The specifi city of the CRE agar was rela� vely low (71%), due to growth of ESBL and/

or AmpC producing isolates. This fi nding is consistent with previous studies showing 

that AmpC and/or ESBL producing isolates with decreased permeability may have 

increased carbapenem MICs, with ertapenem most aff ected (12). Although the 

manufacturer claims that the CRE agar contains a modifi ed carbapenem (www.

oxoid.com), the selec� ve an� bio� c(s) used in the CRE agar have not been disclosed, 

and the reason for the low specifi city therefore remains unknown. 

This study has several limita� ons. First, the fi ndings have to be confi rmed in a 

study evalua� ng the CRE agar with clinical specimens in the rou� ne se�  ng of a 

laboratory for clinical microbiology. Second, no IMP producing Enterobacteriaceae 

were included in this evalua� on. Finally, the stability of the medium has not been 

tested in this study.

In conclusion, the CRE agar is a sensi� vity tool for detec� on of KPC and metallo-

carbapenemase producing Enterobacteriaceae, although detec� on of OXA-48 

producers is less op� mal. The rela� ve low specifi city requires confi rma� on of 

carbapenemase produc� on for isolates recovered from the CRE agar.
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Table 1: Carbapenem minimum inhibitory concentra� ons (MICs), European 

Commi� ee on An� microbial Suscep� bility Tes� ng (EUCAST) interpreta� on, and 

growth characteris� cs on Oxoid Brilliance™ CRE Agar (Thermo Fisher Scien� fi c, 

United Kingdom) (CRE agar) of 95 carbapenemase-posi� ve Enterobacteriaceae 

(CPE) isolates

Carbapenemase-posi� ve 

isolates growing on CRE agar
Species N

Ertapenem  

MIC (mg/L)

Meropenem 

MIC (mg/L)

Imipenem 

MIC (mg/L)

KPC E. coli 4 4 - >8 (R) 4 - 16 (I/R) 4 - >32 (I/R)

K. pneumoniae 32 >8 (R) >32 (R) 4 - >32 (R)

KPC + VIM-1 K. pneumoniae 4 >8 (R) >32 (R) >32 (R)

NDM-1 K. pneumoniae 2 8 - >8 (R) 16 - >32 (I/R) >32 (R)

K. pneumoniae 1 2 (R) 8 (I) 1.5 (S)

E. coli 1 8 (R) 32 (R) >32 (R)

GIM-1 E. cloacae 1 >8 (R)  32(R)  >32 (R)

E. cloacae 2 >8 (R) 8 (I) 2 (S)

S. marcesens 2 4 - >32 (R) 8 - >32 (I/R) 6 - >32 (I/R)

E. coli 1 2 (R) 8 (I) 1.5 (S)

VIM-1 K. pneumoniae* 1 0.125 (S) 1 (S) 2 (S)

K. pneumoniae 3 0.125-0.5 (S) 8-16 (I/R) 32 - >32 (R)

K. pneumoniae 9 2 - >8 (R) 8 - >32 (I/R) 12 - >32 (R)

E. coli 1 0.25 (S) 2 (S) 6 (I)

E. cloacae 1 0.5 (S) 8 (I) 24 (R)

E. cloacae 1 2 (R) 2 (S) 8 (I)

E. cloacae 1 1 (I) 16 (R) >32 (R)

P. mirabilis 1 ≤0.0625 (S) 0.5 (S) >32 (R)

OXA-48 with ESBL K. pneumoniae 3 0.75 - 4 (I/R) 0.5 - 1 (S) 1 - 2 (S)

K. pneumoniae 1 4 (R) 1 (S) 3 (I)

K. pneumoniae 9 >8 (R) 6 - >32 (I/R) 3 - >32 (I/R)

K. pneumoniae 4 3 - >32 (R) 4 - >32 (I/R) 1 - 2 (S)

E. coli 1 4 (R) 1.5 (S) 1 (S)

E. coli 1 6 (R) 8 (I) 6 (I)

E. cloacae 1 >32 (R) 4 (I) 4 (I)

OXA-48 without ESBL K. pneumoniae 1 2 (R) 1 (S) 3 (I)

Total growing on CRE agar 89

Carbapenemase-posi� ve 

isolates not growing           

on CRE agar

Species N
Ertapenem 

MIC (mg/L)

Meropenem 

MIC  (mg/L)

Imipenem 

MIC (mg/L)

VIM-1 E. coli 1 0.25 (S) 2 (S) 6 (I)

P. mirabilis 1 ≤0.0625 (S) 0.5 (S) >32 (R)
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OXA-48 without ESBL K. pneumoniae 1 4 (R) 32 (R) 24 (R)

K. pneumoniae 1 3 (R) 8 (I) 6 (I)

K. pneumoniae 1 12 (R) 4 (I) 12 (R)

K. pneumoniae 1 16 (R) 6 (I) 16 (R)

Total not growing on CRE 

agar
6

* carbapenemase producing isolate suscep! ble to all 3 carbapenems according to EUCAST 

breakpoints.

Table 2:  Carbapenem MICs, EUCAST interpreta! on, and growth characteris! cs on 

CRE agar of 160 carbapenemase-nega! ve Enterobacteriaceae isolates

Carbapenemase-

nega� ve isolates  

growing on CRE 

agar

Species
Beta-

lactamase
N

Ertapenem 

MIC (mg/L)

Meropenem 

MIC (mg/L)

Imipenem 

MIC (mg/L)

ESBL E. coli CTX-M-1 2 0.125 (S) ≤0.25 (S) 0.19 (S)

E. coli CTX-M-15 5
≤0.0625 - 

0.5 (S)
≤0.25 (S) 0.19 (S)

E. coli CTX-M-15 2 1 (I) ≤0.25 (S) 0.25 (S)

E. coli CTX-M-15 1 >8 (R) 4 (I) 3 (I)

K. pneumoniae
GES-6 + 
SHV-5

1 >8 (R) >32 (R) >32 (R)

K. pneumoniae CTX-M-15 1 >8 (R) 16 (R) 4 (I)

K. pneumoniae CTX-M-15 1 8 (I) 2 (S) 0.5 (S)

K. pneumoniae CTX-M-15 3 >8 (R) 4 - 16 (I/R) 1.5 - 2 (S)

K. pneumoniae SHV-12 1 4 (R) 8 (I) 1.5 (S)

Derepressed 

AmpC* plus ESBL
E. cloacae CTX-M-9 1 0.5 (S) 0.5 (S) >32 (R)

E. cloacae CTX-M-9 7 1 - 2 (I/R)
≤0.25 - 0.5 

(S)

0.19 - 0.5 

(S)

E. cloacae SHV-12 1 0.5 (S) ≤0.25 (S) 0.38 (S)

E. cloacae SHV-12 2 2 (R)
≤0.25 - 0.5 

(S)
0.38 (S)

E. cloacae SHV-12 1 >8 (R) 32 (R) 8 (R)

E. cloacae CTX-M-15 1 >8 (R) 16 (R) 4 (I)

E. cloacae CTX-M-15 1 >8 (R) 32 (R) 2 (S)

E. cloacae CTX-M-3 1 0.5 (S) ≤0.25 (S) 0.38 (S)

E. cloacae
SHV-2 + 
GES-6

1 0.5 (S) 0.5 (S) 0.5 (S)

E. cloacae
CTX-M-9+ 
SHV-12

1 8 (R) 1 (S) 0.75 (S)

E. cloacae
CTX-M-9 + 
SHV-12

1 >8 (R) 16 (R) 8 (I)
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Plasmid AmpC E.coli CMY-2 1 >8 (R) 32 (R) >32 (R)

E. coli CMY-2 1 ≤0.0625 (S) ≤0.25 (S) 16 (R)

Derepressed 

AmpC*
E. cloacae AmpC 4 1 - 2(I/R) ≤0.25 (S)

0.25 - 0.38 

(S)

E. cloacae AmpC 1 2 (R) ≤0.25 (S) 3 (I)

E. cloacae AmpC 1 >8 (R) 8 (I) >32 (R)

ESBL plus pAmpC** K. pneumoniae
CMY-2 + 

SHV-5
1 0.25 (S) ≤0.25 (S) 0.25 (S)

K. pneumoniae
MIR-3 + 
SHV-4

1 1 (I) ≤0.25 (S) 0.5 (S)

E. coli 
MIR-3 + 
CTX-15

1 ≤0.0625 (S) ≤0.25 (S) 12 (R)

Total with growth 46

Carbapenemase-

nega� ve isolates 

not growing on CRE 

agar

Species
Beta-

lactamase
N

Ertapenem  

MIC (mg/L)

Meropenem 

MIC (mg/L)

Imipenem 

MIC (mg/L)

ESBL Diverse
Diverse 

ESBL/AmpC
58

≤0.0625 - 

0.5 (S)
≤0.25 (S) 0.125 - 1 (S)

K. pneumoniae† SHV-2 1 4 (R) 1 (S) 0.5 (S)

P. mirabilis† CTX-M-2 1 ≤0.0625 (S) ≤0.25 (S) 4 (I)

E. coli† SHV-5 1 0.25 (S) ≤0.25 (S) 12 (R)

Derepressed 

AmpC* plus ESBL
E. cloacae CTX-M-9 3

0.125 - 0.5 

(S)

≤0.25 - 0.5 

(S)

0.25 - 0.75 

(S)

C. freundii SHV-2 1 0.125 (S) ≤0.25 (S) 0.75 (S)

Plasmid AmpC E. coli Div. 9
≤0.0625 - 

0.125 (S)
≤0.25 (S)

0.19 - 0.38 

(S)
Derepressed 

AmpC*
E. cloacae AmpC 6

≤0.0625 - 

0.5 (S)

≤0.25 - 0.5 

(S) 

0.25 - 1.5 

(S) 

E. coli AmpC 6 ≤0.0625 ≤0.25
0.125 - 25 

(S)

E. cloacae† AmpC 4 1 - 4 (I/R) ≤0.25 - 2 (S) 0.25 - 2 (S)

E. cloacae† AmpC 4 >8 (I/R) 16 - 32 (R) 32 - >32 (R)

ESBL plus pAmpC** K. pneumoniae
CMY-36 + 
SHV-5

1 0.25 (S) ≤0.25 (S) 0.19 (S)

K1, non-ESBL TEM/

SHV, or no beta-

lactamase

Diverse Diverse 19
≤0.0625 - 

0.5 (S)
≤0.25 (S)

0.19 - 

0.75(S)

Total without 

growth
114

* inferred from a cefoxi" n MIC ≥ 16mg/L, combined with a cefotaxime and ce$ azidime MIC >32 and 

absence of synergy between clavulanic acid and cefotaxime and ce$ azidime.

** plasmid AmpC

† isolates non-suscep" ble to at least one carbapenem not growing on the CRE agar
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Abstract

The Check-MDR CT102 DNA microarray enables detec� on of the most prevalent 

carbapenemases (NDM, VIM, KPC, OXA-48 and IMP) and extended-spectrum 

b-lactamase (ESBL) gene families (SHV, TEM and CTX-M). The test performance 

of this microarray was evaluated with 95 Enterobacteriaceae isolates suspected 

of being carbapenemase producers, i.e. with meropenem MICs ≥0.5 mg l-1. The 

collec� on of isolates contained 70 carbapenemase producing isolates, including 37 

bla
KPC

-, 20 bla
VIM

-, fi ve bla
OXA-48

-, four bla
KPC

/bla
VIM

- and four bla
NDM

-posi� ve isolates; 

and 25 carbapenemase-gene-nega� ve isolates. ESBLs were produced by 51 of the 

isolates. PCR and sequencing of b-lactamase genes was used as reference test. For 

detec� on of carbapenemases, the sensi� vity of the microarray was 97% (68/70), 

with 100% specifi city. The two nega� ve isolates tested posi� ve when the microarray 

test was repeated; these isolates were an OXA-48- and a KPC-producing isolate. 

For ESBL detec� on, the sensi� vity was 100% (51/51) and the specifi city was 98% 

(43/44), although 20% of the SHV-12 ESBLs were categorized as SHV-2-like ESBLs. 

In conclusion, the CDT102 microarray is a rapid and accurate tool for the detec� on 

of carbapenemase and ESBL genes, although the array seems less suitable for 

epidemiology of ESBL genes.

Introduc  on

Carbapenemase-producing Enterobacteriaceae are an emerging problem 

worldwide. Rapid and accurate detec� on of carbapenemase-producing strains 

is pivotal for adequate an� bio� c therapy and infec� on control, especially in an 

outbreak se#  ng. Phenotypic detec� on of carbapenemases in Enterobacteriaceae 

has several disadvantages. First, the two most frequently used confi rma� on tests, 

the modifi ed Hodge test and the carbapenemase inhibi� on test, require overnight 

incuba� on and do not provide informa� on on the carbapenemase gene. Second, 

the modifi ed Hodge test is diffi  cult to interpret and has limited specifi city because 

extended-spectrum b-lactamase (ESBL)- and/or AmpC producing isolates with 

decreased permeability may give false posi� ve results (Pasteran et al., 2009, 

2010), and a low sensi� vity has been reported for detec� on of NDM producing 

isolates (Girlich et al., 2012). Third, although the carbapenemase inhibi� on tests 

with boronic acid deriva� ves/cloxacillin and DPA/EDTA are sensi� ve and specifi c for 

detec� on of Ambler class A and B carbapenemases (Giske et al., 2011; Tsakris et 

al., 2010), respec� vely, the available data are mainly from VIM- and KPC producing 

isolates. Fourth, the carbapenemase inhibi� on tests cannot diff eren� ate between 

ESBL- and AmpC producing isolates with decreased permeability and OXA-48 

carbapenemase, which is encoded by an emerging carbapenemase gene and has 

recently been implicated in numerous outbreaks in several regions in the world 

(Cuzon et al., 2011; Pitart et al., 2011; Goren et al., 2011; O’Brien et al., 2011). 
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Because of the limita� ons of the phenotypic carbapenemase confi rma� on tests, 

genotypic detec� on of carbapenemase genes is the gold standard, although this 

only detects a prespecifi ed set of known carbapenemase genes. The Check-MDR 

CT102 microarray (Check points Health BV) has been designed for detec� on of 

genes encoding NDM, KPC, VIM, IMP and OXA-48 (Naas et al., 2011; Woodford et 

al., 2011), which are currently the most prevalent carbapenemases (Cohen Stuart 

& Leverstein-Van Hall, 2010). In addi� on, this microarray enables detec� on of the 

most clinically relevant ESBL Abbrevia� ons: ESBL, extended-spectrum b-lactamase. 

gene families, i.e. bla
CTX-M

, bla
SHV

 and bla
TEM

. goal of this study was to determine the 

test characteris� cs of this microarray for the detec� on of carbapenemase genes.

Methods

The ability of the Check-MDR CT102 microarray to detect carbapenemase genes 

was evaluated in 95 well-characterized nonduplicate Enterobacteriaceae isolates, 

which had a meropenem MIC of ≥0.5 mg l-1, and, as such, were suspected of being 

carbapenemase producers (Cohen Stuart & Leverstein-Van Hall, 2010). Of these 

isolates, 45 were from a b-lactamase reference centre (University Medical Centre, 

Utrecht, The Netherlands), collected in 2010 for detec� on of carbapenemase genes, 

24 were from Greece, 20 were from New York, and six were ATCC or NTCC reference 

strains. The collec� on contained 65 Klebsiella pneumoniae, nine Escherichia coli and 

two Proteus mirabilis isolates as well as 19 Enterobacter isolates (15 E. cloacae, four 

E. aerogenes and one E. cancerogenus). Of the 95 isolates, 70 were carbapenemase-

posi� ve (37 KPC-2 or KPC-3, 20 VIM-1, fi ve OXA-48, four NDM-1, four VIM-1 plus 

KPC-2) and 25 were carbapenemase-nega� ve (17 ESBL and eight AmpC, one of 

which produced plasmid-borne CMY-2 and seven of which were chromosomal 

AmpC-hyper producing E. cloacae). Of all the isolates (carbapenemase-posi� ve 

and -nega� ve), 51 (54%) harboured an ESBL gene (19 bla
CTX-M

, 30 bla
SHV

 and two 

bla
CTX-M

 plus bla
SHV

). As reference test for the presence of b-lactamase genes, PCR 

and sequencing were performed as described previously (Voets et al., 2011), using 

the Ultraclean Microbial DNA Isola� on kit (Mo Bio Laboratories). The principles of 

the microarray system and interpreta� on so" ware have been described previously 

(Cohen Stuart et al., 2010). Concisely, the system combines liga� on-mediated 

amplifi ca� on with detec� on of amplifi ed products on a microarray to detect the 

various carbapenemase genes (bla
OXA-48

, bla
NDM

, bla
IMP

, bla
VIM

 and bla
KPC

), bla
CTX-M

 

groups (bla
CTX-M

 groups 1, 2 and 9, or combined 8/25), and the most prevalent ESBL-

associated single nucleo� de polymorphisms (SNPs) in bla
TEM

 and bla
SHV

 variants. The 

assay cannot provide a sequence or Lahey number (www.lahey.org/studies/) of the 

bla
TEM

 and bla
SHV

 genes (e.g. bla
TEM-6

 or bla
SHV-2

), but reports which group they belong 

to (Cohen Stuart et al., 2010). The microarray is designed to analyse three isolates at 

a � me, which makes it costly to analyse a single isolate. The microarray assays were 
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performed according to the manufacturer’s instruc� ons using so� ware version 

20110215T170816R29 and including the use of two separate rooms (one room for 

DNA isola� on and liga� on, and one for amplifi ca� on, hybridiza� on and detec� on). 

The � me to result of the microarray system was 8 h (3 h for DNA isola� on and 5 h 

for liga� on, amplifi ca� on and detec� on). To mimic a rou� ne clinical se�  ng, the test 

characteris� cs were based on the fi rst test result. When there were discrepancies 

between the microarray result of the carbapenemase gene detec� on and the PCR 

and sequencing result, the array was repeated.

Results

In all except two of the 70 carbapenemase-producing isolates, the microarray 

detected the correct carbapenemase gene, corresponding to a sensi� vity of (68/70) 

97% (Table 1). One OXA-48 producer and one KPC producer were interpreted as 

carbapenemase-nega� ve by the microarray interpreta� on so� ware, although visual 

inspec� on of the microarray showed a weak signal on the OXA-48 and KPC spot, 

respec� vely. The two false-nega� ve isolates tested posi� ve when the microarray 

was repeated. There were no carbapenemase false-posi� ve results (specifi city 100 

%). The micro-array detected all ESBL genes (sensi� vity of

100 %). However, one ESBL-nega� ve (OXA-48-producing) K. pneumoniae isolate was 

reported as bla
CTX-M-1

-posi� ve, corresponding with a specifi city and ESBL detec� on 

rate of 43/44 (98%). In addi� on, 6 of the 30 SHV-12-producing isolates (20%) were 

reported as ESBL bla
SHV-2

-posi� ve instead of belonging to the bla
SHV-4

 group, because 

only the G238S subs� tu� on of the enzyme was detected in the bla
SHV

 gene by the 

microarray, and not the E240K subs� tu� on. All microarray results were obtained 

within one working day.
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Table 1. Comparison between PCR/sequencing results and microarray results

PCR/sequencing results (n)

Number of 

concordant 

microarray 

results (%)

Number of 

discordant 

microarray 

results (%)

Microarray results of 

discrepant isolates

Carbapenemases (70)

   KPC (37) 36/37 (100 %) * 1/37 (3 %) 1 isolate bla
KPC

-nega! ve*

   NDM (4) 4/4 (100 %) 0/4 (0 %) NA

   VIM (20) 20/20 (100 %) 0/20 (0 %) NA

   OXA-48 (5) 4/5 (100 %) * 1/5 (20 %) * 1 isolate bla
OXA-48

-nega! ve*

   VIM plus KPC (4) 4/4 (100 %) 0/4 (0 %) NA

Carbapenemas-nega! ve (25) 31/31 (100 %) 0/31 (0 %) NA

ESBLs (51)

   CTX-M (19) 19/19 (100 %) 0/19 (0 %) NA

   SHV (30) 24/30 (80 %) 6/30 (20 %)

6 isolates SHV-2 group 

(G238S) instead of SHV-12 

(SHV-4 group G238S, E40K)

   CTX-M plus SHV (2) 2/2 (100 %) 0/2 (0 %) NA

   ESBL-nega! ve (44) 43/44 (98 %) 1/44 (2 %) 1 isolate CTX-M-1 group

NA, Not applicable. *The microarray detected both carbapenemase genes in the repeated 

microarray test.
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Discussion

This study shows the Check-MDR CT102 microarray has a high sensi� vity and 

specifi city for detec� on of carbapenemases. This is in line with two previous reports 

evalua� ng this microarray. One study, involving 144 carbapenemase-producing 

isolates, found sensi� vity and specifi city values of 100% for detec� on of bla
VIM

, 

bla
IMP

, bla
NDM

 and bla
OXA-48

 carbapenemase genes, whereas values of 85% and 100 

%, respec� vely, were found for bla
KPC

 (Naas et al., 2011). Another evalua� on of the 

microarray with 41 carbapenemase producers, reported sensi� vity and specifi city 

values of 100% (Woodford et al., 2011). However, the present study is the fi rst 

to exclusively use isolates suspected of carbapenemase produc� on because of a 

meropenem MIC of ≥0.5 mg l-1, i.e. a set of isolates that would require confi rma� on 

of carbapenemase produc� on in the clinical se"  ng. The sensi� vity and specifi city 

values for ESBL detec� on were also high. However, the microarray did not detect

the SHV E240K subs� tu� on in 20% of SHV-12-producing isolates, making this assay 

less suitable for epidemiological purposes involving SHV ESBLs. Although the la# er 

fi nding was not men� oned in the two previous evalua� ons of this microarray 

(Naas et al., 2011; Woodford et al., 2011), it has been reported before (Pla# eel 

et al., 2011) in an evalua� on of another microarray from the same manufacturer 

(Check KPC ESBL). A limita� on of this evalua� on is the fact that the capacity to 

detect TEM ESBLs or IMP carbapenemases has not been tested. Another limita� on 

is that unknown carbapenemase genes may not have been detected by both the 

microarray and the reference method, i.e. PCR and sequencing. We conclude that 

this microarray assay is a prac� cal and rapid tool for detec� on of genes encoding 

NDM, OXA-48, VIM and KPC carbapenemases in a rou� ne clinical se"  ng. Finally, 

because the microarray is designed to analyse three isolates at a � me, it is costly to 

analyse a single isolate.
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Abstract

Worldwide, resistance of Gram-nega� ve micro-organisms to third-genera� on 

cephalosporins and carbapenems due to β-lactamases is an increasing problem. 

Although the CTX-M, TEM and SHV extended-spectrum β-lactamases are most 

widely disseminated, other β-lactamase families have recently emerged as well, such 

as plasmid-mediated AmpC β-lactamases and carbapenemases. Here, we describe 

a new set of mul� plex PCRs with one amplifi ca� on protocol enabling detec� on 

of twenty-fi ve prevalent β-lactamase families, including ESBLs, carbapenemases, 

plasmid-mediated AmpC β-lactamases, and OXA β-lactamases.

Introduc  on

The increasing prevalence of Gram-nega� ve bacteria producing β-lactamases, 

which hydrolyze third-genera� on cephalosporins or carbapenems, is a world-wide 

problem. The most prevalent β-lactamases are extended-spectrum β-lactamases 

(ESBLs) of the CTX-M, TEM and SHV families 1. However, the prevalence of Gram-

nega� ve bacteria that are resistant to third-genera� on cephalosporins due to 

increased expression of chromosomal β-lactamases, like SME and IMI-1, or the 

acquisi� on of plasmid-mediated β-lactamases such as IMI-2, NDM-1, KPC, IMP, 

OXA, PER, and VEB as well as AmpC β-lactamases is increasing 2-6. 

Several mul� plex PCRs for the detec� on of β-lactamase families have been published 
7-9. Especially, the set of mul� plex PCRs by Dallenne et al. detects a broad range of 

epidemiological important β-lactamase families 7. However, this set does not detect 

the SME, IMI, NDM, NMC-A, GIM, SIM, and SPM ß-lactamase families, as well as 

several OXA-groups within the OXA family.

The aim of this study was to develop a set of mul� plex PCRs for the detec� on of 

the majority of genes encoding clinically important β-lactamases causing third-

genera� on cephalosporin or carbapenem resistance using a single amplifi ca� on 

protocol.

To achieve this aim we developed seven mul� plex PCRs for the detec� on of 

plasmid-mediated AmpC ß-lactamases (ACC, ACT, DHA, CMY, FOX, LAT, MIR, MOX), 

metallo-carbapenemases (GIM, NDM,  SIM, SPM), serine carbapenemases (IMI 

SME, NMC-A) and OXA  β-lactamases (OXA groups 23, 24, 48, 1, 2, 51, 4, and 58) 

using SuperTaq polymerase (HT Biotechnology Ltd., Cambridge, UK) (Table 1). 

For detec� on of genes encoding CTX-M, TEM, SHV, GES, VEB, PER, KPC, VIM, IMP 

ß-lactamase families, four mul� plex PCRs of Dallene et al. (mul� plex I, II, IV and 

VI) 7 were evaluated using the same amplifi ca� on protocol as used for our PCRs, 

including the SuperTaq polymerase instead of the AmpliTaq polymerase (Sigma 

Aldrich, St Quen� n Fallavier, France) originally used by the authors.
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Material and Methods

Primers were designed using the DNASTAR Lasergene 8 program (Madison, USA). 

The op� misa� on of the amplifi ca� on condi� ons of each PCR, both the newly 

presented PCRs in this paper as well as the complementary PCRs of Dallenne et al. 
7, resulted in the following PCR protocol. DNA was isolated using the NucleoSpin® 

Tissue kit (Macherey-Nagel, Dϋren, Germany) according to the instruc� ons of 

the manufacturer. The DNA concentra� ons of the samples were equalised to 

approximately 50 ng/µl and 1 μl was added to each mul� plex PCR in a 25 μl reac� on 

mixture, containing 1x PCR buff er, 50 μM of each deoxynucleo� de triphospate, 

1 U SuperTaq, and a variable concentra� on of primers and MgCl
2
 (Table 1). 

Amplifi ca� on was carried out as follows: ini� al denatura� on at 94°C for 1 min; 30 

cycles of 30 sec at 94°C, 40 sec 60°C, 1 min 72°C, and a fi nal elonga� on step at 72°C 

for 1 min. Amplifi ca� on products were visualized a� er running at 100 V for 1 h on 

a 1% agarose gel containing gel red (Biotum, Hayward, USA). A 1 kb DNA ladder 

(Invitrogen, Breda, The Netherlands) was used as a size marker. DNA sequencing 

was performed by Baseclear (Leiden, The Netherlands). In silico PCR simula� ons 

were performed using nucleo� de blast (h! p://blast.ncbi.nlm.nih.gov/Blast.cgi) and 

MegAlign (DNAstar Lasergene 8). 

Results and discussion

Amplifi ca� on products of the expected sizes were obtained with all control strains, 

confi rming the group specifi city of the primers (Figure 1). In addi� on, the expected 

amplifi ca� on products were also obtained with the adapted complementary PCRs 

described by Dallenne et al. 7 (data not shown). To determine the specifi city of the 

primers for allotypes for which no posi� ve control strain was available in silico PCR 

simula� on was performed. All allotypes to which the primers anneal, allowing for 

1 mismatch except for the 3’-nucleo� de and allotypes with more mismatches, but 

in the same target gene-group were iden� fi ed (Table 1). In silico PCR simula� on 

was also performed to check for any unwanted cross-reac� on with members of the 

Enterobacteriaceae, Acinetobacter baumanni, and Pseudomonas aeruginosa. The 

3’-end of the SPM-GBM-R primer anneals with 21 of 27 bp to the ACC deaminase 

gene of a Pseudomonas spp. (GenBank ACC. No. EU520401) and the 3’-end O58-

GD3M-R anneals with 17 of 22 bp to the bio� n sulfoxide reductase gene of E. coli 

(GenBank ACC. No. CP001846) and also with 17 of 22 bps to the molybdopterin 

guanine dinucleo� de-containing S/N-oxide reductase gene of E. coli (GenBank ACC. 

No. CP001637). The cross-reac� on of SPM-GBM-R primer was not a problem with 

the P. aeruginosa posi� ve control. The cross-reac� ons of O58-GD3M-R may result 

in poorer resolu� on of the MGD3 mul� plex PCR when used in combina� on with an 

E. coli.  

It should be noted that the MGC2 mul� plex PCR yielded a 160 bp non-specifi c 
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amplifi ca� on product (Figure 1 B, lane 1 and 2). DNA sequencing showed that this 

product was iden� cal to a part of a CMY-2-group gene in the control strain (lane 1 

and 2). In 6 isolates that were expected to remain nega� ve another 160 bp non-

specifi c amplifi ca� on product was noted. DNA sequencing showed that this product 

was part of an ACT-like AmpC (GenBank ACC. No. EF078894.1) (data not shown). The 

CMY-2 group gene amplifi ca� on resulted from annealing of the ACT-GCM2-R primer 

and CY2-GC2M-F primer to genes of the CMY-2-group despite several mismatches. 

The ACT-like AmpC gene amplifi ca� on resulted from the annealing of the ACT-GCM2 

primers to the ACT-like AmpC gene. However, these amplifi ca� on products were not 

considered to be a problem for the interpreta� on of the mul� plex PCR because it 

they are smaller than the expected specifi c products. Furthermore, the amplifi ca� on 

products were derived from a CMY-2-group or ACT-like gene, which are both targets 

of the MGC2 mul� plex PCR. In conclusion, we describe a set of mul� plex PCRs that, 

when used in combina� on with the mul� plexes I, II, IV, and VI of Dallene et al. 7, can 

detect a wide range of β-lactamases using the same amplifi ca� on condi� ons. This 

enables the detec� on of the majority of clinically important β-lactamases causing 

third genera� on cephalosporin or carbapenem resistance. 
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Figure 1: Mul� plex PCRs. All mul� plex PCR products were separated in a 1% agarose gel. (A) Mul� plex 

PCR for the detec� on of the carbapenemase families SME, IMI and NMC-A. Lanes: M. molecular 

size marker (in bp); 1. Nord-03 + Nord-04; 2: Nord-03; 3: Nord-04; 4: nega� ve control. (B) Lanes 1-5: 

mul� plex PCR for CIT-, EBC-, and FOX-groups of plasmid-mediated AmpC β-lactamases; lanes 6-10 

mul� plex PCR for OXA-1, -2, and -51-groups. Lanes: M: molecular size marker (in bp); 1: CP040 + 

CP038 + CP093; 2: CP040; 3: CP038; 4. CP093; 5: nega� ve control; 6: CP116 + CP082 + NCTC-13420; 

7: CP116; 8: CP082; 9: NCTC-13420; 10: nega� ve control. (C) Mul� plex PCR for the detec� on of the 

metallo-carbapenemase families SIM, GIM, SPM and NDM. Lanes: M. molecular size marker (in bp); 

1. PSA096 + PSA097 + PSA098 + NCTC-13443; 2: PA097; 3: PSA098; 4: NCTC-13443; 5: PSA096; 6: 

nega� ve control. (D) Lanes 1-5 mul� plex PCR for OXA-23, -24, -48-groups; lanes 6-9 mul� plex PCR 

for OXA-10 and OXA-58 groups. Lanes: M: molecular size marker (in bp); 1: CP081 + NCTC-13303 + 

NCTC-13442; 2: CP081; 3: NCTC-13303; 4: NCTC-13442; 5: nega� ve control; 6; CP089 + NCTC-13305; 

7: CP089; 8: NCTC-13305; 9: nega� ve control; M: molecular size marker (in bp). (E) Mul� plex PCR for 

CMY-1-, MOX-, DHA-, and ACC-groups of plasmid-mediated AmpC β-lactamases. Lanes: M: molecular 

size marker (in bp); 1: CP043 + CP039 + CP044; 2: CP043; 3: CP039; 4: CP044; 5: nega� ve control.
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Table 1: Group–specifi c primers used in the mul� plex PCRs. All allotypes without parentheses have no 

or 1 mismatch with the primers, except for the 3’-nucleo� de, designed for this target group. NCTC = 

Na� onal Collec� on of Type Cultures

Mul� plex
β-lactamase(s) 

targeted

Primer 

Name
Sequence (5’ - 3’)

Posi� ve 

Control

Amplicon 

size (bp)

Primer 

conc. 

(pmol/μl)

MgCl
2
 

conc. 

(mM)

MGA SME-1 to SME-3
SME-

GAM-F

GAG GAA GAC 
TTT GAT GGG 

AGG AT
Nord-03 11 334 0.8 1.5

SME-

GAM-R

TCC CCT CAG 
GAC CGC CAA G

0.7

IMI-1 to IMI-3, 

NMC-A
IMI-GS-F

GGT GTC TAC 
GCT TTA GAC ACT 

GGC TC
Nord-04 12 536 0.5

IMI-GS-R
GCA CGA ATA 
CGC GCT GCA 

CCG G
0.6

MGB GIM-1
GIM-

GBM-F

CGT TGC CAG 
CTT TAG CTC AGG

PSA098 [this 

study]
279 0.3 2.5

GIM-

GBM-R

GCA ACT TGA 
TAC CAG CAG 

TGC G
0.3

SIM-1
SIM-

GBM-F

TTG CGG AAG 
AAG CCC AGC 

CAG
PSA097 13 613 0.3

SIM-

GBM-R

GCG TCT CCG ATT 
TCA CTG TGG C

0.3

NDM-1
NDM-

GBM-F

CCC GGC CAC 
ACC AGT GAC A

NCTC- 13443 129 0.7

NDM-

GBM-R *

GTA GTG CTC 
AGT GTC GGC AT

0.6

SPM-1
SPM-

GBM-F

GGG TGG CTA 
AGA CTA TGA 

AGC C
PSA096 9 447 1.2

SPM-

GBM-R

GCC GCC GAG 
CTG AAT CGG

1.4

MGC 1
CMY-1, CMY-8 to 

CMY-11, CMY-

19, MOX-1 to 

MOX-4 & [ MOX-

5 to MOX-7 ]

CY1-

GC1M-F

GCT GCT CAA 
GGA GCA CAG 

GAT CCC G

CP043, 

CP113 14
522 0.5 1.0

CY1-

GC1M-R

GGC ACA TTG 
ACA TAG GTG 
TGG TGC ATG

0.5

DHA-1 to DHA-3, 

DHA-7

DHA-

GC1M-F

CTT TCA CAG 
GTG TGC TGG 

GTG CG
CP039 14 403 0.5

DHA-

GC1M-R

CCG TAC GCA TAC 
TGG CTT TGC GC

0.6

ACC-1 to ACC-4
ACC-

GC1M-F

TCC AGC CGC 
TGA TGC AGA 

AGA AT
CP044 14 365 1.1

ACC-

GC1M-R

CCA YGC TTT TAG 
ATA AGC CAT CAG 

CTG
1.0

MGC 2

CMY-2-group 

†, LAT-1, and 

LAT-4 **

CY2-

GC2M-F

ACT GGC CAG 
AAC TGA CAG 

GCA AA

CP040, 

CP122, CP 

168 14

466 1.7 1.0

CY2-

GC2M-R

GTT TTC TCC TGA 
ACG TGG CTG GC

1.7
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ACT-1 to ACT-3, 

MIR-1 to MIR-4, 

MIR-8 and [ACT-

5]  ***

ACT-

GC2M-F

TCG GTA AAG 
CCG ATG TTG 

CGG
CP038 14 302 0.6

ACT-

GC2M-R

CTT CCA CTG 
CGG CTG CCA 

GTT
0.6

FOX-1 to FOX-8
FOX-

GC2M-F

CAT GGG GTA 
TCA GGG AGA 

TGC C
CP093 14 218 0.1

FOX-

GC2M-R

GCC GCT GCT 
CGC CCA TCG

0.1

MGD 1
OXA-23, -27, -49, 

-73, -133, -146

O23-

GDM-F

CCT GAT CGG ATT 
GGA GAA CCA G

NCTC-13421, 

CP081 14
516 0.6 2.0

O23-

GDM-R

GAT GCC GGC 
ATT TCT GAC CG

0.7

OXA-24 (= -33, 

-40), -25, -26, 

-72, -139, -160 & 

[OXA-143, -182]

O24-

GDM-F

GGT CGA TAA 
TTT TTG GTT AGT 

TGG CCC

NCTC-13302 ,  

NCTC-13303
237 0.3

O24-

GDM-R

CCA TTA GCT TGC 
TCC ACC CAA 

CCA G
0.3

OXA-48, -54, & 

[OXA-181]

O48-

GDM-F

CCA AGC ATT 
TTT ACC CGC ATC 

KAC C
NCTC-13442 389 1.1

O48-

GDM-R

GYT TGA CCA TAC 
GCT GRC TGC G

1.2

MGD 2
OXA-1 (=30), 

-31, -47

O1-

GD2M-F

CAA CGG ATT 
AAC AGA AGC 
ATG GCT CG

CP116 14 198 0.1 2.5

O1-

GD2M-R

GCT GTR AAT CCT 
GCA CCA GTT 

TTC CC
0.1

OXA-2, -3, -15, 

-21, -32, -34, -36, 

-46, -53, -141, 

-144, -161 & 

[OXA-118, -119]

O2-

GD2M-F

GAC CAA GAT 
TTG CGA TCA 
GCA ATG CG

CP082, 

CP087 14
256 0.8

O2-

GD2M-R

CYT TGA CCA 
AGC GCT GAT 
GTT CYA CC

0.8

OXA-51 group ††
O51-

GD2M-F

GAC CGA GTA 
TGT ACC TGC TTC 

GAC C
NCTC-13420 497 1.6

O51-

GD2M-R

GAG GCT GAA 
CAA CCC ATC 
CAG TTA ACC

1.5

MGD 3
OXA-10 group 

††† and [OXA-5]

O10-

GD3M-F

CGC CAG AGA 
AGT TGG CGA 

AGT AAG
CP089 14 138 1.1 2.0

O10-

GD3M-R

GAA ACT CCA 
CTT GAT TAA CTG 

CGG
1.1

OXA-58, -96, -97, 

-164

O58-

GD3M-F

GTG CTG AGC 
ATA GTA TGA GTC 

GAG C
NCTC-3305 630 0.5

O58-

GD3M-R

GGT CTA CAG 
CCA TTC CCC 

AGC C
0.6

* = primer sequence from David Livermore, Health Protec! on Agency, UK (personal correspondence) 

; ** = a.k.a. the EBC group 15 ; *** = a.k.a. the CIT group15  ; † = CMY-2, -4 to -7, -12 to -16, -18, -21, 

-23, -24, -27 to -36, -38 to -41, -43 to -45, -47 to -49, -53 to -55, and -59 ; †† = OXA-51, -64 to -71, -75 

to -80, -82 to -84, -86 to -95, -98 to -100, -106  to -113, -115 to -117, -128, -130 to -132, -138, -144, 

-148 to -150, -172 to -180 ; ††† = OXA-4, -7., -10, -11, -13, -14, -16, -17,  -19, -28, -56, -74, -101, -129,  

-142, -145, -147
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Abstract

Interna� onally successful mul� -drug resistant clones are globally increasing in 

prevalence, which makes the ability to iden� fy these clones urgent. However, 

adequate easy-to-perform and reproducible typing methods are lacking. We 

inves� gated whether DiversiLab (DL), an automated repe� � ve-sequence-based 

PCR bacterial typing system (bioMérieux), is suitable to compare isolates analyzed 

at diff erent geographic centers. A total of 39 Escherichia coli and 39 Klebsiella spp. 

isolates previously typed by the coordina� ng center were analyzed. Pulsed-fi eld gel 

electrophoresis (PFGE) confi rmed the presence of one cluster of six isolates, three 

clusters of three isolates, and three clusters of two isolates for each set of isolates. 

DL was performed in 11 centers in six diff erent countries  using the same protocol. 

A total of 425 E. coli and 422 Klebsiella spp. DL profi les were obtained. DL showed a 

lower discriminatory power than PFGE. Local DL data showed a low concordance as 

indicated by the adjusted Rand’s and adjusted Wallace’s coeffi  cients (E. coli: range 

0.132-0.740 and 0.070-1.0; Klebsiella spp.: 0.091-0.864 and 0.056-1.0, respec� vely). 

Central analysis showed signifi cantly improved concordance (E. coli: 0.473-1.0 and 

0.290-1.0; Klebsiella spp. 0.513-0.965 and 0.425-1.0). Misclassifi ca� on of profi les 

for individual isolates was mainly due to inconsistent amplifi ca� on, which is 

most likely due to varia� ons in the quality and amount of the isolated DNA used 

for amplifi ca� on. Despite local varia� ons, DL may have the poten� al to track 

clonal outbreaks in an interna� onal se#  ng, provided there is strict adherence 

to standardized, reproducible, DNA isola� on methods and analysis protocols, all 

supported by a central database for profi le comparison. 

Introduc  on

The prevalence of interna� onally successful mul� drug-resistant clones, e.g., 

Klebsiella pneumoniae ST258 and Escherichia coli ST131, is increasing globally (1-

4). The spread of these high-risk clones is aided by an increase in interna� onal 

travel, medical treatment abroad, and repatriated pa� ents (5, 6). The ability to 

iden� fy these epidemic clones is of importance to understand the epidemiology 

of these isolates and may alert hospitals of the emergence of epidemic strains. 

This requires a reliable typing method capable of iden� fying epidemic clones that 

can be performed at diff erent centers together with an interna� onally accessible 

database for comparisons (7). Pulsed-fi eld gel electrophoresis (PFGE) and mul� -

locus sequence typing (MLST) have been used for this purpose. The main drawback 

of PFGE, however, is poor reproducibility due to technical varia� on and the � me 

consuming nature of the method, whereas MLST lacks suffi  cient discriminatory 

power. Mul� ple-variable number of tandem repeat analysis (MLVA) and amplifi ed 

fragment length polymorphism analysis (AFLP) are also typing methods with 

databases, but these methods are not widespread and also suff er from technical 
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limita� ons (8-10).

The DiversiLab (DL) bacterial typing system (bioMérieux, Marcy l’Etoile, France) 

that allows to obtain results within a day may off er an alterna� ve, although it is 

based on repe� � ve-sequence-based PCR (rep-PCR) which also suff ers from poor 

reproducibility (11, 12). By standardisa� on of its procedures (PCR and analysis of 

the amplifi ca� on products) and the use of a commercial microfl uidics system DL 

improved its reproducibility and has the poten� al for mul� center comparisons 

of typing data, thereby possibly facilita� ng iden� fi ca� on of interna� onal clones. 

However, comparisons between diff erent centers have not yet been performed. 

The aim of this study was to evaluate the interlaboratory reproducibility of DL for 

E. coli and Klebsiella spp. in an interna� onal, mul� centre se!  ng. Eleven centers in 

six countries typed 39 E. coli and 39 Klebsiella spp. isolates, which were previously 

characterized by PFGE and represent either outbreaks or unique isolates.

Materials and Methods

Isolates and centers. In total, 39 E. coli isolates and 39 Klebsiella spp. (34 K. 

pneumoniae and 5 Klebsiella oxytoca) that had been typed previously by PFGE were 

selected from the collec� on of the Hospital Hygiene Department of the University 

Medical Center Utrecht and a study into the popula� on distribu� on of ß-lactamases 

conferring resistance to third-genera� on cephalosporins in human clinical isolates 

in the Netherlands (13). Repeated PFGE typing confi rmed in both groups one cluster 

of six isolates, three clusters of three isolates each, three clusters of two isolates, 

and 18 unique isolates. Isolates were ini� ally iden� fi ed by standard microbiology 

methods and later confi rmed by MALDITOF MS (Bruker Daltonics, Germany).  

The isolates, from a single plate, were shipped on M40 Transystem Amies Agar Gel 

transport swabs (Copan Italia SpA, Brescia, Italia) to the 11 par� cipa� ng centers in 

6 countries across Europe (Austria, England, Germany, Spain, The Netherlands) and  

Canada.

Typing. All centers used the same protocol. DNA was isolated using an UltraClean® 

Microbial DNA Isola� on kit (Mo Bio Laboratories Inc., Carlsbad, USA) according to 

the manufacturer’s instruc� ons with two changes for the Klebsiella spp. isolates. 

It was recommended to all centers to use a 10 µl loop of bacteria and 900 µl of 

the MD3 solu� on based on previous experience (8). NanodropTM, a highly sensi� ve 

spectrophotometer, or equivalent was used to quan� fy the DNA. The minimal 

required concentra� on was 25 ng/µl. The DNA was required to have an OD 260/280 

ra� o >1.7 and OD 260/230 ra� o >1.3. Each center performed the PCR with AmpliTaq 

(Invitrogen, Breda, The Netherlands) and the kits specifi ed by the manufacturer for 

E. coli (kit no. 270613) and Klebsiella (kit no. 270615). PCR products were analyzed 
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using standard chips (no. 270670). Each center uploaded the chip results to its own 

bioMérieux DiversiLab website for local analysis.

Data analysis and sta� s� cal methods. Analysis of the profi les was performed at two 

levels. First, at the level of the individual laboratory and secondly all profi les were 

examined by staff  at the coordina# ng center. All centers received the same protocol 

for analysis of the data at the fi rst level. DL results to be used for comparisons were 

recommended to lack automa# c warnings and have peak intensi# es of at least 100 

or above for at least one peak. Analysis was performed using Pearson correla# on 

in the dedicated DL so$ ware of the manufacturer (version 3.4). Isolates with a 

similarity <95% were considered diff erent and isolates with a similarity >98% were 

considered indis# nguishable. All isolates with a similarity >95% and <98% were 

judged manually using the pa& ern overlay of the analysis tool in the so$ ware. 

Sta# s# cal analysis (adjusted Rand’s and adjusted Wallace’s coeffi  cients) was 

performed using the online tool of the Ins# tuto de Medcina Molecular of the 

University of Lisbon (h& p://darwin.phyloviz.net/ComparingPar# # ons/index.php). 

The discriminatory power was es# mated by Simpson’s index of diversity (14). Ninety-

fi ve percent confi dence intervals (CI95) for discriminatory indices were calculated 

according to the method. Non-overlapping confi dence intervals were regarded as 

represen# ng sta# s# cally signifi cant diff erences in discriminatory power (15).

Isolates designated as non-typeable were included in the sta# s# cal analysis as unique 

values. All non-processed, non-viable, and isolates that could not be amplifi ed were 

removed from the sta# s# cal analysis. PFGE data were not communicated to the 

local centers.

Central analysis was performed by the chief inves# gators (GV, AF). The data were 

also transferred to a dedicated website created by bioMérieux with the same DL 

analysis so$ ware as used by the individual centers for the analysis of the combined 

data. The data were judged manually using the pa& ern overlay of the analysis tool 

in the so$ ware. Sta# s# cal analysis was performed as described above for local 

analysis. 

Results

Typing data of 425 of 429 E. coli and 422 of 429 Klebsiella spp. were available for 

analysis. Three of the E. coli samples were not processed (<1%) and one showed 

no amplifi ca# on in one of the centers (<1%). Similarly, seven of the Klebsiella spp. 

samples (1%) were not processed (<1%). The analyses performed by the individual 

centers were confi rmed by the central laboratory. 
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The local analyses showed li� le consensus (Figure 1A), which is confi rmed by the 

adjusted Rand’s and adjusted Wallace’s coeffi  cients (Tables S1 and S2). Nevertheless, 

the local analyses of the E. coli DL data agreed in 96% of the cases for half of the 

unique isolates according to PFGE (Figure 1A; bo� om nine isolates). A similar level 

of consensus was obtained for the cluster of isolates 31E and 32E and the cluster 

consis! ng of isolates 14E, 24E and 25E. However, there was no consensus in the 

assignment for the isolates in the three other clusters. The lack of consensus was 

confi rmed by the adjusted Rand’s and adjusted Wallace’s coeffi  cients (Tables S1 and 

S2). Both sta! s! cal analyses showed poor overall values (range 0.132-0.740 and 

0.070-1.0, respec! vely). An excep! on for the adjusted Wallace’s coeffi  cients was 

the comparison with center 3, which was due to the fact that analysis here resulted 

in one big cluster that encompassed the smaller clusters iden! fi ed by other centers. 

For E. coli DL analysis from local centers showed less discriminatory power compared 

to PFGE. Examples of this are the DL clusters with isolates 31E and 32E, 18E and 37E, 

and 14E, 24E, and 25E (Figure 1A). 

The central analysis of E. coli DL also resulted in less discriminatory power in 

comparison to the PFGE analysis, which is refl ected by lower Simpson’s index of 

diversity (Table S3). The Simpson’s index of diversity was 0.964 (95% CI 0.935-0.992) 

for PFGE and ranged from 0.709 (95% CI 0.550-.867) to 0.864 (95% CI 0.767-0.961). 

However, it showed improved consensus between the data from the diff erent 

centers (Figure 1B and Tables S4 and S5) compared to local analysis. This was most 

apparent in the cluster consis! ng of 22E and 39E, the cluster of 18E and 37E, and 

the cluster of 34E up to and including 11E in Figure 1B, which improved signifi cantly 

in concordance. This is refl ected in the adjusted Rand’s and adjusted Wallace’s 

coeffi  cients (Tables S4 and S5). The adjusted Rand’s coeffi  cients have a mean value 

of 0.8 (range 0.473-1.0). The average is mainly lowered by results obtained by 

center 11. The direc! onal adjusted Wallace’s coeffi  cient also refl ects the improved 

concordance with a mean value of 0.83 and for 6 of the 11 centers the mean was 

above 0.9 (range 0.290-1.0).

The Klebsiella spp. were not separated into diff erent species as most of them were 

K. pneumoniae (n=34) and only a few K. oxytoca (n=5) were included and these 

were unique isoaltes based on PFGE. The assignments of Klebsiella spp. agreed in 

97% of the cases for two thirds of the unique isolates according to PFGE (Figure 

2A; last 12 isolates). Concordance of isolates belonging to a cluster was larger than 

found for E. coli, though more outliers were present. This is refl ected in overall 

higher and more consistent values of the adjusted Rand’s and adjusted Wallace’s 

coeffi  cients (Table S6 and S7), although both sta! s! cal analyses show poor overall 

values (range 0.091-0.864 and 0.056-1.0, respec! vely). An excep! on to this fi nding 

for the adjusted Wallace’s coeffi  cients is center 9, where analysis iden! fi ed one big 

cluster, which encompassed the smaller clusters that other centers iden! fi ed. 
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In comparison to the PFGE analysis for Klebsiella spp. DL also had less discriminatory 

power in the local analysis (Figure 2A and Tables S6 and S7). Examples of this are the 

isolates 03K and the isolates 35K and 37K.

A marked improvement in the degree of concordance between the centers was 

obtained by central analysis and the discriminatory power remained acceptable 

(Figure 2B and Table S3). Most notably, the forma! on of the clusters containing the 

isolates 23K, 09K, and 36K, the cluster of 02K and 33K, the cluster of 26K and 31K, 

the cluster of 37K and 35K and the cluster consis! ng of 21K and 38K improved in 

concordance signifi cantly. This is refl ected in the sta! s! cal analysis (Table S8 and 

S9); the adjusted Rand’s coeffi  cients have a mean value of 0.71 (range 0.513-0.965). 

The values of the adjusted Wallace’s coeffi  cient also increased in comparison to 

the local analyses to a mean value of 0.73 (range 0.425-1.0). It has to be noted that 

although diff erent clusters could be assigned to the isolates 02K, 05K, 06K, 11K, 

26K, 28K, 31K, and 33K, the pa& erns of these clusters were closely related and that 

these clusters and unique isolates may be considered a clonal complex (Figure S1). 

Discussion

We performed an interna! onal mul! center evalua! on of the DiversiLab bacterial 

typing system for E. coli and Klebsiella spp. In  order to assess whether DL is suitable 

to compare isolates analyzed at diff erent centers. Some local studies (8, 16-18) 

showed that DL performed well for several species, e.g., Klebsiella spp., and to a 

lesser extent, for some others, e.g., E. coli. Moreover, it was shown to iden! fy some 

of circula! ng high risk clones such as ST131 E. coli harbouring CTX-M-15 extended 

spectrum β-lactamasae and clonal complex 147 from K. pneumoniae expressing 

carbapenemases (19-20).

In our study, 11 centers from six diff erent countries typed 39 E. coli and 39 Klebsiella 

spp. isolates that were selected based on PFGE results. The main fi ndings of the 

study were: 1) DL had a lower discriminatory power for these sets of isolates than 

PFGE; 2) the clustering obtained by the diff erent centers was only partly concordant; 

3) central analysis improved the clustering to an acceptable level. In comparison to 

PFGE typing, DL had less discriminatory power, crea! ng larger clusters and clustering 

of isolates that using PFGE are considered unique (Figure 1-4). This has also been 

demonstrated by other studies (21, 22). Isolates considered to be diff erent by DL 

are also considered to be diff erent by using PFGE.

A number of factors might have contributed to the less than op! mal concordance 

between the centers. The main factors are incorrect clustering by Pearson 

correla! on and misclassifi ca! on of isolates due to varia! on in the amplifi ca! on 

products between isolates. In some cases the amplifi ca! on signals were faint or 
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even completely absent causing incorrect clustering by Pearson correla� on. In 

the central analysis, which completely relied on interpreta� on of the overlays, a 

more consistent clustering was obtained (see Figures 1B and 2B). This was further 

aided by the fact that, for each isolate, at least 10 replicates were available. This 

allowed for assessing and mi� ga� on of con� nuous minor changes in the pa� erns 

of the isolates when examining individual clusters. Some� mes, replicates for the 

same isolates did not cluster next to each other but across the whole cluster 

(Figure S1). These data indicate that the reproducibility of one or more of the 

steps before analysis is insuffi  cient. Several issues can be responsible for this 

lack of reproducibility: 1) varia� on between persons performing the assays; 2) 

amplifi ca� on may be inconsistent; 3) inconsistent quality and/or amount of DNA 

obtained during its isola� on. However, this also indicates the importance of a 

central database to compare isolates. Moreover, person-to-person varia� on, 

varia� on in thermocycler performance and the quality and amount of DNA isolated 

are known from the experience at the central laboratory to lead to varia� on in the 

results (unpublished data). This study lacked an experimental design to measure 

person-to-person varia� on within a center. Regardless, it is diffi  cult to control for 

person-to-person varia� on, par� cularly within a mul� center se�  ng.

Inconsistent DNA amplifi ca� on is most likely not due to the PCR kits used as these 

are quality checked for consistent performance and the same batches were used in 

all centers included in this study. However, the thermocycler used may be a source 

of varia� on, especially since during the amplifi ca� on process in a rep-PCR based 

system and some� mes less than op� mal interac� ons between primers and target 

occur and slight diff erences in ini� al condi� ons such as small varia� ons in primer 

concentra� ons can have a major impact on the results. Although it is possible at 

a local level to assign a single machine to the DL assays, this is not feasible in a 

mul� center se�  ng. One of the most important parameters in amplifi ca� on is the 

quality and amount of DNA added. The study protocol required a minimum amount 

and quality of the DNA (25 ng/µl and an OD 260/280 ra� o >1.7 and OD 260/230 

ra� o >1.3). This, however, s� ll allows for varia� ons between centers. In addi� on, 

the possible use of diff erent quan� fi ca� on pla! orms may contribute to varia� on 

as diff erent pla! orms may yield diff erent results (unpublished observa� ons). 

Moreover, only 2 µl of DNA solu� on is added and small absolute varia� ons lead to a 

large rela� ve varia� on in volume. Furthermore, amplifi ca� on products of diff erent 

lengths are generated with one amplifi ca� on protocol leading to compe� � on for 

amplifi ca� on. The varia� on in DNA quality and amount may be addressed by a 

more robust protocol. The use of automa� c DNA extrac� on can provide a useful 

contribu� on in be� er controlling DNA amount and quality. It should be noted 

though, that the use of diff erent types of automa� c extrac� on machines s� ll might 

contribute to problems with reproducibility of amplifi ca� on.  

The fi nal two factors that contributed to the diff erences in the assignment of isolates 
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to diff erent clusters are errors in administra� on and/or exchange of isolates and/or 

results and failure to adhere to protocol. These two factors were most notable with 

isolates included for analysis that generated poor signals or warning signals, even if 

a good result of a retest was present.

Despite the ability of the amplifi ca� on protocol and the DL system to type every 

isolate in most centers, some centers reported isolates that were non-typeable 

according to the given criteria. Some centers retested isolates because the quality 

of the ini� al data was unacceptable. All centers performed at least a small number 

of retests, whereas a few required a considerable number of retests, though the 

number of retests varied greatly, e.g., one center retested three isolates once and 

another center retested 90% (70 of 78) of the isolates and repeated one isolate 

seven � mes. This also indicates that adequate training is required. No pa� ern could 

be discerned with par� cular isolates being retested more o� en than others among 

the centers. 

We conclude that DiversiLab may have the poten� al to track clonal outbreaks in 

an interna� onal se�  ng, at least for E. coli and Klebsiella spp., although with lower 

discriminatory power than PFGE. However, this will require more reproducible 

DNA amplifi ca� on and isola� on methods, strict adherence to protocols and an 

interna� onal database to allow comparison of isolates. In addi� on, reference isolates 

should be used with every chip to inform on the quality of each amplifi ca� on.

Acknowledgements

We would like to thank the members of the DiversiLab Study Group, namely, Ana 

Fernández-Olmos (Servicio de Microbiología, Hospital Universitario Ramón y Cajal 

and Ins� tuto Ramón y Cajal de Inves� gación Sanitaria (IRYCIS), Madrid, Spain), 

Ashley McEwan (Medical Microbiology, Central Manchester Founda� on Trust, 

Manchester, UK), Roland Schulze-Röbbecke (Ins� tut für Medizinische Mikrobiologie 

und Krankenhaushygiene, Düsseldorf, Germany), Artur J. sabat (Department of 

Medical Microbiology, University of Groningen, Groningen, the Netherlands), 

Jelle Scharringa (Department of Medical Microbiology, University Medical Center 

Utrecht Utrecht, The Netherlands), James Cohen Stuart (Department of Medical 

Microbiology, University Medical Center Utrecht Utrecht, The Netherlands). 

We thank Viviane Monnot of bioMérieux for her support and eff orts in this study. 

The study was par� ally funded by bioMérieux. Elaine Cloutman-Green was funded 

by the Na� onal Ins� tute of Health Research in the UK.

67

Chapter 5



References

1. Pournaras S, Protonotariou E, Voulgari E, Kristo I, Dimitroulia E, Vi!   D, 

Tsalidou M, Mania" s AN, Tsakris A, Sofi anou D. 2009. Clonal spread of 

KPC-2 carbapenemase-producing Klebsiella pneumoniae strains in Greece. 

J. An! microb. Chemother. 64:348-352.

2. Navon-Venezia S, Leavi$  A, Schwaber MJ, Rasheed JK, Srinivasan A, 

Patel JB, Carmeli Y. 2009. First report on a hyperepidemic clone of KPC-

3-producing Klebsiella pneumoniae in Israel gene! cally related to a strain 

causing outbreaks in the United States. An! microb. Agents Chemother. 

53:818-820.

3. Giakkoupi P, Papagiannitsis CC, Miriagou V, Pappa O, Polemis M, 

Tryfi nopoulou K, Tzouvelekis LS, Vatopoulos AC. 2011. An update of the 

evolving epidemic of blaKPC-2-carrying Klebsiella pneumoniae in Greece 

(2009-10). J. An! microb. Chemother. 66:1510-1513.

4. Lavigne JP, Vergunst AC, Goret L, So$ o A, Combescure C, Blanco J, 

O’Callaghan D, Nicolas-Chanoine MH. 2012. Virulence poten! al and 

genomic mapping of the worldwide clone Escherichia coli ST131. PLoS One 

7:e34294.

5. Tangden T, Cars O, Melhus A, Lowdin E. 2010. Foreign travel is a major 

risk factor for coloniza! on with Escherichia coli producing CTX-M-type 

extended-spectrum beta-lactamases: a prospec! ve study with Swedish 

volunteers. An! microb. Agents Chemother. 54:3564-3568.

6. Rogers BA, Aminzadeh Z, Hayashi Y, Paterson DL. 2011. Country-to-country 

transfer of pa! ents and the risk of mul! -resistant bacterial infec! on. Clin. 

Infect. Dis. 53:49-56.

7. Sabat AJ, Budimir A, Nashev D, Sa-Leao R, van Dijl J, Laurent F, Grundmann 

H, Friedrich AW. 2013. Overview of molecular typing methods for outbreak 

detec! on and epidemiological surveillance. Euro Surveill. 18:20380.

8. Fluit AC, Terlingen AM, Andriessen L, Ikawaty R, van Mansfeld R, Top J, 

Cohen Stuart JW, Leverstein-van Hall MA, Boel CH. 2010. Evalua! on of 

the DiversiLab system for detec! on of hospital outbreaks of infec! ons by 

diff erent bacterial species. J. Clin. Microbiol. 48:3979-3989.

68

Chapter 5



9. Tenover FC, Arbeit R, Archer G, Biddle J, Byrne S, Goering R, Hancock G, 

Hebert GA, Hill B, Hollis R, R, Jarvis WR, Kresiwirth B, Eisner W, Maslow 

J, McDougal LK, Miller JM, Mulligan M, Pfaller MA. 1994. Comparison of 

tradi! onal and molecular methods of typing isolates of Staphylococcus 

aureus. J. Clin. Microbiol. 32:407-415.

10. van Belkum A, Tassios PT, Dijkshoorn L, Haeggman S, Cookson B, Fry NK, 

Fussing V, Green J, Feil E, Gerner-Smidt P, Brisse S, Struelens M. 2007. 

Guidelines for the valida! on and applica! on of typing methods for use in 

bacterial epidemiology. Clin. Microbiol. Infect. 13 Suppl 3:1-46.

11. Versalovic J, Koeuth T, Lupski JR. 1991. Distribu! on of repe! ! ve DNA 

sequences in eubacteria and applica! on to fi ngerprin! ng of bacterial 

genomes. Nucleic Acids Res. 19:6823-6831.

12. Versalovic J, Lupski JR. 2002. Molecular detec! on and genotyping of 

pathogens: more accurate and rapid answers. Trends Microbiol. 10:S15-21.

13. Voets GM, Pla! eel TN, Fluit AC, Scharringa J, Schapendonk CM, Stuart 

JC, Bonten MJ, Hall MA. 2012. Popula! on distribu! on of Beta-lactamase 

conferring resistance to third-genera! on cephalosporins in human clinical 

Enterobacteriaceae in the Netherlands. PLoS One 7:e52102.

14. Hunter PR, Gaston MA. 1988. Numerical index of the discriminatory ability 

of typing systems: an applica! on of Simpson’s index of diversity. J. Clin. 

Microbiol. 26: 2465-2466.

15. Grundmann H, Hori S, Tanner G. 2011. Determining confi dence intervals 

when measuring gene! c diversity and the discriminatory abili! es of typing 

methods for microorganisms. J. Clin. Microbiol. 39: 4190-4192.

16. Bourdon N, Lemire A, Fines-Guyon M, Auzou M, Perichon B, Courvalin P, 

Ca! oir V, Leclercq R. 2011. Comparison of four methods, including semi-

automated rep-PCR, for the typing of vancomycin-resistant Enterococcus 

faecium. J. Microbiol. Methods 84:74-80.

17. Brolund A, Haeggman S, Edquist PJ, Gezelius L, Olsson-Liljequist B, 

Wisell KT, Giske CG. 2010. The DiversiLab system versus pulsed-fi eld gel 

electrophoresis: characterisa! on of extended spectrum beta-lactamase 

producing Escherichia coli and Klebsiella pneumoniae. J. Microbiol. Methods 

83:224-230.

69

Chapter 5



18. Te Wi�  R, Kanhai V, van Leeuwen WB. 2009. Comparison of the DiversiLab 

system, Pulsed-Field Gel Electrophoresis and Mul! -Locus Sequence Typing 

for the characteriza! on of epidemic reference MRSA strains. J. Microbiol. 

Methods 77:130-133.Table S1: Adjusted Rand coeffi  cients of E. coli local 

analyses

19. Pitout JD, Campbell L, Church DL, Wang PW, Gu� man DS, Gregson DB. 

2009. Using a commercial DiversiLab semiautomated repe! ! ve sequence-

based PCR typing technique for iden! fi ca! on of Escherichia coli clone ST131 

producing CTX-M-15. J. Clin. Microbiol. 47:1212-1215.

20. Hasan CM, Turlej-Rogacka A, Vatopoulos AC, Giakkoupi P, Maatallah M, 

Giske CG. 2013. Dissemina! on of bla in Greece at the peak of the epidemic 

of 2005-2006: clonal expansion of Klebsiella pneumoniae clonal complex 

147. Clin. Microbiol. Infect. doi: 10.1111/1469-0691.12187.

21. Lau SH, Cheesborough J, Kaufmann ME, Woodford N, Dodgson AR, Dodgson 

KJ, Bolton EJ, Fox AJ, Upton M. 2010. Rapid iden! fi ca! on of uropathogenic 

Escherichia coli of the O25:H4-ST131 clonal lineage using the DiversiLab 

repe! ! ve sequence-based PCR system. Clin Microbiol Infect. 16:232-237.

22. Shu�  CK, Pounder JI, Page SR, Schaecher BJ, Woods GL. 2005. Clinical 

evalua! on of the DiversiLab microbial typing system using repe! ! ve-

sequence-based PCR for characteriza! on of Staphylococcus aureus strains. 

J. Clin. Microbiol. 43:1187-1192.

23. Tenover FC, Gay EA, Frye S, Eells SJ, Healy M, McGowan JE, Jr. 

2009. Comparison of typing results obtained for methicillin-resistant 

Staphylococcus aureus isolates with the DiversiLab system and pulsed-fi eld 

gel electrophoresis. J. Clin. Microbiol. 47:2452-2457.

70

Chapter 5



Legends to the fi gures

FIG 1  Panel A. Comparison of the local clustering of E. coli and the clustering of the 

isolates using PFGE. Isolates belonging to one cluster according to local analysis or 

PFGE are indicated by the same color. Panel B. Comparison of the central clustering 

of E. coli and the clustering according to PFGE. Isolates belonging to one cluster 

according to central analysis or PFGE are indicated by the same color. 

Isolates le!  blank were considered unique isolates according to central analysis. CTR: 

Center. NT: Non-typeable. NP: Not processed by the center. NA = No amplifi ca# on.

FIG 2  Panel A. Comparison of the local clustering of Klebsiella spp. and the clustering 

of the isolates using PFGE. Isolates belonging to one cluster according to local 

analysis or PFGE are indicated by the same color. Panel B. Comparison of the central 

clustering of Klebsiella spp. and the clustering according to PFGE. Isolates belonging 

to one cluster according to central analysis or PFGE are indicated by the same color. 

Isolates le!  blank were considered unique isolates according to central analysis. CTR: 

Center. NT: Non-typeable. NP: Not processed by the center. NA = No amplifi ca# on.

SUPPLEMENTARY FIG 1 Clonal complex of isolates 02K, 05K, 06K, 11K, 26K, 28K, 

31K, and 33K according to the central analysis. Three clusters were detected: cluster 

A, B, and C. The colors of the clusters correspond to the clusters and unique isolates 

in Figure 4. Isolates a, b, and c are 11K isolates who do not group with the other 

11K isolates (key 79-86). The pa$ ern for isolate d, is most likely due to a poor DNA 

sample.

71

Chapter 5



72

Chapter 5



73

Chapter 5



74

Chapter 5



Table S1: Adjusted Rand coeffi  cients of E. coli local analyses

 CTR. 1 CTR. 2 CTR. 3 CTR. 4 CTR. 5 CTR. 6 CTR. 7 CTR. 8 CTR. 9
CTR.  
10

CTR. 
11

CTR. 1

CTR. 2 0.606

CTR. 3 0.647 0.454

CTR. 4 0.612 0.441 0.739

CTR. 5 0.306 0.339 0.329 0.351

CTR. 6 0.446 0.409 0.576 0.485 0.297

CTR. 7 0.335 0.306 0.359 0.315 0.328 0.273

CTR. 8 0.392 0.357 0.344 0.332 0.183 0.3 0.432

CTR. 9 0.233 0.297 0.133 0.148 0.152 0.232 0.18 0.3

CTR. 10 0.73 0.484 0.489 0.56 0.172 0.361 0.423 0.516 0.301

CTR. 11 0.265 0.232 0.222 0.231 0.317 0.202 0.305 0.288 0.278 0.31

Table S2: Adjusted Wallace coeffi cients of E. coli local analyses
 CTR. 1 CTR. 2 CTR. 3 CTR. 4 CTR. 5 CTR. 6 CTR. 7 CTR. 8 CTR. 9 CTR.  10 CTR. 11

CTR. 

1

0.489 1.000 0.681 0.235 0.418 0.272 0.282 0.134 0.595 0.167

(0.296-

0.683)

(1.000-

1.000)

(0.394-

0.968)

(0.086-

0.383)

(0.207-

0.630)

(0.050-

0.495)

(0.070-

0.494)

(0.046-

0.222)

(0.282-

0.908)

(0.044-

0.291)

CTR. 

2

0.796

 

1.000 0.66 0.316 0.498 0.310 0.305 0.185 0.507 0.165

(0.702-

0.890)

(1.000-

1.000)

(0.398-

0.922)

(0.122-

0.509)

(0.251-

0.745)

(0.124-

0.495)

(0.087-

0.523)

(0.074-

0.296)

(0.229-

0.785)

(0.037-

0.293)

CTR. 

3

0.478 0.294 0.586 0.207 0.406 0.233 0.208 0.071 0.324 0.125

(0.228-

0.728)

(0.146-

0.442)

(0.294-

0.877)

(0.052-

0.361)

(0.157-

0.655)

(0.023-

0.443)

(0.062-

0.354)

(0.014-

0.128)

(0.092-

0.555)

(0.035-

0.214)

CTR. 

4

0.556 0.331 1.000

 

0.251 0.415 0.238 0.225 0.083 0.439 0.14

(0.292-

0.820)

(0.156-

0.507)

(1.000-

1.000)

(0.081-

0.422)

(0.176-

0.654)

(0.009-

0.466)

(0.087-

0.362)

(0.014-

0.152)

(0.178-

0.700)

(0.024-

0.256)

CTR. 

5

0.442 0.366 0.814 0.58 0.396 0.359 0.166 0.097 0.202 0.236

(0.262-

0.621)

(0.148-

0.584)

(0.520-

1.000)

(0.256-

0.905)

(0.193-

0.599)

(0.067-

0.652)

(0.011-

0.321)

(0.000-

0.207)

(0.000-

0.419)

(0.022-

0.450)

CTR. 

6

0.478 0.347 0.988 0.583 0.238

 

0.234 0.225 0.136 0.325 0.131

(0.280-

0.676)

(0.134-

0.560)

(0.975-

1.000)

(0.296-

0.871)

(0.100-

0.376)

(0.054-

0.415)

(0.060-

0.390)

(0.036-

0.235)

(0.106-

0.545)

(0.010-

0.252)

CTR. 

7

0.434 0.302 0.787 0.465 0.302 0.329 0.364 0.111 0.455 0.215 

(0.146-

0.722)

(0.128-

0.476)

(0.464-

1.000)

(0.123-

0.807)

(0.012-

0.592)

(0.141-

0.516)

(0.195-

0.533)

(0.021-

0.201)

(0.143-

0.766)

(0.032-

0.398)

CTR. 

8

0.647 0.431 1.000 0.633 0.203 0.451 0.529 

 

0.201 0.646 0.23

(0.378-

0.917)

(0.208-

0.654)

(1.000-

1.000)

(0.353-

0.913)

(0.028-

0.378)

(0.217-

0.685)

(0.265-

0.794)

(0.068-

0.335)

(0.371-

0.921)

(0.062-

0.398)

CTR. 

9

0.898 0.763 1.000 0.681 0.347 0.799 0.473 0.588 0.799 0.383

(0.802-

0.994)

(0.587-

0.938)

(1.000-

1.000)

(0.478-

0.885)

(0.166-

0.528)

(0.664-

0.933)

(0.279-

0.666)

(0.425-

0.751)

(0.681-

0.918)

(0.195-

0.570)

CTR. 

10

0.944 0.462 1.000 0.772 0.149 0.404 0.396 0.43 0.185  0.228

(0.878-

1.000)

(0.238-

0.686)

(1.000-

1.000)

(0.483-

1.000)

(0.000-

0.313)

(0.219-

0.589)

(0.087-

0.706)

(0.161-

0.699)

(0.077-

0.294)
 

(0.042-

0.414)

CTR. 

11

0.642 0.389 1.000 0.658 0.481 0.44 0.523 0.384 0.219 0.615

(0.471-

0.812)

(0.177-

0.601)

(1.000-

1.000)

(0.424-

0.891)

(0.314-

0.648)

(0.205-

0.676)

(0.360-

0.686)

(0.148-

0.620)

(0.016-

0.421)

(0.419-

0.811)
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Table S3: Simpson’s index of diversity of E. coli and Klebsiella sp. central analysis

Center Species SID CI
1 E. coli 0.709 (0.550-0.867)
2 0.709 (0.550-0.867)
3 0.680 (0.515-0.846)
4 0.709 (0.550-0.867)
5 0.735 (0.584-0.887)
6 0.710 (0.550-0.869)
7 0.738 (0.585-0.891)
8 0.709 (0.550-0.867)
9 0.735 (0.584-0.887)

10 0.787 (0.651-0.922)
11 0.864 (0.767-0.961)

PFGE 0.964 (0.935-0.992)

1 Klebsiella sp. 0.960 (0.932-0.987)
2 0.957 (0.929-0.984)
3 0.958 (0.931-0.985)
4 0.969 (0.944-0.994)
5 0.973 (0.951-0.995)
6 0.957 (0.929-0.985)
7 0.976 (0.958-0.993)
8 0.965 (0.937-0.993)
9 0.972 (0.955-0.988)

10 0.968 (0.946-0.989)
11 0.965 (0.942-0.987)

PFGE 0.964 (0.935-0.992)

 

Table S4: Adjusted Rand coeffi cients of E. coli central analysis

 CTR. 1 CTR. 2 CTR. 3 CTR. 4 CTR. 5 CTR. 6 CTR. 7 CTR. 8 CTR. 9
CTR.  
10

CTR. 
11

CTR. 1

CTR. 2 1.000

CTR. 3 0.933 0.933

CTR. 4 1.000 1.000 0.933

CTR. 5 0.805 0.805 0.743 0.805

CTR. 6 1.000 1.000 0.932 1.000 0.8

CTR. 7 0.787 0.787 0.724 0.787 0.603 0.785

CTR. 8 1.000 1.000 0.933 1.000 0.805 1.000 0.787

CTR. 9 0.933 0.933 0.867 0.933 0.743 0.931 0.723 0.933

CTR. 10 0.854 0.854 0.786 0.854 0.66 0.851 0.649 0.854 0.788

CTR. 11 0.554 0.554 0.503 0.554 0.405 0.547 0.486 0.554 0.503 0.474
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Table S5: Adjusted Wallace coeffi cients of E. coli central analysis

CTR. 1 CTR. 2 CTR. 3 CTR. 4 CTR. 5 CTR. 6 CTR. 7 CTR. 8 CTR. 9 CTR.  10 CTR. 11

CTR. 

1

1.000 1.000 1.000 0.755 1.000 0.731 1.000 0.874 0.745 0.384

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(0.463-

1.000)

(1.000-

1.000)

(0.435-

1.000)

(1.000-

1.000)

(0.651-

1.000)

(0.453-

1.000)

(0.132-

0.635)

CTR. 

2

1.000 1.000 1.000 0.755 1.000 0.731 1.000 0.874 0.745 0.384

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(0.463-

1.000)

(1.000-

1.000)

(0.435-

1.000)

(1.000-

1.000)

(0.651-

1.000)

(0.453-

1.000)

(0.132-

0.635)

CTR. 

3

0.875 0.875 0.875 0.656 0.872 0.633 0.875 0.765 0.647 0.336

(0.652-

1.000)

(0.652-

1.000)

(0.652-

1.000)

(0.337-

0.974)

(0.644-

1.000)

(0.309-

0.957)

(0.652-

1.000)

(0.483-

1.000)

(0.329-

0.965)

(0.091-

0.581)

CTR. 

4

1.000 1.000 1.000 0.755 1.000 0.731 1.000 0.874 0.745 0.384

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(0.463-

1.000)

(1.000-

1.000)

(0.435-

1.000)

(1.000-

1.000)

(0.651-

1.000)

(0.453-

1.000)

(0.132-

0.635)

CTR. 

5

0.863 0.863 0.857 0.863 0.86 0.598 0.863 0.743 0.613 0.291

(0.622-

1.000)

(0.622-

1.000)

(0.607-

1.000)

(0.622-

1.000)

(0.613-

1.000)

(0.254-

0.943)

(0.622-

1.000)

(0.441-

1.000)

(0.275-

0.951)

(0.052-

0.530)

CTR. 

6

1.000 1.000 1.000 1.000 0.749 0.731 1.000 0.871 0.74 0.376

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(0.451-

1.000)

(0.427-

1.000)

(1.000-

1.000)

(0.643-

1.000)

(0.443-

1.000)

(0.122-

0.630)

CTR. 

7

0.851 0.851 0.844 0.851 0.607 0.848 0.851 0.728 0.604 0.35

(0.602-

1.000)

(0.602-

1.000)

(0.584-

1.000)

(0.602-

1.000)

(0.258-

0.956)

(0.593-

1.000)

(0.602-

1.000)

(0.417-

1.000)

(0.258-

0.950)

(0.096-

0.604)

CTR. 

8

1.000 1.000 1.000 1.000 0.755 1.000 0.731 0.874 0.745 0.384

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(0.463-

1.000)

(1.000-

1.000)

(0.435-

1.000)

(0.651-

1.000)

(0.453-

1.000)

(0.132-

0.635)

CTR. 

9

1.000 1.000 1.000 1.000 0.743 1.000 0.718 1.000 0.732 0.362

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(0.441-

1.000)

(1.000-

1.000)

(0.411-

1.000)

(1.000-

1.000)

(0.429-

1.000)

(0.112-

0.612)

CTR. 

10

1.000 1.000 1.000 1.000 0.714 1.000 0.7 1.000 0.853 0.372

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(0.386-

1.000)

(1.000-

1.000)

(0.365-

1.000)

(1.000-

1.000)

(0.598-

1.000)

(0.103-

0.640)

CTR. 

11

1.000 1.000 1.000 1.000 0.663 1.000 0.795 1.000 0.825 0.656

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(1.000-

1.000)

(0.300-

1.000)

(1.000-

1.000)

(0.499-

1.000)

(1.000-

1.000)

(0.534-

1.000)

(0.299-

1.000)

Table S6: Adjusted Rand coeffi cients of Klebsiella spp. local analyses

CTR. 8 CTR. 9 CTR. 4 CTR. 1
CTR. 
10

CTR. 
11

CTR. 6 CTR. 2 CTR. 3 CTR. 7 CTR. 5

CTR. 8

CTR. 9 0.696

CTR. 4 0.473 0.656

CTR. 1 0.551 0.863 0.545

CTR. 10 0.557 0.777 0.552 0.736

CTR. 11 0.676 0.657 0.503 0.641 0.498

CTR. 6 0.681 0.693 0.506 0.549 0.558 0.574

CTR. 2 0.519 0.721 0.559 0.626 0.586 0.605 0.469

CTR. 3 0.354 0.641 0.427 0.503 0.472 0.413 0.382 0.557

CTR. 7 0.146 0.235 0.166 0.207 0.186 0.092 0.124 0.140 0.192

CTR. 5 0.328 0.561 0.234 0.640 0.385 0.332 0.333 0.375 0.554 0.229
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Table S7: Adjusted Wallace coeffi cients of Klebsiella sp. local analyses

 CTR. 8 CTR. 9 CTR. 4 CTR. 1 CTR. 10 CTR. 11 CTR. 6 CTR. 2 CTR. 3 CTR. 7 CTR. 5

CTR. 

8
 

0.811 0.440 0.577 0.623 0.582 0.616 0.531 0.388 0.086 0.260 

(0.695-

0.927)

(0.252-

0.628)

(0.424-

0.731)

(0.427-

0.818)

(0.416-

0.747)

(0.370-

0.861)

(0.355-

0.706)

(0.167-

0.608)

(0.000-

0.300)

(0.030-

0.489)

CTR. 

9

0.609 0.540 0.786 0.749 0.507 0.530 0.644 0.607 0.133 0.403 

(0.411-

0.808)

(0.301-

0.779)

(0.701-

0.871)

(0.513-

0.986)

(0.300-

0.713)

(0.354-

0.706)

(0.454-

0.835)

(0.361-

0.853)

(0.000-

0.314)

(0.144-

0.663)

CTR. 

4

0.512 0.836 

 

0.619 0.672 0.462 0.487 0.620 0.509 0.100 0.196 

(0.271-

0.752)

(0.661-

1.000)

(0.492-

0.747)

(0.426-

0.918)

(0.260-

0.664)

(0.150-

0.825)

(0.369-

0.870)

(0.248-

0.770)

(0.000-

0.340)

(0.000-

0.447)

CTR. 

1

0.528 0.957 0.487 0.784 0.532 0.460 0.613 0.525 0.120 0.491 

(0.288-

0.768)

(0.913-

1.000)

(0.201-

0.773)

(0.505-

1.000)

(0.300-

0.764)

(0.245-

0.676)

(0.387-

0.839)

(0.228-

0.822)

(0.000-

0.315)

(0.192-

0.791)

CTR. 

10

0.504 0.807 0.468 0.694 

 

0.394 0.441 0.541 0.463 0.106 0.284 

(0.321-

0.687)

(0.704-

0.910)

(0.266-

0.670)

(0.574-

0.814)

(0.215-

0.573)

(0.250-

0.632)

(0.369-

0.714)

(0.238-

0.687)

(0.000-

0.297)

(0.055-

0.513)

CTR. 

11

0.807 0.935 0.551 0.806 0.676 0.627 0.742 0.547 0.057 0.300 

(0.669-

0.944)

(0.870-

1.000)

(0.357-

0.745)

(0.694-

0.918)

(0.450-

0.902)

(0.316-

0.938)

(0.584-

0.900)

(0.306-

0.787)

(0.000-

0.312)

(0.020-

0.580)

CTR. 

6

0.762 1.000 0.526 0.681 0.759 0.529 

 

0.602 0.597 0.070 0.370 

(0.593-

0.931)

(1.000-

1.000)

(0.338-

0.714)

(0.528-

0.834)

(0.588-

0.931)

(0.292-

0.766)

(0.375-

0.829)

(0.391-

0.803)

(0.000-

0.348)

(0.131-

0.609)

CTR. 

2

0.507 0.819 0.509 0.641 0.639 0.511 0.430 0.594 0.082 0.292 

(0.319-

0.695)

(0.698-

0.940)

(0.323-

0.696)

(0.493-

0.788)

(0.446-

0.832)

(0.324-

0.698)

(0.209-

0.652)

(0.453-

0.736)

(0.000-

0.293)

(0.114-

0.470)

CTR. 

3

0.326 0.680 0.368 0.483 0.481 0.332 0.317 0.524 

 

0.111 0.413 

(0.112-

0.540)

(0.412-

0.947)

(0.150-

0.587)

(0.204-

0.762)

(0.211-

0.751)

(0.119-

0.544)

(0.096-

0.537)

(0.258-

0.789)

(0.000-

0.309)

(0.128-

0.697)

CTR. 

7

0.485 1.000 0.487 0.742 0.741 0.233 0.231 0.484 0.741 0.491 

(0.120-

0.849)

(1.000-

1.000)

(0.124-

0.850)

(0.483-

1.000)

(0.481-

1.000)

(0.000-

0.676)

(0.000-

0.675)

(0.119-

0.849)

(0.482-

1.000)

(0.131-

0.851)

CTR. 

5

0.445 0.920 0.289 0.921 0.601 0.371 0.402 0.524 0.841 0.149  

(0.156-

0.734)

(0.840-

1.000)

(0.000-

0.652)

(0.841-

1.000)

(0.214-

0.988)

(0.074-

0.668)

(0.091-

0.713)

(0.131-

0.917)

(0.728-

0.953)

(0.000-

0.436)

Table S8: Adjusted Rand coeffi cients of Klebsiella sp. central analysis

 CTR. 8 CTR. 9 CTR. 4 CTR. 1
CTR. 
10

CTR. 
11

CTR. 6 CTR. 2 CTR. 3 CTR. 7 CTR. 5

CTR. 8

CTR. 9 0.758

CTR. 4 0.726 0.625

CTR. 1 0.889 0.777 0.707

CTR. 10 0.834 0.885 0.67 0.846

CTR. 11 0.721 0.671 0.599 0.852 0.71

CTR. 6 0.654 0.656 0.439 0.802 0.655 0.782

CTR. 2 0.857 0.746 0.679 0.966 0.815 0.892 0.763

CTR. 3 0.763 0.642 0.616 0.88 0.717 0.836 0.699 0.917

CTR. 7 0.719 0.71 0.774 0.699 0.706 0.626 0.52 0.67 0.6

CTR. 5 0.686 0.574 0.497 0.711 0.625 0.552 0.635 0.682 0.615 0.514
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Table S9: Adjusted Wallace coeffi cients of Klebsiella sp. central analysis
CTR. 8 CTR. 9 CTR. 4 CTR. 1 CTR. 10 CTR. 11 CTR. 6 CTR. 2 CTR. 3 CTR. 7 CTR. 5

CTR. 

8

0.683 0.682 0.96 0.801 0.721 0.577 0.96 0.839 0.606 0.605

(0.479-

0.888)

(0.417-

0.948)

(0.920-

1.000)

(0.545-

1.000)

(0.458-

0.984)

(0.330-

0.824)

(0.920-

1.000)

(0.745-

0.934)

(0.395-

0.817)

(0.326-

0.884)

CTR. 

9

0.852 0.656 0.95 0.951 0.753 0.677 0.95 0.801 0.658 0.56

(0.747-

0.957)

(0.471-

0.841)

(0.901-

1.000)

(0.902-

1.000)

(0.581-

0.925)

(0.506-

0.848)

(0.900-

1.000)

(0.684-

0.918)

(0.512-

0.805)

(0.345-

0.774)

CTR. 

4

0.775 0.597 0.819 0.685 0.64 0.426 0.818 0.728 0.688 0.464

(0.608-

0.941)

(0.385-

0.809)

(0.668-

0.970)

(0.429-

0.942)

(0.378-

0.901)

(0.148-

0.704)

(0.667-

0.970)

(0.554-

0.902)

(0.433-

0.943)

(0.202-

0.725)

CTR. 

1

0.827 0.657 0.622 0.759 0.793 0.669 1.000 0.896 0.556 0.589

(0.729-

0.926)

(0.468-

0.846)

(0.385-

0.858)

(0.527-

0.991)

(0.567-

1.000)

(0.456-

0.883)

(1.000-

1.000)

(0.821-

0.970)

(0.365-

0.747)

(0.339-

0.839)

CTR. 

10

0.87 0.828 0.656 0.957 0.741 0.619 0.956 0.826 0.616 0.572

(0.778-

0.963)

(0.625-

1.000)

(0.435-

0.877)

(0.913-

1.000)

(0.527-

0.955)

(0.421-

0.818)

(0.913-

1.000)

(0.724-

0.929)

(0.449-

0.783)

(0.331-

0.813)

CTR. 

11

0.721 0.604 0.563 0.92 0.682 0.705 1.000 0.92 0.527 0.486

(0.585-

0.857)

(0.430-

0.779)

(0.350-

0.777)

(0.844-

0.995)

(0.466-

0.898)

(0.453-

0.956)

(1.000-

1.000)

(0.844-

0.995)

(0.353-

0.701)

(0.243-

0.729)

CTR. 

6

0.754 0.636 0.452 1.000 0.695 0.877 1.000 0.938 0.457 0.635

(0.610-

0.899)

(0.449-

0.824)

(0.210-

0.694)

(1.000-

1.000)

(0.469-

0.921)

(0.791-

0.964)

(1.000-

1.000)

(0.876-

1.000)

(0.260-

0.654)

(0.452-

0.819)

CTR. 

2

0.773 0.614 0.581 0.935 0.709 0.806 0.617 0.902 0.52 0.55

(0.663-

0.884)

(0.427-

0.801)

(0.355-

0.806)

(0.873-

0.996)

(0.484-

0.935)

(0.594-

1.000)

(0.407-

0.828)

(0.833-

0.972)

(0.330-

0.709)

(0.308-

0.793)

CTR. 

3

0.699 0.535 0.534 0.866 0.633 0.766 0.557 0.933 0.471 0.503

(0.576-

0.823)

(0.337-

0.734)

(0.299-

0.769)

(0.786-

0.945)

(0.396-

0.871)

(0.545-

0.987)

(0.348-

0.767)

(0.885-

0.980)

(0.273-

0.669)

(0.254-

0.752)

CTR. 

7

0.885 0.771 0.885 0.942 0.828 0.77 0.603 0.942 0.826 0.543

(0.776-

0.993)

(0.631-

0.911)

(0.804-

0.966)

(0.884-

1.000)

(0.645-

1.000)

(0.578-

0.962)

(0.392-

0.813)

(0.884-

1.000)

(0.702-

0.950)

(0.299-

0.787)

CTR. 

5

0.793 0.588 0.536 0.896 0.69 0.637 0.635 0.895 0.791 0.488

(0.655-

0.931)

(0.384-

0.793)

(0.257-

0.814)

(0.798-

0.994)

(0.426-

0.954)

(0.368-

0.907)

(0.325-

0.946)

(0.797-

0.994)

(0.668-

0.914)

(0.271-

0.704)
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Abstract

There is a global increase in infec� ons caused by Enterobacteriaceae with plasmid-

borne β-lactamases that confer resistance to third-genera� on cephalosporins. 

The epidemiology of these bacteria is not well understood, and was, therefore, 

inves� gated in a selec� on of 636 clinical Enterobacteriaceae with a minimal 

inhibitory concentra� on >1 mg/L for ce" azidime/ce" riaxone from a na� onal survey 

(75% E. coli, 11% E. cloacae, 11% K. pneumoniae, 2% K. oxytoca, 2% P. mirabilis). 

Isolates were inves� gated for extended-spectrum β-lactamases (ESBLs) and ampC 

genes using microarray, PCR, gene sequencing and molecular straintyping (Diversilab 

and mul� -locus sequence typing (MLST)). ESBL genes were demonstrated in 512 

isolates (81%); of which 446 (87%) belonged to the CTX-M family. Among 314 

randomly selected and sequenced isolates, bla
CTX-M-15

 was most prevalent (n=124, 

39%), followed by bla
CTX-M-1

 (n=47, 15%), bla
CTX-M-14

 (n=15, 5%), bla
SHV-12

 (n=24, 8%) 

and bla
TEM-52

 (n=13, 4%). Among 181 isolates with MIC ≥16 mg/L for cefoxi� n plasmid 

encoded AmpCs were detected in 32 and 27 were
 
of the CMY-2 group. Among 102 

E. coli isolates with MIC ≥16 mg/L for cefoxi� n ampC promoter muta� ons were 

iden� fi ed in 29 (28%). Based on Diversilab genotyping of 608 isolates (similarity 

cut-off  >98%) discriminatory indices of bacteria with ESBL and/or ampC genes were 

0.994, 0.985 and 0.994 for E. coli, K. pneumoniae and E. cloacae, respec� vely. Based 

on similarity cut-off  >95% two large clusters of E. coli were apparent (of 43 and 30 

isolates) and 21 of 21 that were typed by belonged to ST131 of which 13 contained 

bla
CTX-M-15

. Our fi ndings demonstrate that bla
CTX-M-15

 is the most prevalent ESBL and 

we report a larger than previously reported prevalence of ampC genes among 

Enterobacteriaceae responsible for resistance to third-genera� on cephalosporins.

Introduc  on

The increasing prevalence of plasmid-borne β-lactamases in Enterobacteriaceae 

that confer resistance to third-genera� on cephalosporins is a world-wide problem. 

The most prevalent amongst these acquired β-lactamases are the Ambler class 

A ESBLs of the CTX-M, TEM and SHV families. [1] These ESBLs are capable of 

hydrolyzing penicillins, cephalosporins (except cephamycins), and monobactams 

and are inhibited by clavulanic acid. [2] An emerging class of β-lactamases are the 

plasmid-borne Ambler class C cephalosporinases (pAmpCs). [3] AmpC enzymes 

are capable of hydrolyzing penicillins, cephalosporins (although fourth-genera� on 

cephalosporins only weakly), and monobactams and are not inhibited by clavulanic 

acid. [3] The molecular epidemiology of these resistance mechanisms is largely 

unknown, as most large-scale molecular surveys were limited, either to certain 

species (e.g., Escherichia coli or Klebsiella pneumoniae), a specifi c environment 

(either hospital or general prac� ce) or specimen type (e.g. urine or faeces). [4-9]
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In the Netherlands the propor� ons of urine samples and blood cultures with E. coli 

(intermediate) resistant to third-genera� on cephalosporins increased from 2.6% 

and 2.6%, respec� vely in 2008 to 3.4% and 4.7%, respec� vely, in 2010 [10].

The aim of this study was to determine the popula� on distribu� on of beta-

lactamase conferring resistance to third-genera� on cephalosporins in an unbiased, 

cross-sec� onal, large and na� on-wide sample of clinical isolates in the Netherlands.

Materials and Methods

Isolates

From February 1, 2009 un� l May 1, 2009, 31 Dutch microbiology laboratories were 

asked to submit all isolates of E. coli, K. pneumoniae, Klebsiella oxytoca, Proteus 

mirabilis and Enterobacter cloacae with a posi� ve ESBL screen test (minimal 

inhibitory concentra� on (MIC)>1 mg/L for cefotaxime or ce! azidime or an ESBL 

alarm from the Phoenix or Vitek-2 expert system). The need for wri" en consent 

of pa� ents was waived by the ethical commi" ee because of the retrospec� ve 

nature of the study, the use of fully anonimized pa� ent data only and because of 

the absence of any study related procedures. From each laboratory the fi rst 25 

consecu� ve isolates, if available, were included in this study, allowing for only 1 

isolate per pa� ent. 

In a central laboratory screen tests were repeated using broth microdilu� on 

(BMD) (Merlin Diagnos� c GmbH, Rüsselsheim, Germany) and only isolates with 

a confi rmed posi� ve test were included in this study. Suscep� bility tes� ng was 

performed for amikacin, cefotaxime +/- clavulanic acid, ce! azidime +/- clavulanic 

acid, chloramphenicol, ciprofl oxacin, fosfomycin, gentamicin, nitrofurantoin, 

piperacillin/tazobactam, tobramycin and trimethoprim/sulfamethoxazole using 

Sensi� tre microbroth dilu� on plates (TREK Diagnos� c Systems, East-Grinstead, 

England). MICs were interpreted according to EUCAST criteria.

For each isolate the following epidemiological data were collected: age (0-19, 20-59 

and ≥60 years) and gender of the pa� ent, specimen type (urine, faeces, wounds/

skin, respiratory tract, blood and other (e.g., ascites, gynecological cultures)) 

and ins� tu� on (hospital (university, non-university), general prac� � oner (GP), or 

long term care facility (LTCF)). The par� cipa� ng laboratories are geographically 

dispersed over the Netherlands and represent a mixture of secondary and ter� ary 

care hospitals, LTCFs and GPs. The 31 laboratories serve 58 hospitals, covering 

approximately 45% of all hospital beds in the Netherlands.
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Molecular characteriza� on of beta-lactamase genes

The presence of ESBL genes was determined by Check-KPC ESBL microarray analysis 

(Cat. No. 10-0018, CheckPoints, Wageningen, The Netherlands), which detects 

single nucleo� de polymorphisms (SNPs) and reports the presence of TEM or SHV 

SNPs associated with an ESBL phenotype and specifi es CTX-M groups (CTX-M group 

1, 2, 9, or combined 8/25) [1]. As the assay cannot provide a type number for TEM, 

SHV and CTX-M genes (h� p://www.lahey.org/Studies/), PCR and gene sequencing 

was performed for defi nite determina� on of ESBL genes as previously described 

[11-13]. From all screen-posi� ve isolates a random sample of 314 isolates was taken 

for sequence-based confi rma� on of resistance genes. Isolates with a nega� ve array 

result were fi rst inves� gated using TEM, SHV, and CTX-M group-specifi c PCRs and, 

if nega� ve, with mul� plex PCRs for detec� ng other Ambler A class ESBL families 

(GES, PER and VEB) [14]. All PCR products were sequenced. In  isolates with an 

AmpC phenotype (cefoxi� n MIC ≥16 mg/L) the presence of pAmpC was determined 

by PCR and sequencing [14]. For Enterobacter spp., PCR results for plasmid ACT-1 

and MIR-1,-2,-3 were not included because the primers used for these PCRs are 

based on primers that may also detect the chromosomal ampC of Enterobacter 

spp. [15]. If nega� ve and no other β-lactamase was detected, the promoter of the 

chromosomal ampC of E. coli was sequenced to iden� fy muta� ons associated with 

derepression [16-18]. For this PCR the following primers were designed: ECC-GS-F: 

GATCGTTCTGCCGCGTG and ECC-GS-R: GGGCAGCAAATGTGGAGCAA.

Isolate typing 

E. coli, K. pneumoniae, K. oxytoca and Enterobacter spp. isolates were typed using 

DiversiLab (bioMérieux, Marcy l’Etoile, France) [19]. Representa� ve E. coli isolates 

from dominant pa� erns iden� fi ed by Diversilab were also analyzed by mul� -locus 

sequence typing (MLST) (h� p://mlst.ucc.ie/mlst/dbs/Ecoli). Discriminatory index 

calcula� ons were preformed using Ridom EpiCompare as previously described. 

[19]

Sta� s� cal Analysis  

Sta� s� cal analysis (Mann-Whitney) was performed using SPSS 15.0 (IBM, 

Nieuwegein, The Netherlands). Associa� ons were considered sta� s� cally signifi cant 

in case of a p-value ≤ 0.02.

Results

ESBL and AmpC distribu� on

In the three-month study period, 1,427 ESBL screen-posi� ve isolates were collected 
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in the 31 par� cipa� ng laboratories. The fi rst 25 isolates per laboratory, if available, 

comprised 723 isolates, of which 31 were excluded because of lack of viable cells 

or contamina� on with other strains, and 56 because posi� ve screen tests could not 

be confi rmed, leaving 636 isolates for further inves� ga� on: 479 E. coli (75%), 68 E. 

cloacae (11%), 67 K. pneumoniae (11%), 11 K. oxytoca (2%), and 11 P. mirabilis (2%). 

Sources and specimens of these isolates are listed in the supplementary informa� on 

(Table S1). 

ESBL genes were detected in 512 of 636 isolates (81%): in 416 of 479 (87%) E. coli, 

in 64 of 67 (96%) K. pneumoniae, in 35 of 68 (51%) E. cloacae, in 6 of 11 (54%) K. 

oxytoca, and in 3 of 11 (27%) P. mirabilis (Table 1). Two ESBL genes were detected in 

26 isolates (Table S2). Genes from the CTX-M-groups were detected most frequently 

(in 446 isolates), followed by SHV-genes (in 56 isolates) and TEM (in 46 isolates). 

Sequencing of 314 isolates revealed 16 CTX-M-variants, 3 SHV-variants, 4 TEM-

variants, one GES-1 and one PER-5 (Table 2). Sequencing could not discriminate 

between CTX-M-15 and CTX-M-28 in 12 isolates. Nor could it discriminate between 

CTX-M-1 and CTX-M-61 in 2 isolates. Overall, CTX-M-15 was most prevalent, 

followed by CTX-M-1 and CTX-M-14 (Table 2). 

In total 181 (28%) of 636 isolates had an AmpC phenotype; a cefoxi� n MIC ≥16 mg/L 

(102 E. coli (56%), 63 E. cloacae (35%), 10 K. pneumoniae (6%), 6 P. mirabilis (3%)). 

A pAmpC gene was detected in 32 isolates: 25 of 102 (24%) E. coli, 3 of 10 (30%) 

K. pneumoniae and in all 4 P. mirabilis. These 32 isolates represented 5% of the 

636 isolates (Table 3). Five diff erent types of pAmpC β-lactamases were iden� fi ed: 

CMY-2-group, ACT-5, MIR-1/2/3, DHA-1, and ACT-like. Sequencing did not allow for 

discrimina� on in the CMY-2 group, and MIR-1 and -2 and -3.

The remaining forty-two E. coli isolates with AmpC-resistance phenotype and 

without either an ESBL or pAmpC were further inves� gated. Sequencing of the 

promoter region of the chromosomal ampC revealed diff erent muta� ons that have 

been linked to resistance to third-genera� on cephalosporins in 29 isolates [16-18]. 

These muta� ons were found at the posi� ons –1, –18,–42, –82, –88, and +58, and 

an inser� on of an amino acid between the –10 and –35 region of the promoter. No 

mechanism was elucidated for the remaining 13 isolates.

Isolate Typing

All Klebsiella spp., E. coli, and E. cloacae isolates were analyzed by DiversiLab 

(n=625), and seven isolates appeared non-typable. For the following analysis only 

isolates with a detectable ESBL- or ampC gene were included (n=608). When using 

a similarity >98% for pa$ ern defi ni� on, 253 (53%) of 414 ESBL-producing E. coli had 

unique pa$ erns, and cluster sizes ranged from 2 isolates (44 pa$ erns) to 25 isolates 

(1 pa$ ern) (Table 4). The overall discriminatory index of ESBL-producing E. coli was 

0.994 (95% confi dence interval (CI) 0.991-0.996). When using a similarity of >95% 
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two large clusters emerged, one of 43 isolates (comprising 3 pa� erns (n=25, n=4, 

n=4)) and one of 30 isolates (comprising 4 clusters (n=17, n=6, n=5, and n=2)). MLST 

typing of 21 (15 (71%) with CTX-M-15, 4 (19%) with CTX-M-1, 1 (5%) CTX-M-52, 1 

(5%) with TEM-52) randomly selected isolates (11 and 10 from the cluster of 43 and 

30 isolates, respec� vely) revealed that all belonged to ST131.

Forty-one (64%) of 64 K. pneumoniae had unique pa� erns, and clusters of iden� cal 

pa� erns ranged from 2 (n=4) to 7 (n=1), and the discriminatory index was 0.985 

(95% CI 0.969-1.0). All isolates of this cluster of 7 contained a CTX-M-1 group ESBL 

and sequencing of 3 of these genes revealed CTX-M-15. Forty-eight (71%) of 68 E. 

cloacae had unique pa� erns. There were eight clusters with 2 (n=6) or 3 isolates 

(n=2) and a discriminatory index of 0.994 (95% CI 0.989-0.999). 

Inclusion of the 22 isolates without detectable ESBL or ampC genes did not change 

interpreta� on (data not shown). 

Associa� on between β-lactamase gene and suscep� bility 

CTX-M-15 isolates were – on average – suscep� ble to 4.5 of 8 an� bio� cs tested, 

which was lower than isolates harboring TEM-52, CTX-M-1, or CTX-M-14 (mean 

suscep� bility to 6.6, 6.0 and 5.7 an� bio� cs, respec� vely; p<=0.004 Mann Whitney 

U-test) and a similar co-resistance pa� ern as isolates harboring SHV-12 (Table 5). 

There were no signifi cant associa� ons between β-lactamase genes and age, gender, 

specimen type, and ins� tu� on (data now shown).

Discussion

The popula� on structure of third-genera� on cephalosporin resistant 

Enterobacteriaceae in the Netherlands is characterized by predominance of E. coli 

with CTX-M-15 ESBL genes, a high level of bacterial genotypic diversity, although 

clusters of genotypes, o# en E. coli belonging to MLST131, were observed in 

individual laboratories. AmpC type resistance was observed in 53 E. coli isolates 

(11% of all E. coli) and resulted from pAmpC genes, mostly being bla
CMY-2

, or ampC 

promoter muta� ons in equal frequencies. 

The predominance of the CTX-M-gene family among the ESBL genes in Dutch isolates 

has also been observed in Belgium, France, Italy, Poland, Spain and Canada. [6-8,20-

22] As in the Netherlands, CTX-M-15 was most prevalent within the CTX-M family in 

all these countries, except in Poland and Spain were CTX-M-3 and CTX-M-14 were 

more prevalent. [7,21] 

E. coli ST131 carrying IncFII plasmids with CTX-M-15 is considered the most 

important disseminator of CTX-M-15 worldwide. Our fi nding of clusters of ST131 
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isolated within a short � me-frame in single laboratories suggests the occurrence of 

clonal dissemina� on of ESBL-producing ST131 E. coli. In our study most of the ST 

131 E. coli contained CTX-M-15, and presence of this gene was associated with – on 

average – higher levels of resistance. Whether the clonal spread of ST131 occurs 

in health care-facili� es or in the community remains to be determined as in the 

present study ST131 was in equal numbers obtained from samples submi! ed from 

health care ins� tutes or by GPs. As such we agree with current literature that the 

origin ST131 remains unclear.  [23]

The high prevalence of CTX-M-1 and TEM-52 in E. coli in the Netherlands may result 

from food-borne exposure, as poultry and retail meat are frequently contaminated 

with E. coli harbouring these genes on iden� cal plasmids as found in human 

isolates. [24] Similar fi ndings (albeit with lower prevalence of TEM-52) have been 

reported from Belgium, where retail meat was also frequently contaminated 

with ESBL-producing E. coli and which country shares food distributors with the 

Netherlands, and north Italy. [20,22] In contrast, TEM-19 rather than TEM-52 is the 

most prevalent TEM β-lactamase in Spain and Poland. [7,21]

Five percent of E. coli and 4% of K. pneumoniae conferring resistance to third 

genera� on cephalosporins carried pAmpC beta-lactamases. Li! le is known about 

the epidemiology of CMY-group beta-lactamases. In Poland CMY-12 and CMY-

15 were predominant in E. coli and in the UK and Ireland pAmpCs of the CIT 

group, which includes the CMY-2 group, and genes belonging to the FOX and ACC 

family were detected in E. coli and K. pneumoniae [7,25]. The source of CMY-2 is 

unknown. Although CMY-2 genes have been iden� fi ed in poultry and poultry meat 

in Belgium, Spain and the Netherlands [26-28], more detailed studies are needed to 

demonstrate the relevance and frequency of gene or strain transmission between 

both reservoirs.

All E. coli, except three isolates, resistant to cefoxi� n in which no pAmpC beta-

lactamases or mutated promoters were detected, contained ESBL genes, which may 

explain their resistance phenotype. In the other three isolates the increased MIC 

for cefoxi� n may have resulted from mechanisms not inves� gated in this study, e.g. 

porin muta� ons, altera� on in the expression of effl  ux pumps and/or porins, and 

muta� ons in the target of β-lactamases.

In this study, derepressed chromosomal ampC genes and pAmpC beta-lacmtase 

genes were equally prevalent in E. coli. This has also been observed in a French 

study [29], but a higher prevalence of derepressed chromosomal ampC genes was 

detected in Belgium. [30] This diff erence could result from diff erences in selec� on 

of isolates. 

In 636 isolates with phenotypic resistance to third-genera� on cephalosporins 

551 ESBLs and 82 AmpCs (including 53 assumed chromosomal ampC genes in E. 
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cloacae) were detected in 610 (96%) isolates. In the remaining 26 isolates (14 E. 

coli, 5 K. oxytoca, 4 P. mirabilis, and 3 K. pneumoniae) resistance may have been 

caused by mechanisms not inves! gated in this study, such as the presence of OXA 

genes, hyperproduc! on of chromosomal OXY genes in K. oyxtoca, porin muta! ons, 

altera! on in the expression of effl  ux pumps and/or porins, and muta! ons in the 

target of the β-lactamases. 

Although we consider the selected isolates to be representa! ve for the Netherlands, 

there may have been some selec! on bias as we did not adjust isolate selec! on on 

the size of the catchment popula! ons of the diff erent laboratories. 

Our fi ndings demonstra te that in the Netherlands bla
CTX-M-15

 is the most prevalent 

cause of third-genera! on cephalosporin resistance in the Netherlands and that 

resistance due to either hyperproduc! on of chromosomal ampC or plasmid-borne 

AmpC beta-lactamases occurs more frequently than previously reported. 
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Table 1. Iden� fi ca� on of ESBL-groups as determined by ESBL array and PCR in 3rd 
genera� on cephalosporin resistant Enterobacteriaceae. 

E. coli E. cloacae K. pneumoniae K. oxytoca P. mirabilis All species

ESBL-group N=479 N=68 N=67 N=11 N=11 N=636

CTX-M-1 301 16 48 3 2 370

CTX-M-2 2 2

CTX-M-8/25 2 2

CTX-M-9 59 11 1 1 72

SHV-2 2 4 6

SHV-4 23 14 11 48

SHV-31 1 1 2

TEM-3 28 1 2 31

TEM-4 1 1

TEM-5 2 2

TEM-17 2 2

TEM-19 10 10

GES 2 2

PER 1 1

No ESBL-

gene 

detected

63 33 3 5 8 112

Note: 26 isolates contained 2 ESBLs
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Table 2. Identifi cation of ESBL β-lactamase genes in 3rd generation cephalosporin 

resistant Enterobacteriaceae.

ESBL-

group

ESBL-

gene

E. coli E. cloacae
K. 

pneumoniae

K. 

oxytoca

P. 

mirabilis
Species

n=235 

(75%)

n=33 

(11%)
n=32 (10%) n=8 (3%) n=6 (2%) n=314

CTX-M-1 CTX-M-1 47 1 47

CTX-M-15 80 4 20 104

CTX-M-15/28 9 3 12

CTX-M-22 3 3

CTX-M-79 2 2

Other 2 1 3

CTX-M-9 CTX-M-9 3 3 6

CTX-M-14 15 15

CTX-M-17 3 3

CTX-M-27 4 4

Other 4 1 1 6

All CTX-M 

Variants
172 7 24 1 2 206

SHV-2 SHV-2 1 1 2

SHV-4 SHV-5 2 2

SHV-12 13 8 3 24
All SHV 

Variants
14 8 6 28

TEM-3 TEM-19 2 2

TEM-52 13 13

TEM-5 TEM-12 1 1

TEM-19 TEM-19 1 1

All TEM 

Variants
17 17

GES-1 1 1

PER-5 1 1

All Variants 1 1 2

None of the above 

genes detected
37 19 2 5 3 66
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Table 3. Presence of AmpC β-lactamase genes in isolates with a MIC ≥16 mg/L for 

cefoxitin.

E. coli E. cloacae K. pneumoniae P. mirabilis Species

AmpC-gene
n=102 

(56%)
n=63 (35%) n=10 (6%) n=6 (3%) n=181

CMY-2 group 22 1 4 27

ACT-5 1 1

ACT-like * 1 1

MIR-1/2/3 1 1 2

DHA-1 1 1

Chromosomal 29 53 ** 82

None of the above 

genes detected
48 10 7 2 67

* GenBank Number = EF125014.1, ** = presumed

Table 4. Number of clusters for each cluster size in DiversiLab using >98% 

similarity per species.

Diversilab cluster size

Species 

(n=isolates)
1 2 3 4 5 6 7 14 17 25

not 

typable
DI* 95% CI

E. cloaca 

(n=68) 
48 6 2 2 0.994

0.989 - 

0.999

E. coli (n=465) 253 44 14 2 2 1 1 1 1 2 0.994
0.991- 

0.996

K. pneumoniae 

(n=64)
41 4 2 1 2 0.985

0.969 - 

1.0

K. oxytoca  

(n=11)
7 1 1 0.911

0.801 - 

1.0

* DI = Discriminatory Index
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Table 5. Co-suscep� bility according to EUCAST breakpoints in E. coli harboring the 

fi ve most common ESBL genes. 

An� bio� c

CTX-M-15 

(n=77)  

(%, n)

CTX-M-1 

(n=44)  

(%, n)

SHV-12 

(n=7)     

(%, n)

CTX-M-14 

(n=15)  

(%, n)

TEM-52 

(n=12)  

(%, n)

ciprofl oxacin 9 (7) 57 (25) 43 (3) 60 (9) 53 (7) 

tobramycin 21 (16) 86 (38) 43 (3) 67 (10) 100 (12) 

trimethoprim/ 

sulfamethoxazole
35 (27) 25 (11) 14 (1) 53 (8) 33 (4) 

gentamicin 56 (43) 86 (38) 57 (4) 67 (10) 92 (11)

amikacin 60 (46) 96 (42) 74 (5) 93 (14) 100 (12) 

chloramphenicol 69 (53) 64 (28) 29 (2) 33 (5) 75 (9) 

nitrofurantoin 99 (76) 96 (42) 100 (7) 100 (15) 100 (12) 

fosfomycin 99 (76) 98 (43) 100 (7) 100 (15) 100 (12) 

mean no. of 

co-suscep� ble 

an� bio� cs (range)

4.5 (2-8) 6.1 (3-8) 4.6 (3-7) 5.7 (3-8) 6.6 (5-8)

Supplementary Table 1. Material and provider of the isolates grouped by species.

E. cloacae 

(n=68)

E. coli 

(n=479)

K. 

oxytoca 

(n=11)

K. 

pneumoniae 

(n=67)

P. 

mirabilis 

(n=11)

Material
  Ascites 3 5 1
  Blood 1 10 2
  Gynaecological 3 15
  Pulmonary 8 29 5 2
  Rectum/faeces 12 58 3 18
  Urine 33 333 2 25 7
  Wound/Abscess/Skin 11 39 1 5 2
  Other/Unknown 2 1
Provider
  Academic Hospital 1 23 2 14 1
  Non-Academic Hospital 52 259 8 35 7
  Long-term Care Facility 3 26 4 2
  General Prac� � oner 10 147 12 1
  Other/Unknown 2 24 1 2

96

Chapter 6



Supplementary  table 2. Combinations of β-lactamases expressed in one isolate in 

the primary selection and random sample.

ESBL-ESBL combina� ons Species n β-lactamase genotypes

CTX-M-1 gr. & CTX-M-9 gr. E. cloacae 2 Not Typed (n=2)

E. coli 1 CTX-M-15 & CTX-M-27 (n=1)

CTX-M-1 gr. & CTX-M-8/25 gr. E. coli 1
CTX-M-15 (CTX-M-8/25-gr. Not Typed) 

(n=1)

CTX-M-1 gr. & SHV-4 gr. E. cloacae 2 CTX-M-15 & SHV-12 (n=1)

Not typed (n=1)

E. coli 6 CTX-M-1/61 & SHV-12 (n=2)

CTXM-15 & SHV-12 (n=2)

Not typed (n=2)

CTX-M-9 gr. & SHV-4 gr. E. cloacae 3 CTX-M-9 & SHV-12 (n=1)

SHV-12 (CTX-M-9-gr. not typed) (n=1)

Not typed (n=1)

E. coli 1 CTX-M-9 & SHV-12 (n=1)

K. pneumoniae 1 Not typed (n=1)

CTX-M-1 gr. & TEM-3 gr. E. coli 2 CTX-M-1/61 & TEM-52 (n=1)

Not typed (n=1)

CTX-M-1 gr. & TEM-19 gr. E. coli 2 CTX-M-15 (TEM-19-gr. not typed) (n=1)

TEM-19 (CTX-M-1-gr. not typed) (n=1)

CTX-M-1 gr. & TEM-4 gr. E. coli 1 Not typed (n=1)

SHV-2 gr. & TEM-19 gr. E. coli 1 Not typed (n=1)

SHV-31 gr. & TEM-3 gr. E. cloacae 1 Not typed (n=1)

E. coli 1 Not typed (n=1)

SHV-4 gr. & TEM-25 gr. E. coli 1 SHV-12 & TEM-25 (n=1)

ESBL-AmpC combina� es Species n ESBL Genotypes

CTX-M-1 gr. & CIT E. coli 4 CTX-M-1 (CMY not typed) (n=1)

CTX-M-15  (CMY not typed) (n=2)

Not typed (n=1)

K. pneumoniae 1 Not typed (n=1)

CTX-M-1 gr. & MIR E. coli 1 CTX-M-15 & MIR-1/2/3 (n=1)

SHV-4 gr. & MIR K. pneumoniae 1 MIR-1/2/3 (SHV-4-gr. not typed) (n=1)

ESBL-ESBL-AmpC combina� es Species n ESBL Genotypes

CTX-M-1 gr. & SHV-4 gr. & DHA K. pneumoniae 1 DHA-1
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Abstract

Objec� ves: The increasing prevalence of third-genera� on cephalosporin-resistant 

Enterobacteriaceae is a worldwide problem. Recent studies showed that poultry 

(meat) and humans share iden� cal Extended-Spectrum Beta-Lactamase (ESBL) 

genes, plasmid types, and Eschericia coli strain types, sugges� ng that transmission 

from poultry to humans may occur, possibly through handling or consump� on of 

ESBL-contaminated meat. The aim of this study was to compare plasmid borne 

Ambler class C beta-lactamase (pAmpC) genes, their plasmids, and bacterial strain 

types between E. coli isolates from Dutch retail chicken meat and clinical isolates 

representa� ve for the Dutch pa� ent popula� on from the same period. 

Methods: In total, 98 Dutch retail chicken meat samples, and 479 third-genera� on 

cephalosporin non-suscep� ble human clinical E. coli isolates collected in a Dutch 

na� onal surveillance study from the same period were screened for pAmpC 

produc� on. The presence of pAmpC was confi rmed using PCR and sequencing. 

Plasmid typing was performed using PCR-based replicon typing (PBRT). E coli strains 

were compared using the DiversiLab system. 

Results: On 12 of 98 chicken meat samples (12%), a pAmpC producing E. coli was 

detected (all bla
CMY-2

). Of the 479 human E. coli, 25 (5.2%) harboured a pAmpC 

(bla
CMY-2 

n=22, bla
ACT

 n=2, bla
MIR

 n=1). PBRT was performed in 11 of 12 bla
CMY-2 

producing E. coli, and showed that 10 (91%) of poultry meat isolates harboured 

bla
CMY-2 

on an IncK plasmid, and one isolate (9%) on an IncI1 plasmid. Of 19 human 

bla
CMY-2

 producing isolates available for PBRT, 8 (42%) also harboured bla
CMY-2

 on an 

IncK plasmid, and 9 (47%) on an IncI1 plasmid. Thus, 17 of 25 pAmpC producing 

human E. coli (68%) have the same AmpC gene (bla
CMY-2

) and plasmid type (IncI1 or 

IncK) as found in poultry meat. DiversiLab isolate typing showed one cluster of 2 

isolates containing one human isolate and one retail poultry meat isolate, but each 

with a diff erent plasmid.

In conclusion, this study shows that bla
CMY-2 

on identical plasmid types was detected 

in E. coli isolates from Dutch pa� ents and poultry meat, implying that a food-borne 

transmission route of bla
CMY-2 

harbouring plasmids cannot be excluded. 

Introduc  on

The increasing prevalence of plasmid-borne β-lactamases conferring resistance to 

third-genera� on cephalosporins in Enterobacteriaceae is a world-wide problem. 

Recent studies have suggested that transmission of Extended-Spectrum Beta-

Lactamase (ESBL) genes, their plasmids, and the Escherichia coli isolates harbouring 

those plasmids may occur from poultry to humans, possibly through handling or 
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consump� on of contaminated meat (1,9,11). 

Like ESBLs, plasmid-borne Ambler class C ß-lactamases (pAmpCs) confer resistance 

to penicillins and cephalosporins up to the third genera� on, and have been 

demonstrated throughout the world (8). Although the presence of pAmpCs, mostly 

bla
CMY-2

, has been demonstrated in poultry (5,7), poultry meat (3,4,13,15), and 

humans, no comparison has been made between pAmpC genes in humans and 

poultry meat from the same period and region. If pAmpC genes and plasmids from 

those two compartments are diff erent, poultry meat would be an unlikely source 

of pAmpC in humans. If iden� cal pAmpC genes are found on the same plasmid 

types and strains, a transmission route of pAmpCs from poultry meat to humans 

cannot be excluded, either by transmission of pAmpC producing bacterial strains 

or via horizontal transfer of AmpC encoding plasmids. We therefore compared the 

pAmpC genes, their plasmids, and the bacterial strain types between E. coli isolates 

obtained from Dutch retail chicken meat, and clinical isolates representa� ve for the 

Dutch pa� ent popula� on.  

Materials & Methods

Human E. coli isolates were obtained in a Dutch na� onal surveillance study 

as described previously (12). Briefl y, in February, March and April 2009, 31 

microbiology laboratories throughout the Netherlands submi# ed all E. coli, Klebsiella 

pneumoniae, Klebsiella oxytoca, Proteus mirabilis, and Enterobacter cloacae isolates 

with a posi� ve ESBL screen test, i.e. a minimal inhibitory concentra� on (MIC) >1 

mg/L of cefotaxime or ce$ azidime or an expert system ESBL alert from Phoenix 

(Becton Dickinson, USA) or Vitek-2 (Biomerieux, France), as described previously 

(3). Per par� cipa� ng laboratory, the fi rst 25 consecu� ve isolates, if available, were 

included in this study. Only one isolate per pa� ent was included. In the central study 

laboratory, the MIC determina� on was repeated using broth microdilu� on (BMD) 

(Merlin Diagnos� c GmbH, Rüsselsheim, Germany). All E. coli isolates with an MIC of 

>1 mg/L for cefotaxime or ce$ azidime and ≥16mg/L for cefoxi� n using BMD were 

included in this study. 

As described previously (3), retail poultry meat E. coli isolates were obtained 

from 98 raw chicken breasts collected in April 2010 from 12 stores in Utrecht, a 

city in the centre of the Netherlands. The meat samples were representa� ve for 

the poultry meat being sold in the Netherlands, as they were collected from the 5 

largest na� onal super market chains, with a combined Dutch market share of 90%. 

E. coli isolates producing pAmpC were detected as part of a study inves� ga� ng the 

prevalence of ESBLs on poultry meat. The phenotypic detec� on of ESBL producing 

micro-organisms on the meat samples was performed by homogenizing 25 g meat 

in 225 mL peptone water in a stomacher. The homogenate was used for overnight 
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pre-enrichment. This was followed by inocula� on of an ESBL selec� ve plate with 0.1 

mL of the pre-enriched homogenate. In case of growth on the ESBL selec� ve plate, 

species iden� fi ca� on of each morphologically diff erent colony was performed 

by MALDI-TOF (Bruker Daltonics, Germany). An ESBL Etest was performed on all 

(n=163) isolates (BioMérieux, Marcy l’Etoile, Lyon, France) growing on the selec� ve 

plates. Minimum inhibitory concentra� ons (MICs) of an� bio� cs were determined 

by broth micro-dilu� on (Merlin, Bornheim-Hersel, Germany) of isolates growing on 

the selec� ve plates. Isolates without synergy between cefotaxime or ce� azidime and 

clavulanic acid in the ESBL Etest (off  range) were suspected of AmpC produc� on, and 

these isolates were further evaluated using a mul� plex PCR (3,14), with sequencing 

of the amplicons.   

To dis� nguish all members of the CIT AmpC family, the following primers were 

used: CIT-F: GCAGGAGCAGGCTATTCC, CIT-F2: ATGATGAAAAAATCGTTATGCT, CIT-F3: 

GCTCCAGCAGGGCATTG, and CIT-R: ATTGCAGCTTTTCAAGAATGCG.

To compare plasmids harbouring bla
CMY-2 

 in humans and retail poultry meat, PCR-

based  replicon (PBRT) (2) was performed on the bla
CMY-2 

producing E. coli isolates 

from both compartments. The associa� on between plasmid AmpC genes and 

plasmids was determined by transforma� on [12]. E. coli strain typing was performed 

using DiversiLab (BioMérieux, France). A similarity of >95% was used of cut-off  for 

relatedness.

Results

A total of 479 human E. coli isolates with an MIC of >1 mg/L for cefotaxime and/

or ce� azidime were included, of which 102 (21%) with a cefoxi� n MIC ≥16 mg/L. 

PCR and sequencing showed that 25 of these isolates (5.2%) harboured a pAmpC, 

of which 22 (88%) harboured a bla
CMY-2

, two (8%) an bla
ACT

, and one isolate (4%) 

contained a bla
MIR 

MIR AmpC beta-lactamase. 

Of the 98 poultry meat samples, 92 (94%) were contaminated with one or more 

ESBL-posi� ve E. coli isolates (3,9). On 12 meat samples (12%), a bla
CMY-2 

producing 

E. coli isolate was detected, of which 10 also produced an ESBL. No other pAmpC 

genes were detected on the meat samples.

Eleven of 12 poultry meat isolates, and 19 of 22 human isolates were available for 

PBRT analysis. Of the 11 retail poultry meat isolates, 10 (91%) encoded bla
CMY-2 

on 

an IncK plasmid, and one isolate (9%) encoded bla
CMY-2 

on an IncI1 plasmid (Table 1), 

which also encoded a CTX-M-1 group ESBL gene. Of the 19 human clinical isolates, 

8 (42%) encoded bla
CMY-2 

on an IncK plasmid, 9 of the human isolates (47%) encoded 

bla
CMY-2 

on an IncI1 plasmid, and two isolates (11%) harboured untypeable plasmids. 

Thus, 17 of the 25 pAmpC producing human E. coli have the same AmpC gene 
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(bla
CMY-2

) and plasmid type (IncI1 or IncK) as found in 91% of the pAmpC-posi! ve 

poultry meat isolates. 

DiversiLab isolate typing using a similarity of >95% showed one cluster of two human 

E. coli isolates. Two clusters were iden! fi ed among the poultry meat isolates (one 

cluster of fi ve, one cluster of two isolates). There was one cluster with one human 

isolate and one retail poultry meat isolate, but each with a diff erent plasmid.

Discussion

This is the fi rst study comparing plasmid-borne AmpC genes, their plasmids, and the 

E. coli strains harbouring those plasmids from retail poultry meat and human clinical 

E. coli isolates from the same region and year. The bla
CMY-2 

gene on IncK or IncI1 

plasmids was the only pAmpC beta-lactamase iden! fi ed in E. coli contamina! ng 

poultry meat. Bla
CMY-2 

was also the most prevalent pAmpC among human E. coli, 

and in 68% of pAmpC producing human isolates, bla
CMY-2 

was located on the same 

plasmid type as detected on poultry meat. Based on these fi ndings, transmission 

of bla
CMY-2 

harbouring plasmids from poultry meat to humans cannot be excluded. 

On the other hand, the fi nding of iden! cal resistance genes and plasmid types on 

poultry meat and in humans may also refl ect a much more complex dissemina! on 

route than food-borne transmission, e.g., via contamina! on of the environment or 

parallel independent micro-evolu! on (6).   

This study provides several new insights. First, although IncI1 and IncK plasmids 

harbouring bla
CMY-2 

have been detected previously in live poultry and ICU-pa! ents 

(5,10), this is the fi rst study showing that bla
CMY-2 

on those plasmids can be found on 

poultry retail meat, representa! ve for the meat being sold in the Netherlands. This 

implicates poten! al exposure of the general popula! on to bla
CMY-2 

beta-lactamase 

during handling or consump! on of poultry meat. Furthermore, we show that 

although iden! cal bla
CMY-2 

harbouring plasmids have been detected in retail meat 

and humans, the E. coli strains harbouring those plasmids were not the same. This 

may be explained by plasmid transfer from poultry adapted E. coli strains to human 

adapted E. coli strain types. This is in contrast to the ESBL data, where similar E. coli 

strain types producing an ESBL were found on both poultry meat and humans (9,11), 

and a study from Canada comparing bla
CMY-2 

producing E. coli from the environment 

and ICU pa! ents (10).

This study has several limita! ons. First, the number of isolates is rela! vely low. 

Second, the prevalence of AmpC beta-lactamase posi! ve isolates on poultry 

meat may have been underes! mated, because an ESBL selec! ve agar containing 

cloxacillin was used, which has an inhibitory eff ect on AmpC beta-lactamases. This 

selec! ve medium was used because the original aim of the poultry meat study was 
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to detect ESBL producing Enterobacteriaceae (3). 

In conclusion, this study shows that bla
CMY-2 

on identical plasmid types was detected 

in E. coli isolates from Dutch pa! ents and poultry meat, implying that a food-borne 

transmission route of bla
CMY-2 

harbouring plasmids cannot be excluded. 
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Table 1: Distribu� on of plasmid mediated AmpC beta-lactamase genes and   

 plasmids from human and poultry meat isolates

Source
pAmpC 

gene

Plasmid 

type

Number of PBRT 

typed isolates

ESBL on same 

plasmid

Poultry 

meat

CMY-2 IncK 10 (91%) none

CMY-2 IncI1 1 (9%) CTX-M-1 

Total - 11 (100%)

Human CMY-2 IncK 8 (42%) none

CMY-2 IncI1 9 (47%) none

CMY-2 untypeable 2 (11%) none

Total - 19 (100%)
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Abstract

Introduc� on The prevalence of human infec� ons caused by Extended-Spectrum 

ß-Lactamase (ESBL) posi� ve Escherichia coli is increasing. Previously we have shown 

that part of the third-genera� on cephalosporin resistance genes,  plasmids and 

strains from poultry and human origin were indis� nguishable. These fi ndings were 

sugges� ve for transmission of ESBL genes, plasmids and E. coli isolates from poultry 

to humans, most likely through the food chain. 

Aim. The fi rst aim of this study is to determine whether poultry- and retail poultry 

meat-derived E. coli may  grow in human microbiota. The second aim was to 

determine the rela� ve transfer rate from ESBL-posi� ve plasmids from poultry to 

human E. coli strains in human microbiota.

Methods. Human-derived, poultry-derived, and poultry meat-derived ESBL-posi� ve 

E. coli were included. A human faeces culture was used to simulate the human 

microbiota. Dilu� on series of the E. coli isolates were added to the human faeces 

culture and grown in diluted SIEM medium buff ered by 1M MES pH 6.0 under 

anaerobic condi� ons with and without an� bio� cs. Conjuga� on was also tested in 

vitro using a known E. coli K12 acceptor strain. Conjugants were iden� fi ed using 

selec� ve plates and confi rmed by PCR and sequencing of resistance genes, plasmid-

based replicon typing and isolate typing with DiversiLab. 

Results. Poultry and retail poultry meat-derived E. coli did grow in the human 

microbiota. No marked diff erence in growth was detected between poultry-derived, 

retail poultry meat-derived or  human-derived E. coli. One conjuga� on event 

occurred from a human-derived E. coli to the human gut microbiota in the absence 

of an� bio� c pressure. No conjuga� on event between a poultry-derived isolate 

to human E. coli strains in human microbiota was iden� fi ed, though conjuga� on 

was observed in vitro between a poultry-derived isolate and a control K12 E. coli 

acceptor strain.

Conclusion. Poultry and retail poultry meat-derived ESBL-posi� ve E. coli did grow 

well in human microbiota but no transfer was observed of plasmid encoded ESBLs 

from the poultry derived E. coli to the human microbiota. 

107

Chapter 8



Introduc� on

Human infec� ons with ESBL-posi� ve Enterobacteriaceae show a global increase in 

prevalence. The presence of third-genera� on cephalosporin-resistant Escherichia 

coli has been demonstrated in several reservoirs, e.g., companion animals, livestock, 

and humans. 1-4 This is facilitated by a high degree of genome plas� city due to, e.g., 

horizontal gene transfer. Specifi cally, the core genome consists of less than 2,000 

genes, but the pan genome encompasses 10,000 genes. 5

Several studies showed that the genes conferring resistance to third-genera� on 

cephalosporins are indis� nguishable between diff erent reservoirs. 2, 4, 6 Furthermore, 

these genes are present on indis� nguishable plasmids according to plasmid-based 

replicon typing (PBRT), plasmid mul� -locus sequence typing (pMLST) and recently 

whole-plasmid sequencing (personal communica� on Dik Mevius).  5, 7 In addi� on, 

part of the E. coli from these diff erent reservoirs is indis� nguishable by mul� -locus 

sequence typing (MLST). 5  

Therefore, it was hypothesised that poultry and retail-poultry meat, may act as a 

reservoir for Extended-Spectrum ß-Lactamase (ESBL) producing E. coli due to the 

transmission of isolates, plasmids and genes. 4

A Belgian study demonstrated that E. coli from a broiler harboring an IncI plasmid 

carrying a bla
TEM-52

 gene could be maintained in a con� nuous fl ow culture system 

with fresh faeces from a healthy volunteer to simulate the microbiota. Transfer of 

the plasmid to E. coli of the microbiota took place in the system in the absence of 

an� microbial treatment. 8 Unfortunately, only one isolate was tested. 

The fi rst aim of this study is to determine whether poultry- and retail poultry meat-

derived E. coli can grow in the presence of human microbiota and compare their 

growth to human-derived E. coli. The second aim was to determine the rela� ve 

transfer rate from ESBL-posi� ve plasmids from poultry to human E. coli strains in 

human microbiota in the presence or absence of an� bio� cs.

Materials and Methods

Human microbiota and isolates 

Faeces samples from seven healthy individuals were collected and mixed as 

previously described. 9 Aliquots were prepared and stored at –70°C.

Four human ESBL-posi� ve E. coli isolates were obtained from a study of the 

popula� on distribu� on of ß-lactamase conferring resistance to third-genera� on 

cephalosporins in human clinical Enterobacteriaceae in the Netherlands  (Table 1). 3
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Four ESBL-posi� ve poultry isolates were derived from the Dutch surveillance 

program on an� bio� c resistance in bacteria isolated in food-producing animals in 

2006 (Table 1). 4

One ESBL-posi� ve retail poultry meat-derived E. coli was obtained from a study 

into the presence of ESBL-posi� ve Enterobacteriaceae on poultry retail meat in the 

Netherlands (Table 1). 7

The isolates were typed using mul� -locus sequence typing (MLST) and the plasmids 

harbouring the ESBL-genes were typed using plasmid-based replicon typing (PBRT) 

and plasmid mul� -locus sequence typing (pMLST). 10, 11 The poultry or poultry-

derived isolates were paired with an isolate of human origin based on MLST, plasmid 

type and bla gene (see Table 1).

A known E. coli K12 conjuga� on acceptor strain was used for in vitro experiments. 12

Growth experiments

The faeces culture was pre-cultured in diluted SIEM (Standard Ileal Effl  ux Medium) 

buff ered by 1M MES (2-(-N-morpholino)ethanesulfonic acid) pH 6.0 under anaerobic 

condi� ons at 37°C. The human-derived, poultry-derived, and poultry meat derived 

isolates were pre-cultured in LB medium under anaerobic condi� ons at 37°C. A 

thousand-fold dilu� on of the faeces pre-culture was added to fresh diluted SIEM 

buff ered by 1M MES pH 6.0. 

In all experiments, including conjuga� on experiments, aliquots of 1 ml diluted 

buff ered SIEM were distributed in a 96-deep-wells plate. Aliquots of 100 µl of 5x10-

3, 5x10-4 and 5x10-5 dilu� ons of the strains were grown under anaerobic condi� ons 

in the presence of the faeces culture as well as in the absence of the faeces culture 

for the lowest inoculum. 

Conjuga! on experiments

Experiments were performed with and without the addi� on of an� bio� cs 

to inves� gate the eff ect of low levels of an� bio� cs on conjuga� on. The 

Enterobacteriaceae of the faeces culture could grow in ≤0.08 µg/ml cefotaxime, 

≤0.125 µg/ml ciprofl oxacin, or <12.5 µg/ml rifampicin. One isolate of each source 

(38.16, 39.47, and 1407; Table 1) was randomly selected for the experiments with 

an� bio� cs. An� bio� c concentra� ons were chosen to allow at least 80% of maximum 

growth for the three chosen strains as well as the faeces culture. Concentra� ons of 

0.01 or 0.03 µg/ml cefotaxime or 0.04 or 0.08 µg/ml ciprofl oxacin were used. 

The number of CFUs of the isolates was determined at 0 h on VRBDA plates 

supplemented with 1 µg/ml cefotaxime. The number of CFUs of the third-

genera� on cephalosporin-resistant por� on of the culture was determined at 24 h 
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and 48 h using VRBDA plates supplemented with 1 µg/ml cefotaxime. These plates 

were copied to VRBDA plates supplemented with 1 µg/ml cefotaxime and 100 µg/

ml rifampicin to determine the number of CFUs derived from the donor isolates 

among the third-genera� on cephalosporin-resistant colonies.

As a control donor strains and the ciprofl oxacin-resistant K12 E. coli isolate as 

acceptor were added in a 1:1 ra� o in LB. The occurrence of transfer was determined 

on LB agar plates supplemented with 1 µg/ml cefotaxime and 40 µg/ml ciprofl oxacin.

Diff eren" a" on between donor and acceptor E. coli 

To determine whether rifampicin could be used as a chromosomal marker for the 

nine ESBL donor isolates the faeces culture was checked for rifampicin resistance 

using Violet Red Bile Dextrose Agar (VRBDA) (Oxoid, Badhoevedorp, NL) with 0, 25, 

100, and 400 µg/ml rifampicin. No growth of faecal fl ora was observed on agar plates 

containing  rifampicin. Therefore, rifampicin resistance was chosen for induc� on of 

resistance in the nine donor isolates. The isolates were inoculated in 2 ml Luria-

Bertani medium (LB) with a dilu� on series of rifampicin (Sigma, Zwijndrecht, NL) (0, 

12.5, 25, 50, 100, 200, 400 µg/ml). Daily, samples with 80% growth compared to a 

control without rifampicin at OD
720

 were used to inoculate 200 µl in 2 ml of a new 

dilu� on series. A! er one week all isolates were able to grow in 400 µg/ml rifampicin. 

The isolates were grown for an addi� onal three to four days in LB supplemented by 

400 µg/ml rifampicin to allow compensatory muta� ons to develop. 13 Resistance 

induc� on was confi rmed by sequencing using previously described primers. 14

To demonstrate transfer of third-genera� on cephalosporin resistance to 

Enterobacteriaceae in the faecal culture isolates the rpoB gene of possible 

conjugant-derived colonies was sequenced. Isolates with wild-type rpoB genes or 

with muta� ons not linked to resistance that were not previously sequenced were 

considered isolates from the faecal culture. 

To exclude the possible reversion of the induced rifampicin muta� on in the donor 

strain DiversiLab was used to confi rm that conjugants were faecal isolates. PCR for 

bla
CTX-M-1 

or bla
TEM-52 

was performed as described earlier 15 to confi rm the presence 

of an ESBL gene. Possible conjugant were analysed using plasmid-based replicon 

typing (PBRT) to determine whether  the gene was transferred as part of the original 

plasmid. 9

Results

Growth of E. coli in the presence of human gut microbiota 

All poultry-derived, retail poultry meat-derived, and human-derived isolates were 
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able to grow in the presence of the fl ora of the human faeces culture in the absence 

of an� bio� cs (poultry-derived and retail poultry meat-derived isolates in Figure 

1A and human-derived isolates in Figure 1B). The size of the ini� al inoculum of 

the isolates had only a minor infl uence on the maximum number of CFUs that was 

reached. In most cases 1x106 to 1x108 CFU were reached. Control wells containing 

the isolates in the same medium but without the human faeces culture showed a 1 

to 2 log higher number of CFUs compared to wells with the same ini� al inoculum in 

the presence of the faeces culture. No signifi cant diff erence in the number of CFUs 

a� er 24 and 48 h between isolates from diff erent origins was detected. 

Conjuga� on experiments

Only one ESBL-posi� ve conjugant was detected in the experiments without 

an� bio� cs. The human-derived isolate 1407 was the donor. No conjugants were 

obtained from poultry or poultry meat-derived isolates.

To inves� gate whether low levels of an� bio� cs could enhance conjuga� on 

cefotaxime and ciprofl oxacin were used. The poultry-derived, retail poultry meat-

derived, and human-associated isolates were able to grow in the faeces culture in 

the presence of 0.01 and 0.03 µg/ml cefotaxime (Figure 2). A similar number of CFUs 

was reached in the presence of cefotaxime in comparison to the number of CFUs 

in the absence of an� bio� cs. The poultry-derived isolate reached a lower number 

of CFUs in comparison to the human-derived isolates in 0.04 µg/ml of ciprofl oxacin 

and became undetectable at 0.08 µg/ml, sugges� ng a decrease from the original 

inoculum level. The retail poultry meat-derived isolate only showed lower numbers 

of CFUs at the highest concentra� on of ciprofl oxacin. The human-derived isolate 

was insensi� ve to the presence of ciprofl oxacin. No conjugant-derived colony was 

detected.

In order to further inves� gate conjuga� on with poultry and poultry meat-derived 

isolates in the presence of human microbiota experiments with an E. coli K12 as 

acceptor were performed. Unfortunately, the K12 E. coli isolate did not grow in 

the SIEM medium. Therefore, a conjuga� on control experiment in the presence of 

human faecal fl ora was not possible. In an in vitro control experiment in LB medium 

with the diff erent donor isolates and the ciprofl oxacin-resistant K12 E. coli isolate as 

acceptor yielded conjugants. 
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Discussion

Genotypic data from several studies suggested that poultry and retail poultry meat 

derived isolates may be a source of β-lactamases for humans. 4, 6, 8, 16, 17 This study 

shows that poultry-derived and retail poultry meat-derived E. coli harbouring ESBL-

carrying plasmids can grow in human faecal fl ora containing Enterobacteriaceae 

including E. coli. These isolates could grow in the absence of an" bio" cs despite the 

presence of the human microfl ora and no signifi cant diff erence in the number of 

CFUs was found compared to the human-derived isolates. This shows that in vitro 

the establishment of poultry-derived and retail poultry meat-derived isolates in 

human gut fl ora does not require the crea" on of a niche by the usage of an" bio" cs. 

These data are in agreement with a study of a single broiler-derived isolate that 

was used in a con" nuous fl ow system containing human faecal fl ora. 8 Although 

only one conjugant-derived colony was detected in our study in the absence of 

an" bio" cs, this indicated that transfer of ESBL-harbouring plasmids to faecal human 

E. coli is possible. A conjuga" on with a single broiler-derived ESBL-posi" ve isolate 

in a con" nuous fl ow system yielded higher numbers of conjugants, but this may be 

due to a diff erent experimental set-up and/or diff erent bacterial isolates. 8 Taken 

together our results suggest that poultry or poultry meat-derived ESBL-posi" ve E. 

coli may colonize the human gut. These bacteria may subsequently become either 

the cause of an infec" on or form a reservoir of ESBL-encoding plasmids that can be 

transferred to other strains or species.

We also evaluated whether the presence of an" bio" cs would enhance transfer of 

ESBL-carrying plasmids. Low concentra" ons of some an" bio" cs, e.g., ciprofl oxacin, 

ini" ate a bacterial SOS-response that can increase horizontal transfer. 18 We could 

establish sub-MIC growth condi" ons in the model where the Enterobacteriaceae 

in the human faecal fl ora were not infl uenced by cefotaxime and only to a limited 

extent by ciprofl oxacin. However, the ciprofl oxacin concentra" ons used for 

induc" on were lower than the op" mal concentra" on for the induc" on of the SOS 

response. This was required as the number of CFUs of Enterobacteriaceae in the 

human culture dropped below 80% in comparison to the growth in the absence of 

ciprofl oxacin when concentra" ons higher than 0.08 µg/ml ciprofl oxacin were used. 
18 However, no conjugants were obtained sugges" ng that the concentra" ons used 

did not elicit a markedly increased rate of transfer from the plasmid or ß-lactamase 

gene resul" ng in the detec" on of conjugant-derived colonies.

Proper es" mates of the rates of transfer, however, cannot be made as only one 

conjugant-derived colony was detected in absence of an" bio" cs. This can be 

explained by the limita" ons of the detec" on of transfer. Firstly, the experimental 

setup had a lower detec" on limit of around 1x104 CFU. So, any conjugant that 

had not reached at least 1x104 CFU was most likely not detected. Secondly, we 

were required to adopt a nega" ve selec" on technique involving the copying 

of plates, because the Enterobacteriaceae in the human fl ora did not harbour a 
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suitable resistance marker. This technique limits the number of colonies per plate 

to a maximum of 100 colonies. This eff ec� vely means that theore� cally the rate 

of transfer must be at least 1% to detect one conjugant-derived colony. This is 

par� ally remedied by the use of mul� ple plates yielding an es� mated 500 colonies 

per experimental condi� on. Therefore the rate of transfer must be at least 2‰ to 

detect one conjugant-derived colony.

Due to the inability of a posi� ve control, a previously described K12 E. coli isolate 

that can accept plasmids by conjuga� on, to grow in SIEM medium a conjuga� on 

control experiment in the presence of human fl ora was not possible. However, 

control experiments in LB medium with the ciprofl oxacin-resistant K12 E. coli 

isolate as acceptor yielded conjugant-derived colonies. Therefore we conclude that 

the poultry and retail poultry meat isolates are able to transfer their ESBL-carrying 

plasmids to other E. coli. The fact that we cannot replicate this with our model may 

be related to the limita� ons of the model or inhibi� on by the presence of the faeces 

culture, although we could show transfer from a human-derived isolate.

Concluding, these fi ndings demonstrate that poultry- and retail poultry meat-

derived E. coli can grow in the presence of the human microbiota containing other 

Enterobacteriaceae including E. coli. No diff erences in the ability to compete with 

an exis� ng fl ora between poultry-derived and human-derived E. coli were found. 

We did not detect a conjuga� on event between a poultry-derived or retail poultry 

meat-derived isolate and an Enterobacteriaceae from the human culture, although 

transfer was shown from an human-derived isolate. 
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Table 1: Characteris� cs of the isolates used.

Isolate No. Origin Genes
IncI1     

pMLST-Type

Plasmid 

size (kb)

ST 

isolate

38.16 Poultry CTX-M-1 ST7 100 58

1190901365 Human CTX-M-1 ST7 100/95 58

 38.27 Poultry CTX-M-1 ST7 88 10

1190900148 Human CTX-M-1 ST7 100 10

38.52 Poultry CTX-M-1 ST7 100 117

39.47 Poultry meat CTX-M-1 Non-typable 97 117

1190901407 Human CTX-M-1 ST7 100 117

38.34 Poultry TEM-52c ST10 97 10

1190900320 Human TEM-52c ST36 95 10

Figure 1A: Growth of the poultry-derived and retail poultry meat-derived isolates in the presence of human 

faeces culture in the absence of an� bio� cs. Each bar represents the average of three individual counts of the 

same experiment. The black bars represent the number of CFUs of the ini� al inoculum of the isolate at 0 h. The 

hatched bars represent the number of CFUs of third-genera� on cephalosporin-resistant isolates a! er 24 h. The 

white bars represent the number of CFUs of third-genera� on cephalosporin-resistant isolates a! er 48 h. At the 

X-axis the specifi c isolates are indicated. P.C.: posi� ve control of the isolate represents the growth of the isolate 

under the same condi� ons but in absence of the faeces culture. 
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Figure 1B:  Growth of the human-derived isolates in the presence of human faeces culture in the absence of 

an� bio� cs. Each bar represents the average of three individual counts of the same experiment. The black bars 

represent the number of CFUs of the ini� al inoculum of the isolate at 0 h. The hatched bars represent the 

number of CFUs of third-genera� on cephalosporin-resistant isolates a� er 24 h. The white bars represent the 

number of CFUs of third-genera� on cephalosporin-resistant isolates a� er 48 h. At the X-axis the specifi c isolates 

are indicated. P.C.: posi� ve control of the isolate represents the growth of the isolate under the same condi� ons 

but in absence of the faeces culture. 

Figure 2: Infl uence of an� bio� cs on the growth of the poultry-derived (38.16), retail poultry meat-derived (39.47), 

human-derived (1407) isolates and Enterobacteriaceae of the human faeces culture. CFUs for the faeces culture 

were counted on VRBA plates without an� bio� cs. All bars represent the average of three individual counts of 

the same experiment. The black bars represent the number of CFUs of the ini� al inoculum of the isolate at 0 

h. The hatched bars represent the number of CFUs of third-genera� on cephalosporin-resistant isolates a� er 24 

h. The white bars represent the number of CFUs of third-genera� on cephalosporin-resistant isolates a� er 48 

h. The inoculum of the culture was the standard thousand-fold dilu� on. On the X-axis the specifi c isolates are 

indicated. cef = cefotaxime, cipr = ciprofl oxacin The numbers below the an� bio� c abbrevia� ons indicate the 

concentra� on in µg/ml.
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Enterobacteriaceae can cause a wide variety of infec� ons ranging from 

gastrointes� nal syndromes to wound infec� ons and from respiratory to urinary 

tract infec� ons. These infec� ons have signifi cant mortality rates. Many classes 

of an� bio� cs are used to treat these infec� ons. In par� cular, third-genera� on 

cephalosporins are used as part of empiric treatment world-wide in case of severe 

infec� ons that may be caused by Enterobacteriaceae. The emergence of mul� -

resistant Enterobacteriaceae, especially those carrying extended-spectrum beta-

lactamases (ESBLs) and carbapenemases pose a threat to public health.

Adequate detec� on of resistant isolates and typing of these isolates are required 

for treatment, outbreak management, and monitoring the increasing prevalence 

of clinical relevant strains. Next to the detec� on of isolates the detec� on of the 

plasmids harboring resistance genes is required for studying the prevalence of 

resistance. Several studies have shown that outbreaks were caused by the spread of 

plasmids harboring resistance genes rather than the spread of a par� cular isolate. 
1 Therefore, methods to detect and type isolates and/or plasmids are crucial. The 

data obtained by these methods provide the fi rst step that may allow the discovery 

of the sources of an� bio� c resistance for human isolates. This thesis aims to provide 

this insight into the gene� c background of the most prevalent mechanisms of third-

genera� on cephalosporin resistance in the Netherlands.

Currently, automated systems determine the minimal inhibitory 

concentra� ons, e.g. Vitek-2 and Phoenix, of clinical isolates. Based on the phenotype 

of the MIC determina� on, or the combina� on of phenotypes, an automated system 

may produce an alarm for “ESBL” or “carbapenemase”. However, the actual presence 

of this needs to confi rmed. Naturally, this also holds true for screening of ESBL- 

or carbapenemase-producing micro-organisms. Confi rma� on of ESBL produc� on 

is commonly performed using ESBL Etests and combina� on disc tests. Some labs 

employ molecular techniques for their rou� ne diagnos� cs to detect the presence 

of resistance. The confi rma� on of carbapemenases is commonly performed using 

the Modifi ed Hodge test, combina� on disc test or at � mes molecular techniques. 

Rou� ne diagnos� cs end at this step, as it provides the required informa� on for the 

treatment of a pa� ent. However, to obtain a be! er understanding of the molecular 

epidemiology of these resistant bacteria more informa� on is required, such as 

determina� on of the mechanism (which type of beta-lactamase) causing resistance.  
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Combina� on disc tests using several inhibitors already give insights into the Ambler 

class of beta-lactamase, e.g., synergy with clavulanic acid indicates an Ambler A class 

beta-lactamase. However, these methods do not provide informa� on about which 

gene family within the Ambler class is causing the resistance. To this end addi� onal 

tests are required to determine the type of beta-lactamase harbored by an isolate. 

For addi� onal informa� on on the genes present PCRs have been developed that 

target specifi c beta-lactamase families or groups within families, e.g., groups within 

the CTX-M, TEM, and SHV families. This can be followed by either specifi c PCRs or 

DNA sequencing.

In chapter 2 the Oxoid BrillianceTM CRE Agar plate was evaluated for its 

sensi� vity and specifi city in detec� ng carbapenemase-producing Enterobacteriaceae. 

The CRE plate had high sensi� vity (≥90%) for several carbapenemases, i.e. KPC, 

NDM, GIM, and VIM. Sensi� vity for the OXA-48 was lower at 84%, and the specifi city 

for carbapenemase-producing Enterobacteriaceae was only 71%.

However the ‘modifi ed carbapenem’ used in this agar was not specifi ed, which 

precludes sugges� ons to improve the confi rma� on of OXA-48 or the specifi city of the 

plates. Alterna� ve specifi c screening methods use carbapenemases in combina� on 

with dipicolinic acid or boronic acid. They tend to have higher sensi� vity but lower 

specifi city.

The detec� on of OXA-48 using a temocillin Etest combined with meropenem double 

disc diff usion, as described by Hartl et al., yielded excellent results and all ESBLs/

AmpC harboring isolates could be dis� nguished from OXA-48 producers. 2 However, 

in another study all 13 OXA-48 carrying isolates were resistant when tested with 

temocillin discs (30 µg), as were 57/153 other carbapenemase-posi� ve isolates, 

implying low specifi city of this tes� ng method. 3

Thus in regions where OXA-48 is not prevalent the BrillianceTM CRE Agar plate is, 

based on these studies, most appropriate, because of its simplicity of interpreta� on 

and be# er sensi� vity and specifi city than other screening methods. In areas where 

OXA-48 is highly prevalent or in outbreaks addi� onal and/or diff erent screening 

methods may be more prudent.

In chapter 3 the check-MDR CT102 DNA microarray was evaluated. The 

microarray can detect the most prevalent prevalent ESBL gene families (SHV, TEM 

and CTX-M) and carbapenemases (NDM, VIM, KPC, OXA-48 and IMP). However, the 

array can only detect families or groups within families in the case of ESBLs. As such, 

it can give a fi rst impression about the prevalence of gene� c resistance mechanisms 

guiding which PCRs to use for further analysis. The microarray had a high sensi� vity 

(97% and 100% for ESBLs and carbapenemases, respec� vely) and specifi city (100% 

and 98%, for ESBLs and carbapenemases, respec� vely). This makes it a rapid and 

accurate tool for the detec� on of carbapenemase and ESBL genes. It should be 
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noted that the microarray does occasionally suff er from incorrectly categorizing 

SHV-12 genes into the SHV-2 group instead of the SHV-4 group. The reason for this 

erroneous alloca� on of SHV-group remains unknown.

Although, the microarray is costly and � me consuming it is an important tool for 

epidemiological research. Unlike beta-lactam family PCRs, which have one PCR for 

one family, the array is able to screen an isolate for several resistance mechanisms 

simultaneously, as well as providing data for groups of some families. Thus, it fi ts 

both in the mechanism detec� on as well as type specifi ca� on techniques.

In chapter 4 a set of seven mul� plex PCRs is described to detect 17 diff erent 

carbapenemase and AmpC families using one amplifi ca� on protocol. In addi� on, 

it was demonstrated that primers for the detec� on of ESBL genes, described in 

another study could be amplifi ed with the same protocol. 4

In comparison to the microarray, described in chapter 3, the mul� plex PCRs can 

detect more families and some groups within families without signifi cant cross-

reac� ons. Thus strictly it is a beta-lactamase type determina� on method. It, 

however, lacks an internal control and requires a signifi cant number of posi� ve 

controls, which limit its usage. Moreover, without prior knowledge via, e.g., 

phenotypic detec� on or microarray, the set of 11 mul� plex PCRs on itself becomes 

� me-consuming to perform on a single sample. Next to its greater discriminatory 

power, the PCR products can be sequenced to obtain the exact type of ESBL or 

carbapenemase providing even more knowledge. Sequencing of a sample is � me-

consuming, however.

The mul� plex PCR might be improved by modifying it into a real-� me PCR. This will 

eliminate the need to put a PCR product on a gel, which will save � me, manpower, and 

possible contamina� on, e.g., of other amplifi ca� ons. To lower the costs the number 

of PCRs can be limited to the most prevalent and clinical relevant beta-lactamase 

families, e.g., CTX-M, TEM, SHV, NDM, KPC, and OXA-48 for the Netherlands.

At present it will depend on individual laboratory circumstances which methods 

are implemented, but the future of diagnos� cs and research lies with molecular 

techniques. In the near future it is likely that a� er a “ESBL” warning by an automated 

system isolates will undergo whole genome sequencing, which will yield resistance 

mechanisms, virulence genes, e.g., toxins, and typing data with a ‘super’ mul� -locus 

sequence typing (MLST) so� ware pipeline.

The reproducibility of DiversiLab (bioMérieux) isolate typing system, using 

an automated repe� � ve-sequence-based PCR (rep-PCR) technique, was evaluated 

for Escherichia coli and Klebsiella spp. in chapter 5. Repe� � ve-sequence-based PCR 

uses species-specifi c repeat sequences. The size of the repeat sequences for each 

repeat locus is conserved, but the number of repeat loci, as well as the number repeats 
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at a par� cular locus, diff er per isolate, crea� ng unique fi nger-prints. Advantages of 

DiversiLab are that it uses automated BioAnalyzer and standardized kits, avoiding 

the need for quality control of the chemicals used. This facilitates in theory, easier 

implementa� on in diagnos� c laboratories. However, the concordance between the 

laboratories performing local analysis was low for the clusters and only reached 

acceptable levels for unique isolates. Central analysis signifi cantly improved the 

concordance for both groups. However, the discriminatory power remained lower 

in comparison to pulsed-fi eld gel electrophoresis (PFGE). Eff ec� vely, unique isolates 

in DiversiLab are most likely not related, whereas isolates that are clustered by 

DiversiLab should raise a red fl ag that requires addi� onal tests or epidemiological 

evidence to consider them as a true cluster.

In this study PFGE, which is commonly used, had a higher discriminatory power than 

DiversiLab. However, it is very � me consuming and requires proper training. Even then 

reproducibility of the banding pa� erns is limited. Furthermore, as a fi ngerprin� ng 

technique, the addi� on of more isolates may hamper the iden� fi ca� on of unique 

clusters due to blurring of the borders of said clusters. This holds true for other 

fi nger prin� ng techniques as well, e.g., amplifi ed fragment length polymorphism.

Besides the lower discriminatory power, DiversiLab suff ers from the lack of an 

interna� onal database, like Pulse-Net for PFGE. This makes it currently impossible 

to track interna� onal clones using this technique. We, therefore, suggested strict 

adherence to an improved amplifi ca� on protocol. With the suggested changes 

of be� er DNA isola� on methods, more reproducible DNA amplifi ca� on and strict 

adherence to protocols, reproducibility and interpreta� on will improve. When the 

discrepancies are reduced to acceptable levels it might be prudent to organize 

an interna� onal databank in order to iden� fy poten� al clones. But even with an 

interna� onal databank, DiversiLab suff ers from its restricted use of specifi c species 

only.

In short, although DiversiLab is not a perfect typing method, at present, it 

has some benefi ts for epidemiological purposes. In the near future, fi nger-prin� ng 

techniques are likely to be replaced by whole-genome sequencing, though. This 

allows comparison of data across the globe. Furthermore, the discriminatory power 

of whole-genome sequencing is unparalleled which maximizes cluster iden� fi ca� on. 

Using a so� ware pipeline to screen house-hold genes one could perform a ‘super’ 

MLST in order to type isolates.

The techniques described in the previous chapters, among others, were 

used to determine the popula� on distribu� on of beta-lactamase genes that confer 

resistance to third-genera� on cephalosporins in clinical Enterobacteriaceae. The 

results of this study are described in chapter 6.
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Like other na� on-wide studies in other countries, the most prevalent ESBL family in 

the Netherlands was CTX-M. In fact, the most common ESBL was CTX-M-15, which 

is also the most common ESBL type in western and northern European countries 

and the USA. In eastern Europe, e.g., Poland, CTX-M-3 is more common and in 

southern Europe, e.g., Spain, CTX-M-9. However, these countries also report a rise 

in prevalence of CTX-M-15. Of the SHV and TEM family SHV-12 and TEM-52 were the 

most prevalent. SHV-12 has also been reported by other na� ons, but TEM-52 has 

not been frequently reported in clinical studies. In fact, the second most prevalent 

CTX-M, CTX-M-1, has not been reported frequently in clinical studies. These two 

ESBLs combined account for a large propor� on (30%) of the ESBLs in Dutch human 

isolates. CTX-M-1 and TEM-52 were commonly reported in poultry, however.

The last fi nding of chapter 6 led to an inves� ga� on into the poultry and retail 

poultry meat as a source for ESBL-harboring human Enterobacteriaceae isolates. 

The study concluded that up to 35% of human ESBL-posi� ve E. coli contained ESBL 

genes and in 19% contained ESBL-genes located on plasmids that were gene� cally 

indis� nguishable from those obtained in poultry isolates. The predomina� ng genes 

were bla
CTX-M-1

 and bla
TEM-52

 (86% humans, 77% poultry, 75% retail poultry meat). 

Although these fi ndings did not unequivocally prove that poultry and retail poultry 

meat is a source of infec� on for humans it was sugges� ve that this might be a 

route of transfer. In chapter 7 poultry and retail poultry meat were inves� gated as 

a possible source for AmpC beta-lactamases. We, therefore, compared the pAmpC 

genes, their plasmids, and bacterial strain types between E. coli isolates from retail 

chicken meat and clinical isolates in the Netherlands. 

In this study similari� es between the isolates, ESBL-harbouring plasmids, and 

resistance genes were detected. The combina� on of these isolates, plasmids, and 

genes have been rarely reported in human isolates. This does not, however, provide 

conclusive evidence for poultry and retail-poultry meat as a source for clinical 

Enterobacteriaceae. Contamina� on by a shared third source for both humans and 

poultry or the dissemina� on of a successful plasmid to both human and poultry 

isolates are alterna� ve hypotheses that can explain these fi ndings.

The conclusions of chapter 7 are weakened by the fact that the study is an ecological 

study rather than an epidemiological study for it is based on two observa� ons in 

two reservoirs which are linked due to molecular characteriza� on. Furthermore, the 

human and meat samples come from diff erent years and diff erent loca� ons. Studies 

that have collected samples from one loca� on and one � me point that support the 

hypothesis have been performed, however. For instance, there has been a study 

on broiler farms where broiler farmers acquired beta-lactamase-harboring isolates 

with the same MLST type as their fl ock, as well as a plasmid harboring the same 

beta-lactamase as described by Dierikx et al. 5 It also showed that the strain carried 

changed a# er an incuba� on period when a new fl ock arrived. However, this did 

only occur in a minority of broiler farms. 
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As stated, in chapter 7 the hypothesis of poultry and retail poultry meat as 

a source for beta-lactamase harboring Enterobacteriaceae was based on gene! c 

similari! es on the level of isolate type, plasmid type, and beta-lactamase gene. In 

chapter 8 a model is used to test the ability of ESBL-harboring poultry-derived and 

retail poultry meat-derived E. coli to grow in the presence of human microbiota, 

including E. coli microbiota-derived, as well as the possibility of transfer of the ESBL-

harboring plasmid from these E. coli to the E. coli from the microbiota. Only one case 

of transfer was detected. This transfer took place from a control human-derived E. 

coli to a microbiota-derived E. coli. More transfer may have taken place, however, for 

the experimental setup had a lower detec! on limit of around 1x104 colony forming 

units (CFU). All poultry-derived and retail poultry meat-derived isolates were able 

to grow in the presence of microbiota, even in the absence of an! bio! cs. The ability 

of poultry-derived and retail-poultry meat-derived isolates to grow in the presence 

of human microbiota, however, is not conclusive proof that poultry acts as a source 

for clinical Enterobacteriaceae. It ‘merely’ shows the poten! al of isolates associated 

with a poultry source to thrive among the human microbiota.

The model used in this chapter is not the perfect model for the human intes! nal 

tract. In fact, a more accurate ex vivo model is available at TNO called the TIM-

model. The TIM-model mimics the bowel movements, including the turn-over of 

the microbiota. When a follow-up study is to be performed with an ex vivo model 

the TIM-model would be preferable. Moreover, qPCR can be used to be" er track the 

growth of the donor strains and the E. coli of the human microbiota. Alterna! vely, 

either by induc! on or by the transforma! on of a plasmid with a selec! on gene the 

donor strain can be easily dis! nguished from the acceptor isolates lowering the 

chance of missing transfer events.

As discussed, the study described in chapter 7, as well as the study 

sugges! ng transfer of ESBL from poultry to humans, do not unequivocally prove 

that poultry and retail poultry meat are sources of infec! ons for humans. Yet, 

these fi ndings were sugges! ve for such a route of transfer. The results of chapter 

8, showing that poultry- and retail poultry meat-derived E. coli can grow ex vivo 

in the presence of the human microbiota or transfer plasmids to E. coli from the 

human microbiota, also lend support to this theory. However, none of these studies 

can unequivocally demonstrate that ESBL-producing bacteria or ESBL-containing 

plasmids are transferred from poultry to humans via food, to subsequently cause 

infec! on. Moreover, the poten! al role of other reservoirs for humans has not been 

determined, let alone that the rela! ve contribu! ons of diff erent reservoirs have 

been quan! fi ed. 

It will be diffi  cult to prove defi nitely that poultry is a source of third-genera! on 

cephalosporins in human isolates. The best achievable study would use whole 

genome sequencing of isolates from diff erent reservoirs. With whole genome 

sequencing the maximum discriminatory power will be achieved as single nucleo! de 
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changes can be detected. This includes plasmids. So, both isolates and plasmids 

can be compared in far more detail than MLST, DiversiLab, PBRT and pMLST allow. 

When the isolates do not diff er in sequence or show only a few single nucleo� de 

polymorphisms (SNPs) it is highly likely that the isolates are closely related and 

that transfer has occurred recently. The same is true for plasmids. When there a 

numerous SNPs present in isolates or plasmids from the diff erent reservoirs recent 

transfer between the reservoirs is unlikely. In the proposed study preferably samples 

of soil, poultry, poultry-meat and humans would be collected at the same loca� on 

within a limited � me frame. 

Although the actual impact of the poultry reservoir on the human reservoir, 

or vice versa, could not be determined with the data obtained in this thesis, 

it is safe to say that poultry is certainly not the only source for ESBL-harboring 

Enterobacteriaceae for humans, though. In fact, studies examining other reservoirs, 

like companion animals, livestock or vegetables, also fi nd similari� es with the human 

reservoir. The amount of contribu� on of each reservoir to the human reservoir 

remains unknown, however. Nor that every piece of poultry meat, despite that 

90-100% of meat, depending on the study, is contaminated with beta-lactamase 

harboring E. coli, will lead to the acquisi� on by humans of poultry-derived E. coli 

harboring beta-lactamases.

Certainly other forms of transmission may be important in the spread of beta-

lactamases, whether this is from other non-human sources or due to, e.g., 

nosocomial spread. For instance people traveling abroad, who come in contact with 

the local medical facili� es, have been shown by several studies to contribute to the 

spread of mul� -drug resistant isolates from areas with a high incidence to areas 

with lower incidence. Moreover, people travelling abroad also have been shown 

to more frequently carry resistant isolates a" er return, even without exposure to 

medical facili� es. The route of acquisi� on, however, remains unknown for these 

pa� ents and could come from any of the men� oned routes of transmission and 

more.

It would unrealis� c, however, to believe that an� bio� c resistance would quickly 

vanish even if all possible sources would be detected and contained. As more 

pa� ents are infected with mul� -drug resistant isolates the ques� on becomes how 

to treat these pa� ents. These mul� -drug resistant isolates are s� ll rare, luckily. 

Future treatment op� ons may include strain specifi c medica� on administrated, e.g., 

within 24 hours a" er hospitaliza� on. Such strains might require new combina� ons 

or rarely used drugs.  In case of an outbreak of a highly resistant strain isolate typing 

by whole genome sequencing may be the key in the future. Molecular techniques 

are becoming ever more present in diagnos� c labs and the price of whole genome 

sequencing is diminishing every year. With improved so" ware pipe lines that can 

iden� fy these resistant isolates within a day, as well as aler� ng to the presence of 

which par� cular genes are present that are associated with toxins, virulence, and 
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resistance, proper and adequate medica� on can be administrated to a pa� ent that 

is tailored to combat the specifi c strain the pa� ent suff ers from. 
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Enterobacteriaceae kunnen een breed scala aan infec� es en ziektes veroorzaken. 

Deze variëren van infec� es van wonden, ademhalingsstelsel tot aan infec� es van de 

urine wegen. Enkele van deze infec� es zijn geassocieerd met een hoog ster! ecijfer. 

Voor het behandelen van deze infec� es worden verschillende klassen van 

an� bio� cagebruikt. In het bijzonder, maken derde-genera� e cefalosporines deel uit 

van de empirische behandeling van zware infec� es die mogelijk het gevolg zijn van 

Enterobacteriaceae. Het verschijnen van mul� -resistente Enterobacteriaceae, met 

name isolaten die extended-spectrum β-lactamases (ESBLs) en carbapenemases 

met zich meedragen, is daarom een signifi cante bedreiging voor de volksgezondheid.

Accurate detec� e en typering van deze resistente isolaten zijn nodig voor de 

behandeling van pa� ënten, signalering van de s� jgende prevalen� e van klinisch 

relevante isolaten en uitbraak management. Daarnaast is de detec� e van de 

plasmides die de resisten� e genen met zich mee dragen van belang. Verschillende 

studies hebben aangetoond dat sommige uitbraken eerder gekoppeld zijn aan 

de verspreiding van plasmides dan de verspreiding van een specifi ek isolaat. Het 

detecteren en typeren van isolaten en plasmides is daarom cruciaal. Daarnaast 

kan, dankzij de kennis die verkregen wordt met behulp van epidemiologische en 

prevalen� e studies, een start gemaakt worden met de zoektocht naar de mogelijke 

bron(nen) van de an� bio� ca resisten� e genen. Het doel van dit  proefschri!  is om 

inzicht ter verschaff en in de gene� sche achtergrond van de meest prevalente derde-

genera� e cefalosporine resisten� e mechanisme in Nederland.

Momenteel wordt het testen van isolaten voor resisten� e voornamelijk gedaan met 

behulp van automa� sche systemen in Nederland, bijv. Vitek-2 en Phoenix. Op basis 

van de fenotype van de MIC determina� e, of the de combina� e van fenotypes, kan 

een automa� sch systeem een alarm genereren voor “ESBL” of “carbapenemase”. 

Dit resultaat moet echter worden beves� gd. Dit geldt ook voor screening methodes 

voor  ESBL of carbapenemase producerende bacteriën. ESBL confi rma� e wordt 

met name gedaan door het gebruik van een ESBL Etest of de Combina� on Disc 

test. Enkele laboratoria in de rou� ne diagnos� ek maken gebruik van moleculaire 

technieken voor het detecteren van resisten� e. De confi rma� e van carbapenemases 

wordt voornamelijk gedaan met de Modifi ed Hodge test, Combina� on Disc test 

of  moleculaire technieken. Rou� ne diagnos� ek eindigt na deze stap omdat dit 

voldoende informa� e oplevert voor een adequate behandeling van de pa� ënt. 

Voor het begrijpen van de moleculaire epidemiologie van deze resistente bacteriën 

is echter meer kennis nodig. Het vaststellen van het mechanisme (welk type beta-

lactamase) dat de resisten� e veroorzaakt is bijvoorbeeld van belang. Combina� on 
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Disc testen die gebruik maken van een variëteit aan remmers geven al inzicht in 

de Ambler klasse van de beta-lactamase. Echter, deze informa� e is niet afdoende 

aangezien ze geen informa� e gee�  over welk gen binnen de Ambler klasse de 

resisten� e veroorzaakt. Hiervoor zijn addi� onele testen nodig, zoals PCRs die 

specifi eke beta-lactamase families of groepen binnen beta-lactamase families 

kunnen detecteren, zoals groepen binnen de CTX-M, TEM en SHV families. Dit kan 

gevolgd worden door gen specifi eke PCRs of DNA sequencen.

In hoofdstuk 2 wordt de BrillianceTM CRE Agar geëvalueerd voor de sensi� viteit 

en specifi citeit voor het detecteren van carbapenemase producerende 

Enterobacteriaceae. De CRE Agar had een hoge sensi� viteit (≥90%) voor verscheidene 

carbapenemases, bijv. KPC, NDM, GIM en VIM. De sensi� viteit voor het detecteren 

van OXA-48 producerende Enterobacteriaceae was maar 84% en de specifi citeit 

voor carbapemenase producerende Enterobacteriaceae was slechts 71%.

In hoofdstuk 3 wordt de check-MDR CT102 DNA microarray geëvalueerd. Deze 

microarray kan een breed scala aan ESBL en carbapenemase families en soms zelfs 

groepen binnen deze familie detecteren, maar niet individuele beta-lactamase 

types. Het kan dus een eerste indruk geven over de prevalen� e van de gene� sche 

resisten� e mechanismes en daarmee hulp bieden of en welke PCRs uitgevoerd 

moeten worden voor verdere analyses. De microarray had een hoge sensi� viteit 

(respec� evelijk 97% en 100% voor ESBLs en carbapenemases) en specifi citeit 

(respec� evleijk 100% en 98%, voor ESBLs en carbapenemases). Dit maakt het een 

snelle en gevoelige test voor de detec� e van carbapenemase en ESBL genen. Echter, 

de microarray karakteriseert soms isolaten die SHV-12 bezi" en als lid van de SHV-2 

groep in plaats van de SHV-4 groep. We konden helaas niet achterhalen waarom 

deze fout optreedt. 

In hoofdstuk 4 wordt een set van zeven mul� plex PCRs beschreven. Deze set biedt 

de mogelijkheid voor het detecteren van 17 verschillende carbapenemase en AmpC 

families met behulp van één amplifi ca� e protocol. Daarnaast tonen we aan dat de 

primers die ontwikkeld waren voor het detecteren van ESBL genen en beschreven 

in een andere studie, ook gebruikt kunnen worden met het amplifi ca� e protocol 

beschreven in dit hoofdstuk.

De reproduceerbaarheid van het DiversiLab isolaat typerings system (bioMérieux), 

dat gebruik maakt van een automa� sche repe� � ve-sequence-based PCR (rep-PCR) 

techniek, wordt geëvalueerd voor Escherichia coli en Klebsiella spp. in hoofdstuk 

5. Repe� � ve-sequence-based PCR maakt gebruik van species-specifi eke sequen� es 

die een aantal malen achter elkaar herhaald worden. De lengte van de sequen� e die 

herhaald wordt, of te wel het aantal base paren, is voor iedere serie van herhaalde 

sequen� e geconserveerd. Echter, zowel het aantal loci als het aantal malen dat de 

sequen� e herhaald wordt binnen een locus verschilt per isolaat. Dit creëert voor 

isolaten die gene� sch onderling verschillen unieke sets van amplifi ca� e producten. 
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Dit wordt vervolgens weergegeven als zogenoemde ‘fi nger-prints’. DiversiLab 

hee�  als voordelen dat het gebruik maakt van de geautoma� seerde BioAnalyzer 

en gestandaardiseerde kits, die de noodzaak voor kwaliteitscontroles voor de 

componenten van deze kits overbodig maakt. Dit maakt het in theorie makkelijker om 

de techniek in gebruik te nemen op diagnos� ek laboratoria. Wanneer de methode 

echter uitgevoerd werd door verschillende laboratoria was de reproduceerbaarheid 

van de ‘fi nger-prints’ laag voor de clusters van verwante isolaten en bereikte 

slechts een acceptabel niveau voor de unieke isolaten. Door het uitvoeren van een 

centrale analyse verbeterde de concordan� e voor beide groepen. In vergelijking tot 

pulsed-fi eld gel electrophoresis (PFGE) had DiversiLab een lager resolu� e niveau 

om isolaten te onderscheiden. Ongeacht van de uitkomst van DiversiLab, hetzij een 

uniek isolaat dan wel behorend tot een cluster, kunnen aanvullende testen nodig 

zijn, is vooral het wel of niet aanwezig zijn van een epidemiologisch verband tussen  

nodig om deze uitkomst te ondersteunen.

Verschillende van de boven beschreven techieken werden in hoofdstuk 6 gebruikt 

om de popula� e distribu� e van beta-lactamase genen die resisten� e tegen derde-

genera� e cefalosporines geven in klinische Enterobacteriaceae te beschrijven. 

De meest prevalente ESBL familie die gevonden werd, was de CTX-M familie, 

waarvan CTX-M-15 het meest voorkwam. Deze resultaten zijn in overeenstemming 

met resultaten voor west Europa, noord Europa, en Amerika. Dit in tegenstelling 

tot oost Europa, zoals in Polen, waar CTX-M-3 meer voorkomt, en in zuid Europa, 

bijvoorbeeld Spanje, waar CTX-M-9 domineert. Ook in oost en zuid Europa wordt 

echter de opmars van CTX-M-15 gesignaleerd. Van de SHV en TEM families waren 

SHV-12 en TEM-52 het meest prevalent. SHV-12 wordt ook vaak gesignaleerd in 

na� onale studies in andere landen, maar TEM-52 wordt niet vaak gevonden in 

klinische studies. Ook de tweede  meest voorkomende CTX-M, CTX-M-1, wordt 

niet vaak gerapporteerd in studies van klinische isolaten. Deze twee zeldzamere 

ESBLs vormden echter een ongewoon groot gedeelte (30%) van de in deze studie  

gevonden ESBLs. CTX-M-1 en TEM-52 worden echter wel vaak gerapporteerd in 

pluimvee.

Deze laatste bevindingen van hoofdstuk 6 waren de aanleiding om onderzoek te doen 

naar kip en kippenvlees als mogelijke bron voor ESBL-dragende Enterobacteriaceae 

voor mensen. Uit de resultaten werd geconcludeerd dat maximaal 35% van 

de humane ESBL-posi� eve E. coli ESBL genen bezaten die gene� sch niet te 

onderscheiden waren van de ESBL genen die gevonden werden in pluimvee en 

kippenvlees. In 55% van deze isolaten lag het gen op een plasmides die met de 

gebruikte metohden niet gene� sch te onderscheiden waren van de plasmides in 

pluimvee die ook deze ESBL genen dragen. In alle drie compar� menten waren 

dezelfde twee genen dominant (bla
CTX-M-1

 and bla
TEM-52

 (86% humane, 77% pluimvee, 

75% kippenvlees isolaten)). Deze bevindingen zijn geen onomstotelijk bewijs dat 

pluimvee en kippenvlees als bron dienen voor mensen, maar zijn wel sugges� ef 
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dat dit een mogelijke route is van infec� e. In hoofdstuk 7 werd onderzocht of 

pluimvee en kippenvlees ook als mogelijke bron voor AmpC beta-lactamases voor 

de mens kon dienen. Hiervoor werden Nederlandse klinische en kippenvlees E. coli 

isolaten vergeleken voor de pAmpC genen, de plasmides waar deze op lagen en de 

overeenkomst tussen de isolaten zelf.

Er werden overeenkomsten op het niveau van isolaat, plasmide en pAmpC 

gen gevonden tussen E. coli isolaten a! oms� g van kippenvlees en mensen. De 

gevonden combina� e van isolaat type, plasmide en resisten� e gen is zelden in 

isolaten a! oms� g van de mens gerapporteerd. Dit is echter geen onomstotelijk 

bewijs dat kip en kippenvlees als een bron dienen voor klinische E. coli. 

De bevindingen in hoofdstuk 7 waren gebaseerd op de gene� sche overeenkomsten 

die waren gevonden op het niveau van isolaat type, plasmide en resisten� e gen 

tussen kippenvlees en mensen isolaten. Ondanks dat dit geen omstotelijk bewijs 

is blij"  het sugges� ef dat pluimvee en kippenvlees mogelijk als bron dienen 

voor verscheidende beta-lactamases voor mensen. De resultaten van hoofdstuk 

8 tonen aan dat E. coli a! oms� g van pluimvee- en kippenvlees kunnen groeien 

in de aanwezigheid van de humane microbiota in een ex vivo model. Daarnaast 

werd er sugges� ef bewijs verkregen dat plasmides kunnen worden overdragen. Dit 

ondersteund de hypothese dat kip en kippenvlees een poten� ële bron voor ESBL 

genen bij humane isolaten zijn. Het gepresenteerde onderzoek kan echter niet 

zonder twijfel aantonen dat ESBL producerende E. coli of ESBL dragende plasmides 

worden overgedragen van pluimvee naar mens via de voedselketen en vervolgens 

eventueel een infec� e veroorzaken. Daarnaast is de poten� ële rol van andere 

reservoirs voor ESBL of pAmpC dragende isolaten bij mensen niet bepaald als 

onderdeel van dit proefschri" .

Concluderend, dit proefschri"  beschrij"  enkele technieken die van dienst kunnen 

zijn in de opsporing van en onderzoek naar Enterobacteriaceae die resistent zijn voor 

derde-genera� e cefalosporines. Verder beschrij"  dit proefschri"  de prevalen� e 

van  derde-genera� e cefalosporine resistente Enterobacteriaceae in Nederland 

en beschrij"  onderzoek naar de mogelijkheid dat kip en kippenvlees een bron zijn 

van ESBL-producerende isolaten en/of ESBL-dragende plasmides voor klinische 

isolaten. Onomstotelijk bewijs dan wel voor dan wel tegen deze hypothese werd 

echter niet verkregen. Hiervoor is aanvullend onderzoek nodig. Dit zal een whole 

genome sequencing onderzoek vereisen gezien de  benodigde resolu� e die nodig is 

op zowel het niveau van de isolaten als wel de plasmiden.
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