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SUMMARY

Highly-drug resistant bacteria are becoming an increasing threat to the public health systems. This
development can also be observed, although to a minor extent, in the veterinary health systems. The
assumption that horizontal transmission could be a driving force for the spread of resistance genes
between the animal and human reservoirs has been mentioned manifold however firm evidences are
still scarce.

In this thesis we focused on the accomplishment of two parts. The first part was to investigate
potential links between the human and animal reservoirs that could indicate active transmission. To
fulfil this goal basic information was needed regarding the molecular characteristics of extended-
spectrum cephalosporin resistant Enterobacteriaceae (ESC-R Ent) from the various reservoirs. Hence
molecular analysis was performed on ESC-R Ent in hospitalized humans, in raw poultry-meat, and in
pet food. Analysing isolates from hospitalized patients an overall prevalence of 6.5% ESC-R Ent has
been reported. Examining the poultry-meat as well as the pet food collections 70% of the samples
were contaminated with ESC-R Ent in both of the studies. The prevalence and molecular data from the
poultry-meat were comparable to other studies from the Netherlands. Noteworthy was a discovery of
a P. mirabilis strain carrying a ~17 kb class 1 integron which was previously reported in a human
patient from France.

The pet food samples were heavily contaminated with acquired (3-lactamase (bla) genes. Interestingly,
the majority of the detected bla genes were usually more related to the human reservoir. The
comparison of the three studies showed that the ST types as well as the major bla genes are distinct in
the human and animal reservoirs, however one bla gene (blacwy-2) that was prevalent in both settings.
Investigating the genetic background of blacwy-> carrying strains showed that some of them were
carried on IncK plasmids. Full sequencing of the blacwy-2/s-carrying plasmids resulted in the
identification of a novel plasmid incompatibility variant of the IncK group, named IncK2. This finding
provides strong evidence that there is transmission between the animal and human reservoirs.

The second part of the thesis was focused on the identification of emerging resistance genes in new
genetic backgrounds. The first study describes the first case of an 0XA-48-producing S. enterica
outside Egypt as well as the first report of Salmonella co-producing 0XA-48 and VEB-8. In another
study a double-carbapenemase producing XDR Klebsiella pneumonia was detected in a patient who got
transferred back from Belgrade to Bern. In the last report a MDR double-carbapenemase producing
Citrobacter freundii was identified in a sample from a patient who got also transferred back from
Belgrade to Basel. Interestingly, the blanpm-1 gene could be identified in a novel IncHI2 plasmid
background.

To sum up, the thesis gives firm evidence of horizontal gene transfer between the human and animal
reservoirs mainly by the identification of the identical class 1 integron and the detection of the same
plasmids in both settings. It also illustrates the impressive spread of multi-drug resistant plasmids
inside the bacterial community as well as to the various reservoirs. To prevent the further spread of
such highly drug-resistant pathogens active surveillance is needed.



AIM OF THE THESIS

The objectives of the thesis were to determine if a link exists between extended-spectrum
cephalosporin-resistant Enterobacteriaceae (ESC-R Ent) from animal and human origin, examine
different possible reservoirs for ESC-R Ent, and characterize novel genetic elements containing
ESC-R genes. The global and actual knowledge of the situation was presented in an introductory
review written at the beginning of the PhD thesis (see overview: an introductory review of the
situation).

The PhD projects were then divided into two parts A and B. The aim of part A was to assess if
there is the potential risk for the transmission of ESC-R Ent from humans to animals (or vice
versa). To achieve this goal comparison of molecular characteristics was performed on ESC-R Ent

of human and veterinary origin collected in Switzerland.

Part A was split into four studies each represented in a separate chapter:
- Chapter 1: Investigation of the molecular characteristics of ESC-R E.coli isolated from
hospitalized patients in Bern, Switzerland (p35-41).
- Chapter 2: Analysis of raw poultry-meat as a potential source for ESC-R Ent (p42-48).
- Chapter 3: Examination of the contamination of pet food with ESC-R Ent (p49-54).
- Chapter 4: Detection of a new plasmid incompatibility group variant (IncK2) that is was

found in samples of human, poultry, and poultry-meat (p55-73).

The aim of part B was to characterize unknown resistance mechanisms in Enterobacteriaceae.
This was accomplished by analysing samples with an exceptional, previously unreported,

resistance phenotype.

Part B resulted in three different studies each represented in a separate chapter:

- Chapter 5: Description of for the first case of an MDR Salmonella enterica Kentucky
harbouring blaves-g and blaoxa-as (p75-80).

- Chapter 6: Characterization of a XDR Klebsiella pneumoniae co-producing NDM-1, OXA-
48, CTX-M-15, CMY-16, gnrA, and armA methyltransferase (p81-85).

- Chapter 7 : Detection of an MDR Citrobacter freundii harbouring blanpwm-1, blaoxa-as, blasnv-
12, blactx-m-15, blatem-1, and armA. Moreover, blanpv-1 gene was captured in a novel IncHI2
plasmid background (p86-87).



INTRODUCTION

INTRODUCTION

Since the discovery of penicillin in the 1920s by Prof. Dr. Fleming, 3-lactam antibiotics became of
the most important antibiotic classes for the treatment of infections caused by Gram-negative
and Gram-positive bacteria.l’ 2 Meanwhile, many penicillin-based derivatives have been
developed all having the same mechanism of action. The B-lactam antibiotics impede the cell
wall biogenesis of bacteria by inhibiting the penicillin-binding proteins (PBPs). In order to
maintain the cell shape as well as to resist the osmotic pressure, PBPs are needed for crosslinking
the single peptidoglycan strands into a rigid cell wall. Hence, by blocking the PBPs, (B-lactam
antibiotics are disabling the cell wall maintenance which is leading to a weakening of the cell wall
and consequently cell death.3

Bacteria have developed several resistance mechanisms to circumvent the action of the 3-lactam
antibiotics amongst them porin mutations, efflux-pumps, alternative PBPs and [-lactam
degradation enzymes so called [3-lactamases. Methicillin-resistant Staphylococcus aureus (MRSA)
on one hand has acquired the mecA gene which encodes for the PBP2A, a penicillin-insensitive
PBP variant that renders the bacteria resistant against penicillin-like antibiotics.3 Several Gram-
negative bacteria on the other hand have acquired -lactamases that inactivate the antibiotic by
hydrolysing the active site, the so called -lactam-ring, in the periplasmic space.?

These B-lactamases consist of a structurally highly diverse group of enzymes, which also differ in
their hydrolytic activity against the diverse 3-lactam classes. They can be sub classified according
to two major schemes depending on their hydrolytic activity (Bush-Jacoby-Medeiros System) and
based on their structural similarities (Ambler classification System).* The most widespread (-
lactamases are the Extended-Spectrum (-lactamases (ESBLs) that belong to the Bush-]Jacoby-
Medeiros Group 2be and the Ambler class A. ESBLs are hydrolysing 3rd- and 4th- generation
cephalosporins but are ineffective against carbapenems.* With increasing numbers of reports
worldwide carbapenemases are becoming an emerging public health problem as they are
hydrolysing all classes of [(-lactam antibiotics from cephalosporins to carbapenems.
Carbapenemases are highly diverse enzymes that belongs to three of the Bush-Jacoby-Medeiros

Groups (2f, 2d, and 3a) and are represented in three of the four Ambler classes (A, B, and D).#
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ESBLs and carbapenemases are located on mobile genetic elements (e.g., IS-elements,
transposons, and plasmids) whereby they can spread inside the bacterial community and even to
other bacterial species.? Moreover, especially plasmids and class 1 integrons can co-carry many
additional resistance genes against other classes of antibiotics (e.g, quinolones and
aminoglycosides) and at times along with multiple classes of (-lactamases that render the
bacteria multi-drug resistant (MDR), extensively-drug resistant (XDR), or even pan-drug-
resistant (PDR).5

In the times of globalization where animals, goods, and people travel quickly all around the
world, such highly drug-resistant bacteria can be easily spread and cause epidemics. The
hyperepidemic clone Escherichia coli (E.coli) ST131 carrying the ESBL CTX-M-15 has certainly
taken advantage of this modern lifestyle. Within a few years this E.coli has managed to spread all
around the globe and to become the major clone in the human setting in almost all of the
countries. Nowadays, many countries set up surveillance systems in order to prevent outbreaks
of difficult-to-treat pathogens.

Such highly drug-resistant bacteria are imposing an increasing threat to the public health
systems worldwide. In 2013, the Centers for Disease Control and Prevention (CDC) have
classified carbapenem-resistant Enterobacteriaceae as an urgent public health threat with the
need of immediate interventions in order to limit the further spread of such worrisome
pathogens (CDC, Antibiotic Resistance Threats in the United States, 2013). In 2014, the World
Health Organization (WHO) has published their global antimicrobial resistance report where
they state that the post-antibiotic area is approaching if not immediate actions are undertaken
(WHO, Antimicrobial resistance: global report on surveillance, 2014). The two reports suggest
various interventions including the reduction and prevention of the spread of highly drug-
resistant bacteria by better hygiene and improved access to clean water and sanitation, the
development of rapid diagnostic tests, new antibiotics, and vaccines as well as a responsible
antibiotic prescription in humans and animals. Another task is to limit the usage of human
antibiotics in non-human settings (e.g., animals, environment) which can lead to the selection and
spread of difficult-to-treat pathogens that can eventually cause severe infections in humans.

In Switzerland, authorities have mandated the Federal Office of Public Health, together with the
Federal Food Safety and Veterinary Office and the Federal Office for Agriculture to develop by
2015 a national strategic action plan to control antimicrobial resistance (StAR) (see

http://www.bag.admin.ch/themen/medizin/14226/index.html?lang=de).
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These reports are based on a globally emerging problematic where increasing numbers of MDR
and even XDR pathogens are being identified and the antibiotic armamentarium is starting to
become ineffective. This development is even more dramatic when taking into consideration that
there are almost no new antibiotic class in the pipeline, a situation that WHO referrers to as
“discovery void”. As the antibiotic pipeline is virtually empty, future strategies must: i) contain
the spread of highly drug-resistant bacteria, and ii) limit the use of the so called last-resort
antibiotics and preserve them for the therapy of cases with nearly untreatable pathogens (CDC,
Antibiotic Resistance Threats in the United States, 2013; WHO, Antimicrobial resistance: global
report on surveillance, 2014).

With increasing numbers of difficult-to-treat or even untreatable pathogens we are approaching
a post-antibiotic area where previously treatable infections can once again lead to an increase of
morbidity and mortality in humans and animals (WHO, Antimicrobial resistance: global report
on surveillance, 2014). Furthermore, such highly drug-resistant bacteria are not exclusively
detected in hospitals and other locations where the antibiotic consumption is high, but they are
also more and more detected in settings where the consumption and/or use of antibiotics is low
like for example in healthy people from the community, environment, food animals, as well as
food chain. 711 The review paper in the following section (Overview) describes in detail the role
and zoonotic potential of livestock for public health.2

In order to limit the spread of antibiotic-resistant zoonotic bacteria between animals and
humans, it is of particular importance: i) to determine potential reservoirs of such highly drug-
resistant bacteria, and ii) to identify the transmission pathways linking the various settings.

This thesis determined whether there is transmission of extended cephalosporin-resistant
bacteria, especially E. coli, between the human and animal reservoirs. These two settings are of
special importance as the antibiotic usage is high, particularly in hospitals and food-producing
animals, and as food may contribute as vehicle between both settings. 2 Beside hospitals, the food
producing animal industry is using an enormous amount of antibiotics for the prevention and
treatment of infection diseases. 2 This load of antibiotics creates an important selective pressure,
which consequently gives rise to resistant bacteria that can spread within the animal reservoir,
into the environment as well as to humans, primarily via contaminated food or via aerosols.?-11
Even more worrisome is the usage of the same or similar antibiotic classes in both reservoirs
(e.g., 3rd generation cephalosporins), which can lead to the transmission and subsequent spread

of similar resistance genes throughout the bacterial community in both settings.?
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Switzerland represents a good setting for such a study as the prevalence rates of highly drug
resistant Enterobacteriaceae in hospitalized humans are among the lowest in whole Europe,
which makes it an ideal area to investigate the transmission pathways between the human and
animal reservoirs.

Another focus of the thesis was to study [(-lactamases in new genetic elements and/or new
bacterial species. Such strains were mainly collected from patients that were hospitalized in
foreign countries and were later on transferred to Switzerland. In order to maintain the low
resistance rates and to prevent the spread of highly drug-resistant pathogens, Switzerland is
following strict isolation rules for patients coming from foreign countries. Part of this
surveillance is to characterize the strains for the detection of highly drug-resistant bacteria.
Several of those isolates were further characterized in this thesis.

Knowing the potential transmission pathways would help in limiting the quick expansion of MDR
and XDR pathogens and give more time to research to develop new antibiotics, vaccines and/or
other therapeutics.

The several different reservoirs described above have been studied during this thesis and are
presented in the following chapters providing novel and important findings on the global spread

of antibiotic resistance.

11



INTRODUCTION

References:

1. Fleming A. Classics in infectious diseases: on the antibacterial action of cultures of a
penicillium, with special reference to their use in the isolation of B. influenzae by Alexander
Fleming, Reprinted from the British Journal of Experimental Pathology 10:226-236, 1929.
Reviews of infectious diseases 1980; 2: 129-39.

2. Seiffert SN, Hilty M, Perreten V et al. Extended-spectrum cephalosporin-resistant Gram-
negative organisms in livestock: an emerging problem for human health? Drug resistance updates
: reviews and commentaries in antimicrobial and anticancer chemotherapy 2013; 16: 22-45.

3. Stapleton PD, Taylor PW. Methicillin resistance in Staphylococcus aureus: mechanisms and
modulation. Science progress 2002; 85: 57-72.
4. Bush K, Fisher JF. Epidemiological expansion, structural studies, and clinical challenges of

new beta-lactamases from gram-negative bacteria. Annual review of microbiology 2011; 65: 455-
78.

5. Carattoli A. Plasmids and the spread of resistance. International journal of medical
microbiology : MM 2013; 303: 298-304.
6. Mathers A], Peirano G, Pitout JD. The role of epidemic resistance plasmids and

international high-risk clones in the spread of multidrug-resistant Enterobacteriaceae. Clinical
microbiology reviews 2015; 28: 565-91.

7. van Hoek AH, Schouls L, van Santen MG et al. Molecular characteristics of extended-
spectrum cephalosporin-resistant enterobacteriaceae from humans in the community. PloS one
2015; 10: e0129085.

8. Blaak H, Lynch G, Italiaander R et al. Multidrug-Resistant and Extended Spectrum Beta-
Lactamase-Producing Escherichia coli in Dutch Surface Water and Wastewater. PloS one 2015;
10: e0127752.

9. Seiffert SN, Tinguely R, Lupo A et al. High prevalence of extended-spectrum-
cephalosporin-resistant enterobacteriaceae in poultry meat in Switzerland: emergence of CMY-2-
and VEB-6-possessing Proteus mirabilis. Antimicrobial agents and chemotherapy 2013; 57: 6406-
8.

10. Zurfluh K, Nuesch-Inderbinen M, Morach M et al. Extended-spectrum-beta-lactamase-
producing Enterobacteriaceae isolated from vegetables imported from the Dominican Republic,
India, Thailand, and Vietnam. Applied and environmental microbiology 2015; 81: 3115-20.

11.  GaoL, TanY, Zhang X et al. Emissions of Escherichia coli carrying extended-spectrum beta-
lactamase resistance from pig farms to the surrounding environment. International journal of
environmental research and public health 2015; 12: 4203-13.

12



OVERVIEW

OVERVIEW: an introductory review of the situation

13



OVERVIEW

OVERVIEW: an introductory review of the situation

In order to get a precise overview of the situation regarding the risk of transmission of ESC-R Ent
between the animal and human reservoirs, a review including all relevant papers from the

previous years has been written.
The review was entitled “Extended-Spectrum Cephalosporin-Resistant Gram-negative

Organisms in Livestock: an Emerging Problem for Human Health?” and was published in

Drug Resistance Updates in 2013 (Seiffert et al., Drug Resistance Updates; 16(1-2):22-45, 2013).
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ABSTRACT

Escherichia coli, Salmonella spp. and Acinetobacter spp. are important human pathogens. Serious infec-
tions due to these organisms are usually treated with extended-spectrum cephalosporins (ESCs).
However, in the past two decades we have faced a rapid increasing of infections and colonization
caused by ESC-resistant (ESC-R) isolates due to production of extended-spectrum-[3-lactamases (ESBLs),
plasmid-mediated AmpCs (pAmpCs) and/or carbapenemase enzymes. This situation limits drastically our
therapeutic armamentarium and puts under peril the human health. Animals are considered as potential
reservoirs of multidrug-resistant (MDR) Gram-negative organisms. The massive and indiscriminate use
of antibiotics in veterinary medicine has contributed to the selection of ESC-R E. coli, ESC-R Salmonella
spp. and, to less extent, MDR Acinetobacter spp. among animals, food, and environment. This complex
scenario is responsible for the expansion of these MDR organisms which may have life-threatening clin-
ical significance. Nowadays, the prevalence of food-producing animals carrying ESC-R E. coli and ESC-R
Salmonella (especially those producing CTX-M-type ESBLs and the CMY-2 pAmpC) has reached worry-
ingly high values. More recently, the appearance of carbapenem-resistant isolates (i.e., VIM-1-producing
Enterobacteriaceae and NDM-1 or OXA-23-producing Acinetobacter spp.) in livestock has even drawn
greater concerns. In this review, we describe the aspects related to the spread of the above MDR orga-
nisms among pigs, cattle, and poultry, focusing on epidemiology, molecular mechanisms of resistance,
impact of antibiotic use, and strategies to contain the overall problem. The link and the impact of ESC-R
organisms of livestock origin for the human scenario are also discussed.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

whereas the others are frequent causes of urinary tract infections
(UTIs), abdominal and bloodstream infections (BSIs) in both com-

Several gram-negative organisms (GNOs) that have a high clin-
ical and economic impact in human medicine (i.e., Escherichia coli,
Salmonella spp. and Acinetobacter spp.) are also colonizing or caus-
ing infections in animals.

In humans, E. coli is responsible for a variety of intestinal and
extra-intestinal infections. These pathogenic E. coli harbor different
virulence and adhesion factors which allow them to cause spe-
cific diseases. Enterotoxigenic, enteroinvasive, enteropathogenic,
enterohemorrhagic, verotoxigenic, and enteroaggregative E. coli
isolates are relevant agents of diarrhea (Croxen and Finlay, 2010),

* Corresponding author at: Institute for Infectious Diseases, Faculty of Medicine,
University of Bern, Friedbiihlstrasse 51, Postfach 61, CH-3010, Switzerland.
Tel.: +41 31 632 8632; fax: +41 31 632 8766.
E-mail addresses: aendimiani@gmail.com, andrea.endimiani@ifik.unibe.ch
(A. Endimiani).

1368-7646/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.drup.2012.12.001

munity and hospitalized patients (Chen et al., 2011; Fluit et al.,
2001; Lu et al., 2012).

Salmonella spp. are common cause of zoonotic disease acquired
by oral ingestion of water and/or food of animal origin or via
contact with carriers (Foley and Lynne, 2008). These pathogens
can be responsible for self-limiting episodes of gastroenteritis but
can also spread beyond the intestinal mucosa causing systemic
infections (e.g., BSI, meningitis, bone and joint infections) that
necessitate antibiotic treatment (Gordon, 2011; Guerrant et al,,
2001). Moreover, the ability of host-adapted strains to cause a
persistent infection/colonization is important for transmission, as
these patients or animals act as reservoirs (Ruby et al., 2012).

Acinetobacter spp. is a non-fermenting GNO responsible for
nosocomial infections of severely ill patients who undergo
extended medical procedures. This genus is attracting a lot of inter-
estbecause itis difficult to treat due to its ability to express multiple
mechanisms that make the organism multidrug-resistant (MDR) to
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antibiotics. High morbidity and mortality rates have been reported
in hospitals and long-term care facilities (Perez et al., 2008, 2007,
2011; Vila and Pachon, 2012).

Serious hospital infections due to the above GNOs (e.g., BSI,
pneumonia, intra-abdominal infections, complicated UTIs) are
usually treated with extended-spectrum cephalosporins (ESCs)
included in the third and fourth generations (Endimiani and
Paterson, 2007; Michalopoulos and Falagas, 2010). Like other
[B-lactams, these antibiotics interfere with the metabolism of
the cell wall by binding the penicillin-binding proteins (PBPs),
the enzymes involved in the synthesis of the peptidoglycan.
The common chemical structure of cephalosporins (i.e., the B-
lactam and the six-membered dihydrothiazide rings) confer to
these antibiotics a broad-spectrum of target organisms, less
toxicity than other antimicrobials, good penetration in many
body sites, and good manageability and versatility in the clinic
(Grayson, 2010). This makes their use very attractive, especially
when the causative pathogen is not known (i.e., for empiri-
cal treatment). However, in the past two decades there has
been a rapid increase of infections due to extended-spectrum
cephalosporin-resistant (ESC-R) GNOs (Meyer et al., 2010; Pitout
and Laupland, 2008). In this context, quinolones (e.g., ciprofloxacin)
and aminoglycosides (e.g., gentamicin and amikacin) are the
alternative antibiotics taken into account but high resistance
rates to them are also co-associated (Giamarellou and Poulakou,
2009; Hawser et al,, 2010). Therefore, the spread of ESC-R GNOs
represents a serious threat to the health-care systems because
it is challenging antibiotic options (Giamarellou and Poulakou,
2009; Paterson et al.,, 2001; Schwaber and Carmeli, 2007). To
overcome infections caused by these MDR pathogens, clinicians
often turn to carbapenem antibiotics contributing to the rapid
selection of carbapenem-resistant GNOs that we are observing
worldwide (Nordmann et al.,, 2009; Perez et al., 2010; Walsh,
2010).

Animals are considered as reservoirs of antibiotic-resistant
GNOs and their impact on human health have drawn con-
siderable global attention. The massive and indiscriminate use
of different classes of antibiotics in the veterinary context
has contributed to the selection and spread of MDR GNOs
(EMEA, 2009; Marshall and Levy, 2011). In particular, ESC-R
E. coli (ESC-R-Ec), ESC-R Salmonella (ESC-R-Sal) and MDR Acine-
tobacter spp. have been isolated from farm, wild, companion
animals, and also in food and the environment (Endimiani
et al, 2011; Guardabassi et al, 2004; Guenther et al., 2011;
Hamouda et al., 2011; Mesa et al., 2006; Poirel et al., 2012a;
Wieler et al., 2011a). This complex multi-setting scenario is
certainly responsible for the amplification and the expansion
of these clinically significant life-threatening organisms and,
more importantly, is driving a further transmission to humans
via fecal-oral route (Fig. 1). In this context, pathogens can be
directly transferred from animals to humans, as well described
for the zoonotic agent Salmonella. However, as observed for
E. coli, animals may also harbor commensal flora which con-
tains resistance genes that can be transferred horizontally
from one bacterium to another via mobile genetic elements
(e.g., plasmids).

In the present review, we focus on the aspects related to
the impressive spread of ESC-R-Ec that we are facing world-
wide among food-producing animals (i.e., pigs, cattle, and poultry)
and its link with the human scenario; we also discuss ESC-R-
Sal and the emerging problem of MDR Acinetobacter spp. isolates.
The main molecular mechanisms conferring resistance to ESCs,
the epidemiology of ESC-R GNOs and the impact of antibiotic
use in livestock are discussed along with the possible strate-
gies that can be implemented to limit this growing public health
problem.
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2. Mechanisms of resistance possessed by ESC-R GNOs

Resistance to [3-lactams in GNOs may be due to three differ-
ent mechanisms: mutations in the PBPs, reduced permeability
of the cell wall (i.e., disruption of porin proteins, efflux sys-
tems), and production of 3-lactamase enzymes able to hydrolyze
and inactivate the (-lactam ring. This last mechanism is the
most frequent in the family of Enterobacteriaceae. To date,
>1000 3-lactamases have been described (Bush and Fisher, 2011)
(http://www.lahey.org/Studies/). These periplasmic enzymes can
be grouped into four main classes (i.e., A-D) based upon amino
acid sequence homology (Bush and Jacoby, 2009). Class A and C
B-lactamases are the most commonly found in Enterobacteriaceae
in humans and confer resistance to different 3-lactam classes with
various degrees (Bush and Fisher, 2011).

2.1. Extended-spectrum B-lactamases (ESBLs)

The most clinically important class A enzymes are named ESBLs.
TEM-, SHV-, and CTX-M-types are the three main families of
ESBLs described (Bush and Jacoby, 2009; Paterson and Bonomo,
2005). While TEM- and SHV-type ESBLs arise via substitutions
in strategically positioned amino acids from the natural narrow-
spectrum TEM-1/-2, or SHV-1 [B-lactamase, all CTX-M enzymes
demonstrate an ESBL phenotype (Gniadkowski, 2008). Enterobac-
teriaceae producing narrow-spectrum enzymes are resistant to
penicillins (e.g., ampicillin), first- (e.g., cephalothin, cefazolin) and
second-generation cephalosporins (e.g., cefuroxime, cefotetan),
whereas those producing ESBLs are also resistant to third- (e.g., cef-
triaxone, ceftazidime, ceftiofur), fourth-generation cephalosporins
(e.g., cefepime, cefpirome, cefquinome) and aztreonam. However,
cephamycins (e.g., cefoxitin) and carbapenems (e.g., imipenem,
meropenem, ertapenem, and doripenem) are not hydrolyzed by
ESBLs. Moreover, class A [3-lactamases are usually inhibited by
the commercially available (3-lactamase inhibitors (i.e., clavu-
lanate, sulbactam, and tazobactam) (Paterson and Bonomo, 2005).
Until the 1990s, most ESBLs identified in humans were of SHV-
/TEM-types (Paterson and Bonomo, 2005). Nowadays, the CTX-M
enzymes (especially CTX-M-15) have become the most prevalent
type of ESBLs (Livermore et al., 2007; Rossolini et al., 2008). More-
over, the analysis of clonality by using the Multilocus Sequence
Typing (MLST) has indicated that most blacrx_pm.15 are internation-
ally carried by an “hyper-epidemic” E. coli isolate of sequence type
(ST)131; thislineage has been associated with rates of ciprofloxacin
resistance of 100%, whereas those of aminoglycosides are around
70-80% (Johnson et al., 2010; Peirano and Pitout, 2010).

2.2. Chromosomal (cAmpCs) and plasmid-mediated AmpC
(pAmpCs) B-lactamases

Several GNOs possess genes encoding for class C cAmpCs (e.g.,
Citrobacter freundii, Enterobacter spp.). Such (3-lactamases confer
resistance to third-generation cephalosporins and (3-lactam/[3-
lactamase inhibitor combinations (e.g., amoxicillin-clavulanate),
but not to carbapenems (Bush et al., 1995; Harris and Ferguson,
2012).It should be noted that E. coli possess a chromosomal blaampc
that is normally repressed or only weakly expressed. However,
mutations in the promoter region can lead to constitutive hyper-
expression of the gene resulting in ESCs resistance (Jorgensen et al.,
2010).

In the past 5 years, an increasing number of pAmpCs 3-
lactamase genes have been discovered on plasmids that can easily
spread by horizontal transfer among Enterobacteriaceae (e.g., E. coli
and Salmonella). These enzymes derived from those possessed by
the chromosomal producers and belong to several families (i.e.,
CMY-, FOX-, LAT-, MIR-, ACT-, DHA-, ACC-, MOX-types) (Endimiani
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Fig. 1. Settings contributing to the pool of antimicrobial resistance and transmission of MDR GNOs. The human settings are represented in green, whereas that of food-
producing animals in red. Blue arrows indicate the use or presence of antibiotics in each specific setting. The size of arrows is proportional to the selective pressure of the
drugs (blue) or to the relevance of studies demonstrating transmission of MDR GNOs (black). Segmented arrows indicate a possible transmission of resistant bacteria between
two settings but this is not yet well demonstrated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

et al, 2009; Jacoby, 2009). Unlike class A enzymes, cAmpCs
and pAmpCs are poorly inhibited by the standard (-lactamase
inhibitors but the fourth-generation cephalosporins usually remain
in the susceptible ranges (Endimiani et al., 2008).

2.3. Carbapenemases

Carbapenemases are [3-lactamases able to hydrolyze carbapen-
ems. Since their discovery in Japan in the early 1990s, there has
been a substantial rise in reporting of carbapenemases, especially
in the last 10 years. Carbapenemases have been identified in each
of the four Ambler molecular classes, though those of class A,
B and D have major epidemiological impact in humans (Canton
et al,, 2012; Nordmann et al,, 2011a; Walsh, 2010). Class A car-
bapenemases can be chromosomally or plasmid-encoded (e.g.,
KPC-, GES-types). KPC-types are the most clinically common car-
bapenemases and are found in Enterobacteriaceae, Pseudomonas
spp. and Acinetobacter spp. (Rapp and Urban, 2012; Walther-
Rasmussen and Hoiby, 2007). Class B carbapenemases (also called
metallo-B-lactamases, MBLs) are usually of VIM- and IMP-types,
but the recently emerged NDM-types are becoming the most
threatening carbapenemases. MBLs are found worldwide and
like the KPCs have spread rapidly (especially NDM-1), present-
ing a serious threat. Most MBL producers are hospital-acquired
and involve Enterobacteriaceae, Pseudomonas spp., and Acineto-
bacter spp. (Nordmann et al., 2011b; Queenan and Bush, 2007).

Class D enzymes are mainly represented by OXA-48-like produc-
ers (e.g., OXA-48, -162, and -181). These genes are extensively
reported among E. coli and Klebsiella pneumoniae isolates in
the European and African Mediterranean countries (Poirel et al.,
2012b).

2.4. Mobile genetic elements carrying the B-lactamase genes (bla)

The bla genes encoding for ESBL, pAmpCs, or carbapenemase
enzymes are usually associated with highly mobile genetic ele-
ments such as transposons, insertion sequences, integrons, and
plasmids.

Transposons are small, mobile DNA sequences that can repli-
cate and insert copies of themselves within chromosome and
plasmids. They have nearly identical sequences at each end,
oppositely oriented (inverted) repeats and contain enzymes (i.e.,
transposases which include excisases and integrases) that catalyzes
their insertion and further genes such as those conferring antibiotic
resistance. Insertion sequences (ISs) are short DNA sequences (i.e.,
700-2500 bp) that act as simple transposable elements which do
not have accessory genes. Both transposons and ISs can be mobi-
lized from chromosome to plasmid(s) and vice versa within the
same bacterial cell. Some transposons are conjugative, whereas
others necessitate mobile elements (e.g., plasmids) to be exchanged
between different bacterial cells (Toleman and Walsh, 2011).
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All blargy genes are carried on transposons (i.e., Tn1, Tn2, or
Tn3). These elements are genetically very similar to each other and
possess 38 bp inverted repeats. For instance, blatgy.s; is located
on Tn3, whereas blatgy-19 and blatgy.12 are on Tn2 transposons
(Cloeckaert et al., 2007; Partridge and Hall, 2005). In contrast to
the blargy, the blasyy genes originated from the chromosome of
K. pneumoniae and spread to plasmids carried by the same bacte-
rial cell following IS26 dependent mobilization. For instance, the
blasyy.s gene is flanked by two 1S26 (Miriagou et al., 2005). A sim-
ilar strategy was followed by the blacrx.v genes that originated
from the chromosome of the natural carrier Kluyvera spp. One
copy of specific ISs (i.e., ISEcp-1-like) positioned upstream of differ-
ent blacrx-m genes were found to be responsible for transposition
(Naseer and Sundsfjord, 2011). The same ISs are responsible for
the mobilization of blacwmy-types (especially blacwy.2) (Giles et al.,
2004). More intriguingly, another IS (i.e., ISCR1) located upstream
the blacrx-m and several blaampcs can mobilize the gene via rolling-
circle transposition and insertion into a class 1 integrons (Naseer
and Sundsfjord, 2011). Once transferred on plasmid(s) and/or
integron(s), the above blagsg;s and blayampcs genes have broader
opportunities for horizontal spread among different Gram-negative
organismes.

Integrons are genetic elements divided into three classes found
in plasmids and/or chromosomes that are able to capture single
genes and integrate them in resistance cassettes. An integron com-
monly contains an integrase (Int1), followed by an attl site for
integration of cassettes and recognition of the integrase, and a
promoter to drive expression. An attC sequence is a repeat that
flanks the cassette and enables it to be integrated at the attl
site, excised, and undergo horizontal gene transfer (Toleman and
Walsh, 2011). The integrons with the blacrx.m genes are mostly
of class I and co-carry other structurally unrelated genes confer-
ring resistance to non-f3-lactam antibiotics (e.g., aminoglycosides,
sulphonamides) and quaternary ammonium compounds (Naseer
and Sundsfjord, 2011). For this reasons, co-resistance to aminogly-
cosides, tetracyclines and sulphonamides is very frequent among
ESC-R Enterobacteriaceae (ESC-R-Ent).

Plasmids are circular DNA molecule that can replicate inde-
pendently from the chromosome and promote lateral transfer
among different species of bacteria through the conjugation pro-
cess. Plasmids can be classified analyzing the replicon control
system, a genetic trait constantly present. This system determines
the plasmid incompatibility group (Inc) that is the inability of
two correlated plasmids to spread stably in the same bacterial
cell (Carattoli, 2009). A well-established PCR-based replicon typ-
ing methodology is available since 2005 and has been implemented
extensively to study the Inc groups of plasmids carried by ESC-R-Ent
(Carattoli et al., 2005). More recently, a deeper characterization of
plasmids has been made implementing the plasmid MLST (pMLST)
(Carattoli, 2011).

2.5. Resistance traits associated to the bla genes

Quinolones resistance among Enterobacteriaceae is usually
mediated by chromosomal mutations in the quinolone-resistance
determining region (QRDR) that encode DNA gyrase (gyrA and gyrB)
genes (Hooper, 2001). Nevertheless, plasmid-mediated quinolone
resistance (PMQR) can also arise from the expression of proteins
encoded by: (1) gnrA, -B, -S, -C, -D genes that are able to protect
the DNA gyrase from the quinolones action; (2) an aminoglyco-
side acetyltransferase encoded by the aac(6’)-Ib-cr gene; and (3)
plasmid-mediated quinolone efflux-pumps (qepA-like). While two
mutations in the QRDR genes are able to confer high-level resis-
tance to quinolones, the PMQR elements only confer low-level
resistance (Strahilevitz et al., 2009). The prevalence of gnr genes
in ESBL-producing E. coli of human origin is estimated around 10%
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(Karah et al., 2010), whereas that of aac(6')-Ib-cr is much more
higher (15-50%) (Ambrozic Avgustin et al., 2007; Pitout et al.,2008).
It is of great concern that this gene is spreading along with the pan-
demic CTX-M-15-producing E. coli of ST131 (Coque et al., 2008;
Johnson et al., 2010).

Aminoglycosides resistance in Enterobacteriaceae is generally
due to enzymatic inactivation, which is mediated by 3 classes
of aminoglycoside-modifying enzymes (AMEs): acetyltransferases,
nucleotidyltransferases, and phosphotransferases (Magnet and
Blanchard, 2005; Shaw et al., 1993). More recently, a new amino-
glycosides resistance mechanism has been described. It consists
of ribosomal protection through enzymatic methylation of specific
nucleotides within the A-site of 16S rRNA which impedes bind-
ing of aminoglycosides to the 30S ribosomal subunits. These 16S
rRNA methylases (ArmA, RmtA, RmtB, RmtC, RmtD, and NpmA)
confer extraordinarily high-levels of resistance to aminoglycosides
and can be mobilized among different species (Doi and Arakawa,
2007; Wachino et al., 2007). For instance, the armA gene (the most
prevalent 16S rRNA methylase gene) is located on a composite
transposon (Tn1548) on a transferable plasmid and is frequently
associated with the blacrx-m-9 ESBL gene (Galimand et al., 2005).
Furthermore, production of CTX-M-9 ESBLs is seen in many strains
with rmtB gene (Yan et al., 2004). Overall, data on the human preva-
lence of 16S rRNA methylases among Enterobacteriaceae is scarce.
A recent work performed in China indicates that the prevalence of
rmtB genes among ESBL-producing E. coli from humansis increasing
(Yuetal, 2010).

2.6. Mechanisms of resistance in Acinetobacter spp.

Acinetobacter baumannii and the other species of the genus
can express a very complex combination of resistance mecha-
nisms. Production of acquired ESBLs (e.g., CTX-M-15 and TEM-92)
(Endimiani et al., 2007; Potron et al., 2011), class B and/or class
D carbapenemases (e.g., IMP- and VIM-types; OXA-23, -24/40 and
-58), over-expression of chromosomal enzymes (i.e., ADCs and
0OXA-58-like) and efflux pumps, loss of outer membrane proteins,
altered PBPs, production of AMEs or 16S RNA methylases and muta-
tions in gyrA and parC genes are common mechanisms of resistance
found in MDR clinical isolates (Perez et al., 2007; Poirel et al., 2011,
2010).

3. Prevalence and characteristics of ESC-R GNOs in livestock

While the first ESBL in humans was described in K. pneumoniae
in 1983 in Germany (Knothe et al., 1983), the earliest reports of ESC-
R-Ent in food-producing animals were at the beginning of the new
millennium. The first isolates in cattle and pigs were reported in
1999-2000 in United States (US) where several authors described
CMY-2-producing Salmonella spp. (Fey et al., 2000; Winokur et al.,
2000).In Spain (2003), CMY-2-, CTX-M-14-,and SHV-12-producing
E. coli isolates were found in fecal-samples of healthy chickens;
the authors also described two ESC-R-Ec due to mutations in the
promoter region of the blacampc (Brinas et al., 2003). Similarly, in
France (2005), Girlich et al. reported non-clonally related CTX-M-1-
producing E. coli in poultry (Girlich et al., 2007). In another Spanish
study (2006), eight ESBL-producing E. coli isolates were found in
swine but molecular identification of the bla genes was not per-
formed (Mesa et al., 2006).

In the last 5 years, the number of publications referring
to commensal colonization of livestock with ESC-R GNOs has
exponentially increased. In particular, numerous studies have
underlined the remarkable spread of ESC-R-Ent isolates among
food-producing animals, indicating that ESC-R-Ec and, to a less
extent, ESC-R-Salisolates are the major players in this context. Most
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of these studies are performed in the European Union (EU), while
data regarding other countries are scarce.

3.1. Cattle

According to the most recent (2009) European Food Safety
Authority (EFSA) survey, the overall prevalence of ESC-R-Ec iso-
lates in cattle in the EU was 1.6%, with a range of 0% (Austria,
Denmark, Finland, Sweden) to 6.5% (Hungary); in 2007 and 2008,
ESC-R strains were found only in Estonia, France, the Netherlands,
and Germany (range 0.8-4%). ESC-R-Sal in 2009 were only reported
in Germany (prevalence of 1%), whereas in 2007-2008 none of the
countries detected resistant isolates (EFSA, 2011). In US, the preva-
lence of ESC-R-Ec was 6% (Wittum et al., 2010), whereas that of
ESC-R-Salranged from 2.4% to 14.5% (Frye et al., 2008; USDA, 2011).
During the US National Antimicrobial Resistance Monitoring Sys-
tem study (NARMS, 1999-2003), the prevalence of ESC-R-Sal was
17.6% (Frye and Fedorka-Cray, 2007). Recently, in the same country,
ESC-R-Ec and ESC-R-Sal had an impressive prevalence of 95% and
37.9%, respectively (Mollenkopf et al., 2012). In Asia, ESC-R-Ec is
ranging between 1 and 33% (Asai et al., 2011; Hiroi et al., 2011;
Ho et al,, 2011; Zheng et al., 2012). During the first nationwide
surveillance in Switzerland (2010-2011), we observed a prevalence
of 3.9% for ESC-R-Ec (Endimiani et al., 2012b).

3.2. Pigs

In the EU (2009), the prevalence of ESC-R-Ec in pigs was 2.3%,
with a range of 0% (Denmark and Estonia) to 3.8% (Hungary and
Poland); in 2007-2008 ESC-R strains were found with low preva-
lence (i.e., range of 0.6-1.2%) in Austria, Denmark, France, Italy,
the Netherlands, and Spain. ESC-R-Sal in 2009 were only reported
in Spain and Germany (prevalence of 1% and 2%, respectively),
whereas in 2007 ESC-R isolates were also observed in Estonia
(5.3%), Ireland (1.5%), and Italy (0.7%) (EFSA, 2011). During the US
NARMS study (1999-2003), a prevalence of 4.6% for ESC-R-Sal was
reported (Frye and Fedorka-Cray, 2007), whereas in 2009 the preva-
lence was 4.2% (USDA, 2011).In Asia, ESC-R-Ec range between 1 and
64% (Asai et al., 2011; Hiroi et al., 2011; Ho et al., 2011; Rayamajhi
et al., 2008; Tian et al.,, 2012; Zheng et al., 2012). In Switzerland
(2010-2011), the prevalence for ESC-R-Ec was 3.3% (Endimiani
et al., 2012b). We also recently reported a prevalence of 12.5% for
ESC-R-Ec in the nose of pigs (Endimiani et al., 2012a).

3.3. Poultry

The most numerous reports of ESC-R-Ent in livestock concern
poultry. In the EU (2009), the mean prevalence of ESC-R-Ec iso-
lates was 8.5%, with a range of 0% (Denmark) to 26.4% (Spain);
in 2007 ESC-R strains were found in Denmark (1.8%), France (2%),
Italy (11.1%), the Netherlands (20.9%), and Sweden (1%). The over-
all prevalence of ESC-R-Sal in 2009 was 2%, with a range of 0%
(Austria, Finland, Greece, Latvia, Portugal, Slovakia, Slovenia, and
UK) to 12% (the Netherlands). In 2007, ESC-R-Sal were described in
Italy (2.9%), the Netherlands (13.4%), and Spain (7.8%) (EFSA, 2011).
In US (1999-2003), the prevalence of ESC-R-Sal was 6.8-7.1% (Frye
and Fedorka-Cray, 2007).1In Asia, ESC-R-Ecrange between 8 and 60%
(Asai et al., 2011; Hiroi et al., 2011, 2012; Ho et al., 2011; Li et al.,
2010; Zhengetal.,2012). The prevalence of ESC-R-Ec in Switzerland
was of 25% in 2011 (Endimiani et al., 2012b).

3.4. Molecular characteristics of ESC-R-Ec and ESC-R-Sal detected
in livestock

The majority of large national and international surveillances
have taken in consideration only the phenotype (i.e., resistance

to ESCs) of the Enterobacteriaceae analyzed. In contrast, molecular
data regarding bla genes possessed by the organisms, the clonality
of isolates (e.g., the ST of E. coli), and the characteristics of plasmids
(e.g., the Inc group) or other mobile genetic elements are limited
to small and local studies. However, this information is essential
to comprehend the epidemiology and spread of ESC-R GNOs and
its link with the human setting. It should also be noted that the
impact of other ESC-R-Ent (e.g., K. pneumoniae, Enterobacter spp.,
Citrobacter spp.) has been taken into account only very rarely
(Geser et al., 2012a; Hiroi et al., 2012; Poirel et al., 2012a). These
species can contribute to the pool of transmission of MDR mobile
genetic elements like E. coli and Salmonella (Fig. 1).

A summary of the distribution of ESC-R-Ec (the most stud-
ied bacterial organism) in the three main livestock animals with
respect to geographic origin, prevalence, and molecular charac-
teristics is shown in Table 1. In these studies the specific blagsg;
genes responsible for ESC-R phenotype were analyzed and their
relative prevalence was usually calculated. However, the impact of
pAmpCs and/or cAmpCs was frequently not considered because the
authors did not implement the adequate phenotypic and molecular
tests (Doi and Paterson, 2007; Endimiani et al., 2012b). Moreover,
compared to the human studies, information regarding STs and Inc
group of plasmids are still insufficient to drive solid global conclu-
sions.

In general, most of the available studies are from European
countries and indicate prevalence of ESBL- and AmpC-producing
E. coli ranging between 0-94% and 0-13%, respectively. Data from
Asia and America are limited (range for ESBLs and AmpCs of 0-64%
and 0-95%, respectively), whereas those from Africa and Australia
are lacking. Overall, the most frequent blagsg; genes associated
with ESC-R-Ec in food-producing animals encode for several CTX-
M-types (i.e., CTX-M-1, -2, -9, -14, -15, -32, and -55), followed by
SHV-12 and TEM-52 ESBLs. In particular, the CTX-M-1 is dissemi-
nated in EU in all food-producing animals but is rarely reported in
otherregions and settings. This ESBLis carried by IncN, IncFII, IncFIB,
and IncI1 plasmids in heterogeneous STs. The CTX-M-14 and CTX-
M-55 are the most prevalent ESBL in Asia, mainly involving poultry
and, to less extent, cattle and pigs. Although data are scarce, the
blactx-m-14 seems to be carried by IncFII/FIB and IncK plasmids. In
livestock, CTX-M-15 has less impact than CTX-M-1/-14 and is asso-
ciated to Incl1 plasmids. SHV-12 and TEM-52 are mainly reported
in poultry from EU countries: blasyy._1; is carried by IncFIB, IncN,
and Incl1 plasmids, whereas blatgy.s; is generally associated with
Incl1 plasmids. Interestingly, in some regions (e.g., North America
and Asia) the CMY-2 pAmpC has a very high prevalence (sometimes
higher than that of ESBLs) among ESC-R-Ec isolated from livestock.
This was also observed in EU in poultry (i.e., prevalence of 38-78%
of the ESC-R-Ec) when the authors analyzed the presence of AmpC
producers. Overall, blacyy-» is usually carried by Incl1 and IncA/C
plasmids (see also section 6.3. for plasmids) (Carattoli, 2009).

With regard to the ESC-R-Sal, the following blagsgs and/or
blapampcs have been detected in food-producing animals from dif-
ferent countries: Belgium (poultry: CTX-M-2, TEM-52) (Bertrand
et al.,, 2006; Cloeckaert et al., 2007), Brazil (poultry: CTX-M-2)
(Fernandes et al., 2009); Canada (cattle: CMY-2) (Martin et al.,
2012); France (poultry: CTX-M-1/-9; cattle: CTX-M-1) (Cloeckaert
et al, 2010; Madec et al,, 2011; Weill et al., 2004), Germany
(poultry: CTX-M-1, TEM-20/-52, CMY-2; pigs and cattle: CTX-M-1)
(Rodriguez et al., 2009); Ireland (poultry: SHV-12, CMY-2) (Boyle
et al,, 2010); Italy (poultry: SHV-12) (Chiaretto et al., 2008); Japan
(poultry: TEM-52) (Shahada et al., 2010); the Netherlands (poul-
try: CTX-M-1/-2, TEM-20/-52, ACC-1) (Dierikx et al., 2010); Spain
(poultry: CTX-M-9; pigs: SHV-12) (Riano et al., 2006); UK (poultry:
CMY-2) (Liebana et al., 2004); USA (cattle: CMY-2, CTX-M-1; pigs:
CTX-M-1)(Fryeetal., 2008; Wittum et al.,2012; Zhang and LeJeune,
2008). Based on the above studies, the following main plasmid Inc
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groups were identified: blacrx.1-m (IncN, Incl1, IncB/0, and IncHI1),
blaCTx_z_M (IHCHIZ), blaCD(_g_M (IHCHIZ), blaSHV_12 (IHCII), blaTEM_52
(IncI1), and blacpy-2 (Incl1, IncA/C). The main Salmonella serovars
identified in the above studies were Typhimurium, Virchow, and
Kentucky.

Only a few data on the prevalence of PMQR, AMEs and 16S rRNA
methylases among ESC-R strains detected in animals are available.
Ma et al. reported a PMQR prevalence of 35% among ESBL producers
(mostly E. coli) of animal origin in China (Ma et al., 2009). However,
more recent European studies indicate very low prevalence in pigs,
cattle and poultry (Endimiani et al.,, 2012b; Randall et al,, 2011).
Plasmid-mediated armA and rmtB genes have been identified from
E. coliin swine from Spain and China, respectively (Chen et al.,2007;
Gonzalez-Zorn et al., 2005). Other genes conferring resistance to
tetracyclines (tet genes), sulphonamides (sul genes), trimethoprim
(dfr genes), and phenicols (cmlA1, catAl, catlll, catB3, floR) are fre-
quently associated to the blagsg. and blayampc genes (Blanc et al.,
2006; Endimiani et al., 2012b; Smet et al., 2010b).

3.5. Acinetobacter spp. in livestock

In several studies involving pets, MDR A. baumannii isolates of
international clones I, Il and IIl have been reported (Endimiani et al.,
2011; Zordan et al., 2011). These lineages are the same of those
frequently associated to hospital outbreaks in humans (Perez et al.,
2010, 2007). In contrast, information regarding the impact of Acine-
tobacter spp. in livestock is almost lacking. Hamouda et al. have
recently described several A. baumannii isolates from cattle and
pigs included in the above three international clones (Hamouda
etal,,2011).It should also be noted that Acinetobacter spp. is part of
the intestinal microbiota of cattle and can be isolated from clinical
samples (Nam et al., 2009; Rudi et al., 2012).

3.6. The emergence of carbapenemase-producers

The methodologies implemented to identify the ESC-R GNOs
(e.g., screening of feces with selective agar plates) during the
numerous surveys conducted in food-producing animals should
also be able to detect most carbapenemase-producing organisms
(EFSA, 2011). However, only very recently the emergence of these
life-threatening isolates has been reported.

During a longitudinal study in 2011 from a German pig farm,
Fischer et al. found a VIM-1-producing E. coli from the corridor of
a fattening unit with 5-month-old pigs. After that, the authors also
detected the blayyy.1 in another E. coli from the feces of a pig resid-
ing in the same farm (Fischer et al., 2012a). These authors also
reported three VIM-1-producing Salmonella isolates detected in
one poultry and two pig farms located in the same German federal
region (of which one was the same farm of the VIM-1-producing
E. coli) (Fischer et al., 2012b).

In August 2010, Poirel et al. analyzed the rectal swabs collected
from 50 dairy cattle located in a farm near Paris. Of the 50 samples,
9 contained carbapenem-resistant Acinetobacter genomospecies
15TU. In particular, these isolates harbored the OXA-23 carbapene-
mase. Most animals from which blagxa-»3-possessing isolates were
identified received antimicrobial drugs in the previous weeks for
the treatment of mastitis (i.e., amoxicillin-clavulanate, oxytetracy-
cline, and neomycin) (Poirel et al., 2012a).

During October-December 2010, Wang et al. analyzed 396 rec-
tal swabs collected from food animal farms and one slaughterhouse
located in eastern China. One sample from a chicken was posi-
tive for an NDM-1-possessing Acinetobacter lwoffii. The antibiotic
usage records for the chicken farm were the isolate was found indi-
cated that penicillin, cefotaxime, cefradine, doxycycline, tilmicosin
and neomycin were usually implemented for curing or preventing
bacterial infections (Wang et al., 2012).
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Overall, these recent findings should be taken in serious con-
sideration because may represent “the tip of the iceberg” for the
future spread of untreatable human pathogens among food animals
(Fig. 1).

4. Use of antimicrobial agents in livestock

Since the advent of the “antibiotic era” in the 1950s, antimi-
crobial agents have been largely implemented in the livestock
production for the following main reasons: (i) treatment of sick
animals; (ii) prophylaxis to prevent infection in specific situations
atrisk (e.g., contact with other animals with infection, transporta-
tion in limited spaces); (iii) growth promotion to increase the rate
of weight gain or feed efficiency and, therefore, to improve com-
mercial production (Schwarz et al., 2001).

Although with several differences depending on the country,
numerous classes of antimicrobial agents with diverse molecu-
lar targets are approved for use in food-producing animals in
the different countries. A summary of these antimicrobials is
shown in Table 2. Interestingly, many antibiotics with remark-
able clinical importance in human medicine are also used in food
animals. In particular, several classes of (3-lactams, quinolones,
aminoglycosides, and macrolides are available for use in live-
stock. In this section, we mainly focus on the aspects of 3-lactams
use.

4.1. Use of B-lactams

Like in humans, the overall characteristics of [(-lactams
make their use also very appealing in veterinary medicine. The
most frequently used B-lactams for the treatment of infections
are the following: penicillins (e.g., benzylpenicillins, ampicillin,
amoxicillin), first- (cefadroxil, cephapirin, cephalexin, cefalonium,
cefazolin, cefacetrile), third- (e.g., cefovecin, cefpodoxime, ceftria-
xone, cefoperazone, ceftiofur), fourth-generation cephalosporins
(e.g., cefquinome), and B-lactam/(-lactamase inhibitor combi-
nations (e.g., amoxicillin-clavulanate) (Hammerum and Heuer,
2009). In the past, besides their use in clinical therapy, (-
lactams (especially penicillins) have also been implemented as
feed additives to improve growth. In EU they have been banned,
whereas they are still used at sub-therapeutic dosages for growth
promotion in the US (EMEA, 2009; EU, 2003; Smet et al,
2010Db).

4.1.1. Cattle

The following 3-lactams are implemented in cattle for specific
clinical conditions: mastitis (penicillin, various ESCs, includ-
ing ceftiofur and cefquinome), lameness (ampicillin), interdigital
necrobacillosis (ceftiofur, cefquinome), calf diarrhea (ampicillin,
amoxicillin, amoxicillin-clavulanate), metritis (penicillin, ampi-
cillin, ceftiofur), septic arthritis (ampicillin, amoxicillin, various
ESCs), salmonellosis (ceftriaxone). In particular, amino-penicillins
are often used, whereas ESCs are usually approved as second-
line treatment options for specific clinical conditions (EMEA, 2009;
Smet et al., 2010b).

In the dairy cattle setting, antibiotics are generally implemented
to treat or prevent specific infections in both weaned heifers and
adult cows. In US (2007), cows treated with antibiotics were 16.4%
for mastitis, 7.4% for reproduction, 7.1% for lameness, 2.8% for
respiratory infections, and 1.9% for diarrhea. Furthermore, almost
all farms used intramammary antimicrobials for prevention of
diseases following the last milking of lactation. For the bovine
mastitis (the most common diseases), the following antibiotics
were implemented through intramuscular or intramammary
routes: cephalosporins 53.2%, lincosamide 19.4%, and other
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Table 2
Antimicrobials approved for use in food-producing animals.

Antimicrobial families/classes Antimicrobial USA EuropeP Switzerland
(CliniPharm-CliniTox,
2012)°

Used in C, Used in Human Used in C, Used in Human UseinC,P,S
P, S feed use P, S feed use
Penicillins Amoxicillin CPS No Yes S,C No Yes CS
Ampicillin CP,S No Yes S,C No Yes CS,P
Cloxacillin C No Yes NL NL Yes C
Penicillin (Procaine) CPS Yes Yes Withdrawn  Withdrawn Yes CS,P
I generation cephalosporins? Cephalexin CPS No Yes CPS No Yes C
Cefalonium CP No No CP No No NA
Cephapirin C No No C No No C
Cefazolin CP No Yes CP No Yes C
Cefacetrile C No No C No No C
Il generation cephalosporins? Cefuroxime C No Yes C No Yes Withdrawn
Il generation cephalosporins?® Cefoperazone CP No Yes CP No Yes C
Ceftiofur CP,S No No S,C No No CS,P
Ceftriaxone CPS No Yes CPS No Yes NA
IV gen. cephalosporin® Cefquinome CPS No No CS No No GS
Quinolones Danofloxicin C No No C No No CS, P
Enrofloxacin C No No S,C No No CS,P
Aminoglycosides Apramycin S Yes No NL NL No Withdrawn
Gentamicin CPS No Yes S,P Yes Yes NA
Neomycin CPS Yes Yes S,P,C Yes Yes NA
Hygromycin P, S Yes No NL NL No NA
Tetracyclines Chlortetracycline CP,S Yes No Withdrawn  Withdrawn No CS,P
Oxytetracycline CP,S Yes Yes Withdrawn  Withdrawn Yes CS
Tetracycline CP,S No Yes Withdrawn  Withdrawn Yes CS, P
Macrolides Oleandomycin C No No P,S Yes Yes Withdrawn
Tilmicosin P, S Yes No NL NL No CS
Tylosin CP,S Yes No S, C Withdrawn No CS,P
Erythromycin CP,S No Yes P,C S Yes Yes CP
Bacitracin Bacitracin CPS Yes Yes Withdrawn  Withdrawn Yes CS,P
Arsenicals Arsanilic acid P Yes No NL NL No NA
Roxarsone CPS Yes No P,S Yes No NA

Orthosomycin Avilamycin S Yes No Withdrawn  Withdrawn No NA

Bambermycin Bambermycin CP,S Yes No Withdrawn  Withdrawn No NA

Quinoxaline Carbadox P, S Yes No Withdrawn  Withdrawn No NA

Polypeptides Colistin/Polymyxin B CP Yes Yes P,S,C Yes Yes CS,P

Elfamycin Efrotomycin S No No S Yes No NA

Phenicol Florfenicol CP No No CS No No CS,P

Lincosamines Lincomycin CP,S Yes Yes P,S Yes No CS,P

Pirlimycin C No No NL NL No C

Novobiocin Novobiocin CP Yes No CP No Yes NA

Aminocyclitol Spectinomycin CP,S No Yes NL NL Yes NA

Diterpene Tiamulin S Yes No S,P Yes No CS,P

Triamilide Tulathromycin CS No No NL NL No CS

Streptogrammin Virginiamycin P, S Yes No Withdrawn  Withdrawn No NA

Sulfonamides Sulfachlorpyridizine CS No No NL NL No CS,P

Sulfadimethoxine CPS No No P Yes No CS,P
Sulfaethoxypyridazine C,P,S No No NL NL No CS,P
Sulfamethazine CP,S Yes No S Yes No CS,P
Sulfathiazole CS Yes No NL NL No CS
Fosfomycin Fosfomycin NA NA Yes NL NL Yes NA

Adapted from Mathew et al. (2007), Guardabassi and Courvalin (2006), and Marshall and Levy (2011).
Note: C, cattle; P, poultry; S, swine, NA, not available; NL, not listed in Guardabassi and Courvalin (2006), Marshall and Levy (2011), and Mathew et al. (2007).
2 Although extensively implemented in the past, FDA and EU have now banned the off-label and unapproved use of cephalosporins (especially, ESCs) in poultry, cattle,

and pigs (EMEA, 2009; FDA, 2012a,b).

b Although withdrawn, several antimicrobial might be still implemented (see Section 4.2).

B-lactams 19.1% (of which penicillin G/streptomycin and
cephapirin were the most used) (USDA-APHIS, 2008a,b).

It should be noted that the milk of cattle under antibiotic treat-
ment (especially with ESCs) for acute of sub-acute mastitis must be
withheld until the infection issue is resolved and following residue
recommendations. However, the milk of cows recently treated is
frequently used by farmers to feed calves before the withdrawal
time is elapsed (EMEA, 2009). For instance, as the withholding
period for ceftiofur and cefquinome is not existent or only 12h
(Trott, 2012), there is a high risk that these ESCs are used in pref-
erence to other alternative antimicrobials with longer withholding
periods.

4.1.2. Pigs

In pigs, necrotic enteritis is usually treated with penicillins,
whereas ceftiofur, and to less extent cefquinome, are implemented
for respiratory, septicemia, polyarthritis and polyserositis infec-
tions. Amino-penicillins are often used, whereas ESCs should
be implemented as second-line treatment options for different
clinical conditions (EMEA, 2009; Smet et al., 2010b). However, ESCs
seem to be used more frequently than expected. For instance, in
a national survey in Australia, ceftiofur use was reported in 25% of
herds (Jordan et al., 2009). In Canada (2006-2008), macrolides and
lincosamides were the most used drugs for disease prevention,
growth promotion and treatment of enteric disease, whereas
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ceftiofur was not used. However, the drug was implemented
via parenteral route for treatment of lameness, respiratory, and
enteric diseases in 21-29% of herds (Deckert et al., 2010).

4.1.3. Poultry

Several 3-lactams are commonly implemented for the following
clinical conditions in poultry: colibacillosis, fowl cholera, respira-
tory infections due to Ornithobacterium rhinotracheale, septicemia
due to Riemerella antipestifer (ampicillin, amoxicillin), dysbacte-
riosis (benzylpenicillins), and erysipelas (penicillins). Ampicillin,
amoxicillin and amoxicillin-clavulanate are the antibiotics of
choice in poultry medicine in many countries, whereas the use of
ESCs is usually not allowed (EMEA, 2009; Smet et al., 2010b).

4.2. Off-label use of antibiotics

Another important problem that makes difficult monitoring the
use of antibiotics in animals is their off-label implementation for
non-authorized indications. In some countries, veterinarians can
prescribe an antimicrobial registered for a precise disease and in
a specific species to another animal with the same or different
infection, but only if no other active therapeutic choices are avail-
able (EMEA, 2009; EU, 2001; Passantino, 2007). However, some
veterinarians and producers have abused of the extra-label use for
situations that violates the specific brand instructions. For instance,
off-label use of ceftiofur in US and EU has been frequently imple-
mented to prevent early mortality due to septicemia in 1-day old
chickens. This cephalosporin has also been used as spray or by
subcutaneous injection in poultry hatcheries and directly in eggs
(Bertrand et al., 2006; Dutil et al., 2010; EFSA, 2011). In Denmark,
ceftiofur was commonly implemented in pig farms for the treat-
ment of diarrhea and for prophylaxis of systemic infection in piglets
(DANMAP, 2007; Jorgensen et al., 2007). Recently, there has also
been an increased concern about the illegal use of this drug after
purchasing via internet (EFSA, 2011). These overall practices must
be discouraged and prevented because clearly linked to the devel-
opment of ESC resistance in commensal E. coli and Salmonella spp.
(see below).

4.3. Overall quantity of antibiotics used in livestock

The overall quantity of antibiotics used in the modern food-
producing animal industry is not clearly known because of the
numerous confounding factors in the provided data (Anderson
et al., 2003). For instance, quantities of antimicrobial agents can
be reported as: (i) weight of active ingredients; (ii) total weight
of feed additives (therefore including other complexes); or (iii)
total weight of feed supplements that may contains further antimi-
crobials. In addition, data regarding veterinary use for companion
animals and livestock are usually not turned apart and information
regarding the specific purpose for the antibiotic implementation
(e.g., for feed or for treatment) is frequently unreported. Moreover,
data for penicillins and various cephalosporins classes are often
reported all together as “[3-lactams”, making difficult an adequate
interpretation of the available documents. It should also be noted
that data are not provided in daily doses, as systematically done for
humans (EMEA, 2009, 2012).

As shown in Table 3, official data reports indicate that tetra-
cyclines, sulfonamides, and penicillins are the most frequently
used antibiotic classes in the various countries. In general, the
overall quantities of drugs used in the last few years are slightly
decreasing in all countries. However, those of [-lactams, and
more specifically those of cephalosporins, are significantly increas-
ing. More appropriate analyses indicate that the systemic use
of antibiotics in food-producing animals is dominated by ESCs
(EMEA, 2009). For instance, in Switzerland (period 2007-2011)
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the consumption has diminished for the majority of antimicrobial
classes (e.g., tetracyclines, macrolides, trimethoprim, polymyx-
ins) but that of penicillins and cephalosporins has increased
(Table 3).

5. Impact of antibiotic use on antimicrobial resistance in
livestock

The first observation that antibiotic use in food-producing ani-
mals selects for resistant organisms was described in 1951 in
California (Starr and Reynolds, 1951). The authors noted that
streptomycin-resistant coliform isolates were drastically increas-
ing among turkeys fed with such antibiotic. Since that time,
debates regarding the use of antibiotics in food-producing ani-
mals (both for feeding and for treatment) have been raised
and questioned by international, professional, and governmental
organizations.

A significant body of the scientific literature has now supported
the link between antimicrobial use in food animals and increased
prevalence of resistant organisms, especially for commensal fecal
E. coli and Salmonella isolates. The spread of these organisms fol-
lows two strategies: (i) selection of resistant bacteria (usually at
intestinal level) under the pressure of the antibiotic usage; and (ii)
dissemination of such resistant bacteria by cross-contamination of
fecal material among animals (especially those that are part of the
intensive industrial livestock production) (EFSA,2011). With regard
to the potential effects of antibiotics on resistance in bacteria, sys-
temic use is probably inducing a major impact than local use (e.g.,
intramammary injection) because different microbial populations
located in different body sites are exposed, increasing the risk to
select for resistant organisms.

5.1. Effects of using non-ESCs antibiotics

The use of chlortetracycline and/or sulfamethazine is clearly
linked to the increase prevalence of cattle colonized with
tetracycline-resistant E. coli isolates (Alexander et al., 2010, 2008;
Checkley et al., 2010; Platt et al., 2008; Sharma et al., 2008).
The administration of chlortetracycline, even in absence of sul-
famethazine, can lead to the emergence of resistance to other
classes of antibiotics not in the administered regimen, including
ampicillin and chloramphenicol (Alexander et al., 2008; Mirzaagha
et al., 2011). A direct association between chlortetracycline con-
sumption and probability of resistance to tetracycline and/or not
administered antibiotics (e.g., ampicillin, cephalotin) has also been
observed in fecal Salmonella spp. and E. coli isolates in pigs (Varga
et al., 2009; Vieira et al., 2009; Wagner et al., 2008). In this set-
ting, administration of a common combination of three antibiotics
(i.e., chlortetracycline, sulfamethazine, and penicillin) increased
the prevalence of E. coli isolates resistance to aminoglycosides
(Looft et al., 2012).

However, the main question of the scientific community is:
“Can non-ESCs antibiotics select for ESC-R GNOs?” As illustrated,
most ESBL/pAmpC producers carry additional genes (e.g., those
to sulphonamides, tetracyclines, and aminoglycosides) conferring
resistance to commonly used veterinary antibiotics (Blanc et al.,
2006; Endimiani et al., 2012b; Machado et al., 2008). Therefore,
though this aspect has been analyzed in a few studies, the risk
to select for ESC-R isolates is theoretically not only restricted to
the use of ESCs (EFSA, 2011). Persoons et al. demonstrated that
amoxicillin is significantly associated to the emergence of ESC
-R-Ec in poultry; the authors also showed that poor hygienic
condition of the medicinal treatment reservoir, no acidification
of drinking water, more than three feed changes during the
production cycle, hatchery of origin, breed, and litter material
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used can favor the spread of ESC-R-Ec (Persoons et al., 2011).
The importance of amoxicillin treatment (and to less extent
trimethoprim-sulfadimethoxine) in selecting ESC-R-Ec and favor-
ing plasmid exchange was also observed by Dheilly et al. using an
experimental model with chicks (Dheilly et al., 2012).

5.2. Effects of using ESCs

The extensive use of ESCs in the livestock and the increased
prevalence of resistant isolates have recently stimulated the
researchers to investigate their specificimpact on the livestock set-
ting. This is based on the knowledge that ESCs (but also quinolones
and aminoglycosides) are antibiotics clearly linked to the risk of
selection for ESBL, cAmpC, and pAmpCs producers in humans (Ben-
Ami et al., 2009).

During parenteral therapy with ceftiofur, ESC-R-Ec expanded
in absolute number and relative frequency (Volkova et al., 2012).
Dolejska et al. recorded a statistically significant correlation
between ESCs use and prevalence of CTX-M-1-producing E. coli
after comparing the epidemiological data of a conventional cat-
tle farm with high consumption of parenteral/intramammary
cephalosporins to those of an organic farm without use of antibi-
otics (i.e., prevalence of 39% vs. 0%) (Dolejska et al., 2011). In a
recent study, 11% of Danish slaughter pigs had fecal sample pos-
itive for ESC-R-Ec; a significantly higher prevalence was observed
among pigs originating from farms with registered ESCs consump-
tion (26.3% vs. 10.8%; P=0.034) (Agerso et al.,, 2012). A strong
correlation between off-label use of ceftiofur and high prevalence
of ESC-R-Ec/-Sal has also been reported (Dutil et al.,2010; Jorgensen
etal., 2007). Lowrance et al. showed that administration of a single
dose of ceftiofur favored transient expansion of MDR fecal E. coli
(e.g., resistance to ceftiofur, chloramphenicol, streptomycin, sul-
fisoxazole, and tetracycline) in steers; the flora returned to its
initial susceptibility approximately 2 weeks after the antibiotic
administration (Lowrance et al., 2007). In an experimental model,
administration of a single ceftiofur dose to turkey not colonized
with resistant strains did not result in the emergence of ESC-R
species. However, if the turkeys were previously colonized with
both susceptible Salmonella and pAmpC-producing E. coli isolates,
the plasmid was readily exchanged (Poppe et al., 2005). In another
study, the use of amoxicillin, ceftiofur, or cefquinome increased
the count of a CTX-M-1-producing E. coli previously inoculated
intragastrically in pigs. In particular, ceftiofur and cefquinome had
larger selective consequences than amoxicillin and the effects per-
sisted beyond the withdrawal times suggested for these ESCs. The
increase in the number of ESC-R-Ec was mainly due to the prolifer-
ation of indigenous isolates that probably acquired via conjugation
the plasmid carrying the blacrx.m-1 gene (Cavaco et al., 2008).
Similar results were also observed in cattle inoculated with CMY-
2-producing E. coli and treated with ceftiofur (Alali et al., 2009). To
understand the dynamics of plasmid-mediated resistance to ESCs
in enteric commensals of cattle, Volkova et al. developed a math-
ematical model to study ESC-R and -susceptible commensal E. coli
in absence or during parenteral therapy with ceftiofur. The results
suggested that ESC-R-Ec could persist in the absence of immedi-
ate ceftiofur pressure because a low and stable fraction of them
can be maintained (even if they grow slower than that of the sen-
sitive ones) by horizontal and vertical transfers of plasmids with
the indigenous flora and/or ingestion of additional resistant E. coli
isolates. The latter could occur if the conditions on the farm allow
for a close circulation of isolates (including those that are ESC-R)
between cattle and their environment (Volkova et al., 2012).

The above studies support the link between ESCs use and
selection and spread of ESC-R-Ent. As ESCs (e.g., ceftiofur and
cefquinome) are mainly eliminated through the urines, we empha-
size that very low concentrations in the intestines of treated
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animals contribute to the selection and transfer of ESCs resis-
tance (EMEA, 2009; Hornish and Kotarski, 2002). This phenomenon
might be the “perfect storm” to select for ESC-R-Ent in the gut of
animals.

5.3. Controversial studies and different point of views

Although with a less extent, points of view that differ from the
above studies have also been reported. In a Canadian study, Check-
ley et al. conducted a prospective observational study to examine
antimicrobial resistance patterns of fecal E. coli of calves on arrival
at the feedlot, and then evaluate the associations between the
antimicrobials used for treatment (i.e., ampicillin, sulphamethox-
azole, tetracycline, trimethoprim/sulfanilamide, or trimethoprim)
and changes in antimicrobial resistance during the feeding period.
As a result, a statistically significant association between antimi-
crobial use and antimicrobial resistance was not found (Checkley
et al., 2010). Platt et al. evaluated the impact of the administra-
tion of chlortetracycline in feed of cattle as a method to select
for tetracycline-resistant enteric bacteria in feedlot settings. As
expected, proportion of tetracycline-resistant E. coli was signifi-
cantly greater in exposed than in unexposed animals. However,
though co-resistant to tetracycline, exposure to the antibiotic led
to a significant decrease in the amount of ESC-R-Ec (Platt et al.,
2008).

Consistently with other studies, Tragesser et al. showed that
dairy cow herds in which ceftiofur was administered were more
likely to have animals colonized with ESC-R-Ec than herds where
ceftiofur was not implemented. However, a linear relationship
between the percentage of cows with ESC-R-Ec and the percentage
of cows in the herds recently treated with ceftiofur was not found.
Therefore, the authors suggested that interventions to reduce the
spread of these pathogens would be most effective at the herd level
rather than at individual cow-level (Tragesser et al., 2006). Singer
et al. observed that CMY-2-producing E. coli was isolated only from
dairy cows receiving ceftiofur because there was a significant drop
down of the antibiotic-susceptible E. coli strains part of the intrinsic
flora (P<0.027). Actually, the resistant population did not increase
in quantity within the treated cows; levels stayed low and were
overtaken by a returning of the susceptible population. There was
no difference in the genetic diversities of the E. coli between the
treated and untreated cows prior to ceftiofur administration or after
the susceptible population recovered in the treated cows. There-
fore, the authors concluded that ceftiofur provided only a window
to detect the presence of ESC-R-Ec but did not appear to cause its
acquisition. The finding of resistant isolates following antibiotic
treatment is not sufficient to estimate the strength of the selection
pressure nor it is sufficient to demonstrate a causal link between
antibiotic use and the emergence or amplification of resistance
(Singer et al., 2008). Combining an in vivo and an observational
study, Daniels et al. assessed the potential effects of ceftiofur use
in dairy cattle on transfer and dissemination of a blacyy.2-bearing
plasmid in Salmonella spp. and commensal E. coli. The authors con-
cluded that plasmid transfer and frequency of occurrences of ESC-R
isolates were not associated to ceftiofur treatment (Daniels et al.,
2009). Notably, occurrence and persistence of ESBL-and/or pAmpC-
producing E. coli in the apparent absence of ESCs use have been
reported in poultry and cattle (Liebana et al., 2006; MARAN, 2005).

6. Similarities between human and livestock
epidemiologies

Different efforts at national and local levels have been per-
formed to establish the prevalence of ESC-R-Ent in humans. In
general, the following prevalence of ESBL-producing E. coli by
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FIA, FIB, FII

ST131, ST405,
ST638, ST648

(

ESBLs (NT)

Tanzania: CTX-M-15
(100%) (Mshana
etal, 2011)

ST131 NT

South Africa: ESBLs (NT)

ST131,ST617, NT

ST448, ST501

ESBLs (13%)
AmpCs (0%)

Nigeria: CTX-M-15

Africa

(CTX-M-15)

AmpCs (NT)

(CTX-M-15)

AmpCs (NT)

CTX-M-15 (59%),
CTX-M-14 (32%),

CTX-M-3 (5%),

(100%) (Aibinu et al.,

2012)

-M-15)

SHV-2 (5%) (Peirano

etal., 2011)

(CTX-M-15)

NT

NT

ESBLs (NT)

China: DHA-1 (48%),

CMY-2 (52%),

NT NT

ESBLs (12%)

Australia: CTX-M-9
(93%), CTX-M-15

NT NT

ESBLS (3%)

Australia:

Asia and

AmpCs (2%)

AmpCs (NT)

AmpCs (0%)

CTX-M-gr-1 (63%),

Australia

CTX-M-types (61%),

(7%) (Stuart et al.,

2011)

CTX-M-gr-4 (25%),
TEM-116 (13%)

SHV-types (35%) (Li
etal., 2008)

(Gundogdu et al.,

2012)

NT

NT

ESBLs (18%)

Philippines:

FIA, FIB, 11

NT

ESBLSs (3%)

Japan: CTX-M-gr-9

NT

ESBLs (39%)
AmpCs

(19%)

China: CTX-M-15
(18%), CTX-M-55

CTX-M-15 (50%), AmpCs (3%)

(CTX-M-gr-9),

N

AmpCs (NT)

(56%), CTX-M-gr-1

CTX-M-14 (33%),
SHV-12 (17%)

(26%), CTX-M-gr-2

(13%) (Tian et al.,

2012)

(CTX-M-gr-2)

(14%) (Nakamura
etal,, 2012)

S.N. Seiffert et al. / Drug Resistance Updates 16 (2013) 22-45

(Kanamori et al.,

2011)

Note: NT, not tested; AmpCs, includes both chromosomal AmpCs (cAmpCs) and plasmid-mediated AmpCs (pAmpCs).

2 Data includes papers from the year 2008.
b These studies refer to colonized people.
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continent has been recorded: Europe (1-17%), America (2-21%),
Africa (13%), Asia (3-39%), and Australia (3%). Those for the AmpC
producers (both plasmid- and chromosomally-mediated) are as
follow: Europe (1-2%), America (0.5-3%), and Asia (2-19%). The
specific prevalence of ESBL- and AmpC-producing E. coli for the
main countries is presented in Table 4. Overall, data regarding
ESC-R-Ec indicate that humans and food animals may share some
molecular characteristics, such as bla types, clones (STs), and plas-
mid scaffolds.

6.1. ESBL and pAmpCs bla genes in ESC-R-Ec

The three most frequent bla genes reported in ESC-R-Ec iso-
lates found in humans are (in rank) blactx-m-15. blactx-m-14»
and blacyy.2. As deduced from the representative studies pre-
sented in Table 4, their relative prevalence according to the
continent are as follows: CTX-M-15 (Europe: 22-93%; Amer-
ica: 47-73%; Africa: 59-100%; Asia/Australia: 7-50%), CTX-M-14
(Europe: 4-60%; America: 11-26%; Africa: 32%; Asia/Australia:
33%), and CMY-2 (Europe: 12-40%; America: 3-16%; Asia: 50%).
Notably, the blacyy.o is the most frequent bla gene found in
Salmonella isolates, especially in North America (Frye et al., 2008;
Zhang and LeJeune, 2008).

In contrast to humans (see also Section 3.4), in food ani-
mals CTX-M-1, CTX-M-14 and CMY-2 are the most frequent
enzymes conferring resistance to ESCs (e.g., prevalence in Europe of
14-100%, 11-60%, 13-78%, respectively). More importantly, CTX-
M-15 has much less impact than in people and it is identified
only in recent analyses performed in Europe (Table 1). Therefore,
humans and livestock share only part of the bla genes. This is a
general observation that may be not true for small geographic
areas where the sharing of genes might be higher (Leverstein-
van Hall et al., 2011). Future surveillance of genetic distribution
of genes conferring ESC-R phenotype will allow determining if the
prevalence of blacrx.m-1 from animal origin is increasing in the
human population. On the other hand, such surveillance will also
determine if blactx.m-15 is also increasing in the animal popula-
tion.

6.2. Sequencing types (STs) of ESC-R-Ec

For ESC-R-Ec isolates of human origin, the following STs are
more frequently observed than others (in rank): ST131, ST648,
ST405, ST38, ST101, ST393, ST410, ST117, ST10, ST69, and ST95
(Ewers et al., 2012). In particular, ST131 represents 50-60% of
the overall ESC-R-Eg, it is globally reported, and it is responsi-
ble for infections in both hospital and community (Peirano and
Pitout, 2010; Rogers et al., 2011). This lineage usually carries the
blacrx-m-15, but other blacrx-m-types Can also be harbored. ST131,
along with the above listed commonly described human STs (e.g.,
ST648), is also found in livestock (Cortes et al., 2010). However,
ST131 is, so far, more rarely reported than in people. This is in
contrast to its high prevalence observed in pets (Ewers et al,,
2012). Moreover, most ST131 isolates from food animals (espe-
cially poultry) appear to possess specific virulence genes that are
absent in human and pet isolates (Platell et al., 2011). Therefore,
as concluded for the comparison of the bla genes, the above gen-
eral data indicates a possible ongoing transmission of same STs
of ESC-R-Ec between humans and food animals but also paral-
lel independent evolution of the two host populations of E. coli
strains.

6.3. Plasmids spreading among ESC-R-Ent

The following Inc group plasmids have been described for
the most important bla genes in ESC-R-Ec and ESC-R-Sal found
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in humans (in rank): blacrx.m.1 (IncN, Incll, IncF, IncL/M),
blactx.m-2 (IncA/C, IncHI2, IncP, Inci1), blacrx.m-g (IncHI2, IncP,
IncF, Incl1, IncY, IncB/O, IncK), blacrx.m.14 (IncK, IncF, Incll,
IncHI2, IncB, IncA/C), blacrx-m-15 (IncF, Incl1, IncA/C, IncL/M, IncN),
blasyy-12 (Incl1, IncK, and IncF, IncA/C, IncHI2), blatgm.s2 (Incll),
blacpy-2 (Incll, IncA/C, IncF), blayp.1 (IncN, IncHI2, Incl1, IncW),
and blanpm-1 (IncN, IncL/M) (Carattoli, 2009; Nordmann et al.,
2011b) (Table 4). The comparison of food animals, food prod-
ucts and human data indicate that epidemic plasmids belonging
to IncF, N, I1, 12, A/C, HI2, and K groups are present in both
hosts.

The most frequent plasmids associated to the ESBL and pAmpC
bla genes in E. coli and Salmonella strains detected in food animals
and humans are of IncF group (Johnson et al., 2007). All blacrx.v and
blasyy genes together with the blacyy.o may be linked to this type
of plasmids. Highly transmissible epidemic IncF plasmids carrying
the blacrx-m-15 are of particular global impact among Enterobacte-
riaceae from humans and, with less extent, in food animals. These
plasmids are not exclusive to clone ST131, since they are identified
in other STs (e.g., ST405, ST354). IncF plasmids contribute to the
fitness of the bacterial hosts by providing virulence factors, non-
bla resistance genes (e.g., AMEs, aac(6’)-1b-cr, gnr, and armA genes),
and addiction systems (toxin-antitoxin, restriction enzymes) that
assure their stability in the cells (Carattoli, 2011). It should also
be noted that they are detected in >50% of non-ESC-R-Ec from
healthy people and birds (Johnson et al., 2007). IncN plasmids are
especially linked to the blacrx-m-1 and the blasyy.12. These mobile
genetic elements are extensively distributed among food animals
in both ESC-R-Ec and ESC-R-Sal, but humans (both colonized and
infected) and retail meats are also frequently involved. IncN are rec-
ognized as major players for the animal-to-humans transmission
of blactx-m-1 because they are each other highly related regardless
of host and setting of isolation (Bortolaia et al., 2010; Cavaco et al.,
2008; Moodley and Guardabassi, 2009; Novais et al., 2007; Randall
et al,, 2011). Plasmids of IncI1 and IncI2 groups are also com-
mon in ESC-R-Ent of both human and animal origin (Johnson et al.,
2007). Both are associated to the blacyy-2, whereas Incl1 is also
frequently linked to many different blacrx-m-type genes (Antunes
etal., 2010; Johnson et al., 2011; Mataseje et al., 2009). Genetically
related Incl1 plasmids carrying blactx-m.1 have been identified in
the Netherlands in ESC-R-Ec from poultry meat and clinical human
isolates (Leverstein-van Hall et al., 2011). Various serovar of ESC-R-
Sal responsible for outbreaks in Belgium, France, the Netherlands,
Denmark and UK and linked to poultry possess Incl1 plasmids car-
rying the blatgy.s2 located on a Tn3 transposon (Carattoli, 2011;
Cloeckaert et al., 2007). An Incl1 plasmid carrying the blacrx-m-15
has been identified in the E. coli 0104:H4 responsible for the recent
outbreak in Germany (Brzuszkiewicz et al., 2011). IncA/C plas-
mids harboring blacrx.u-2 are recovered from E. coli and Salmonella
strains from poultry and humans, especially in UK. These plas-
mids are also frequently associated to the dissemination of blacyy-
in North America and several EU countries (Carattoli, 2011; Giles
et al.,, 2004; Mulvey et al., 2009; Randall et al., 2011). Plasmids
of IncHI2 are mainly responsible for the dissemination of CTX-M-
2 and CTX-M-9 among human and animal ESC-R-Ent in Europe.
These two blacrx-m genes are located in similar class 1 integrons
(along with the ISCR1) which are inserted in Tn21-like structures
(Arduino et al., 2002; Eckert et al., 2006; Garcia Fernandez et al.,
2007). IncK plasmids are associated to the diffusion of blacrx-m-14
in both people and food animals (Diestra et al., 2009; Navarro et al.,
2007; Valverde et al., 2009). These plasmids are even related to the
CMY-2-producing E. coli found in animals and foods (Dierikx et al.,
2010). Overall, the above data indicate that plasmids are probably
the main mechanism responsible for the dissemination of common
bla genes among the different habitats and that may be responsible
for the animal-to-human transmission of these resistance traits.

6.4. Carbapenemase-producers

The blayy.1 gene recently found in E. coli in Germany was
carried by a class 1 integron along with aacA4 and aadA1 AMEs,
and sull (sulphonamides resistance). This integron (i.e., In110) had
been found in other Enterobacteriaceae and in Pseudomonas spp.
of human origin inserted within transposon Tn21. Moreover, the
integron was located on a 220 kb IncHI2 plasmid which also car-
ried the blaacc.; pAmMpC and the strA/B (streptomycin resistance)
genes. The E. coli isolates were of ST88, a strain previously found
in Germany among chicken, cattle, turkeys and humans samples
(Fischer et al., 2012a). The blayjy.1 gene of the Salmonella isolates
was located in the same transposon as in E. coli and was carried by
a 300 kb IncHI2. The strains were identified as Salmonella Infantis
(i.e., S. enterica group C of ST32), a serovar frequently detected in
pig and poultry meat and responsible for outbreaks characterized
by serious human invasive infections (Fischer et al., 2012b).

0OXA-23 is a common source of carbapenem resistance in A. bau-
mannii strains isolated in hospitals but not from the community.
The blagxa-»3 gene found in several A. genomospecies 15TU of cattle
origin in France was located in transposon Tn2008 or Tn2008-like
(Poirel etal.,2012a). This transposon is one of the genetic structures
responsible for the spread of the blagxa-23 gene in A. baumannii in
humans (Mugnier et al., 2010).

The blanpy-1 gene found in A. lwoffii in China was carried on a
non-typable plasmid that was transferrable to E. coli. More remark-
ably, the expression of NDM-1 was driven by a promoter partly
provided by an intact ISAba125. Since this IS has not been found
intact in species other than Acinetobacter spp. (Nordmann et al.,
2011Db), it is possible that the blaypy.1 may have originated in these
environmental bacteria and then spread to Enterobacteriaceae caus-
ing infection in humans (Wang et al., 2012).

7. Transmission of ESC-R GNOs from livestock to humans

MDR GNOs can be horizontally transferred from food animals
to humans but such bacteria can also transfer their genetic resis-
tance traits (e.g., blagsgrs and blapampcs) to the commensal intestinal
flora (Marshall and Levy, 2011). The levels of evidence suppor-
ting these in vivo mechanisms are limited and most conclusions
are derived from observational epidemiological studies and exper-
imental models. However, the recent advent of new molecular
techniques (e.g., MLST to analyze the clonality of strains; Inc groups
and pMLST for plasmids characterization) is offering more chances
to study and to demonstrate animal-to-human transmission of
MDR GNOs.

7.1. Horizontal transfer of bacteria

This route of transmission is particularly associated to
Salmonella, but E. coli is not excluded from this phenomenon.
Humans can acquire ESC-R-Sal and ESC-R-Ec by direct contact with
food-producing animal carriers or contact with contaminated envi-
ronments, whereas person-to-person transmission is uncommon
(Hilty et al., 2012b). However, the main path of transmission seems
to be the food chain and this is based on three main observations
(Perreten, 2005).

First, there is indubitable evidence that food products from
livestock sources may contain ESC-R-Ent (Hasman et al., 2005;
Mollenkopf et al., 2011). For instance, in Spain, Germany and the
Netherlands the prevalence of retail poultry meat colonized by ESC-
R-Ec has been recently reported between 45 and 90% (Egea et al.,
2012; Kola et al., 2012; Overdevest et al., 2011). It should also be
noted that Calbo et al. have recently described a foodborne noso-
comial outbreak due to an ESBL-producing K. pneumoniae isolate

29



OVERVIEW

S.N. Seiffert et al. / Drug Resistance Updates 16 (2013) 22-45 37

(Calboetal.,2011). Second, the trends of emergence of ESC-R-Ent in
livestock and/or its food products are specular to those observed for
human infections. This is particularly true for the CMY-2-producing
Salmonella isolates detected in US (Frye and Fedorka-Cray, 2007;
Gupta et al., 2003; Lopes et al., 2006), and for the ESBL producers
(e.g., CTX-M-2 and CTX-M-9) responsible for outbreaks in Europe
(Bertrand et al., 2006; Weill et al., 2004). In France, clonally-related
CMY-2-producing Salmonella infections have been linked to the
consumption of meat from a common retailer (Espie et al., 2005). A
Canadian study showed that E. coli from retail chicken (i.e., those of
ST131 and ST117) and honeydew melon (i.e., ST95) were indistin-
guishable from those causing UTIs in women (Vincent et al., 2010).
In the Netherlands, 39% of CTX-M-1- and TEM-52-producing E. coli
found in poultry samples belonged to identical genotypes (i.e.,ST10,
ST58, ST117) present in human clinical samples (Leverstein-van
Hall et al., 2011). Third, in several studies, patients infected with
ESC-R-Sal had more contact with food-producing animals than sub-
jects with susceptible isolates (Gupta et al., 2003). For instance, Fey
etal. described one isolate of CMY-2-producing Salmonella detected
in a 12-year-old boy who was in contact with the father’s cat-
tle where the same clonally-related strain caused severe diarrheal
disorder and animal death (Fey et al., 2000).

7.2. Transfer of resistance genes

Humans ingest resistant bacteria on a daily basis and during the
passage through the intestinal tract such bacteria may transfer their
resistance genes to other host-adapted bacteria. In an experimental
model simulating the human intestinal tract, Smet et al. have ele-
gantly demonstrated this phenomenon. The TEM-52-positive Incl1
plasmid of an avian E. coli previously added to artificial human
stools was easily transferred (within 24 h) to the E. coli strains part
of the commensal microbiota. This occurred without selective pres-
sure of antibiotics but administration of cefotaxime increased the
chance of plasmid horizontal transmission and population size of
ESC-R-Ec (Smet et al., 2011).

As discussed, plasmids with the same Inc group and other
genetic elements coding for ESBLs and pAmpCs have been
described in both food-producing animals and humans. However,
to support the hypothesis that plasmid exchange between livestock
and humans can occur, researchers would focus on: (i) analyses
involving subjects from the same geographic region and period of
time and (ii) clinical cases where the identical plasmid was found
in the acquired zoonotic ESC-R isolate and the commensal bacte-
rial flora. Overall, we note that these two kinds of studies are fairly
scarce.

In a large analysis of CMY-2-positive plasmids from E. coli
and Salmonella isolates obtained from humans, animals and envi-
ronment, Mataseje et al. concluded that genetically very similar
CMY-2 plasmids of Incl1, IncA/C, and IncK/Bwere widely distributed
across Canada in the three settings and among the two bacterial
hosts (Mataseje et al., 2010). Evidence for transfer of CMY-2 plas-
mids between E. coli and Salmonella isolates from food animals
and humans was also recorded by Winokur et al. (Winokur et al.,
2001). Clockaert et al. reported that a common IncI1 TEM-52 plas-
mid spreading among poultry and humans was capable to move
among different Salmonella serotypes, indicating a possibility for
indirect resistance transfer (Cloeckaert et al., 2007). In a very accu-
rate Dutch study, Leverstein-van Hall et al. showed that 19% of
ESC-R-Ec and ESC-R-Sal found in human clinical samples contained
blagsg; genes located on plasmids that were indistinguishable from
those obtained from poultry [i.e., blactx.m-1 on Incl1plasmids of
clonal complex 7 (ST7); blatgwm.-s2 on Incl1of clonal complex 5 (ST10
or ST36)] (Leverstein-van Hall et al., 2011). Remarkable proofs of
plasmid exchange have also been reported in farmers (see below
Section 7.3).

30

A plasmid-mediated CMY-2 pAmpC was identified in E. coli and
Salmonella strains both from the same patient. Conjugation exper-
iments and molecular analyses indicated that the same blacyy-2
harboring plasmid was transferred from E. coli to Salmonella
(Yan et al., 2002). In another study, cephalosporin-susceptible
Salmonella and E. coli were initially isolated from a hospitalized
patient who, after 2 weeks of ceftriaxone treatment, developed
infection with ESC-R-Sal and ESC-R-Ec genetically indistinguish-
able from the firsts. Resistant isolates carried a conjugative 95 kb
plasmid with the CTX-M-3, the most prevalent ESBL spreading in
that hospital (Su et al., 2003).

7.3. Professions at risk for colonization and transmission

Evidences supporting the potential risk of colonization and
transmission of antibiotic-resistant Enterobacteriaceae (e.g., those
resistant to tetracyclines or aminoglycosides) between livestock
and humans working in specific settings (e.g., farm and abattoir
workers, veterinarians) have been provided in the past and well
discussed in a recent review of Marshall and Levy (Marshall and
Levy, 2011). With regard to the ESC-R-Ent, data are more limited
but still supporting the hypothesis that these settings are a hazard
for humans.

The first notable point is that the prevalence of ESC-R-Ec among
workers of meat-processing companies or farmers is higher (e.g.,
at least 5.8% in Switzerland and 33% in the Netherlands, respec-
tively) than usually recorded for healthy people (Dierikx et al.,
2012; Geser et al., 2012b). Several studies also support the notion
that transfer of resistance genes may occur between workers and
food animals. Moodley and Guardabassi analyzed the ESC-R-Ec
from pigs, farm personnel and environment at two Danish pig farms
where ceftiofur was implemented for prophylaxis. Human, ani-
mal, and environmental strains displayed high clonal diversity but
harbored indistinguishable IncN plasmids carrying blacrx-m-1, indi-
cating that such plasmids were transmitted between pigs and farm
workers across multiple E. coli lineages (Moodley and Guardabassi,
2009). Dierikx et al. have observed that farmers carried isolates
containing blagsgs and blapampcs Which were also present in the
samples from their animals. Frequently, these bla genes were car-
ried on identical plasmid families and/or plasmid subtypes [e.g.,
Incl1(ST7) with blacrx-m-1 or Incl1(ST12) with blacyy-2] (Dierikx
etal., 2012).

Overall, the knowledge of this phenomenon is still insufficient
and future studies are necessary to address its impact on the overall
spread of MDR GNOs and their genetic elements. This is particularly
important because occupational workers, and possibly their fami-
lies, might provide an important reservoir and channel of entry for
ESC-R-Ent and/or plasmids harboring blagsg. and bla,ampcs into the
community (Fig. 1).

8. Strategies for controlling the spread of ESC-R GNOs in
livestock

Public/animal health and agriculture official institutions should
synergistically work on the development of containment strate-
gies to assure preservation of health for the population but still
addressing the needs of animals. In particular, the prudent and
judicious use of antibiotics (e.g., elimination of the unnecessary
use for viral infection, empirical treatment, or too prolonged treat-
ments) coupled with government regulations (e.g., guidelines with
antibiotic alternatives with the same capacity to eradicate the
infection in the animals) can decrease the opportunities for selec-
tion of MDR organisms in the food-producing animal setting.
The importance of monitoring programs at national and inter-
national level should also be emphasized (EFSA, 2008, 2011).
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Moreover, new concepts (e.g., Hazard Analysis and Critical Con-
trol Points, HACCP) have to be integrated in the food chain at
slaughterhouses, meat process plants and retail markets to limit
contamination and spread of ESC-R bacteria from animals to
humans (www.fda.gov/food/foodsafety).

The World Health Organization (WHO) highlights the urgent
needs for action to limit antibiotic resistance suggesting
multidisciplinary programs where the livestock scenario has a key
role. The following general strategies should be ideally imple-
mented: (i) to ban the use of antimicrobials as growth promoters;
(ii) to require an obligatory veterinarian prescription and supervi-
sion when antibiotics are used; and (iii) to drastically limit the use
of critically important antibiotics for human medicine, specifically
ESCs, quinolones, aminoglycosides, macrolides and sulfonamides
(WHO, 2007).To pursue the above strategic points, different official
institutions have released directives and/or suggestions. However,
implementation is complex and control on its effectiveness is quite
limited (EFSA, 2011).

The US Food and Drug Administration (FDA) has recently joined
this overall strategy, suggesting voluntary adoption of practices to
ensure the appropriate and judicious use of medically important
antibiotics in food-producing animals (FDA, 2012c). The effective-
ness of cephalosporins in humans is protected by prohibiting their
use in certain food-producing animals. Moreover, the FDA bans
off-label and unapproved (e.g., administration for prevention of
diseases, wrong routes or dosage levels) use of cephalosporins in
cattle, pigs, and poultry (FDA, 2012a, b).

The EU abandoned the use of antibiotics for growth promo-
tion in January 2006 (EU, 2003). The European Medicines Agency
(EMEA) indicates that ESCs should be reserved for the treatment
of clinical conditions which respond poorly to more narrow-
spectrum antibiotics. Oral use of ESCs is strongly discouraged
and parenteral prophylactic administration should be limited to
specific situations (EMEA, 2009). The Federation of Veterinari-
ans of Europe and other associations at country level released
general guidelines regarding the prudent use of antibiotics indi-
cating that narrow-spectrum agents should be preferred to those
with broad-/extended-spectrum if appropriated. However, the role
and scenario where ESCs should be implemented is usually not
specifically discussed (F.o0.V.o. Europe, 1999; Morley et al., 2005;
Passantino, 2007; Ungemach et al., 2006). The Finnish legisla-
tion prohibits the use of ESCs (including that off-label) unless a
veterinary product containing such compounds is formally autho-
rized and licensed (MAF, 2003). In the Netherlands and Germany,
antimicrobials with a “last option” characteristic in humans should
be considered as third choice in veterinary medicine and only
in critical situations where they are formally indicated (EMEA,
20009).

The specific impact of the above national and international
strategies to contain the problem in food-producing animals is dif-
ficult to be evaluated because: (i) other settings (e.g., wild-life,
companion animals, agriculture, pisciculture, and environment)
participate to the pool of antibiotic resistance, exchanging each
other MDR organisms and/or their genetic elements (Fig. 1)
(Perreten, 2005); (ii) there are many unrecognized sources of
antibiotics that are constantly in contact with animals and humans
(e.g., milk containing antibiotics to feed other animals); and (iii)
antibiotic resistance is also a natural phenomenon independent
from antibiotic pressure (Hammerum and Heuer, 2009). Therefore,
we can only implement ways to limit the selection and spread of
these harmful resistant bacteria, but we will probably never defeat
the overall problem of antibiotic resistance. In this context, we
should take into consideration that, though antibiotics currently
remain the most cost effective strategy to prevent and cure bacterial
infections in food animals, a number of alternatives for treatment
and prevention of infection are available or under development

and investigation. For instance, bacteriophage therapy, implemen-
tation of vaccines and probiotics, breading for healthy animals,
bio-security on farms, and overall intense hygiene measures have
shown excellent results in reducing the impact of MDR bacteria in
livestock (Doyle and Erickson, 2012, 2006; Shryock and Richwine,
2010).

9. Conclusions

The intense use of antibiotics, particularly at non-therapeutic
level, in the livestock sector has so far been both a blessing and
a curse. It is a blessing because it eradicates and prevents animal
infections in a very efficient and seemingly cost effective way; it
is a curse because it has undoubtedly created a resistance prob-
lem in the bacterial populations of food animals by “breeding”
antibiotic-resistant GNOs. This now hampers the options of antibi-
otic treatment of animal infections but, more importantly, also
poses a significant hazard to the human health. Life-threatening
human pathogens have become resistant to critically important
antibiotics (e.g., ESCs) undermining our therapeutic armamentar-
ium. This is coupled by the fact that the discovery of new and more
potent antimicrobials against GNOs has faced a significant slowing-
down in the last decade. Therefore, it is vital that we develop and
implement strategies to limit and regulate the overall use of antibi-
otics in view to preserve the effectiveness of those that are vital
for the human health. This can also have important implications
for the containment of the increased health-care costs due to the
nosocomial and community acquired bacterial infections.

So far, robust studies proving unquestionable proofs for the food
animal-to-human transmission are limited. Clones resistant to ESCs
(especially E. coli) have been mostly different in the humans com-
pared to the animals. However, there are strong indications that
the same plasmids are simultaneously present in the two settings
and, with less extent, there are also evidences regarding their bac-
terial inter-/intra-species exchange and horizontal transmission
between human and animal hosts. Therefore, what is really needed
in this context, are large scale studies with a combined design which
includes the human (i.e., both community and hospitals) and vet-
erinary settings (i.e., pets, wild and main food animals) at the same
time and in the same geographic region. Moreover, the molecular
approaches implemented to characterize the MDR isolates should
be consistent among the different studies to assure a correct com-
parison and interpretation of the epidemiological results. Finally,
to better comprehend the overall problem of antibiotic resistance,
the impact of the use of different antibiotic classes and other risk
factors (e.g., profession, environment) should be taken into account
for both humans and animals.
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ChapterI

Based on the lack of information regarding the prevalence of ESC-R E.coli in Switzerland the first
study conducted was a detailed characterization of 611 isolates from hospitalized patients at the
University Hospital of Bern isolated between September and December 2011.

The overall prevalence of ECR-R E.coli was 6.5%, which can be considerate as low value
compared to other countries. The most frequently detected resistances were CTX-M-variants
(75%, mainly CTX-M-15 with 35%) and CMY-2 (12.5%). Surprisingly, most AmpC-producers
were detected in SOC patients, which could serve as a “vehicle” for the transmission of highly-

drug resistant E.coli into the community (and vice versa).

The study was published in the Journal of Antimicrobial Chemotherapy under the title
“Extended-spectrum cephalosporin-resistant Escherichia coli in community, specialized
outpatient clinic and hospital settings in Switzerland” in 2013 (Seiffert et al., Journal of

Antimicrobial Chemotherapy; 68(10):2249-2254, 2013).
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Objectives: Resistance to extended-spectrum cephalosporins (ESCs) in Escherichia coli can be due to the produc-
tion of ESBLs, plasmid-mediated AmpCs (pAmpCs) or chromosomal AmpCs (cAmpCs). Information regarding type
and prevalence of B-lactamases, clonal relations and plasmids associated with the bla genes for ESC-R E. coli (ESC-
R-Ec) detected in Switzerland is lacking. Moreover, data focusing on patients referred to the specialized outpatient
clinics (SOCs) are needed.

Methods: We analysed 611 unique E. coliisolated during September-December 2011. ESC-R-Ec were studied with
microarrays, PCR/DNA sequencing for blagsg s, blapampcs, promoter region of blacampc, IS elements, plasmid incom-
patibility group, and also implementing transformation, alEF, rep-PCR and MLST.

Results: The highest resistance rates were observed in the SOCs, whereas those in the hospital and community
were lower (e.g. quinolone resistance of 22.6%, 17.2% and 9.0%, respectively; P=0.003 for SOCs versus commu-
nity). The prevalence of ESC-R-Ec in the three settings was 5.3% (n=11), 7.8% (n=22) and 5.7% (n=7), respect-
ively. Thirty isolates produced CTX-M ESBLs (14 were CTX-M-15), 5 produced CMY-2 pAmpC and 5 hyper-expressed
cAmpCs due to promoter mutations. Fourteen isolates were of sequence type 131 (ST131; 10 with CTX-M-15).
blacrx-m and blacmy-> were associated with an intact or truncated ISEcp and were mainly carried by IncF, IncFII
and IncI1plasmids.

Conclusions: ST131 producing CTX-M-15isthe predominant clone. The prevalence of ESC-R-Ec (overall 6.5%) is low,
but anunusual relatively high frequency of AmpC producers (25%) was noted. The presence of ESC-R-Ecinthe SOCs
and their potential ability to be exchanged between hospital and community should be taken into serious consid-
eration.

Keywords: ESBL, AmpC, CMY, CTX-M, ST131

Introduction

Extended-spectrum cephalosporin-resistant  Escherichia  coli
(ESC-R-Ec) isolates are dramatically increasing worldwide. This
phenomenon is usually due to the production of extended-
spectrum B-lactamases (ESBLs), plasmid-mediated AmpC
(pAmpCs) or, more rarely, chromosomal AmpC (cAmpC).*

Several sequence types (STs) of ESC-R-Ec (e.g. ST131 producing
the CTX-M-15 ESBL) have shown the ability to cause severe infec-
tions in both hospitalized and community patients.’ ~* However,
data describing the rates and characteristics of ESC-R-Ec in
the community are still limited and, more importantly, those

specifically focusing on the subgroup of patients referring to the
specialized outpatient clinics (SOCs) are almost lacking.”*> In
Switzerland, several works have described the prevalence and
molecular characteristics of ESC-R-Ec detected in healthy people,
food and animals.>®’ However, there is a lack of contemporary
data regarding the ESC-R-Ec causing infections in humans.®

Materials and methods

Clinical isolates and definitions

AlLE. coliidentified at the Laboratory of Clinical Microbiology of the University
of Bern (Switzerland) between 1 September and 31 December 2011 were

© The Author 2013. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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analysed. The laboratory receives samples from outpatients and those hos-
pitalized at the University Hospital of Bern (Inselspital). Data regarding outpa-
tients were further stratified as ‘community’—patients referring to primary
care general physicians (GPs) and emergency departments (ERs)—and
‘SOCs’—patients referring to the specialized departments of Inselspital. We
defined ‘community acquired’ (CA) and ‘healthcare associated infections’
(HCA) according to the current CDC criteria.’

Species identification and antimicrobial susceptibility
tests (ASTs)

Speciesidentification was achieved by implementing standard biochemical
tests. ASTs were routinely assessed using the disc diffusion method and
results were interpreted according to the CLSI criteria.’® The MICs for differ-
ent antibiotics were obtained in Mueller-Hinton II broth (BBL, Becton Dick-
inson) using the microdilution Sensititre ESB1F plates (Trek Diagnostics) only
for the ESC-R-Ec (Table S1, available as Supplementary data at JAC Online).

Characterization of p-lactamases

The CT103 microarray (Check-Points) was used to screen the ESC-R-Ec for
the presence of B-lactamase genes. PCR/DNA sequence analyses for the
bla genes found with the microarray were performed as previously
reported.'! Blaoxa-types, the promoter region of blacampc and the presence
of ISEcpi-like and ISCRI genes were also analysed.®*?13 Production of
B-lactamases was determined using analytical isoelectric focusing (alEF).°

Analysis of clonality

The ST was obtained using multilocus sequence typing (MLST) Achtman
scheme (http:/mlst.ucc.ie/mlst/dbs/Ecoli). Repetitive extragenic palin-
dromic PCR (rep-PCR) and phylogenetic group characterization were also
implemented.®'!

Plasmid analysis

The incompatibility group (Inc) of the plasmid(s) was characterized using a
multiplex PCR (PBRT Kit, Diatheva). Plasmid extract was electroporated into
ElectroMAX E. coli DH10B (Invitrogen) and cells were selected on Luria-
Bertani plates with ampicillin (20 mg/L) or cefotaxime (1 mg/L) (Sigma).

Results and discussion

Six-hundred-and-eleven unique E. coli were analysed. The overall
resistance rates to trimethoprim/sulfamethoxazole, quinolones,
gentamicin and amoxicillin/clavulanate were 31.5%, 17.4%, 19%
and 31.5%, respectively (Table S2, available as Supplementary
data at JAC Online).

The highest resistance rates were observed in the SOCs, whereas
those recorded in hospital and community settings were lower.
For instance, rates to quinolones were 22.6%, 17.2% and 9.0%, re-
spectively (P=0.003 for SOCs versus community), whereas those
for amoxicillin/clavulanate were 35.1%, 32.3% and 23.8%, respect-
ively (P=0.04 for SOCs versus community) (Table S3, available as
Supplementary data at JAC Online). Thus, the resistance rates in
SOCs are more similar to those observed in hospital rather than in
the community. The specific use of antibiotics in this setting may
be one of the reasons related to this phenomenon. Unfortunately,
in most institutions like ours, statistics regarding the consumption
of antimicrobials in SOCs are merged with those of the corresponding
hospital wards, making their interpretation in a context of antibiotic
resistance difficult. However, we note that 8 of 11 ESC-R-Ec found in

SOCs were from patients referring to nephrology or urology SOCs
(Figure 1). During the same period of our analysis, these two wards
showed the highest consumption of quinolones [10.7 and 13.3
defined daily doses (DDD)/100 occupied bed-days (BDs), respective-
ly] (Table S4, available as Supplementary data at JAC Online), a recog-
nized risk factor responsible for selection of ESC-R-Ec.?>*

Impact of ESC-R-Ec in the different settings

The overall prevalence of ESC-R-Ec (n=40; 6.5%) recorded in our
area suggests that the impact of such pathogens is still small com-
pared with other countries.'® However, the analogous prevalence
of ESC-R-Ec observed in the community (n=7; 5.7%), SOCs
(n=11; 5.3%) and hospital (n=22; 7.8%) settings drives further
conclusions (Table S2, available as Supplementary data at JAC
Online).

The relatively low hospital prevalence observed may be justified
by the different standards of hospital infection control pro-
grammes in Switzerland. In contrast, available studies with
which to compare our results about the community and SOCs
are scarce. In fact, most surveys considered invasive nosocomial
infections, whereas studies regarding non-hospitalized patients
are limited.>*** A general prevalence of 1%-4% among outpati-
ents was recorded, but only a few analyses addressed the specific
impact of ESC-R-Ec among GP and ER patients.>*®!” The preva-
lence of ESC-R-Ec in women with urinary tract infections (UTIs) re-
ferring to GPs was 1% in the Netherlands (2009) and 10% in China
(2004), whereas one study from the USA (2008) reported a fre-
quency of ~1% among ER patients.>'®'? In our area (2008-09),
ESC-R-Ec represented 1.7% of UTIs due to E. coli in community.*°
Therefore, the prevalence recorded in the present study (4.2% in
urine in 2011; Table S2, available as Supplementary data at JAC
Online) indicates that there may be a more significant expansion
of ESC-R-Ec in the community than in hospital.

Data about ESC-R-Ec in the SOC setting are essentially unavail-
able because results are frequently merged with those of GPs
and/or ERs.*'* However, Qi et al.” reported ESBL-producing E. coli
(ESBL-Ec) in ~1% of urine samples collected in SOCs, whereas Doi
et al.? noted that 33.6% of CA and 22.8% of HCA infections due
to ESC-R-Ec occurred in this setting. In this pilot work we explored
this location, suggesting its possible key role in the spread of
ESC-R-Ec. As shown in Figure 1, 10 of 11 SOC patients (mean age
53.5 years) had a CA infection usually involving the genitourinary
tract (these subjects were referring to the ambulatories of
urology, nephrology or gynaecology). Of note, seven patients had
been hospitalized during the previous year. Moreover, most of
them were referred to the SOCs for many years and had clinical
samples positive for ESC-R-Ec for long periods previously and/or
later than those analysed in the present study (data not shown).
Overall, these figures indicate that SOC patients may serve as a
source amplifying the spread of ESC-R-Ec between hospital and
community settings. In this context, we note that transmission
of ESC-R-Ec from colonized people previously hospitalized to
healthy subjects can occur in the community.**

Molecular characteristics of the ESC-R-Ec

Thirty (75%) ESC-R-Ec were CTX-M-15 (n=14), CTX-M-27 (n=7),
CTX-M-1 (n=5), CTX-M-14 (n=3) or CTX-M-79-like (n=1) produ-
cers. The blacrx-m were carried by IncF/FII plasmids and were
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Table 1. Molecular characteristics of the 40 ESC-R-Ec isolates detected during the study period

Molecular characterization Plasmid Inc Phylo Plasmid Inc group
Isolate CT103 microarray® (PCR/DNA sequencing)®<¢ alkF (+0.2) group(s) group MLST  for transformant
4810.28 CTX-M-gr-9, TEMall CTX-M-27, TEM-1, OXA-1-like, AISEcp1 3’ end 8.3,6.0,5.4 F, FIT A ST617 NP
4810.14 CMY-II, CTX-M-gr-1, CMY-2, CTX-M-15, TEM-1, OXA-1-like, ISEcp1 8.9,6.0,5.4 F, FIL, 11, X1 D ST405 F, FIL, 11¢
TEMall (for both bla genes)

4808.28 CMY-II CMY-2, OXA-1-like, ISEcp1 9.0,7.0,6.2 F, FIT, 11, X1 D ST354 F, FII, 11, X1
4902.33  CTX-M-gr-9, TEMall CTX-M-27, TEM-1, OXA-1-like, AISEcp1 3’ end 8.6,8.1,5.4 F, FII, X1 D ST648 F, FII
4809.08 CTX-M-gr-I CTX-M-15, OXA-1-like, AISEcp1 3’ end 8.9 F,FIL N, Y D ST648 NP
4809.61 — OXA-1-like, [T/A at -32, G/A at -28, G/A at +34, 8.6 F, FIL, 11, HI2 D ST648 NP

C/Tat +58]
4807.55 CMY-II, TEMall CMY-2, TEM-1, OXA-1-like, AISEcp1 3’ end 9.0,6.2,5.4 F 12, N, P, X1 D ST69 TNO
4812.41 CTX-M-gr-9, TEMall CTX-M-27, TEM-1, OXA-1-like, AISEcp1 3’ end 8.5,6.2,5.4 F, FIL, N, X1 D ST648 F, FII
4902.09 CTX-M-gr-1 CTX-M-79-like, OXA-1-like, ISEcp1 9.0 F, FIL 11 A ST23 F, FIL, 11
4807.33 — OXA-1-like, [C/Tat-42,G/A at -18,C/Tat -1, 9.0 B/O, F, FII, I1, P B1 ST156 NP

C/Tat +58]
4806.54 CTX-M-gr-1, TEMall CTX-M-15, TEM-1, OXA-1-like, AISEcp1 3’ end 8.9,6.0,5.4 12 B1 ST156 NP
4904.60 — OXA-1-like, [C/T -42, G/A-18,C/T -1, C/A +24, 8.6 — B1 ST101 NP

A/G +49, C/T +58]
4901.67 CMY-IL, TEMall CMY-2, TEM-1, OXA-1-like, ISEcp1 9.0,6.0,5.4 B/O, F, FIL, K B1 ST1431 F, FIL, K
481217 — OXA-1-like, [C/Tat -42, G/A at -18,C/Tat -1, 9.0, 6.0 F, FIT A ST410 NP

C/Tat +58]
4809.09 CTX-M-gr-I, TEMall CTX-M-1, TEM-1, OXA-1-like, AISEcp1 3’ end 85,81,6.0,54 FFII1,PR B1 ST1196 FII, I1
4904.36  CTX-M-gr-9, TEMall CTX-M-14, TEM-1, OXA-1-like, ISEcp1 8.1,6.0,5.4 F, FIL, 12, X1 A ST744 TNO
4812.72  CMY-II, TEMall CMY-2, TEM-1, OXA-1-like, AISEcp1 3’ end 9.0, 6.0, 5.4 F, FII, 11, X1 A ST744 F, FII, 11, X1
4807.68  CTX-M-gr-1, TEMall CTX-M-1, TEM-1, OXA-1-like, AISEcp1 3’ end 8.9,6.2,5.4 F, FII, N, X1 A ST167 F, FII
4904.50 CTX-M-gr-9 CTX-M-27, OXA-1-like, AISEcp1 3’ end 8.4 F, FIL, X1 B2 ST95 NP
4901.68 CTX-M-gr-1, TEMall CTX-M-1, TEM-1, OXA-1-like, ISEcp1 8.6,6.0,5.4 F, FIL, 11, X1 A ST10 TNO
4807.21 CTX-M-gr-I CTX-M-15, OXA-1-like, AISEcp1 3" end 8.9,7.9,6.0 F, FII A ST10 F, FII
4807.06  CTX-M-gr-9, TEMalll CTX-M-14, TEM-1, OXA-1-like, ISEcp1 8.1,7.9,5.4 F, FII D ST315 NP
4807.08 CTX-M-gr-1, TEMall CTX-M-1, TEM-1, OXA-1-like, ISEcp1 8.4,6.0 F, FIL, 12, X1 A ST10 TNO
4902.72  CTXM-gr-1, TEMall CTXM-gr-1, TEMall, TEM-164R CTX-M-1, TEM-1, 5.4 F, FII, N B1 ST453 TNO

OXA-1-like, AISEcp1 3’ end
4901.66 CTX-M-gr-1, TEMall CTX-M-15, TEM-1, OXA-1-like, ISEcp1 8.6,5.4 F, FII B2 ST131 NP
4903.14  CTX-M-gr-I, TEMall CTX-M-15, TEM-1, OXA-1-like, ISEcp1 8.9,5.4 F, FIL, 12 B2 ST131 TNO
4808.15 CTX-M-gr-9 CTX-M-27, OXA-1-like, AISEcp1 3" end 8.2,6.0 B/O, F, FII B2 ST131 NP
4808.13 CTX-M-gr-I CTX-M-15, OXA-1-like, ISEcp1 8.6, 6.0 B/O, F, FII, X1 B2 ST131 NP
4901.28 CTX-M-gr-I CTX-M-15, OXA-1-like, ND 89,7.6,6.0 F, FII B2 ST131 NP
4904.07 CTX-M-gr-9 CTX-M-27, OXA-1-like, ND 8.6 F, FIT B2 ST131 NP
4901.09 CTX-M-gr-I, TEMall CTX-M-15, TEM-1, OXA-1-like, ISEcp1 8.9,6.2,5.4 F FIL N, Y B2 ST131 NP
4809.34 CTX-M-gr-1 CTX-M-15, OXA-1-like, ISEcp1 9.0,7.6 F, FII B2 ST131 NP
4901.44  CTX-M-gr-9 CTX-M-27, OXA-1-like, ND 8.2 F, FII B2 ST131 F, FII
4809.24  CTX-M-gr-1 CTX-M-15, OXA-1-like, AISEcp1 3’ end 8.9,7.2,6.2 F, FIT B2 ST131 NP
4902.61 CTX-M-gr-1 CTX-M-15, OXA-1-like, AISEcp1 3’ end 8.9,7.2,6.2 F, FIL 11 B2 ST131 NP
4811.56  CTX-M-gr-I CTX-M-15, OXA-1-like, ISEcp1 8.9 F, FII B2 ST131 NP
4905.17 CTX-M-gr-1, TEMall CTX-M-15, TEM-1, OXA-1-like, ISEcp1 8.9, 5.4 F, FIL 11 B2 ST131 NP
4903.36  CTX-M-gr-9, TEMall CTX-M-14, TEM-1, OXA-1-like, ISEcp1 8.1,7.9,5.4 F, FII, N B2 ST131 F, FII
4902.63 CTX-M-gr-1, TEMall CTX-M-15, TEM-1, OXA-1-like, ISEcp1 8.6, 5.4 B/O, F D ST501 F
4903.72  TEMall TEM-1, OXA-1-like, [C/Tat -42, G/A at -18, 9.0,6.0,5.4 F, FII, HI2 A ST88 NP

C/Tat-1,C/Tat +58]

NP, transformation in DH10B E. coli strain not performed; TNO, transformants not obtained; -, negative.
9TEMall indicates narrow-spectrum enzymes (e.g. TEM-1/-2) and that TEM-type ESBLs were not present.
®Datain square brackets indicate the nucleotide mutations found in the promoter region of the blacampc; results for this analysis are not shown when the
promoter region has a wild-type pattern.

“The blaoxa gene was only partially sequenced (~200 bp).
9ISEcp1, the element was upstream of the bla gene; AISEcp1 3’ end, the element was upstream of the bla but partially truncated inits 3’ end (isolates with
AISEcp1 5" were not found); ND, not determined (i.e. an intact ISEcp1 was detected but its position was undetermined).
®For strain 4810.14, the obtained transformant carried both blacrx-m-15 and blacuy-».

2252

44

G107 ‘8T ABJA UO ymnsu] apel], plIoA 1e /310 sfeuinolployxo-oely/:dyy woly papeojumoq



PART A - CHAPTER

Cephalosporin-resistant E. coli in Switzerland

JAC

associated with an intact or truncated ISEcpl (Table 1).
Blactx-m-15/-14/-27 are the most reported blagsg s among humans
and their association with ISEcpl and IncF/FII plasmids is also
common. In contrast, blacrx-m-1 is frequent in animals and food
products.! Since this specific bla has been recurrently recorded in
Swiss livestock and in the intestinal tract of healthy people,
further analyses to confirm its possible transmission between
animals and humans should be made.®

MLST indicated that ST131, ST648 and ST10 were the most
preponderant among the ESBL-Ec. In particular, ST131 isolates
(10 producing CTX-M-15) were found in community (n=2),
hospital (n=_8) and SOC (n=4) settings (Figure 1). These pandemic
clones were responsible for CA infections in all settings, indicating
possible exchange and/or common sources among the different
patient populations.*

Five (12.5%) ESC-R-Ec possessed the blacumy-; associated with an
intact or truncated ISEcpl (Table 1). These E. coli are important
human pathogens in both community and hospital settings.?* Re-
cently, we also recorded a high prevalence of blacuy-; in poultry
and pigs.®’ In such analyses, this gene was associated to IncI1
plasmids, whereas in the present study further Inc groups (IncF/FII)
were also observed. As for blacrx-m-1, this may indicate that
human and animal isolates partially share the same plasmids.*
The remaining five isolates were cAmpC hyperproducers due to
mutations (at —32 or —42) located within the promoter region.
These strains are occasionally reported in humans and
animals.»*? However, most previous studies implemented
methods to detect only the ESBL-Ec, probably underestimating
the impact of these specific ESC-R-Ec.>®1*

CMY-2- or cAmpC-producing isolates were not clonally related
to each other (Figure 1). However, some of these strains were
from STs also present among the ESBL-Ec (ST648, ST156, ST744).
Therefore, identical genotypes have the ability to acquire different
genetic backgrounds of resistance and have the potential for dis-
semination. Indeed, several of them (ST648, ST405, ST410) are
well recognized pandemic clones that usually carry CTX-M-15.*

More surprising is the fact that most of the AmpC producers
were responsible for infection in SOC patients (Figure 1). It is prob-
able that in this population there are some factors that contribute
to their emergence. For example, in the urology of our institution
there is the highest use of B-lactam/B-lactamase inhibitor combi-
nations (70.0 DDD/100 BDs; Table S4, available as Supplementary
data at JACOnline); moreover, in our region amoxicillin/clavulanate
is more frequently implemented thanin other areas.?” These treat-
ments might have some effect in the selection of non-susceptible
strains, such as those producing AmpCs.

Conclusions

This is the first Swiss study analysing contemporary ESC-R-Ec
causing infection in humans. Most ESBL-Ec shared common char-
acteristics with those described in other countries (e.g. high preva-
lence of ST131 producing CTX-M-15). More intriguing is the
observation that common clusters of ESC-R-Ec have spread trans-
versally among different settings. In particular, the SOCs may play
an important role in the expansion of these pathogens because it
involves increasing numbers of at-risk outpatients who are con-
stantly referred to healthcare institutions. Since SOC patients
may serve as a ‘bridge’ that favours the spread of ESC-R-Ec
between the hospital and community (or vice versa), larger

epidemiological studies should be planned to better understand
the impact of such pathogens in this setting.**
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Chapter II

The second study investigated poultry-meat as potential source for ESC-R Ent. A total of fourteen
samples were purchased at different grocery stores in Bern between November and December
2012. 70% of the samples turned out to be contaminated with ESC-R E.coli and ESC-R P. mirabilis.
The most interesting discovery was a class 1 integron (~17kb) that harboured blaveg-s and has

been previously reported in a human isolate from France.

Results were presented at the 534 Interscience Conference on Antimicrobial Agents and
Chemotherapy (ICAAC) - USA, Denver, CO - September 9-13, 2013 (see Poster presentation at
the end of this chapter)

The study was published Antimicrobial Agents and Chemotherapy under the title “High
Prevalence of Extended-Spectrum Cephalosporin-Resistant Enterobacteriaceae in Poultry Meat in
Switzerland: Emergence of CMY-2- and VEB-6-possessing Proteus mirabilis” in 2013 (Seiffert et
al., Antimicrobial Agents and Chemotherapy; 57(12):6406-6408, 2013).
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High Prevalence of Extended-Spectrum-Cephalosporin-Resistant
Enterobacteriaceae in Poultry Meat in Switzerland: Emergence of
CMY-2- and VEB-6-Possessing Proteus mirabilis

Salome N. Seiffert, > Regula Tinguely,® Agnese Lupo,® Catherine Neuwirth,? Vincent Perreten,” Andrea Endimiani®

Institute for Infectious Diseases, University of Bern, Bern, Switzerland?; Institute of Veterinary Bacteriology, Vetsuisse Faculty, University of Bern, Bern, Switzerland®;
Graduate School for Cellular and Biomedical Sciences, University of Bern, Bern, Switzerland<; Laboratory of Bacteriology, University Hospital of Dijon, Plateau Technique de

Biologie, Dijon, France®

he spread of extended-spectrum-cephalosporin-resistant

(ESC-R) Escherichia coli in poultry meat is a serious concern (1—
3). However, data regarding this problem in Switzerland are lacking.
Moreover, the role played in this matter by other Enterobacteriaceae
remains undetermined.

We explored the prevalence of extended-spectrum-@-lacta-
mase (ESBL)- and plasmid-mediated-AmpC (pAmpC)-possess-
ing Enterobacteriaceae as contaminants of raw poultry meat re-
tailed in Bern, Switzerland. Twenty samples were purchased on
various days during November and December 2012 in three
grocery stores (Table 1). Ten grams of meat was incubated over-
night in LB broth, and then 50 pl was plated on plates containing
selective chromID ESBL agar, MacConkey agar plus ceftazidime
(2 pg/ml), and Drigalski agar plus cefotaxime (1.5 pg/ml) (bio-
Meérieux). Colonies were identified by MALDI-TOF MS (matrix-
assisted laser desorption ionization—time of flight mass spectrom-
etry; Bruker). ESC-R Enterobacteriaceae were characterized using
phenotypic and molecular methods as previously done (4-7) (see
Table S1 in the supplemental material).

Fourteen samples (70%) contained ESC-R E. coli (n = 11),
ESC-R P. mirabilis (n = 2), or both resistant species (n = 1) (Table
1). ESC-R E. coli strains found in meat originating from Switzer-
land possessed blacrx .1 and blacy,y_,, whereas those detected in
meat imported from other countries harbored blagy_15, blargy s
or blacyy.,. Several ESC-R E. coli isolates belonged to the same
sequence type (ST), but pandemic clones (e.g., ST131) often re-
sponsible for human infections were not found (8, 9). The re-
corded high prevalence of ESC-R E. coli (60%) was consistent with
prevalences reported in other countries (1-3). However, we note
that in Switzerland, CTX-M-1- and CMY-2-producing E. coli
strains are common colonizers of food animals and may also cause
human infections (4, 6, 10).

More intriguing was the detection of ESC-R P. mirabilis that
grew in MacConkey-ceftazidime and Drigalski-cefotaxime plates.
In particular, one meat sample imported from Austria harbored
blacyry.», Whereas two from an unspecified European country car-
ried blaygg ¢. These samples came from the same store and same
packing plant but were wrapped on different dates.

CMY-2-positive P. mirabilis isolates are commonly found in

6406 aac.asm.org

Antimicrobial Agents and Chemotherapy p. 6406-6408

humans (11), but only unique VEB-6-possessing P. mirabilis iso-
lates had been previously reported as responsible for infection in
France, Oman, and Australia (7, 12, 13). In our isolates, blay ¢
was situated in an ~17-kb class I integron which also carried
aacA4, aadB, dfrAl, sull, tet(A), and gqnrAl resistance genes and
had a nucleotide sequence identical to that found in the human
VEB-6-positive P. mirabilis isolate (VB1248) reported in France
(12). Both VEB-6-positive P. mirabilis isolates also possessed a
previously reported class II integron of ~4.6 kb containing dfrAI,
sat2, and aadA[l resistance genes (GenBank no. DQ268533) and a
single ~50-kb IncP plasmid. Electroporation experiments failed
to transfer blay g ¢, suggesting the chromosomal location of the
integron. By repetitive extragenic palindromic PCR (rep-PCR),
the two VEB-6-positive P. mirabilis isolates were identical to each
other and showed 94% genomic identity with VB1248. Based on
these results, we investigated the possible presence of VEB-6-pos-
itive P. mirabilis among 484 human isolates identified in Bern
during 2011-2012, and we identified only four CMY-2-positive P.
mirabilis isolates which were not clonally related to those found in
poultry meat (see Fig. S1 in the supplemental material).

This is the first report of blaygg-possessing P. mirabilis in a
non-human clinical setting and the first description of ESBL- and
pAmpC-positive P. mirabilis strains in the food chain. Our find-
ings emphasize that not only ESC-R E. coli but also other species
are responsible for the spread of multidrug-resistant mobile ge-
netic elements in the raw meat. CMY-2- and VEB-6-positive P.
mirabilis strains might represent an additional group of life-
threatening pathogens that can be transmitted through the food
chain to humans (8).

Published ahead of print 30 September 2013
Address correspondence to Andrea Endimiani, aendimiani@gmail.com.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC01773-13.
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TABLE 1 Phenotypic and molecular characteristics of the blagg; - and bla possessing E. coli and P. mirabilis isolates found in poultry meat retailed in Bern during the study period”

pAmpC~
Country®
Plasmid Inc  Phylogenetic Packaging
Meat (store) Species blagspy, blagampe  group(s) group ST Antimicrobial agents tested (MICs, ug/ml)” Production  (packing plant)
Turkey slices (A) E. coli CMY-2 F, A/C D ST117  CTX (4), CAZ (4), FEP (=1), ATM (4), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (=0.5),  GER GER (I)
AMK (=2), CIP (=0.125), SXT (=0.25), COL (=0.125), TGC (=0.125)
Turkey slices (A) — — — — — — GER GER (I)
Chicken slices (A) E. coli SHV-12, TEM-1 F, X1 Bl ST155 CTX (2), CAZ (8), FEP (=1), ATM (=32), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (=0.5), GER GER (Un)
AMK (=2), CIP (=0.125), SXT (=8), COL (=0.125), TGC (=0.125)
Chicken slices (A) E. coli TEM-52 F,11,X1 A ST23 CTX (4), CAZ (4), FEP (=1), ATM (=1), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (=0.5), GER GER (Un)
AMK (=2), CIP (=0.125), SXT (=0.25), COL (=0.125), TGC (=0.125)
Chicken ministeaks (A) E. coli CTX-M-1 F 1l D ST2485 CTX (=64), CAZ (2), FEP (4), ATM (8), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (=0.5), CH CH (I1)
AMK (=2), CIP (=0.125), SXT (=8), COL (=0.125), TGC (=0.125)
Chicken ministeaks (A) — — — — — — CH CH (II)
Ground chicken (A) E. coli CTX-M-1, F, FIL, 11 A ST1141 CTX (16), CAZ (=<0.5), FEP (4), ATM (4), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (=<0.5), CH CH (II)
TEM-1 AMK (=2), CIP (=0.125), SXT (=8), COL (=0.125), TGC (=0.125)
Chicken legs (A) — — — — — — CH CH (II)
Ground chicken (A) E. coli CTX-M-1 F 11 Bl ST602  CTX (8), CAZ (=0.5), FEP (=<1), ATM (4), TZP (=4), MEM (=0.5), ERT (=0.125), GEN CH CH (IT)
(=0.5), AMK (=2), CIP (=0.125), SXT (=8), COL (=0.125), TGC (=0.125)
Chicken legs (A) — — — — — — CH CH (II)
Chicken wings (B) E. coli CTX-M-1 F Bl ST1304 CTX (16), CAZ (<0.5), FEP (<1), ATM (4), TZP (=4), MEM (=0.5), ERT (=0.125), GEN CH CH (III)
(=0.5), AMK (=2), CIP (=0.125), SXT (=0.25), COL (=0.125), TGC (=0.125)
Chicken wings (B) — — — — — — CH CH (III)
Chicken legs (B) E. coli CMY-2 F,B/O,A/ D ST38 CTX (8), CAZ (8), FEP (=<1), ATM (4), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (=0.5), CH CH (III)
G K AMK (=2), CIP (=0.125), SXT (=0.25), COL (=0.125), TGC (=0.125)
Chicken wings (B) E. coli CTX-M-1 I, Y D ST2485 CTX (16), CAZ (<0.5), FEP (4), ATM (8), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (<0.5), CH CH (III)
AMK (=2), CIP (=<0.125), SXT (=8), COL (=0.125), TGC (=0.125)
Ground chicken breasts (B) E. coli SHV-12 F, FIL, 11 Bl ST155 CTX (2), CAZ (8), FEP (<1), ATM (16), TZP (=4), MEM (=0.5), ERT (=<0.125), GEN (=0.5), AUT CH (III)
AMK (=2), CIP (=0.125), SXT (=0.25), COL (=0.125), TGC (=0.125)
P. mirabilis CMY-2 1 NA NA CTX (2), CAZ (4), FEP (<1), ATM (=1), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (2),
AMK (8), CIP (=0.125), SXT (=0.25), COL (=8), TGC (2)
Turkey slices (C) P. mirabilis VEB-6, TEM-1¢ P NA NA CTX (16), CAZ (=32), FEP (8), ATM (8), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (=16), EU CH (IV)
AMK (16), CIP (=4), SXT (=8), COL (=8), TGC (2)
Turkey slices (C) P. mirabilis VEB-6, TEM-19 P NA NA CTX (16), CAZ (=32), FEP (16), ATM (8), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (8), EU CH (IV)
AMK (16), CIP (=4), SXT (=8), COL (=8), TGC (2)
Ground chicken (C) E. coli CTX-M-1 FI,P,U A ST23 CTX (16), CAZ (=0.5), FEP (=1), ATM (4), TZP (=4), MEM (=0.5), ERT (=0.125), GEN CH CH (V)
(=0.5), AMK (=2), CIP (=0.125), SXT (=8), COL (=0.125), TGC (=0.125)
Chicken ministeaks (C) — — — — CH CH (V)

Chicken slices (C) E. coli CTX-M-1 F, 11 A ST23 CTX (32), CAZ (=0.5), FEP (4), ATM (4), TZP (=4), MEM (=0.5), ERT (=0.125), GEN (=0.5), CH CH (V)
AMK (=2), CIP (=0.125), SXT (=8), COL (=0.125), TGC (=0.125)

“ —, isolates possessing blagspy; OF bla,mpcs Were not detected. NA, not applicable.

b Antibiotics and interpretation of MICs according to EUCAST criteria (14) were as follows: CTX, cefotaxime (susceptible [S], = 1 pg/ml); CAZ (S, = 1 pg/ml); FEP, cefepime (S,= 1 pg/ml); ATM, aztreonam (S, = 1 pg/ml); TZP,
piperacillin-tazobactam (S, = 8 pg/ml); MEM, meropenem (S, = 2 ug/ml); ERT, ertapenem (S, = 0.5 pg/ml); GEN, gentamicin (S, = 2 ug/ml); AMK, amikacin (S, = 8 pg/ml); CIP, ciprofloxacin (S, = 0.5 pg/ml); SXT (S, = 2 ng/
ml); COL, colistin (S, = 2 pg/ml); TGC, tigecycline (S, = 1 pg/ml). MICs were determined by using GNX2F plates (Trek Diagnostics).

¢ GER, Germany; CH, Switzerland; AUT, Austria; EU, European Union (the country was not specified on the package sticker). I, IL, III, IV, V, and Un (unknown) indicate the different meat-packing plants.

9 Both isolates possessed the following non-bla resistance genes according to the AMR-ve 0.5-m microarray (Alere): blay g, blarpy, aadA, aadB, catA, ant2la, aac6-Ib, aphA, qnr, sull, sul2, tetA, strB, intl, and intIL. blayyy_ was carried
by a chromosomally located class I integron. For each isolate, analytical isoelectric focusing showed two -lactamase bands at pI 5.4 (TEM-1) and 7.2 (VEB-6).
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Figure 18. Results of the rep-PCR analysis.

o o

8 2 2 g g P. mirabifis | Mainbla | Sample Country

9% #16 by, | Turkey slices EU
| I #7 by, | Turkey slices EU

I I VEI248 blaygs | Human (blood and stool) FRA

. #15 blagy: | Grounded chickenbreast AUT
481005 115 T— Human (urine) CH
| F | 481040 blagy: | Human (blood) CH
| 481218 blacyy, | Human{urine) CH
I, . l I I I | I 510642 Blagy: | Human (wound) cH

The two VEB-6-positive P. mirabilis isolates found in poultry meat (#16 and #17) in Bern (Switzerland) are
indistinguishable to each other and possess a 94% genetic identity with the VEB-6-positive strain (VB1248)
found in a French patient. The CMY-2-positive isolates found in humans in Bern (n=4; i.e., 4810.05, 4810.40,
4812.18, and 5106.42) do not show any genetic relation with those detected in meat.

Table 18S: Primers used for the characterization of the class 2 integron

Mumber Primer Nucleotide sequence (5°-37) Positions Designed/Reference
1 Int2-F CACGGATATGCGACAAAAAGGT 484-505 (2)

1 Int2_F_SSE TGCACCATACAGCAGCGTAA 142-161 This study
3 Imt2_seql_F TAAGCAGACAGCTCCTTGGC 1774-1793 This study
4 125°C5 TITTTGTGCTGCCATATCOGTG 495-305 (5)

5 21308 TGGGETGAGAGAGTGGT +253-264 (3)

& dfrAl AGCTGTTCACCTTTGGC 941-957 (5)

7 hepT4 COGOATCCCGGACGGCATGCACGATTTGTA T23-738 (6]

8 hepsl GATGCCATCGCAAGTACGAG 2913-2932 (6]

4 hep51-RC CTCGTACTTGOGATGGCATC 2913-2932 Thus study
10 sath TCATCCTGTGCTCCCGAG 1937-1954 (5)

11 aad AF ATGAGGGAAGOGGTGATOGCC 2019-203% (2)

12 aadAl TCOGATGACGCCAACTAC 2064-2080 (5)

13 Aadal_IntF ACGTTGTCCCGUATTTGGTA 2583-2602 Thus study
14 yhfa_F GTGAGACAACCAGATGGGC A 3832-3851 This study
15 vhiB_R TGOCCATCTGGTTGTCTCAL 3832-3851 Thus study
16 vheB-Fout TITCGCTTGOCC TGACAGAT 3328-3347 This study
17 vhzA_R CAATGAGTTCTTGAGCGCGG 45234542 Thus study
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Table 2S: Primers used for the characterization of the class 1 integron

Number Primer Nucleotide sequence (5°-37) Positions Designed/Reference
1 5026-outht CAACCTGAAGGGUAACAG -812-(-794) (1)

2 1Ri TGTCG GAAGACGG 1-19 (1)

3 Int1-F GGGTCAAGGATCTGGATTICG T36-756 {2)

4 Intl-R ACATGCGTGTAAATCATCGICG 273294 (2

5 5-Cs GGCATCCAAGCAGCAAGC 1256-1273 3)

] 5-CSINV GCTCCATAACATCAAACATCG 1290-1310 3)

7 tnpRTn3-R TGGAGCGGGCAATACTGA 1727-1744 [RY]

8 AACA4-R TGTTCGCTCGAATGOCTG 2538-1555 (1)

9 asdB-F CGATCGATGCACGGCTA 2728-2744 (1)

10 AADB-B CGCATATCGCGACCTGAAAGT 3147-3167 (3)

11 dhirAl-R CTTGAACGTGTTACGACCGC 3419-3438 This study
12 QACEAL-B CAAGCTTTTGCCCATGAAGC 46494668, {3)

BY27-8946;
14075-14094
13 Sul-F GACGGTGTTCGGCATTCT 47654782, (1)
G043-9060;
14191-14208
14 Sull-B GCAAGGCGGAAACCOGCGCC 5221-5240, {3)
Y499-9518,
14647-14666
15 Sull-newR GTGATTGCGCTTCGCAGATC 5513-5532; This study
47919910,
14935-14958

16 tetATnl721- CATGATGGCGTAGTCGAC SE77-5894 (1)
outk
17 tetAintR CTCCGGCAAAAGGAAACAGC 6154-6173 This study
18 5'of VEB CAACCACAACGCAAACCCTI TI58-T177 This study
19 VEB-OUT2 GGAATTACTATTTGAATAAATAA T349-7571 4
20 VEBINV1 CAGTTTGAGCATTTGAATACAC 8378-8394 3)
21 VEBINV2 AGCGTATTTGTTGCAGAGTCC T627-T647 3)
22 VEB-OUTI AATATCCTTTTITACGATTTTCAT 8426-8448 4
23 3'of VEB TTATGACAACGGUGGAAGGG ST789-8808 This study
24 orf313-F ATGGTTICATGCGGGTT 10490-10506 (1)
25 orf513-R CTGAGGGTGTGAGCGAG 10948-10964 (1)
26 3 of Orf513 AACAGAAAACAGCCAAGGCG H711-11730 This study
27 qnrA L-outF CCTTIGCCGATCTGGATG 12712-12729 (1)
28 gnrAl-newk CTICGAGGTTGACCCGTCTG 12740-12759 This study
29 gqnrAl-R CTAATCCGGCAGCACTAT 12813-12830 (1)
30 PMA4-F CAAGCGCTCTTTGGCAATCA 1300%-13028 This study
3l orfPM4-outR. TAAGTGCTTCCCAGAGCGTG 13168-13187 This study
32 PM35-F CTGCAAACTCACGAGCACAG 13578-13597 This study
33 orf3-R T TCTAGGCG 15633-15650 (1)
34 orft--mF CTICCATCATCAACCCTG 15767-15784 (1)
33 tnp A6 100-F CGATCAGCTATCGCGACCTT 16233-16255 This study
36 tpAG100-F2 CGCGGT AAATCGATCCC 16715-16734 This study
37 tnpAG100-R2 GOCAGCTCCTGACAGTTCAA 17056-17075 This study
38 1Rt TGTCATTTICAGAAGACGA 17112-17129 (1)
39 S044-R TICTCCCTGATCTTCATC 17620-17637 (1)
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I tion:

Yosestendedispecti hall

i P ins (ESCs) in retailed poultry meat is usually due to production of
extended-spectrum p-lactamases (ESBLS) and/or plasmid-mediated AmpCs (pAmpCS).

ESC-R Escherichia coli (ESC-R-E¢) are observed at high prevalence in retail poultry meat in many countries which
is a matter of concern.

However, information regarding the prevalence of in retailed poultry meat is still lacking in Switzerland.

More importantly, little is known about the role played in this matter by other species of Enterobacteriaceae
that might serve as source of transferable /sy, and blayu, .c genes.

Figure 1: Resulfs of the rep-PCR andlysis for the 7. mirabilis isolates defected in poulfry meaf and humans

L1 Flgure 2: Class I and class 11 infegrons carried by the ESC-R P, mirabilis _

Materials and Methods:

We analyzed 20 retailed poultry meat samples purchased during November-December 2012 at different grocery stores located in
the Bern (Switzerland).

Ten grams of raw poultry meat were cultured in 20 ml of LB. After overnight incubation, 50 pl of the culture were plated onto
selective chromID ESBL (bioMérieux), Drigalski plus , and M key plus ceftazidime (Oxoid) plates.

100

N

Human isolate from France

n
s

P.mirabilis | Mainbla | Source sample) Country

16 blagess | Turkey slices EU

417 blavms | Turkey slices EU v
VB1248 blaves.s | Human (bloodand stool) FRA 3

415 blacy: | Grounded chicken breast AUT Poultry isolates
4810.05 blacyya ‘Human (urine) CH

481040 blagy2 | Human (blood) cH

481218 blacys: | Human (urine) cn

510642 blacy> | Human (wound) cn

qacEa1 sull qacEnl sull PMapMS orfs orfe

1kb gacenLsull

‘Schematic illustration of the class T intergon (M7 kb): Light blue: class 1integrase: Red: blas.; ESBL gene: Yellow: gnrd!

1k

Clinical isolates from Bem

‘Schematic illustration of the class IT integron (5 kb ); Light blue: class 2 integrase; Yellow: dfi-Al

Table 1: Characteristics of The Bldcgy - aNd Bldumc-possessing Enterobacteriaceae found in poultry meat

Conclusions:

This is the first study o:n_<N_.=m. the prevalence and
molecular characteristics of ESC-R-Ent found in raw poultry
meat retailed in Switzerland.

The prevalence of ESC-R-Ec (60%) is high but consistent
with recent results from surrounding countries.

ESC-R-Ec originating from Switzerland possessed CTX-M-1 and
MB«-WM whereas meat coming from Europe carried TEM-52 and

In two of the three ESC-R-Pm we detected VEB-6 that was
encoded on an ~17 kb class I integron co-carrying other
resistance genes rendering them MDR.

Interestingly, these two ESC-R-Pm_strains
m_a__o_‘._A_N with a VEB-6 on_..J\_:
detected in a French patient (10

This is the first study aomn_,._.v_.zm VEB-6 carrying ESC-R-Pm
in a non-human setting and also the first report”of a ESBL-
and pAmpC-positive P, mirabilis strains in raw poultry meat.

share 94%
ESC-R-Pm strain previously
7% on the class 1 integron).

. . . Countr
The subgroup of ESC-R Enterobac teriaceae (ESC-R-Enf) were further characterized witl No | Kind of poultry meat  [Species w”m., Plosmid Tnc group [ Phylo-growp | ST | Antimicrobial susceptibiity tests (WIC values, yg/mi) Hé:_a.w_.,._ e
- Species identification using MALDI-TOF MS (Bruker Daltonik) coupled by standard biochemical tests; a3 o L1 el e e ==
- Antibiotic susceptibility test (WIC) using GNX2F MICs plates (Trek Diagnostics); 1 [Turkey shices Ecdi |cwr2 FAC o S | T R e | e ser
- Double disk synergy test with and without cloxacillin [200 ig/I] disk diffusion; 7| Turkey siees 5 5 e = e
- Microarrays for detection of ESBL, pAmpC, and carbopenemase genes (Check-Points); % | Gidhensiies Pl |G B ot | srios |CTX @ CAZ ®), FEb ), ATK (39), 120 4), KER (05, ERT (0129), | oen | ogm
- PCR/DNA sequencing for blacce.s, bl spcs and promoter region of b/apyc; SENLOD), A2, ST U0129), ST 9. COL LA, TEL L0
« Analytical isoelectric focusing (aIEF); 4 | chicken slices Ecoi | TEM52 F,IL X1 A sta3 S0 D CAZ (9), FEP GD), ATHGD, T2P (69, MEM GOS), ERTI(0.129), | * oo GeR
+ Muttilocus sequencing typing (MLST) analysis (for £ coli; Achtman scheme); - g
. PCR For plasmid veplicon typing (PBRT: Diatheva): Ll A i < o 2 o O | ST |oen Gos), ANK (3), TP (0125), SXT (8),€OL (0.125), TEC (0.125) i i
The subgroup of ESC-R . mirabilis (ESC-R-Pm) were addi wiith: 6 [Chickenmini:steaks |- % £ = et cH
. M ki 2 : TTX (16), CAZ (:059), FEb (@), ATH. (3, 129 (), MEW (09), ERT (0.125),
Hicraarray for detection of non-4laresistance genes (AMR-ve 0.5m, Alere); 7 | Grounded chicken Ecdi  |CTX-Mo1, TR |FFILTI & [ st [EEORCAZEOTTE AT T GR O GOB BT O cH e
+ Elecroporation of the plasmid into DHIOb £¢; O BT 2 2 o =
- PCR/DNA sequencing for class I/IT integrons;
PP 5 |erounded chicken Ecdi [cnwl o s e e I T, cH cH
10 | Chicken legs - - - CH CH
11 | chicken wings e e = a1 71304 |CTX (19),CAZ (05), FEP 1), ATH (4, TZP (), MER GOS), ERT (0125), [ e
Results: 12 | Chicken wings S z o )
14 out of 20 poultry meat samples (70%) resulted contaminated with ESC-R-Ent (i.e., ESC-R-Ez, n=11; ESC- 13 | chicken legs Ecii |cmr2 F.8/0, AC, K ° i P A L cH eH
R-Pm, n=2; or both resistant species, n=1). P F——— o el Ty o STaags |CTX (16). CAZ (:05), FEP (4), ATH (8), TZP (<4), MER (:05), ERT (0.129), | cH
4 o & - i " . s GEN (:0.5), AMK (52), CIP (0.125), SXT (:8), COL (0.125), TEC (:0.125)
Retailed meat originating from Switzerland contained ESC-R-E which carried blary . ESBL and blagyy., pAmpC TEmss T e e [6XG.C2 6, F ), KTH (19, 725 9, NER (59, EXT (5.55),
genes. In contrast, meat originating from other countries harbored blasy, ., and blarcy s, ESBL or blayy., genes 15 |Grounded chicken v TEC(0.129) |, e
Table 1). breasts TTX (2), CAZ (4), FEP @), ATM. G1), T2 (c4), MEM (:0.5), ERT (0.125),
(Table D) o dile (V-2 : DA MA | GEN @), AlK (8),CT (0.125), SXT (£0:25), COL (), TEC (2)
Several ESC-R-Ec were of the same sequence type (ST: e.g., ST23) but pandemic clones (e.g., STI31, ST648) often o CTX (16), CAZ (:39), FEb (©), ATH (8), T2P (:4), MEW G05), ERT (:0.125),
4 ¥ L ey slices P. mirabifis | VEB-6, TEM-1 B NA NA EU CH
responsible for infection in humans were not found. wﬂm N%w MM wy\mw ww wﬂmmwwmw mw Haxﬁ‘woﬂmg =
e 17 | Turkey slices P. mirabilis | VEB-6, TEM-1 P NA NA i 232), L5 A 5 . 4 EU cH
Moreover, we also found three ESC-R-Pm strains in poultry meat imported from outside tries. One mu Mw %Mﬂw%”mmw..w%mmﬁﬁww%wmﬁ BT
harbored the blacuy.2 (Nr. 15), whereas the other two strains (Nr. 16 and Nr. 17) carried the blaes. ESBL gene 18 [ Grounded ehicken Ecoi |CnM1 FILRU A T [ e e e S ke e | e
in a chromosomally located 4.%_2_ ~17 kb class HA..:@a._v co-carrying the aacA4, aadB, dfiAl, sull, tetA, and | |5 lermm o . 5 e e Rl
rAlresistance genes as well as a class IT integron (Figure 2. | | 59,02 (05,76 T G5 GO e S BT oS
" - o i Y e I e R e I
The comparison of these two strains to a VEB-6-carrying ESC-R-Pm from a clinical human isolate from France - - - - -
(Dijon) revealed a 94% similarity by rep-PCR (100% similarity of the class 1 integron) (Figure 1). Dot ¢ sty S i ATA s 21 porsit okt WO s, 1 stney G sy K. bt 1.l Tt sienths: G0 et o
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Chapter III

This very original study examined the contamination of pet food with ESC-R Ent. For this purpose
30 packages purchased at different grocery stores in Bern were tested for living bacteria as well
as the presence of -lactamase genes.

70% of the samples were contaminated with one or more (3-lactamase genes. Those 3-lactamase
genes however are usually more related to the human reservoir (CTX-M-15, CMY-4) than to the

animal reservoir. Furthermore, 27% of the samples contained blaoxass-ike cCarbapenemase genes.

Preliminary results were presented at the 24th European Congress of Clinical Microbiology
and Infectious Diseases (ECCMID) - Barcelona, Spain - May 10-13, 2014 (see Poster

presentation at the end of this chapter).

The study was published in Antimicrobial Agents and Chemotherapy under the title “High
Prevalence of Extended-Spectrum (-Lactamase, Plasmid-Mediated AmpC and Carbapenemase
genes in Food for Pets” in 2014 (Seiffert et al, Antimicrobial Agents Chemotherapy;
58(10):6320-6323,2014).
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High Prevalence of Extended-Spectrum [3-Lactamase, Plasmid-
Mediated AmpC, and Carbapenemase Genes in Pet Food
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We evaluated the pet food contained in 30 packages as a potential origin of extended-spectrum cephalosporin-resistant Gram-
negative organisms and [3-lactamase genes (bla). Live bacteria were not detected by selective culture. However, PCR investiga-
tions on food DNA extracts indicated that samples harbored the blacrx_n.15 (53.3%), blacyy_4 (20%), and blay g _4 e (6.7%)
genes. Particularly worrisome was the presence of blagx _4s 1i1e Carbapenemases (13.3%). The original pet food ingredients
and/or the production processes were highly contaminated with bacteria carrying clinically relevant acquired bla genes.

E nterobacteriaceae possessing [3-lactamase genes (bla) encoding
extended-spectrum (-lactamase (ESBL) (e.g., CTX-Ms,
VEBs), plasmid-mediated AmpC (pAmpC) (e.g., CMYs), and car-
bapenemase (e.g., Klebsiella pneumoniae carbapenemases [ KPCs],
OXA-48-like, NDMs) enzymes have become a major threat to
public health (1-4). Pets and food-producing animals may be col-
onized or even infected with these drug-resistant bacteria, possi-
bly acting as a potential reservoir for their spread to humans (5-9).

In line with analyses performed on food products for humans
(e.g., retail meat, vegetables) (9-12), this study investigated pet
food as a potential source of genes conferring resistance to extend-
ed-spectrum cephalosporins (ESCs). For this purpose, we ana-
lyzed the presence of ESC-resistant Enterobacteriaceae (ESC-R-
Ent), bla genes, and plasmid-specific markers in retail pet food.

In September 2013, 30 pet food (for cats and dogs) packages
containing 50 g to 1 kg of mixed wet food with different flavors
were purchased from three stores in Bern, Switzerland. The adver-
tised ingredients (content declaration), the brands, and the man-
ufacturers, as indicated on the package labels, are listed in Table 1.
For most of the packages, only a minor proportion of the compo-
nent(s) constituting the overall product was declared in detail. For
73% of the food samples, meat from chicken, duck, and/or turkey
was advertised on the label, but this component contributed just
4% to 18% of the final composition. Declarations of the remaining
compounds (72% to 96%) were missing. Furthermore, a large
proportion of the food mixtures also contained an additional
compound(s), like grains, plant-derived products, and fish by-
products, that were “not promoted” but listed in the declaration
of the composition (data not shown).

A portion of the food content (about 10 g each) was enriched in
Luria-Bertani broth plus 20 pwg/ml ampicillin (Sigma-Aldrich) at
37°C overnight. From there, an aliquot of 50 pl was streaked out
on MacConkey, Drigalski plus cefotaxime (1.5 pwg/ml), and Mac-
Conkey plus ceftazidime (2 pg/ml) agar plates (bioMérieux).
ESC-R-Ent or other cephalosporin-resistant bacteria were not de-
tected by selective cultivation in any of the 30 samples.

DNA isolation was performed with the QITAamp DNA minikit
(Qiagen) using about 10 g of food from each package. Each sample
was examined as previously described by standard PCR and DNA
sequencing for the presence of bla genes (blargy, blagyy,
bla blacrx moo group’ blaygg, blacays blaoxa-as-iike Vlanps

CTX-M-1_group’
blay gla;\mM), insertion sequence ISEcpl, and plasmid types

6320 aac.asm.org

Antimicrobial Agents and Chemotherapy p. 6320-6323

(IncA/C, IncN, Incl1, IncF, and IncL/M and the genes parA, repA,
and traU) (1, 13-16).

Asshown in Table 1, 16 samples were positive for blaggg, genes:

14 samples harbored blacrx.i groupr ONE Was positive for

A .. and blaygs, and one had only blayygg. In seven sam-
ples, the BNA sequence of the blacry vy group amplicon led us to
suspect the presence of both the blacrx_y.5 and the blacrx 15
genes. This was due to the observation of a double peak in the
DNA sequence corresponding to amino acid position 242, dis-
criminating between the CTX-M-3 (Asp242) and CTX-M-15
(Gly242) variants.

It was not possible to determine the complete genetic environ-
ments of the amplified genes because the pet food processing and
heat treatment steps used to sterilize the food likely caused a par-
tial fragmentation of the bacterial DNA, and it was therefore not
possible to amplify targets larger than 800 to 1,000 bp. However,
for many samples, a positive amplification was detected for the
ISEcp1-blacrx_ intergenic region (Table 1), with the expected
distance of 48 bp from the start codon of the blacry_p.15 gene
(17). This result demonstrates that blacry .5 was an ac-
quired, presumably plasmid-located resistance gene. Con-
versely, the blacrx a3 gene may be presumably derived from pet
food contaminated with Kluyvera species progenitors, where it is
intrinsic (18).

The two blays-positive amplicons were blaygg_4 e and were
very likely acquired resistance genes, since this gene has never been
described in a progenitor species. We recently identified blaygg ¢,
a blay gy 4 e variant, in a Proteus mirabilis isolate from poultry
meat in Switzerland (10).

Six samples (20%) were positive for blacyy.4 (Table 1). Se-
quencing analyses indicate that blacyy_4 cannot be attributed to
the chromosomal gene found in the ancestral species (Citrobacter
freundii) generating this family of pAmpCs (i.e., no 100% DNA
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TABLE 1 Epidemiological characteristics and DNA amplicons of relevant antibiotic resistance and plasmid traits from 30 pet food samples

IncL/M plasmid IncF,
bla gene(s) found typing’ repFII
Sample Pet Food component(s) plasmid
no. type (% declared on label) Country®  Store Brand’ Manufacturer” OXA-48° CTX-M-1group’ CMY® VEB TEM/ SHV/ TraU ParA RepA typing
101 Cat  Beef (4), chicken (4) GER A 1 I - ISEcp1-CTX-M-15, — VEB-4-like + + - - + +
CTX-M-3
102 Cat  Veal (4), poultry (4) GER A 1 I - ISEcpI-CTX-M-15, CMY-4 — + + - - + +
CTX-M-3
103 Cat  Salmon (4), trout (4) GER A 1 I - - — - — — + + 4 +
104 Cat  Poultry (4), liver (4) GER A 1 I - ISEcp1-CTX-M-15, — — + + — — + +
CTX-M-3
106 Cat  Turkey (14), rabbit (8) GER/NED A 2 L1 - ISEcpl-CTX-M-15, — - + n _ - 4 _
CTX-M-3
107 Cat  Beef (14), turkey hearts (8) GER/NED A 2 L1I - - - - — - + - + +
109 Cat  Salmon (4), chicken (4) EU A 3 111 - ISEcp1-CTX-M-15, — - + - + - + +
CTX-M-3
1010  Cat Beef(4) EU A3 I - ISEcpl-CTX-M-15 — - + - - -+ +
1011 Cat  Turkey (4), duck (4) EU A 3 I - — CMY-4 — + — + + + +
1013 Dog Beef (4) EU A 4 v - ISEcpl-CTX-M-15, — - + + o+ -+ +
CTX-M-3
1014 Dog Lamb (4) EU A 4 v - — - - + + + + + +
1015  Dog Rabbit (4) EU A 4 v OXA-48 - - VEB-4-like + T ¥
1016 Dog Turkey (4), peas (2)/carrots (2) LIE A 5 \Y% - — — - + + + + + +
1017 Cat  Poultry (4) DEN B 6 VI - — - - — — + - + +
1018 Cat  Chicken (8), green beans (5) EU B 7 viI - - - - + + + + + +
1020 Cat  Turkey (4) EU B 8 VIII - - - - + + + - + +
1021 Cat Poultry (4) EU B 8 VI - ISEcpl-CTX-M-15 — - + + o+ - - -
1023 Dog Beef (4), chicken (4) NED B 9 IX OXA-438 ISEcp1-CTX-M-15 — - + - - - + +
1024 Dog Turkey (4), chicken (4) EU B 10 v - ISEcp1-CTX-M-15 CMY-4 -— + + + - + +
1025 Dog Beef (4), liver (4) EU B 10 v - ISEcp1-CTX-M-15, CMY-4 — + + + — + +
CTX-M-3
1026 Dog Poultry (4) FRA B 11 X - ISEcpl-CTX-M-15 CMY-4 — + + - - + +
1027 Cat Chicken (4) EU C 12 VIII - ISEcpI-CTX-M-15 — - + + + - ¥ +
1028 Cat  Poultry (4) EU C 12 VIII - ISEcpI-CTX-M-15  — - + + + - + +
1029 Cat  Chicken (4), turkey (4) LIE C 13 \4 - — - - + + — — + +
1030 Cat  Beef (4) LIE C 14 Vv - - - - + + — - + +
1031 Cat  Poultry (4) LIE C 14 \Y% OXA-48-like® CTX-M-15 CMY-4 -— + - - - + +
1032 Cat  Poultry (4) EU C 15 NA - CTX-M-15 — — + + + — + +
1033 Dog Beef (4) NED C 16 XI — — — - + — — - + +
1034 Dog Chicken (14), rice (4) GER/NED C 17 LI - - - - + - + - + +
1035 Dog Turkey (14), rice (4) GER/NED C 17 I 1T OXA-48 — - - + + — — + +

“ GER, Germany; NED, The Netherlands; FRA, France; LIE, Liechtenstein; DEN, Denmark; EU, European Union (the specific country was not declared).

b Brands and manufacturers are coded with 1 through 17 and I through VIII, respectively. These data are given as an indication of brands produced at the same factory (i.e., manufacturer VIII produces for brands 8 and 12) or brands
receiving products from more than one manufacturer (i.e., brand 2 has manufacturers I and II). NA, not available due to unreadable labeling.
€ OXA-48-like sequence contains the following amino acid changes compared to OXA-48 (Trp25Leu, Gln41Leu, Thr99Met, Glu168Gln, and Ser171Ala) or OXA-181 (Trp25Leu, Gln41Leu, Thr99Met, Alal04Thr, and Asp110Asn).
9 The copresence of CTX-M-3 and CTX-M-15 is suggested by a double pick in the DNA sequence of the CTX-M-1 group amplicon, corresponding to amino acid position 242, discriminating between the CTX-M-3 and CTX-M-15

variants (Asp242 in CTX-M-3 and Gly242 in CTX-M-15 [GenBank accession no. Y10278 and AY044436, respectively]). By PCR analysis, most of the blacrx_\r. 15 genes were associated with ISEcp1.
¢ By PCR analysis, no blacyy_, genes were associated with an upstream ISEcp1 element.
/+, PCR-positive amplicon; —, PCR-negative amplicon. Amplicons were not sequenced.
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homology) (19). Conversely, it has always been identified on plas-
mids and is usually found in Enterobacteriaceae isolates of human
origin (3) and in retailed chicken meat (20, 21).

Three food samples were contaminated with blagy,_45 (Table
1). In particular, DNA sequences of the amplicons revealed that
they were 100% identical to the plasmid-mediated blagy,_45 genes
usually identified on IncL/M plasmids circulating in Enterobacte-
riaceae (13). These sequences showed three nucleotides of differ-
ence with the intrinsic blagy s s 1ike genes identified in Shewanella
species progenitors. Therefore, the genes found in the food sam-
ples were likely acquired resistance genes. Conversely, in a fourth
sample, a novel blagya_us.ike Variant was identified (see Table 1
footnotes), and this might have derived from an unknown pro-
genitor contaminating the food. Unfortunately, because of the
fragmentation of the bacterial DNA, it was not possible to deter-
mine the genetic environments (e.g., Tn1999-like) of the four
blagya_as e genes (13). In particular, no amplification was de-
tected when a primer lending into the blagya 451k gene (OXA-
48RVout [5'-TCATACGTGCCTCGCCAATT-3']) was com-
bined with a primer specific for the genetic vicinity of its 5" end
(IS1999RVout [5'-GGATATTGGCTTCGCGCATC-3']).

Investigation of the plasmid types showed that most of the
samples were contaminated with IncL/M and IncF plasmids,
while IncA/C, IncN, and Incll plasmids were not present. Re-
markably, all the food samples were positive for one or more of the
targets of the PCR-typing scheme proposed to detect the IncL/M
plasmid pOXA48 (repA, traU, and parA; Table 1) (13, 16). All but
two samples were positive for the repFII replicon, suggesting a
high prevalence of IncF plasmids, which are widely diffused in
Enterobacteriaceae and very often associated with the blacrx .5
gene (22).

Overall, our data indicate that a relevant contamination of bla
genes was detected in the pet food, suggesting a reservoir of anti-
biotic resistance bacteria in the production chain preceding the
final packaging. Hence, the source(s) from which the pet food
acquired the resistance genes remains to be elucidated. Potential
derivations may be the original food components themselves or
other ingredients that were added to the mixture, as well as the
various steps in the food production process. When looking at
the designated ingredients, no clear correlations were detected at
the level of the different bla genes to the respective food compo-
nents. The comparison of the detected resistance genes to the re-
spective countries of production and to the factories that pro-
duced the different brands gave no clear correlations. This is
partially due to the fact that, for almost half of the packages, it was
not stated from which country within the European Union the
respective products were manufactured (Table 1).

It is particularly relevant that the resistance genes detected in
this study (e.g., blagxa_as> blacrx 15 blayves aiice and blacyiy_s)
are those typically found in human rather than in animal settings,
while it would have been expected to find other gene variants such
as blacpx .1 and blacyy_, (6). This observation is also supported
by the fact that no plasmids demonstrated to be prevalent in food-
producing animals and in food of animal origin (e.g., the IncN and
Incll plasmids associated with blacry ., or the IncA/C and Incll
plasmids associated with blacy,y_,) were found in the food (6, 10,
12,23, 24). However, we emphasize that the detection of blagx s 45
is worrisome due to its epidemiological and clinical impact (25).
The blagy a4 gene is usually detected in humans (3, 26), but
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blagxa_sg-possessing Enterobacteriaceae isolates were found re-
cently in pets (27).

In conclusion, our data point toward a likely environmental or
human-made contamination source(s) that may have taken place
during the various steps of the production process of the pet food.
Since bacteria were killed during the preservation process (heat
treatment step), and contaminating bacterial DNA was highly
fragmented, it is unlikely that these resistance genes were trans-
mitted among the bacterial flora in animals fed with this food.
However, it is important to trace the source of the drug-resistant
bacteria and to prevent the contamination of pet food. These re-
sults should raise awareness of the importance of identifying the
contamination source(s) because it might be an original niche of
clinically important multidrug-resistant bacteria and associated
mobile genes.
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Introduction: | Table 1: Epidemiological ch and DNA amplicons of relevant resistance traits from 30 pet food samples |
Extended-spectrum p-lactamase (ESBL) and plasmid-mediated AmpC (pAmpC) p-
lactamase producing Enterobacteriaceae have become a major threat to public
health, especially after the emergence and escalating number of community-
acquired infections (Pitout JD, Curr Pharm Des., 2013). The situation has even T —— TR R
become worse since also carbapenemase (e.g., KPC, OXA-48, NDM) producers, e .?..__o:.“ﬂ.\ .ENM”;H mdm;”w“”&m T = = - B = B = =
spread around the world (Nordmann P et al., Emerg Infect Dis., 2011). Salmon, Trout (4% each) E T N m E - 5 = = T E P
g 3 2 3 2 Poultry, Liver (4% each) A CTX-M-3/-159 |- B - B - - E z B B B
The current situation in .wr.w animal population ﬁvn.qm.n:n food animals) is si _m_? urkey (14%), Rabbit (8%) 7 T = X3 5T = s - N - = = - " =
though not as dramatic as in the human context (Seiffert SN et al., Drug Resist eef (14%), Turkey hearts (8%) A 5 5 B E B E F ez [+ 5 A P o
Updat., 2013). Imon, Chicken (each 4%) A = CTX-M-3/-159 |- - - - _ B B m B P .
eef (4%) A = - B E + E B - = = B B -
Moreover, a lot of studies have investigated animals as a vo+n=+ | reservoir as well urkey, Duck (each 4%) A N N TMY4 |- B E N B B B B B =
as vector for the tr ission of extended-sp phalosp i eef (4%) A - CTX-M-3/-159 |- - - B B B B E - B B
Enterobacteriaceae (ESC-R-Enf). Lamb (4%) B = B = & E B E B S £ E =
Rabbit (4%) A v loxaas |- B VEB-4-like |+ B B N E B + P =
However, there is scarce information regarding the source(s) of their colonization Turkey (4%), Peas/Carrots (each 2%) A - - D - B B B - B B - B B
or even infection. Poultry (4%) O i B E = ks = & E ks K i b2 =
Chicken (8%), green Beans (5%) 7 T - - L B 5 B - L B B B B o
In this study, we | d pet food as p | origin of ESC-R-Ent and/or Turkey (4%) T = B B E B B B B B E - - B
antimicrobial resistance genes (i.e., P-lactamase genes, bla). Poultry (4%) 1T B B e = B B = iz « B B B B
Beef, Chicken (each 4%) I. = = = = B P B B N N P
Turkey, Chicken (each 4%) v E CTX-M15___[CMY4 |- B B B B B m B B e
Materials and Methods: Beef, Liver (cach 4%) v = CTX-M-3/-15 |CMY-4 |- B B 5 B & B 5 B e
We analyzed 30 pet food packages purchased in September 2013 at different grocery stores located in Bern Pouliry (4%) B CREMIST [+ - B 3 - £ - 5 E B [
Chicken (47%) VITL 5 CTXM15 |- 5 - B B B B E B B B
(Switzerland). The main ingredients (food content declaration), country of origin, brand name and food Poultry (4%) 3 waaE — " — - - - - - - - - - -
manufacturer, as indicated on the label marking the packages, are listed in Table 1. Chicken, Turkey (4% each) [TE = B = 5 B B B B B B B o
Ten grams of raw pet food were cultured in 20 ml of LB. After overnight incubation, 50 ul of the culture were Beef (4%) |LTE c B B z B B B - E E B B -
plated onto selective chromID ESBL (bioMérieux), Drigalski plus cefotaxime, and MacConkey plus ceftazidime Poultry (4%) LIE C v CTX-M-15 CMY-4 |- x: = = b2 = - 3 b3 ks
Pouliry (4%) EU c NA CTXMI5 |- 2 - B B B B E B B e
plates (Oxoid).
Beef (4%) NED c XL E - B - = B B E B B B e
DNA isolation was directly performed on the raw pet food using the QTAamp DNA Mini kit (QTAGEN). Chicken (14%)_Rice (4%) [GER/NED [C T iT = 5 - B v ~ B 7 = i i S
The DNA extract of the food samples were characterized with: Turkey (14%), Rice (47%) [6ER/NED [ 7 |LIT ‘ 5 = - B B B ‘ E B B -
« PCR/DNA sequencing for blaesais (blaten, blasiy. blactxig1. blocrx s, and bloves). blogamgcs (blacwy. | Note. +. PCR positive amplicon; -, PCR negative amplicon
blasy) and carbapenemase genes (Blaoxa ss.ike: blamwe. blaypw, and blopw): " Country o production; GER- Germary; NED- The Netherlands; FRA- France LLE- Liechtensten; DEN Denmarl EU- European Urian (th specific country was nat declare)
. poRs fo T IncA/C, TneN, InclL, IncF, and IncL/M from the PBRT | ° Declared manufacturer of a brand; some brands produce their pr at th y VIII produces for brands #8 and #12). Brand #2 has two manufacturers (I and IT). NA; not available due 1o unreadable labelling
O N ML B e e A e BN PRI EE S TRom: The, < OXA-48 contains the foll acid changes compared to OXA-48 (Trp25Leu, m_i_E Thro9Met, 61ul686in, and Ser171Ala) or OXA-181 (Trp25Leu, GIndlLeu, Thr9Met, Alal04Thr, and Aspl10Asn). Unfortunately, the blagene was not fully
kit (Diatheva); sequenced
. 4 The presence of both CTX-M-3 and CTX-M-15 are suspected in these samples: the DNA sequence of the blden.u.. demonstrated a double pick in the DNA sequence corresponding to amino acid position 242, discriminating the CTX-M-3 and CTX-M-15 variants
Samples positive for the Tncl /M replicon were further analyzed by amplification of the pard. repA and | 4 e e eenBank sccession Now YIOZS and AYO44435, respectivelyy "
#ralJ genes (data not shown); ©No sequencing of the amplicon was performed
Primer pairs detecting the IncL/M repA, parA and fraU genes were used as previously described by Poirel L ef al, AAC, 2012.
< PCRforclass T/ITintegrons; 9 The bacterial contamination was evaluated by amplification of the 165 rDNA: ‘negative; *+*, faint band; "++*, clearly visible band; and *+++*, strong band
« PCR for 165 rDNA of bacteria " Blaand (see methods PCR negative have nof been reported in the present fable

Results:

The food composition showed that only 4-14% of the component(s) constituting the overall food product was declared in detail. The declaration of the remaining compounds (78-96%) was imprecise. On the majority of the food samples (73%, n=22), poultry meat from
chicken, duck, and/or turkey was advertised on the label. Less frequently listed ingredients were: beef or veal, vegetables, fish, rabl iver and/or lamb.

All the pet food products were originally produced outside Switzerland.

No detectable growth after selective cultivation was observed in any of the samples. However, twenty-eight (93%) food samples resulted PCR positive for the 16S rDNA.
Twenty-seven (90%) samples were PCR positive for the /intIl gene (Table 1), wh
Most of the samples were positive for IncL/M (100%) and IncF (93%) plasmids, while none of the isolates carried IncA/C, IncN, and IncI1 plasmids.

all samples were negative for the /ntI2 gene.

In N» out of 30 food products Aﬂo*v one or more blagsp. and/or blaamc gene was detected. Of the 18 blaesy samples; 17 isolates harbored bldcrx-m-g-.1 (57%) and two were positive for the blayes gene (7%). One isolate harbored both genes. From 12 blacrx m g1 positive
p good were ined: five revealed the presence of the blacrx.m.15. Whereas seven carried both blacrx.m-3 and blacry w5 9enes. The two blaygg positive amplicons were b/ayes-4.iike Variants. Ten samples were positive for blg,amc (33%), of which seven and
four of them for blacyy (23%) and blapua (13%), respectively. Sequences from five blacyy positive isolates revealed the presence of blacyy.4 gene.

Eight (27%) food samples resulted contaminated with blaoxa-ag-iike . FoUr blaoya sg.1ie amplicons gave a clear DNA sequences : three confirmed the presence of the blaoxa-4g gene, whereas one carried a blaoxs . iike Variant.

Conclusions:

This is the first study exploring the
contamination of pet food with ESC-R-Ent
as well as the prevalence of b/a genes.

93% of the food samples resulted PCR positive
for the 16S rDNA indicating the existence of
previously living bacteria in the original
products.

In 70% of the isolates one or more blacsy
and/or bla,m,c gene were detected. However
these \u\nr<o1_n=+m (i.e., blacryp.1s. blacyy.a,
blapys.4g) are typically more related to the
human context that to the animal context.

Especially worrisome is the finding that 27%
of the food samples were contaminated with
blagxa_ss-iie genes.

This finding reflects an emerging freat for
public  health  coming from  acquired
carbapenemase-producing bacteria which are
emerging in animals.

These results should raise awareness in order
to identify the contamination source(s)
because they might be the original niches of
clinically  important  multidrug-resistant
bacteria and associated mobile genes.
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Chapter IV

In this study, the whole sequence of blacuy-carrying IncK plasmids was determined from E.
coli strains isolated from human infections, poultry and poultry meat E.coli. The analysis
showed that all the plasmids belonged to a novel variant of incompatibility group of plasmids,

the IncK2 group.

The paper will be submitted to the Journal of Antimicrobial Chemotherapy.
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Abstract

Objective: Plasmids are vehicles for transferring resistance genes between bacteria of human and
animal origin. However, in-deep analyses of such shared plasmids are still scarce. This study compares
whole sequences of blacyy-carrying plasmids that originated from diverse E.coli from humans, poultry

and poultry-meat to evaluate their relationship.

Methods: Nine genetically diverse strains (three from each origin) harboring blacmy-carrying IncK-
like plasmids were analyzed by Pstl digestion and whole plasmid sequencing. Strains were
characterized using MLST and MIC determination. Incompatibility testing was performed using

conjugation assays.

Results: Plasmids from different sources showed 99% nucleotide identity. The phylogenetic analysis
of the incompatibility regions showed that they were forming a new plasmid variant within the IncK
and IncB/O group. This novel plasmid variant was designated as IncK2 based on conjugation assays

and incRNAI sequences, with respect to the IncK and IncB/O reference plasmids.

Conclusion: Comparative genetic analysis of blacmy-carrying plasmids revealed the presence of a
common novel IncK plasmid variant, IncK2 in diverse E. coli from poultry-meat production and human
infections. This finding suggests that the IncK2 plasmids originated from a common progenitor and
have the capability to spread to genetically diverse E.coli in the different reservoirs. This discovery is
highly alarming and should stimulate the rapid introduction of strict hygiene measures along the food

chain to stop the spread of such plasmids in the human settings.

62



PART A - CHAPTER IV

Introduction

E. coli represent a large group of bacteria with pathogenic and non-pathogenic strains (1). These strains
colonizing or infecting humans and animals are usually specifically adapted to their hosts with the
exception of some zoonotic pathogenic E. coli (1, 2). Additionally, a large diversity exists among
strains of a same source in terms of sequence types (STs), B-lactamase-types as well as plasmid
incompatibility groups (3). A few clones have been successful and became epidemic in human
hospitals like ST131 (4, 5). The worldwide dissemination of such international Enterobacteriaceae
clones along with resistance plasmids carrying -lactamase genes is posing an increasing threat to the
public health systems (5).

Poultry and poultry-meat have been revealed as a large reservoir of extended spectrum-f3-

lactamases (ESBL) and plasmid-mediated AmpC (pAmpC) enzymes in several countries (6-9). These
resistance genes are encoded on various mobile genetic elements; however, they are detected primarily
on plasmids that are self-replicating extrachromosomal elements. Such plasmids vary not only in their
size and compatibility to other plasmid groups but also in their capability of transferring to various
bacteria species (10).
The involvement of plasmids in the zoonotic spread of B-lactamases and carbapenemase genes between
human and animal reservoirs has been already emphasized (3, 11). Additionally, the presence of similar
plasmids in E.coli from humans, poultry and poultry-meat has been reported (12, 13). However, firm
evidence of the spread of the same plasmids in E.coli causing human infections and in E.coli from the
poultry-meat chain using whole plasmid sequencing (WPS) has not yet been demonstrated (14, 15).

Comparing datasets from poultry, poultry-meat, and clinical human isolates from Switzerland,
we noticed that the pAmpC blacmy-2 and blacwmy-4 genes were associated with plasmids belonging to the
IncB/O/K groups (8, 9, 16). Other studies investigating pAmpC-producing E.coli have detected the
same kind of plasmid in healthy humans (17, 18), poultry (19), and poultry-meat (20). This prompted
us to perform an in-depth analysis of blacmy-carrying IncB/O/K plasmids to demonstrate for the first
time that E.coli isolates found in Switzerland and in these three settings share the same plasmids, also

revealing a novel IncK-group variant, IncK2.
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Methods

Bacterial strains

Strains were obtained from previous studies characterizing 3™-generation cephalosporin-resistant E.coli
(3GC-R-Ec) from poultry, poultry-meat, and human infection (8, 9, 16) as well as from the Laboratory
of Microbiology of the Institute of Infectious Diseases, University of Bern (Table 1).

Strains were selected because they were positive for blacmy-i4) by PCR/DNA sequencing (16) and
because they had been assigned to either IncK and/or IncB/O by PCR-based replicon typing (PBRT) of
plasmids (21). Plasmids were transformed by electroporation into E. coli ElectroMax DHI10B
competent strains (Thermo Scientific), or intoE. coli One Shot® TOP10 Electrocomp (Life
Technologies) as described previously (9). The MIC of antibiotics was obtained using the microdilution
Sensititre panels ESB1F and EUMVS2 (Trek Diagnostics) and interpreted following the CLSI
guidelines. Sequence types (ST) were assigned following the multi-locus sequence typing (MLST)
Achtman scheme (http://mlst.ucc.ie/mlst/dbs/Ecoli).

Restriction analysis and WPS

Plasmids were purified using the Genopure Plasmid Midi Kit (Roche Diagnostic) according to the
manufacturer's procedures. Plasmids were first, digested using Pstl (Bioconcept) and run on a 0.8%
agarose gel electrophoresis (Figure S1).

WPS was performed using the 454-Junior Genome Sequencer procedure (Roche Diagnostic). The
libraries were constructed with the plasmid DNA that was previously purified using the Genopure
Plasmid Midi Kit (Roche Diagnostic). The libraries were constructed using the GS FLX Titanium
Rapid Library Preparation Kit.

De novo assembly of DNA reads, gap-closure and annotation

Contigs with at least a 70-fold coverage were obtained using the GS-FLX gsAssembler software. The
assembly of the contigs was first done in silico by using the 454 ReadStatus output file, generated by
the gsAssembler software (Roche Diagnostics), identifying reads overlapping adjacent contigs. The
assembly and gap-closure was confirmed and verified by PCR followed by Sanger DNA sequencing.
The annotation was done using the Artemis Version 8 (Sanger Institute) in combination with a pairwise
alignment that was performed by a BLASTN and BLASTP homology search
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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Phylogenetic analysis of IncB/O/K plasmids

For the phylogenetic analysis of the IncB/O/K plasmids, two fully sequenced reference plasmids,
namely pCT belonging to IncK (GenBank acc. No. FN868832.1; unpublished) and p3521 belonging to
IncB (NC _014843.1; (22) were included. These reference plasmids were chosen as they represent the
genetic outgroup of the new IncK2 plasmid variant. The homology trees were calculated based on the
Observed Divergence method (left panel of Figure 2), whereas the phylogenetic threes were
constructed with the Jukes and Cantor model (2000 Bootstrap trials) (right panel of Figure 2) using the
DNAMAN phylogenetic analysis software (Lynnon BioSoft). The following settings were applied for
the Quick Alignment with a gap penalty of 7, K-tuple of 2, number of top diagonals of 4.

The trees in line A were constructed based on the backbones of the plasmids (Figure 2). This was
achieved by removing all mobile genetic elements of the plasmids. For the IncK2 plasmids, the blacmy-
carrying element was removed (position 42023-45695 in pTMSA970) and in addition for pTMSA970
the IS26 (position 4801-6009 in pTMSA970). For the reference IncK and IncB plasmids, the blactx-m-
4-carrying element was removed from the IncK reference plasmid (position 68837-71981 in
FN868832.1) and the 26kb large IS26 element in the IncB reference plasmid (position 59569-86117 in
NC _014843.1). The trees in line B were constructed additionally removing the shufflon. The shufflon
region starts at the shufflon-specific DNA recombinase (Rci) and ends with the last shufflon gene in

each of the plasmids including the references (position 62686- 65450 in pTMSA970).

Conjugation for incompatibility testing

Mating experiments were performed crossing the transformant strain containing plasmid p5312.29 and
the one containing pTMSA970 with reference plasmids Rhh72 (IncB/O), and R387 (IncK) (provided
by the Istituto Superiore di Sanita, Rome, Italy) which are used for incompatibility testing (23).
Matings were performed for 24h at 37°C on solid Luria-Bertani (LB) agar plates without antibiotics.
Donors and transconjugants were counted plating serial dilutions on LB plates containing 50 pg/ml of
ampicillin, 50 pg/ml kanamycin, 25 pg/ml chloramphenicol, 50 pg/ml of ampicillin plus 50 pg/ml

kanamycin, and 50 pg/ml of ampicillin plus 25 pg/ml chloramphenicol.

PBRT update for the IncK2 plasmid variant

A novel reverse primer (NAME: 5'-GCCACAAGCTGTCGCTTA-3") that can be used in combination
with the universal IncB/O-K forward primer (NAME: 5'-GCGGTCCGGAAAGCCAGAAAAC-3") of
the PBRT kit was designed to generate a 242bp PCR product in order to distinguish the IncK2 from the

IncB/O/K group by PCR and sequence analysis. Amplification conditions were the followings: 1 cycle
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of denaturation at 94°C for 10 minutes, continued by 30 cycles of denaturation at 95 °C for 1 minute,
annealing at 60°C for 30 seconds and elongation at 72 °C for 1 minute, followed by 1 cycle at 72°C for

5 minutes.

Nucleotide sequence accession humbers

The complete nucleotide sequence of the seven IncK2 plasmids have been deposited into the Genebank
database under accession numbers KR905385 (p5312.29), KR905389 (p4809.66), KR905387
(pTMSA992), KR905388 (pTMSA970), KR905386 (pTMSA1088), KR905384 (pDV45), and
KR905390 (pDV10).
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Results and Discussion

Restriction analysis and plasmid sequencing

The comparison by restriction of nine plasmids obtained from humans, poultry and poultry meat
isolates illustrates high degree of relatedness among each other (Figure S1). Identical plasmid
restriction profiles were observed for five plasmids including three from human (plasmids p5312.29,
p4809.66, and p4901.67), one from poultry (pTMSA992), and one from poultry meat isolate (pDV45).
Plasmids from four additional isolates from poultry (pTMSA1088, pTMSA970), and poultry meat
strains (pDV10, pDV56) also showed highly-related restriction profiles, differing for one or two bands
only.

Seven plasmids were selected for complete sequencing, as representative of the different

variants detected by restriction. WPS revealed the presence of common blacmy-containing plasmids in
genetically diverse E. coli from poultry (ST38, ST420), poultry meat (ST38, ST1564) and human
infections (ST131, ST1431). Plasmids differed from each other within the shufflon region, and the
highly variable region situated between impC and nikA. A major deletion of approximately 6 kb, that
starts after yfbA and ends before psiB, distinguished plasmids pDV10, pTMSA1088, pTMSA970
pTMSA992 from the larger plasmids pDV45, p4809.66, and p5312.29. Plasmid pTMSA970 had also
an extra insertion of IS26.
The highly variable region between impC and nikA4 also harbors, along with many genes of unknown
function, the putative antirestriction protein YfeB as well as the single-stranded DNA-binding (SSB)
protein. The main functions of the SSB protein are binding of ssDNA and subsequent protection from
degradation by nucleases, whereas the function of the antirestriction protein YfeB is not yet defined.
The direct consequences of the loss of SSB and of YfeB for the IncB/O/K-group plasmids are difficult
to determine and need further investigations.

The shufflon is a biological switch that controls the C-terminal end of the PilV proteins via site-
specific recombination. This mechanism was described in R64 as well as in pCT where the shufflon,
despite being part of a minor component of the thin pilus, determines the recipient specificity in liquid
mating (24, 25). The shufflon of R64 consists of four invertible DNA fragments embedded of seven
19bp repeat sequences. Those 19bp repeats can be subdivided into the 7bp core-site region where the
DNA crossover occurs and the highly conserved 12bp right arm region (26). The shufflon of the seven
plasmids is highly diverse and contains from two to eight recombination sites. Four, from R64 distinct

19-bp repeat sequences were identified. Interestingly, the 7bp core-site region is identical to the ones
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identified in the IncI1/12 plasmids. Their terminology is following the designation of the repeats in R64
(24) (i.e., repeat-e: GTGCCAATCCGGTtcgTGG; repeat-f: GTGCCAATCCGGTatcTGG; repeat-g:
GTGCCAATCCGGTGtgtGG; repeat-h: GTGCCAATCCGGTttgTGG; letters in italic represent the
core-site, small letters for the variable bases).

The three plasmids pTMSA970, pTMSA992, and p5312.29 have only two repeat-e sequences,
followed by p4809.66 with four repeat sequences in the following order: e-e-e-g. The most complex
shufflons with eight repeat sequences each were detected in pDV10 (g-g-e-e-e-e-h-f), pDV45 (e-e-e-e-
g-g-h-f), and pTMSA1088 (e-e-h-f-e-e-g-g). Although, no apparent correlation between the numbers
of recombination sites could be detected (neither with the plasmid size of the plasmid nor with their
origin), the observation of such great diversity may have an impact of the mating preferences of the

various plasmids and should therefore be further investigated.

Incompatibility assays

Sequence analysis of the region upstream of the repA including the incRNAI revealed that the DNA
sequences of the seven plasmids diverged from the previously reported incRNAI of the IncK, IncB and
IncB/O plasmids (Figure 4). This region before the repA is highly conserved among the specific
plasmid Inc groups and is crucial for the incompatibility behavior among plasmids of the same group
(23, 27). The key element for this behaviour is the incRNAI that is forming a stem-and loop structure
and negatively regulates the transcription of rep4. Consequently, if two plasmids of the same or similar
Inc group(s) reside in the same bacterial cell the incRNAIs hybridize with each other and prohibiting
translation (23). Additionally, a phylogenetic tree constructed using only the incRNAI sequences which
contain the stem-and loop structure strengthened the previous observations that the seven plasmids are
highly similar to each other, and that they are more closely related to the IncK group that to the IncB/O
groups.

The divergent incRNAI sequences suggested that these plasmids could be compatible with the
IncK and IncB/O reference plasmids. Therefore, incompatibility assays were performed crossing
5312.29 and TMSA970 strains with both IncB/O Rhh72 and IncK R387 reference strains, respectively.
Transconjugants were obtained from all mating experiments but at different frequency. Both 5312.29
and TMSA970 showed higher frequency of conjugation when crossed with IncB/O (1 x 107
transconjugant/donor cell) than when crossed with IncK (1 x 107 transconjugant/donor cell) reference
plasmid. This suggests that the plasmids under study are more closely related to IncK than to IncB/O.
Based on both conjugation results and incRNAI sequence analysis, the plasmids were assigned to a

novel variant of the IncK group designated as IncK?2.
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Phylogenetic analysis of the IncK2 plasmids

A solid indication that all the IncK2 plasmids analyzed have a common ancestor is the fact that the
blacwy-carrying mobile element (ISEcpl-blacwmy-a)-blc-sugE1) 1s integrated at the same site in all of
the seven plasmids inside the fra locus and between the traT and TraU (Figure 2). This identical
structure and integration site have been already reported in an IncK plasmids (18). Notably, the only
blacymy-s-carrying plasmid pDV10 has also developed from the same progenitor as the other plasmids
and was subjected to subsequent evolution via a Trp221Arg substitution in blacmy-2, which is the single
amino acid substitution which distinguishes CMY-4 from CMY-2.

The phylogenetic analysis of the IncK2 plasmids supported the hypothesis of a common
ancestor, as the plasmid-backbone homology of the seven plasmids was 99% (Figure 2A). This
similarity is remarkable given that the percentage of homology dropped to 84% for the two reference
plasmids IncK and IncB. The new IncK2 plasmids are closely-related to the IncK and IncB references.
The phylogenetic tree shows a similar topology in which the IncK2 plasmids are a very homogenous
cluster with both reference plasmids at the same distance (Figure 2A). However, when deleting the
shufflon region the plasmid-backbone homology among all the IncK2 plasmids increases to 100%
(Figure 2B), whereas the homology stays constant at 85% regarding the two references IncK and IncB.
Due to the highly probable involvement of the shufflon region in the mating preferences of the
respective isolate, a process that is only indirectly linked to the evolution of the remaining plasmid
sequence, the increase in homology to 100% can be taken as another firm indication for a common
ancestor of all the IncK2 plasmids.

Taken together, these results lead to the assumption that the IncK2 plasmids are an overall
highly homogenous cluster although they are distributed in genetically diverse E.coli isolated from
different sources and time frames. The phylogenetic analysis points towards a common ancestor that
has subsequently spread between the various reservoirs. Indeed, the most striking characteristic of the
IncK2 group is the broad reservoir (including poultry, poultry-meat and humans isolates) from which
they were isolated. There is strong evidence that all IncK2 plasmids originated from a common source
due to: i) the identical integration site of the blacmy-carrying mobile element; ii) the overall 99%
homology among all the plasmids; and iii) the increase of homology to 100% once the shufflon is
excluded from the comparison.

Recent publications from the Netherlands, Sweden, and Japan investigating pAmpC-producing
E.coli isolates from healthy and hospitalized humans as well as strains from poultry and poultry-meat,
have reported a high prevalence of blacmy-2 in both reservoirs (14, 15, 20, 28-30). Using the PBRT kit,

a substantial part of the blacmy.o-carrying plasmids was localized on either IncK plasmids or IncB/O
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plasmids. It has to be noted that by using the PBRT the IncK2 plasmid-carrying strains may have had
falsely identified as positive for the IncK or IncB/O plasmid groups. Indeed, all the strains of our study
showed a cross-reaction with IncB/O, an issue that was already discussed in the paper from Carattoli et
al. 2005 (21). Hence, it can be assumed that they may also belong to the novel IncK2 incompatibility
group.

In our study we observed that five of the nine plasmids were carried by clones of the EXPEC group
(i.e., ST38 in one poultry and two poultry-meat strains and ST131 in one human isolate) indicating that
ExPEC may have better affinity for IncK2 plasmids. The novel IncK2 group seems to be an emerging
epidemic plasmid with a preference for E.coli isolated from human- and poultry-related reservoirs.

To our knowledge, this is the first time that a highly conserved plasmid family is described in isolates
from human infection, poultry, and poultry meat all coming from the same geographic region.
However, further epidemiological studies are needed to assess if poultry and poultry meat are the main
reservoir of this plasmid. Nevertheless, the presence of a common plasmid in three different settings is
alarming and should stimulate rapid of adequate measures in the meat production chain in order to limit

the spread of broad-host range drug-resistant plasmids.
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Figure 1: Structural features of seven fully sequenced IncK2 plasmids. The open reading frames are illustrated in
arrows pointing towards their respective orientation (Figure created by EasyFig). The colour code is as follows: The fra and
trb transfer loci are in green, antibiotic resistance genes in red, mobile elements (IS) in orange, replicase genes in purple,
partitioning genes and toxin/anti-toxin and other stabilization systems in yellow, shufflon-associated genes in violett, pilus
genes in pale blue, and genes with unknown function are in white. Important genes and loci are indicated above the first
plasmid sequence. Plasmid sequence pTMSA970 carries an additional IS26 element which is indicated in the figure. The
blue lines above the figure indicate the different loci and the shufflon-region. The indications on the left hand side are the

respective plasmid profile (see Figure S1).
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Figure 2: Phylogenetic analysis of the IncB/O/K group of plasmids. The analysis includes the plasmids of the novel
IncK2 group as well as the reference plasmids pCT and p3521of the IncK (FN868832) and IncB (NC_014843) groups
(Figure was created by DNAMAN). A) The two figures in the upper part are based on the analysis of the entire plasmid
sequences whereas in B) the analysis is performed on the same plasmid sequences but lacking the shufflon region. On the
left hand side are the homology trees that were created using the Observed Divergence method whereas the figures on the

right hand side represent phylogenetic trees that were calculated based on the Jukes and Cantor method with a Bootstrap
value of 2000.
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p4809.66 (H)

tccgglaaglcagaaaacggcaggatgcgccataaggcattcaggacgtatggcagaaacgacggcagtttgccggtgccggaag
ccggaaagccagaaaacggcaggatgecgccataaggcattcaggacgtatggcagaaacgacggcagtttgececggtgeccggaag
tccggaaagccagaaaacggcaggatgcgcoccataaggecattcaggacgtatggecagaaacgacggcagtttgeecggtgecggaag

PALC-76(C) tccggaaagccagaaaacggcaggatgeocgeccataaggcattcaggacgtatggecagaaacgacggcagtttgeocecggtgeccggaag
PALC-74(C) tccggaaagccalaaaacggcaggatgcgccataaggcattcaggacgtatggcagaaacgacggcagtttgccggtgccggaag
pTMSA1088A (CM) tccggaaagccalaaaacggcaggatgcgccataaggcattcaggacgtatggcagaaacgacggcagtttgccggtgccggaag
pTMSAS92A (CM) tccggaaagccalaaaacggcaggatgcgccataaggcattcaggacgtatggcagaaacgacggcagtttgccggtgccggaag
PTMSAS70A (CM) tccggaaagccalaaaacggcaggatgcgccataaggcattcaggacgtatggcagaaacgacggcagtttgccggtgccggaag

p4809.66 (H)

tccggaaagccagaaaacggeagllatgegccataaggcatteaggacgtatggeagaaacgacggcagtttgceggtgecggaag
tccggaaagccagaaaacggcaglatgegccataaggeattoaggacgtatggoagaaacgacggcagtttgoeggtgecggaag

498 582
gctgaaaaaagtttcagaaggccataaaggaaaaCCCCCACTAECTTTCCTCGAACTTTGGCGGG.TCGTGAAAGATAGTAGGGG
gctgaaaaaagtttcagaaggccataaaggaaaaCCCCCACTATCTTTCITCGAACTTTGGCGGGATCGTGAAAGATAGTGGGGG
gctgaaaaaagtttcagaaggccataaaggaaaaCCCCCACTATCTTTCHTCGARCTTTGGCGGGATCGTGARAGATAGTGGGEE

PALC-76(C) gctgaaaaaagtttcagaaggccataaaggaaaaCCCCCACTATCTTTCITCGAACTTTGGCGGGATCGTGAAAGATAGTGGGGG
pALC-74(C) gctgaaaaaagtttcagaaggccataaaggaaaaCCCCCACTATCTTTCITCGAACTTTGGCGGGATCGTGAAAGATAGTGGGGG
pTMSA1088A (CM) gctgaaaaaagtttcagaaggccataaaggaaaaCCCCCACTATCTTTCITCGAACTTTGGCGGGATCGTGAAAGATAGTGGGGG
pTMSAS92A (CM) gctgaaaaaagtttcagaaggccataaaggaaaaCCCCCACTATCTTTCITCGAACTTTGGCGGGATCGTGAAAGATAGTGGGGG
pTMSAS70A (CM) gctgaaaaaagtttcagaaggccataaaggaaaaCCCCCACTATCTTTCITCGAAITTTGGCGGGATCGTGAAAGATAGTGGGGG
IncB/O Ref gctgaaaaaagtttcagaaglccataaaggaaaaCCCCCACTATRTTTCCTCGRACTTHGGCGCHABEE AR A TARTGGGEE

gctgaaaaaagtttcagaagBccataaaggaaaacccccacTarirrrecTecracTTicececlafEtlcannfintaliTecees
L |

incRNAT

Figure 3: Phylogenetic tree and sequence alignment of the incRNAI-II of the IncB/O/K-group plasmids including
references. The sequences were extracted from the IncK2 plasmids as well as from the reference plasmids of IncB and
IncK. The IncB/O reference sequence derived from the paper of Couturier et al, 1988 (13). The phylogenetic tree was
constructed (DNAMAN) with the incRNAI sequences only (in capital letters) using the Jukes and Cantor model (2000
Bootstrap trials). Abbreviations: H= human infection; C=chicken; CM=poultry meat.
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Strain 1D 4809.6 Y10 bvas 4901.6 53122 MSA970
6 7 2 A Perents
Transformant/Plasmid 1D p4809.66 pDYS6 pDY10 Y45 p4901.67 p5312.29 TMSA1088 TMSA992 TMSA970
Poultr Poultr Poultr
Source Human uiry y oultry Human Human Poultry Poultry Poultry DH10B TOP10
meat meat meat
Date/Origin of isofation 2011, 2013, 2013, 2013, 2011, 2014, 2010711, 2010711, 2010711,
S Bern Bern Bern Bern Bern Bern Lucerne Lucerne Fribourg
MLST mﬁ_ s ST38 ST38 mﬂma mﬁ_ s ST131 ST38 ST420 ST420
Plasmid-Phenotype A B B A A A B A C
Antibiotic MIC, mg/L
(interpretation)
Piperacillin/tazobactam 8/4 8/4 16/4 8/4 <=4/4 <=4/4 <=4/4 <=4/4 16/4 16/4 > 64/4 16/4 <=4/4 8/4 64/4 64/4 16/4 >64/4 <=4/4 <=4/4
Cefoxitin >64 64 >64 64 64 64 64 64 >64 >64 >64 >64 >64 64 >64 >64 >64 >64 <4 3
Cefpodixime >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 <=0.25 1
Cefiriaxone 3 16 3 16 16 3 16 16 16 3 64 64 32 16 64 128 32 128 <=1 <=1
Cefotaxime 16 8 32 16 32 32 16 16 16 16 64 32 16 16 64 64 32 64 <=0.25 <=0.25
e EE 0N T N
Cefotaxime/Clavulan 16/4 16/4 3214 8/4 16/4 16/4 8/4 8/4 16/4 16/4 64/4 32/4 8/4 8/4 644 64/4 16/4 64/4 . p
Ceftazidime 32 64 64 64 16 128 64 64 64 64 128 128 64 64 128 >128 32 >128 <=0.25 05
Ceftazidime/Clavulansiure 32/4 3204 64/4 32/4 8/4 64/4 64/4 324 32/4 324 >128/4 64/4 3214 324 64/4 >128/4 324 >128/4 Aum. 12/ 0.5/4
Cefazolin >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 <=8 <=8
Cephalothin >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 16 >16 >16 <=8 <=8
Cefepime <=1 <1 <1 <1 2 2 2 <1 <1 <1 2 2 <= <1 <1 2 <=1 <1 <1 <=1
Imipenem <=0.5 <=0.5 2 <=0.5 <=0.5 <=0.5 1 <=0.5 4 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5
Meropenem <=1 <1 <1 <1 4 <1 <=1 <1 <=1 <1 2 <=1 <1 <=1 <=1 <1 <=1 <1 <1 <1
Gentamicin 2 05 1 05 1 1 0.5 05 1 1 1 0.5 1 05 0.5 1 1 05 <=0.25 05
Ciprofloxacin 8 <=0.008 0.5 = 0.03 0 0.5 oo =8 <=0.008 0.25 0.015 0.015 0.015 0.25 0.06 0.5 0.015 0.03 <=0.008
Chloramphenicol 8 4 8 4 8 4 4 4 8 4 4 4 8 4 4 <2 8 4 4 4
Florfenicol 4 <=2 8 <2 4 <=2 4 <=2 8 <2 4 4 8 <=2 4 <=2 8 <=2 4 <=2
Nalidiinsiure >64 <=4 >64 <=4 32 <=4 >64 <=4 >64 <=4 >64 <=4 <=4 <=4 >64 64 >64 8 32 <=4
Trimethoprim >32 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 >32 <=0.5 >32 <=0.5 <=0.5 <=0.5 >32 <05 <=05 <05 <=0.5 <=0.5 <=0.5 <=0.5
Sulfamethoxazole >1024 16 16 16 16 16 >1024 16 >1024 16 3 16 16 3 128 32 16 3 <=8 3
Streptomycin >128 >128 8 >128 >128 >128 >128 >128 >128 >128 >128 >128 >128 >128 >128 >128 >128 >128 <2 >128
Tetracyclin 4 4 4 2 2 2 64 2 4 4 <1 2 >64 2 2 2 2 2 2
Colistin <=2 <=2 <=2 <=2 4 <=2 4 <=2 <=2 <=2 >4 4 4 <2 <=2 <=2 =) <=2 <=2 <=2
Kanamycin <4 <=4 <4 <4 <=4 <4 >128 <=4 <4 <4 <=4 <=4 <=4 <=4 <4 <=4 <=4 <4 <4 <4

Table 1: Phenotypic and molecular characteristics of the nine blacyy-IncK2 positive E.coli and their transformants

* Transformant obtained from DH10B cells, ® Transformant obtained fromTOP10 cell

75



PART A - CHAPTER IV

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Pitout JD. 2012. Extraintestinal Pathogenic Escherichia coli: A Combination of Virulence with Antibiotic
Resistance. Frontiers in microbiology 3:9.

Manges AR, Johnson JR. 2012. Food-borne origins of Escherichia coli causing extraintestinal infections.
Clinical infectious diseases : an official publication of the Infectious Diseases Society of America 55:712-
719.

Seiffert SN, Hilty M, Perreten V, Endimiani A. 2013. Extended-spectrum cephalosporin-resistant Gram-
negative organisms in livestock: an emerging problem for human health? Drug resistance updates :
reviews and commentaries in antimicrobial and anticancer chemotherapy 16:22-45.

Chattaway MA, Jenkins C, Ciesielczuk H, Day M, DoNascimento V, Day M, Rodriguez I, van Essen-
Zandbergen A, Schink AK, Wu G, Threlfall J, Woodward MJ, Coldham N, Kadlec K, Schwarz S, Dierikx
C, Guerra B, Helmuth R, Mevius D, Woodford N, Wain J. 2014. Evidence of evolving extraintestinal
enteroaggregative Escherichia coli ST38 clone. Emerging infectious diseases 20:1935-1937.

Mathers AJ, Peirano G, Pitout JD. 2015. The Role of Epidemic Resistance Plasmids and International
High-Risk Clones in the Spread of Multidrug-Resistant Enterobacteriaceae. Clinical microbiology reviews
28:565-591.

Dierikx CM, van der Goot JA, Smith HE, Kant A, Mevius DJ. 2013. Presence of ESBL/AmpC-producing
Escherichia coli in the broiler production pyramid: a descriptive study. PloS one 8:e79005.

Nilsson O, Borjesson S, Landen A, Bengtsson B. 2014. Vertical transmission of Escherichia coli carrying
plasmid-mediated AmpC (pAmpC) through the broiler production pyramid. The Journal of antimicrobial
chemotherapy 69:1497-1500.

Endimiani A, Rossano A, Kunz D, Overesch G, Perreten V. 2012. First countrywide survey of third-
generation cephalosporin-resistant Escherichia coli from broilers, swine, and cattle in Switzerland.
Diagnostic microbiology and infectious disease 73:31-38.

Vogt D, Overesch G, Endimiani A, Collaud A, Thomann A, Perreten V. 2014. Occurrence and genetic
characteristics of third-generation cephalosporin-resistant Escherichia coli in Swiss retail meat. Microbial
drug resistance 20:485-494.

Carattoli A. 2009. Resistance plasmid families in Enterobacteriaceae. Antimicrobial agents and
chemotherapy 53:2227-2238.

Guerra B, Fischer J, Helmuth R. 2014. An emerging public health problem: acquired carbapenemase-
producing microorganisms are present in food-producing animals, their environment, companion animals
and wild birds. Veterinary microbiology 171:290-297.

Leverstein-van Hall MA, Dierikx CM, Cohen Stuart J, Voets GM, van den Munckhof MP, van Essen-
Zandbergen A, Platteel T, Fluit AC, van de Sande-Bruinsma N, Scharinga J, Bonten MJ, Mevius DJ,
National Esg. 2011. Dutch patients, retail chicken meat and poultry share the same ESBL genes, plasmids
and strains. Clinical microbiology and infection : the official publication of the European Society of
Clinical Microbiology and Infectious Diseases 17:873-880.

Wang J, Stephan R, Power K, Yan Q, Hachler H, Fanning S. 2014. Nucleotide sequences of 16
transmissible plasmids identified in nine multidrug-resistant Escherichia coli isolates expressing an ESBL
phenotype isolated from food-producing animals and healthy humans. The Journal of antimicrobial
chemotherapy 69:2658-2668.

Voets GM, Fluit AC, Scharringa J, Schapendonk C, van den Munckhof T, Leverstein-van Hall MA,
Stuart JC. 2013. Identical plasmid AmpC beta-lactamase genes and plasmid types in E. coli isolates from
patients and poultry meat in the Netherlands. International journal of food microbiology 167:359-362.
Borjesson S, Jernberg C, Brolund A, Edquist P, Finn M, Landen A, Olsson-Liljequist B, Tegmark Wisell
K, Bengtsson B, Englund S. 2013. Characterization of plasmid-mediated AmpC-producing E. coli from
Swedish broilers and association with human clinical isolates. Clinical microbiology and infection : the
official publication of the European Society of Clinical Microbiology and Infectious Diseases 19:E309-311.
Seiffert SN, Hilty M, Kronenberg A, Droz S, Perreten V, Endimiani A. 2013. Extended-spectrum
cephalosporin-resistant Escherichia coli in community, specialized outpatient clinic and hospital settings
in Switzerland. The Journal of antimicrobial chemotherapy 68:2249-2254.

Baudry PJ, Mataseje L, Zhanel GG, Hoban DJ, Mulvey MR. 2009. Characterization of plasmids encoding
CMY-2 AmpC beta-lactamases from Escherichia coli in Canadian intensive care units. Diagnostic
microbiology and infectious disease 65:379-383.

Porres-Osante N, Saenz Y, Somalo S, Torres C. 2014. Characterization of Beta-lactamases in Faecal
Enterobacteriaceae Recovered from Healthy Humans in Spain: Focusing on AmpC Polymorphisms.
Microbial ecology.

76



19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

PART A - CHAPTER IV

Dierikx C, van Essen-Zandbergen A, Veldman K, Smith H, Mevius D. 2010. Increased detection of
extended spectrum beta-lactamase producing Salmonella enterica and Escherichia coli isolates from
poultry. Veterinary microbiology 145:273-278.

Egervarn M, Borjesson S, Byfors S, Finn M, Kaipe C, Englund S, Lindblad M. 2014. Escherichia coli with
extended-spectrum beta-lactamases or transferable AmpC beta-lactamases and Salmonella on meat
imported into Sweden. International journal of food microbiology 171:8-14.

Carattoli A, Bertini A, Villa L, Falbo V, Hopkins KL, Threlfall EJ. 2005. Identification of plasmids by
PCR-based replicon typing. Journal of microbiological methods 63:219-228.

Papagiannitsis CC, Tzouvelekis LS, Kotsakis SD, Tzelepi E, Miriagou V. 2011. Sequence of pR3521, an
IncB plasmid from Escherichia coli encoding ACC-4, SCO-1, and TEM-1 beta-lactamases. Antimicrobial
agents and chemotherapy 55:376-381.

Couturier M, Bex F, Bergquist PL, Maas WK. 1988. Identification and classification of bacterial plasmids.
Microbiological reviews 52:375-395.

Komano T. 1999. Shufflons: multiple inversion systems and integrons. Annual review of genetics 33:171-
191.

Cottell JL, Saw HT, Webber MA, Piddock LJ. 2014. Functional genomics to identify the factors
contributing to successful persistence and global spread of an antibiotic resistance plasmid. BMC
microbiology 14:168.

Brouwer MS, Tagg KA, Mevius DJ, Iredell JR, Bossers A, Smith HE, Partridge SR. 2015. IncI shufflons:
Assembly issues in the next-generation sequencing era. Plasmid.

Praszkier J, Wei T, Siemering K, Pittard J. 1991. Comparative analysis of the replication regions of IncB,
IncK, and IncZ plasmids. Journal of bacteriology 173:2393-2397.

Huijbers PM, van Hoek AH, Graat EA, Haenen AP, Florijn A, Hengeveld PD, van Duijkeren E. 2015.
Methicillin-resistant Staphylococcus aureus and extended-spectrum and AmpC beta-lactamase-producing
Escherichia coli in broilers and in people living and/or working on organic broiler farms. Veterinary
microbiology 176:120-125.

Shaheen BW, Nayak R, Boothe DM. 2013. Emergence of a New Delhi metallo-beta-lactamase (NDM-1)-
encoding gene in clinical Escherichia coli isolates recovered from companion animals in the United States.
Antimicrobial agents and chemotherapy 57:2902-2903.

de Been M, Lanza VF, de Toro M, Scharringa J, Dohmen W, Du Y, Hu J, Lei Y, Li N, Tooming-
Klunderud A, Heederik DJ, Fluit AC, Bonten MJ, Willems RJ, de la Cruz F, van Schaik W. 2014.
Dissemination of cephalosporin resistance genes between Escherichia coli strains from farm animals and
humans by specific plasmid lineages. PLoS genetics 10:¢1004776.

77



PART A - CHAPTER IV

Supplementary Materials for Chapter IV

Figure S1: Figure S1: Restriction analysis of the IncK2-group plasmids using Pstl. Origin is indicated in
parentheses. Line 1: p4809.66 (human), line 2: pDV56 (poultry meat), line 3: pDV10 (poultry meat), line 4: pDV45
(poultry meat), line 5: p4901.67 (human), line 6: p5312.29 (human), line 7: pTMSA1088 (poultry), line 8: pTMSA992
(poultry), line 9: pTMSA970 (poultry). Line L indicates the Log2 ladder (Bioconcept) (values in kbp).
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Chapter V

In this study, isolates from a patient that was transferred from Libya to Switzerland were
characterized. One of the screening samples contained a MDR Salmonella enterica Kentucky of
ST198 which was harbouring blaves-s and blaoxa-ss. This result shows that isolation of patients

coming from endemic countries can prevent outbreaks.

Preliminary results were presented at the 24th European Congress of Clinical Microbiology
and Infectious Diseases (ECCMID) - Barcelona, Spain - May 10-13, 2014 (see Poster

presentation at the end of this chapter).

The study was published in Antimicrobial Agents and Chemotherapy under the title “OXA-48
Carbapenemase Producing Salmonella enterica Kentucky of ST198 in a Patient Transferred from
Libya to Switzerland” in 2014 (Seiffert et al., Antimicrobial Agents Chemotherapy; 58(4):2446,
2014).
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Here, we report a case of OXA-48-producing Salmonella enterica serovar Kentucky of sequence type 198 (ST198) from
perianal screening cultures of a patient transferred from Libya to Switzerland. The blagx _45 gene was carried by Tn1999.2 and
located on an ~60-kb IncL/M plasmid. This Salmonella strain also possessed the blay 5 g, aac(6)-Ib, tet(A), sull, and mphA resis-
tance genes and substitutions in GyrA (Ser83Phe and Asp87Asn) and ParC (Ser80Ile). This finding emphasizes that prompt
screening strategies are essential to prevent the dissemination of carbapenemase producers imported from countries where they

are endemic.

he rapid emergence of OXA-48 carbapenemase-producing

Enterobacteriaceae is currently a concern, mainly because the
relatively low carbapenem MICs of these bacteria make their de-
tection difficult (1-3). In some countries, these multidrug-resis-
tant (MDR) isolates are now more frequently detected than those
producing the classic (KPC, NDM, and VIM) carbapenemases
(4-6). The blagya_sg gene is usually detected in Klebsiella pneu-
moniae and Escherichia coli, but it can also be found in other En-
terobacteriaceae (2). However, to date, OXA-48-producing Salmo-
nella enterica has been detected only in a French patient (7).

In March 2012, a polytraumatized male with severe brain
injury due to a grenade detonation (September 2011) was
transferred from Libya to a rehabilitation clinic located in
northeastern Switzerland. During the hospitalization, different
screening samples were analyzed for the presence of MDR Gram-
negative pathogens (e.g., extended-spectrum 3-lactamase [ESBL]
producers) by implementation of selective chromID ESBL plates
(bioMérieux). Colonies were identified by matrix-assisted laser
desorption ionization—time of flight mass spectrometry (MALDI-
TOF MS) (Bruker Daltonik), and antimicrobial susceptibility
patterns were routinely obtained using the Vitek II system
(bioMérieux). This strategy is part of the hospital hygiene pol-
icy of the clinic to prevent the spread of difficult-to-treat or-
ganisms (8-10).

Atarrival, E. coli (Ec-38), Citrobacter koseri (Ck-39 and Ck-41),
and K. pneumoniae (Kp-39-1, Kp-39-2, and Kp-41) isolates with
antibiotic phenotypes suspicious for ESBL production were de-
tected in samples from urine, nasopharynx, and perianal swabs
(Table 1). Based on these results, the patient was kept in isolation
in a single room and strict standard hygienic procedures were
implemented (8, 10).

After 2 months (May 2012), a further perianal screening cul-
ture was again positive for an ESBL-producing K. pneumoniae
isolate (Kp-43) and also for an MDR Salmonella enterica isolate of
serotype Kentucky (Sk-1). This isolate was resistant to ciprofloxa-
cin and last-generation cephalosporins and was flagged by the
Vitek system as a possible carbapenemase producer (MICs for
imipenem and ertapenem, 1 and 2 pg/ml, respectively). The same
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Salmonella Kentucky (Sk-2) strain was isolated from another sam-
ple obtained from a perianal screening swab performed 17 months
after the admission (August 2013) (Table 1).

In September 2013, the patient was transferred to a long-term-
care facility in Tunisia. During the 18-month period of residence
at the Swiss rehabilitation clinic, he never developed diarrhea, and
no clinical samples indicating possible ongoing infection(s) were
positive for the above-described MDR Enterobacteriaceae. More-
over, no other patients hospitalized at the clinic and during the
same time frame developed infection or colonization with MDR
Salmonella.

Allisolates were further characterized by microdilution ESB1F
and GNX2F MIC plates (Trek Diagnostics) (11); CT-103 (Check-
Points) and AMR-ve 0.5m (Alere) microarrays for detection of
ESBL, plasmid-mediated AmpC (pAmpC), carbapenemase, and
other resistance genes (12); PCR/DNA sequencing for gyrA, parC,
bla genes, transposon Tn1999-like, and plasmid incompatibility
groups (13-17); multilocus sequence typing (MLST) for E. coli
(Environmental Research Institute [ERI] [see http://mlst.ucc.ie]),
K. pneumoniae (Pasteur Institute [see http://www.pasteur.fr]),
and Salmonella spp. (ERI); and analytical isoelectric focusing (alEF)
(14). Plasmids were extracted using alkaline extraction and electro-
porated into ElectroMAX E. coli DH10B (Invitrogen). Cells were
selected on LB plates containing ampicillin (20 pg/ml) or cefo-
taxime (1 pg/ml) (Sigma) (16). Conjugation experiments were
performed at both 37°C and 25°C using the rifampin-resistant E.
coli strain JF33 and LB selective plates containing ampicillin (50
pg/ml) plus rifampin (100 wg/ml).

Ec-38 was of sequence type 131 (ST131) and produced the
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TABLE 1 Phenotypic and molecular characteristics of the MDR Enterobacteriaceae isolates detected in the screening cultures during the 18-month

hospitalization of the patient

MIC [pg/ml (interpretationb)] or other characteristic(s) of indicated isolate from indicated sample

Perianal swab (May 2012 [August

g\/lrineh Nasopharyngeal swab (March 2012) Perianal swab (March 2012) 2013])¢
arc
Antibiotic tested or isolate 2012"): E. C. koseri K. pneumoniae K. pneumoniae  C. koseri K. pneumoniae K. pneumoniae S. Kentucky
characteristic coli (Ec-38) (Ck-39) (Kp-39-1) (Kp-39-2) (Ck-41) (Kp-41) (Kp-43) (Sk-1 [and Sk-2])
Piperacillin-tazobactam 32 (R) 64 (R) =128 (R) 16 (1) 32 (R) 16 (1) 32 (R) =128 (R)
Ticarcillin-clavulanate 128 (R) =256 (R) =256 (R) =256 (R) =256 (R) =256 (R) =256 (R) =256 (R)
Cefoxitin 8 (NA) 8 (NA) 32 (NA) 8 (NA) 16 (NA) 8 (NA) 8 (NA) 8 (NA)
Ceftriaxone =256 (R) =256 (R) =256 (R) =256 (R) =256 (R) =256 (R) =256 (R) 64 (R)
Cefotaxime =128 (R) =128 (R) =128 (R) =128 (R) =128 (R) 64 (R) =128 (R) 64 (R)
Cefotaxime-clavulanate =0.064 (NA) 4 (NA) 8 (NA) 4 (NA) 8 (NA) 8 (NA) 4 (NA) 16 (NA)
Ceftazidime 16 (R) 32 (R) 128 (R) 64 (R) 64 (R) 64 (R) 128 (R) =256 (R)
Ceftazidime-clavulanate 0.25 (NA) 8 (NA) 8 (NA) 8 (NA) 8 (NA) 8 (NA) 8 (NA) =256 (NA)
Cefepime =32 (R) 16 (R) =32 (R) 16 (R) 16 (R) 16 (R) 16 (R) =32 (R)
Aztreonam =32 (R) =32 (R) =32 (R) =32 (R) =32 (R) =32 (R) =32 (R) =32 (R)
Imipenem =0.25(S) =0.25(S) =0.25(S) =0.25(S) =0.25(S) =0.25(S) =0.25(S) =0.25(S)
Meropenem =0.5(S) =0.5(S) =0.5(S) =0.5(S) =0.5(S) =0.5(S) =0.5(S) =0.5(S)
Ertapenem =0.125(S) 0.5 (S) 2 (R) =0.125 (S) =0.125(S) =0.125(S) =0.125(S) 1(D)
Doripenem =0.064 (S) =0.064 (S) 0.25(S) =0.064 (S) =0.064 (S) =0.064 (S) =0.064 (S) 0.25 (S)
Gentamicin =32 (R) =32 (R) =32 (R) =32 (R) =32 (R) =32 (R) =32 (R) =0.5(S)
Tobramycin =16 (R) =16 (R) =16 (R) =16 (R) =16 (R) =16 (R) =16 (R) =16 (R)
Amikacin =64 (R) 8(S) 8(S) 8(S) 4(S) =2(S) =2(S) 8(S)
Ciprofloxacin =4 (R) =4 (R) =4 (R) =4 (R) =4 (R) 2 (R) 2 (R) =4 (R)
Trimethoprim-sulfamethoxazole =8 (R) =8 (R) =8 (R) =8 (R) =8 (R) =8 (R) =8 (R) =0.25(S)
Colistin =0.125(S)  =0.125(S) =0.125(S) =8 (R) =0.125(S)  =0.125(S) =0.125(S) =0.125 (S)
Polymyxin B =0.125 (NA) =0.125 (NA) 0.5 (NA) =8 (NA) =0.125 (NA) 0.5 (NA) 0.5 (NA) 0.5 (NA)
Doxycycline =1 (NA) =32 (NA) =32 (NA) =32 (NA) =32 (NA) =32 (NA) =32 (NA) =1 (NA)
Tigecycline =0.125(S)  0.5(S) 0.5 (S) =0.125 (S) 0.5 (S) =0.125 (S) =0.125 (S) =0.125 (S)
bla genes CTX-M-15 CTX-M-15 CTX-M-15 CTX-M-15 CTX-M-15 CTX-M-15 CTX-M-15 OXA-48
TEM-1-like’ CMY-4 CMY-4 CMY-4 CMY-4 CMY-4 CMY-4 VEB-8¢
TEM-1-like SHV-1-like? SHV-1-like TEM-1-like SHV-1-like SHV-1-like
Plasmid incompatibility group(sy  F, FII, Nt-1 Nt-2 Nt-1, Nt-2 F, Nt-2 Nt-2 F, Nt-2 F, Nt-2 LM
alEF, isoelectric points =0.2¢ 8.9,7.6,5.4 9.1,89,7.6,54 8.9,7.8,7.6,6.8,54 89,7.6,54 8.9,7.6,5.4 8.9,7.6,5.4 8.9,7.6,5.4 8.0,7.6,7.2,6.3
MLST ST131 NA ST101 ST111 NA ST111 ST111 ST198

@ Another perianal swab collected in August 2013 was positive for an MDR Salmonella Kentucky strain with the same phenotypic and molecular characteristics.
b According to EUCAST criteria (11); R, resistant; I, intermediate; S, susceptible; NA, not applicable or not available. MICs were obtained by implementing the ESB1F and GNX2F

plates (Trek Diagnostics).
¢ The MIC for colistin was also elevated (4 pug/ml) when measured by Etest (bioMérieux).

4 No TEM- or SHV-type ESBLs were present. For K. pneumoniae, SHV-1-like indicates the natural B-lactamases.
¢ Salmonella Kentucky was also positive for the following antibiotic resistance genes: aac(6)-Ib, tet(A), sull, and mphA. Amino acid substitutions in GyrA (Ser83Phe and Asp87Asn)

and ParC (Ser80Ile) were also found.

/Nt-1, nontypeable plasmid PCR positive only for replicon R; Nt-2, nontypeable plasmid PCR positive only for replicon FIB-M.
2 plof ~8.9, CTX-M-15; pI of ~9, CMY-4; pI of ~5.4, TEM-1-like; pI of ~7.6, SHV-1-like; pI of ~7.4, VEB-8; pI of ~7.2, OXA-48 (http://www.lahey.org/Studies/).

" Date of isolation.

CTX-M-15 ESBL, whereas the remaining C. koseri (Ck-39 and
Ck-41) and K. pneumoniae (Kp-39-1, Kp-39-2, Kp-41, and Kp-43)
isolates also coproduced the CMY-4 pAmpC. The K. pneumoniae
isolates were of ST101 and ST111. Interestingly, Kp-39-2 was
highly resistant to polymyxins (Table 1). Moreover, C. koseri and
K. pneumoniae isolates were all PCR positive for a nontypeable
plasmid of the FIB-M replicon.

Salmonella Kentucky was of ST198 and carried a plasmid of
IncL/M. According to microdilution results, the isolate was resis-
tant to ciprofloxacin and showed reduced susceptibility to ertap-
enem (MIC, 1 pg/ml) but not to the other carbapenems (all MICs,
=0.25 pg/ml). This phenotype was due to amino acid substitu-
tions in GyrA (Ser83Phe and Asp87Asn) and ParC (Ser80Ile) and
to the production of OXA-48 carbapenemase. In particular, the
blagy x4 gene was carried by Tn1999.2 and located on an ~60-kb
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IncL/M plasmid (13, 15). The Salmonella isolate was also highly
resistant to last-generation cephalosporins (e.g., MIC for ceftazi-
dime, =256 pg/ml) because of the production of the VEB-8 ESBL.
According to microarray results, genes conferring resistance to
aminoglycosides, tetracyclines, sulfonamides, and macrolides
[aac(6)-Ib, tet(A), sull,and mphA, respectively] were also detected
(Table 1). Only transconjugants and DH10B transformants carry-
ing the blagy,_ss-positive IncL/M plasmid were obtained. This
indicates the possible chromosomal location of the blaygy g, as
usually observed for this class of genes (12).

Only two OXA-48-producing Salmonella Kentucky isolates of
ST198 (also ciprofloxacin resistant) and one OXA-48-producing
Salmonella Saintpaul isolate were previously reported in France.
These strains were detected during 2009 to 2011 in the stools of a
unique nonhospitalized female who traveled in Egypt (7). Like-
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wise, the OXA-48-producing Salmonella Kentucky isolate found
in Switzerland was ciprofloxacin resistant, belonged to ST198, and
was responsible for prolonged intestinal colonization of the pa-
tient transferred from Libya. The blagx,_4s gene was located in a
typical genetic environment (Tn1999-like and IncL/M plasmid)
(3, 15). However, the isolate also coproduced the VEB-8, an ESBL
previously reported only in one OXA-48-positive E. coli isolate
originating from Libya (1). We also noted that the other isolates
found in the patient produced the CMY-4, a pAmpC usually re-
ported in North Africa (8, 18). Overall, these results indicate that
in countries with endemic spread of OXA-48 producers and
which have high frequencies of Salmonella diseases, there are
high risks for the selection of very resistant clones (e.g., the cipro-
floxacin-resistant hyperepidemic Salmonella Kentucky of ST198)
that may further spread not only among people in the community
but also in the environment and among food-producing animals
(19-22).

In conclusion, this is the second report of OXA-48-producing
Salmonella enterica. The isolate copossessed other resistance genes
that rendered the isolate very resistant to standard antibiotic treat-
ments. Reference laboratories for enteric pathogens should be
aware that this MDR Salmonella may silently disseminate in the
community with the potential to cause outbreaks, and it poses a
serious threat to public health. Effective strategies to screen pa-
tients at risk of colonization (e.g., those transferred or recently
traveling in specific areas) must be constantly implemented by all
health care institutions to prevent the diffusion of difficult-to-
treat pathogens (10, 22).
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OXA-48 and VEB-8 producing Sal/monella Kentuky of ST198 in a patient transferred from Libya to Switzerland

BEESCMID Stk Salome N. Seiffert 123" Vincent Perreten,2 Sénke Johannes,! Sara Droz,! Thomas Bodmer,* and Andrea Endimiani® (*mail: salome.seiffert@ifik unibe.ch; #aendimiani@gmail.com)
P1110 Institute for Infectious Diseases, 2Institute of Veterinary Bacteriology, 36raduate School for Cellular and Biomedical Sciences; University of Bern, Switzerland; “Medical Microbiology, labormedizinisches zentrum Dr Risch (Bern-Liebefeld, Switzerland)
Introduction: [ Table 1: Phenotypic and molecular characteristics of the MDR Enferobacteriaceae detected in the screening cultures | [Results:

In the past few years the prevalence of carbapenem-resistant Enterobacteriaceae has

Five samples were collected during the 18-month hospital-stay of the patient (Table 1). The

reached dramatic levels. | Sample Urine Nasopharyngeal swab Perianal swab Perianal swab ¢ three samples taken at admission (March 2012) contained E. coli (Ec-38), C. koseri (Ck-39 and
: . . . Date March 2012 March 2012 March 2012 May 2012 (August 2013) ® Ck-41), and K. pneumoniae (Kp-39-1, kp-39-2, and kp-41) isolates, whereas the sample taken later
Particularly worrisome is the .Ev_a m.v.;an& of the OXA-48 carbapenemase v_‘.oa:mﬂ,m Am_mc.g Ceiics N A z 7 iy ” s B o on (May 2012) contained K. preumoniae (Kp-43), but also an MDR Salmonella enteritis of
ly U_nMn:mN_ oMMvn_n_Mo_‘».M_vnz,\n? low carbapenems MICs that make their detection serotype Kentucky (Sk-1). Another Salmonella Kentucky (Sk-2) was isolated in August 2013.
elLetal, % i g 2 . - 2 2 ~2) @
. . . . . . Smain:dD; 38 o 3% 392 a*au K4l 43 Ll e All the isolates (except the two Sk) expressed the CTX-M-15 ESBL. The C koseri and K.
These multidrug-resistant (MDR) isolates are, in some countries, getting more frequently| - o=m g/mL (interpretation) pneumoniae isolates additionally co-expressed the CMY-4 pAmpC. The unique E. coli (Ec-38) was
detected than those producing the classic (KPC, NDM and VIM) carbapenemases (Canton R et . = of ST131, whereas the K. pneumoniae isolates were of ST101 and ST111. Moreover, C. koseri and
al., CMI, 2012). Piperacillin:tazobactam 2® 54 R) 2128 R) 6@ 22) 6@ 2E® L) K jae isolates were all PCR-positive for a not typable plasmid of FIB-M replicon.
Ticarcillin-clavulanate 128 (R) >256 (R) 5256 (R) 5256 (R) 5256 (R) 3256 (R) 5256 (R) 2256
The blagys.4g gene is usually detected in K. pneumoniae and E. coli but it can also be found in i g = femy e T o i g >?V The Salr lla K ky was of ST198 and produced OXA-48 as well as VEB-8. Transformation
other Enterobacteriaceae (Ent). il NA) (14) H4) ) 4) 01 HA) 04) and conjugation experiments showed that b/doys 45 Was carried by an IncL/M plasmid, whereas
However, to date, only three OXA-48-producing Sal/monella enterica isolates have been Ceftrinsne 2256 (R) 2256 (R) 5256 (R) 5256 (R) 5256 (R) 5256 (R) >256 (R) 64 (R) blaygg g could be located on the chr Other r genes were: aac(6)-Ib,
iy olna. M N_.N Hello S et al, Lancet Tnfect Dis, 2013) Cefotaxime. 128 (R) >128 (R) 2128 (R) 2128 (R) 128 (R) 64 (R) 128 (R) 64 (R) tef(A), sull,and mphA.
P 9YP’ . i 2 fote <0.064 (NA) |4 (NA) 8 (NA) 4 (NA) 8 (NA) 8 (NA) 4 (NA) 16 (NA)
_ Figure 1: Geographic spread of blaoxa-4s (from Poirel L et al., JAC 2012 Ceftazidime 16 R) 32 (R) 128 (R) 64 (R) 64 (R) 64 R) 128 (R) 2256 (R) Conclusions:
Ceftazidime-clavulanate 0.25(NA) |8 (NA) 8 (NA) 8 (NA) 8 (NA) 8 (NA) 8 (NA) 2256 (NA) e
Our patients was transferred Cefepime 232 (R) 16 (R) 232 (R) 16 (R) 16 (R) 16 (R) 16 (R) 232 (R) This is the first report of an OXA-48-producing S. enterica outside
from Libya to Switzerland on Azireonam 232 (R) >32 (R) 232 (R) >32 (R) >32 (R) 232 (R) >32 (R) 232 (R) Egypt as well as the first Salmonella nauv-.o&cn_.:m OXA-48 and VEB-8
March 2012 affer severe TImipenem 0.25 (5) 0.25 (5) 0.25 (5) 0.25 (5) 0.25 (5) 0.25 (5) 0.25 (5) £0.25 (5)
frauma  due  fo  grenade Meropenem 05 (S) 05 (5) 05 (5) 05 (5) 05 (5) 05 (5) 0.5 (5) <0.5 (5) The blagxs-ss was carried by Tn1999.2 and located on a ~60Kb IncL/M
detonation. Ertapenem <0.125 (S) 0.5 (5) 2(R) <0.125 (S) <0.125 (S) <0.125 (S) 0.125 (5) 1 (1) _u_Pw:.:.m.
e sitiized " Doripenem 0064 (S)  |<0.064 (S) 0.25 (5) 0,064 (S) 0064 (S)  <0.064 (S) 0,064 (S) 0.25 (5)
He was hospitalized 18 months Semtamicin 132 ®) 132 R) 2 ® 132 (R) 132 (R) 132 (R) 132 (R) <0.5 (5) All the other isolates carried CMY-4, a pAmpC frequently reported in North
and then transferred to a long- Tobramycin 216 (R) 216 (R) 216 (R) 216 (R) 216 (R) 216 (R) 216 (R) 216 (R) Africa.
term-care facility in Tunisia Amikacin 264 (R) 8 (S) 8(S) 8(S) 4(S) <2 (S) <2 (S) 8 (s) " . :
pw - S TS e oS s 55 5 e The co-expression of 0%)&6 and <mm|m. together with other _‘.nM_u.#.So.n
Materials and Methods: Trimethoprim/sulfamethoxazole 28 (R) 28 (R) 28 (R) 28 (R) 28 (R) 28 (R) 28 (R) 0.25 (5) genes rendered the isolate very resistant to standard antibiotic
On March 2012, a polytraumatized male due to a grenade detonation (September 2011) was fransferred from Libya o a e 015(8) 0125 (5) 0125 (5) 28 (- 015(5) | 015 () 0125 (5) 0.125 (5) treatments.
rehabilitation clinic located in Switzerland (Figure 1). Screening samples were taken at different time points during the 18- Polimisin® [P B st} o) o125 () o5 W) 05 0A) B
month stay of the patient in the Swiss clinic. The samples were plated onto selective chromID ESBL érieux) in order to ek B = b : < : : : g ; : P
investigate the presence of MDR Gram-negative bacteria. Doxycycline <1 (NA) 232 (N4) 232 (NA) 232 (NA) 232 (NA) 332 (NA) 232 (NA) <1 (NA) The 1._mx of mm_m.n:o: J:& a_mmm&_zo:o.: of such _;_mr._v\ resistanti bacteriatis
The subsequently obtained extended-spectrum cephalosporin resistant £n# were further characterized with: Tigecycline 0.125(5)  |05(5) 05 (5) 0125 (S) 0.5 () 0,125 (S) 0.125 (5) €0.125 (5) especially worrisome in countries with an endemic spread of OXA-48
- Species identification using MALDI-TOF MS (Bruker Daltonik); Bla genes CTX-M-15 |CTX-M-15 CTX-M-15 CTX-M-15 CTX-M-15  CTX-M-15 CTX-M-15 OXA-48 producers.
- Antimicrobial susceptibility pattern using Vitek IT system (Card AST-N283; bioMérieux); TEM-Llike ¢ |CMy-4 cMy-4 cMy-4 cMy-a My-4 cMy-a VEB-8 °©
- Antibiotic susceptibility test (WLC) using ESBLIF and GNX2F MICs plates (Trek Diagnostics); TEM-Like ¢ SHV-Llike ¢ SHV-Lliked  [TEM-Llike? |SHV-Iliked  |SHV-Like Effective strategies to screen patients at risk to be colonized (e.g.,
- Microarrays for detection of ESBL, pAmpC, and carbapenemase genes as well as other resistance genes (Check-Points he d I m ; g b
and Alere); Plasmid Inc groups F, FIT, (Nt-1) |(N1-2) (N1-1, N1-2) F, (N1-2) (N1-2) F, (N1-2) F, (N1-2) LM those transferred or recently travelling in specific areas) must be
- PCR/DNA sequencing for bla genes, transposon Tn/999-like and plasmid incompatibility group (Poirel L et al., AAC, 2012); . o constantly implemented by all health care institutions to prevent the
oIEF, isoelectric points (pIs, $0.2) 3 89,7.6,54 [91,89,76,54 89,78,76,68,54 89,76,54 [89,76,54 89,7654 (89,76,54 8.0,7.6,7.2 63
- Analytical isoelectric focusing (aIEF); » z e
diffusion of difficult to treat pathogens.
- Multilocus sequencing typing (MLST) analysis (for & cofi and Salmonella spp.; Achtman scheme, and for K. preumoniae; | | MLsT sT131 NA STI01 STII1 NA ST STin ST198

Pasteur Scheme);

- PCRs for plasmid replicon typing (PBRT; Diatheva).

The 5. Kentucky isolate was additionally characterized with:

- Conjugation experiments were performed at 37°C and 25°C using the rifampicin-resistant £ coli strains JF33 and
streaked out on LB plates with ampicillin [20ug/mi] and rifampicin [100ug/mi] (Sigma):

- Plasmids were extracted using an alkaline extraction and P info £ coli DHIOB ( g

cells were selected on LB plates containing ampicillin [20 pg/mL] or cefotaxime [1 pg/mL] (Sigmo).

© Another perianal swab collected on August 2013 resulted positive for a MDR Salmonella Kentucky with the same phenotypic and molecular characteristics

® According to the EUCAST criteria: R, resistant; I, intermediate; S, susceptible; NA, not applicable or not available.
< The MIC for colistin was also elevated (4 pg/mL) when measured by Etest (bioMérieux)
4No TEM- or SHV-type ESBL were present. For K. preumoniae SHV-1-like indicates the natural p-lactamases

< Sk1 and Sk2 were also

r the followr

antibiotic resistance genes:

: aac(6)-Ib, tex(A), sull, and A
*N#-1, not typable plasmid resulting PCR positive only for replicon R; Ni-2, not typable plasmid resulting PCR positive only for replicon FIB-M
9 pl of ~8.9, CTX-M-15; pI of ~9, CMY-4; pT of ~5.4, TEM-L-like; pI of ~7.6, SHV-I-like; pI of ~7.4, VEB-8; pI of ~7.2, OXA-48
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In line with the previous study a XDR Klebsiella pneumoniae was detected in a patient who got
transferred back from Belgrade (Serbia) to Switzerland. The isolate was producing two

carbapenemase genes, two bla genes, and carrying several other resistance genes.

The study was published in International Journal of Antimicrobial Agents under the title
“Emergence of Klebsiella pneumoniae Coproducing NDM-1, 0XA-48, CTX-M-15, CMY-16, qnrA,
and ArmA Methyltransferase in Switzerland” in May 2014 (Seiffert et al.,, International Journal

of Antimicrobial Agents; 44(3):260-262, 2014).
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ABSTRACT

Extensively drug-resistant (XDR) Klebsiella pneumoniae isolates usually carry a single carbapenemase
(e.g. KPC, NDM, OXA-48-like). Here we describe an XDR K. pneumoniae of sequence type 101 that was
detected in the screening rectal swab of a patient transferred from the intensive care unit of a hospi-
tal located in Belgrade (Serbia) to Bern University Hospital (Switzerland). The isolate was resistant to
all antibiotics with the exception of colistin [minimum inhibitory concentration] (MIC <0.125 pg/mL),
tigecycline (MIC=0.5 pg/mL) and fosfomycin (MIC=2 pg/mL). The isolate co-possessed class B (NDM-
1) and class D (OXA-48) carbapenemases, class A extended-spectrum (3-lactamase (CTX-M-15), class C
cephalosporinase (CMY-16), ArmA 16S rRNA methyltransferase, substitutions in GyrA and ParC, loss of
OmpK35 porin, as well as other genes conferring resistance to quinolones (gnrA), tetracyclines [tet(A)],
sulfonamides (sull, sul2), trimethoprim (dfrA12, dfrA14), rifampicin (arr-1), chloramphenicol (cmiIA1, floR)
and streptomycin (aadA1). The patient was placed under contact isolation precautions preventing the

spread of this nearly untreatable pathogen.
© 2014 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.

1. Introduction

The spread of extensively drug-resistant (XDR) and pandrug-
resistant Enterobacteriaceae, especially Klebsiella pneumoniae,
imperils our last antibiotic options against Gram-negative
pathogens. These isolates are usually resistant to all B-lactams
because they possess one carbapenemase (e.g. class A KPC, class B
NDM or class D 0XA-48-like) along with class A extended-spectrum
B-lactamases (ESBLs) (e.g. CTX-M) or class C plasmid-mediated
AmpC enzymes (pAmpCs) (e.g. CMY) coupled with outer mem-
brane porinloss[1,2]. However, unique and very rare K. pneumoniae
isolates co-producing at least two classes of carbapenemases have
been also reported in Colombia, several European countries, North
Africa and the Middle East [3-7]. In this report, we describe the
first dual carbapenemase-producing K. pneumoniae detected in
Switzerland and its exceptional pool of antibiotic resistance genes.

* Corresponding author. Tel.: +41 31 632 8632; fax: +41 31 632 8766.
E-mail addresses: aendimiani@gmail.com, andrea.endimiani@ifik.unibe.ch
(A. Endimiani).

http://dx.doi.org/10.1016/j.ijantimicag.2014.05.008

2. Materials and methods

The following methodologies were implemented: microdilution
ESB1F and GNX2F MIC plates (Trek Diagnostics, East Grinstead,
UK) [8]; CT-103 (Check-Points, Wageningen, The Netherlands)
and AMR-ve 0.8 m (Alere Technologies GmbH, Jena, Germany)
microarrays for detection of -lactamase (bla) and other resis-
tance genes; PCR/DNA sequencing for bla, insertion sequence
(IS) elements (ISAb125 and ISEcp1), ompK35 and ompK36 porins,
transposon Tn1999-like, 16S rRNA methyltransferases (armaA,
rmtA, rmtB, rmtC, rmtD and rmtF), gyrA, parC, qnrA/B/S, and
plasmid incompatibility group (PBRT kit; Diatheva, Fano, Italy)
[9-11]. Sequencing results of chromosomal genes were com-
pared with the deposited wild-types (GenBank nos. DQ673325
for gyrA, CP003785 for parC, AJ303057 for ompK35 and AJ344089
for ompK36). Plasmids were extracted and electroporated into
ElectroMAX™ Escherichia coli DH10B (Invitrogen, Carlsbad, CA);
cells were selected on Luria-Bertani plates containing ampi-
cillin (50 pg/mL) or cefotaxime (1pg/mL) (Sigma, Steinheim,
Germany) [9]. Multilocus sequence typing (MLST) was also
performed (http://www.pasteur.fr/recherche/genopole/PF8/mlst/
Kpneumoniae.html).

0924-8579/© 2014 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
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3. Results
3.1. Clinical case

In December 2013, a 54-year-old Swiss male was transferred
from the intensive care unit of a hospital located in Belgrade
(Serbia) to Bern University Hospital (Switzerland). The patient had
suffered a polytrauma in a motor vehicle accident and during a 9-
day hospital stay in Belgrade he underwent diagnostic work-up but
no treatment of his fractures. Of note, Bern University Hospital did
not receive any information on previous infections or colonisation
with multidrug-resistant (MDR) organisms at the time of transfer
to Switzerland.

Upon arrival at Bern University Hospital, the patient was placed
under contact isolation precautions in a single room. A number of
screening samples (i.e. urine, rectal and central venous catheter exit
site swabs) were also taken and analysed for the presence of MDR
Gram-negative pathogens (e.g. those producing ESBL and/or car-
bapenemase) using chromID® ESBL, MacConkey plus ceftazidime,

Table 1

and Drigalski plus cefotaxime selective agar plates (bioMérieux,
Marcy-I'Etoile, France). This strategy is part of the hospital’s infec-
tion prevention approach for patients transferred from abroad to
identify colonisation with difficult-to-treat pathogens and to pre-
vent their spread [12].

Only the stool sample revealed bacterial growth. In par-
ticular, matrix-assisted laser desorption/ionisation time-of-flight
mass spectrometry (MALDI-TOF/MS) (Bruker Daltonik, Bremen,
Germany) and disc diffusion susceptibility tests, which are rou-
tinely performed in our laboratory, indicated the presence of an
XDRK. pneumoniae isolate (AE-2247421) [13]. Infection prevention
was notified and contact isolation precautions were maintained
for the entire duration of the hospital stay. On Day 6, pelvic and
right tibial fractures were fixated. On Day 17 the patient was dis-
charged home without having developed an infection due to the
XDR K. pneumoniae. As a result of the immediate implementa-
tion of contact precautions, no other patients were found to be
colonised or developed infection with XDR K. pneumoniae iso-
lates.

Phenotypic and molecular characteristics of the extensively drug-resistant Klebsiella pneumoniae isolate detected in the screening culture (AE-2247421) and its Escherichia coli

DH10B electrotransformants.

K. pneumoniae AE-2247421 E. coli DH10B
Transformant #2 Transformant #7 Transformant #16 Parent
Antibiotic MIC, in pg/mL (interpretation)?
>128 (R) <2 >128 >128 <2
Piperacillin/tazobactam
Ticarcillin/clavulanic >256 (R) 64 >256 >256 <8
acid
Cefoxitin >128 (NA) <2 <2 >128 <2
Cefpodoxime >64 (R) >64 2 >64 0.5
Ceftriaxone >256 (R) >256 <0.5 128 <0.5
Cefotaxime >128 (R) >128 1 >128 <0.125
Cefotaxime/ >128 (NA) <0.06 0.5 >128 <0.06
clavulanic acid
Ceftazidime >256 (R) 32 0.5 >256 0.5
Ceftazidime/ >256 (NA) 0.5 0.5 >256 0.5
clavulanic acid
Cefepime >32(R) 16 <0.5 16 <0.5
Aztreonam >32 (R) >32 <1 >32 <1
Imipenem 4 (R) <0.25 1 1 <0.5
Meropenem >16 (R) <0.5 <0.5 1 <0.5
Ertapenem >8(R) <0.125 1 2 <0.125
Doripenem >4 (R) <0.06 0.25 0.5 <0.06
Gentamicin >32(R) <0.5 <0.5 >32 <0.5
Tobramycin >16 (R) <0.5 <0.5 >16 <0.5
Amikacin >64 (R) <2 <2 >64 <2
Ciprofloxacin >4 (R) <0.125 <0.125 <0.125 <0.125
Levofloxacin >16 (R) <0.5 <0.5 <0.5 <0.5
Trimethoprim/ >8 (R) 4 <0.25 >8 <0.25
sulfamethoxazole
Colistin <0.125(S) <0.125 <0.125 <0.125 <0.125
Polymyxin B <0.125 (NA) <0.125 <0.125 <0.125 <0.125
Doxycycline 16 (NA) <1 <1 4 <1
Minocycline 8 (NA) <1 <1 <1 <1
Tigecycline 0.5(S) <0.125 <0.125 <0.125 <0.125
Fosfomycin® 2(S) 0.094 0.125 0.094 0.125
Resistance genes blaSH\H (NS) blaTEM_1 (NS) blaCrx_M_15 blElTEM_l blaox,\_48 blaCMy_l(; blaNDM_1 armA ql’ll'A NA
(genetic background (ISEcp1) blacmy-16 (ISEcp1) blapxa-as blacrx-m-15 blagxa.7-iike, arr-1, dfr12, sull,
or characteristics) (Tn1999.2) blaxpm-1 (ISAb125) OmpK35 dfrA14, Intl1 © sul2, cmlA1, floR, aadAT1, tet(A) ¢
(stop codon) armA (NS) GyrA (Ser83Tyr;
Asp87Asn) ParC (Ser80lle) qnrA
blagxa-7.iike, arr-1, dfrA12, dfrA14, sull,
sul2, cmlAl, floR, aadAl, tet(A), Intl1¢
Plasmid incompatibility A/C,R, LIM R L/M AlC
(Inc) group
MLST ST101 NA NA NA

MIC: minimum inhibitory concentration; R: resistant; I: intermediate; S: susceptible; NA: not applicable; NS: not studied; MLST: multilocus sequence typing.
2 According to European Committee on Antimicrobial Susceptibility Testing (EUCAST) criteria [8]: MIC values were determined using ESB1F and GNX2F MIC plates (Trek

Diagnostics, East Grinstead, UK).

b The fosfomycin MIC was determined by Etest (bioMérieux, Marcy-I'Etoile, France).

¢ These resistance genes were detected using the AMR-ve 0.8 m microarray (Alere Technologies GmbH, Jena, Germany).
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3.2. Phenotypic and molecular analyses

As shown in Table 1, the isolate was confirmed to be an XDR K.
pneumoniae susceptible only to colistin, tigecycline and fosfomycin
[8]. AE-2247421 was of ST101 and carried at least three plasmids
positive for repA/C, repL/M and repR, respectively. High-level resis-
tance to all B-lactams was due to the simultaneous production
of two different classes of carbapenemases (NDM-1 and OXA-48),
CTX-M-15 ESBL and CMY-16 pAmpC as well as reduced permeabil-
ity due to a disrupted OmpK35 porin (i.e. deletion of G in position
184 translating for a stop codon). AE-2247421 was also fully resis-
tant to all aminoglycosides and quinolones owing to the production
of ArmA 16S rRNA methyltransferase and amino acid substitutions
in GyrA (Ser83Tyr and Asp87Asn) and ParC (Ser80lle), respectively.
Finally, microarray analysis indicated the presence of further genes
such as those conferring resistance to quinolones (gnrA), tetra-
cyclines [tet(A)], sulfonamides (sull, sul2), trimethoprim (dfrA12,
dfrA14), rifampicin (arr-1), chloramphenicol (cmlA1, floR) and strep-
tomycin (aadA1) (Table 1).

Analysis of the genetic environment of the bla genes showed
that: ISAb125 was identified upstream of blanpp-1, but bleygL
encoding for bleomycin was not detected downstream [10];
blagxa-4g Was carried by Tn1999.2 [2]; and both blactx-m-15 and
blacyy-16 had upstream a complete ISEcpl element [11]. These
are commonly reported locations of the above bla genes [2,10,11].
Three phenotypically different DH10B transformants, each of
which carried one plasmid, were also obtained. Based on their geno-
type results, we assert that: blagxs_4g was located on the IncL/M
plasmid; the IncA/C plasmid carried blanpm-1, blacmy-16, gnrA and
armA genes; and blacrx.m-15 was located on the IncR plasmid
(Table 1). The restriction enzyme patterns of the plasmid extracts
of AE-2247421 and each single transformant were consistent with
the above conclusions (Supplementary Fig. S1).

4. Discussion

AE-2247421 is a double carbapenemase-producing K. pneu-
moniae isolate possessing an extraordinary number of both
chromosomal and mobile resistance genes. This K. pneumoniae
may be a harbinger of the XDR Enterobacteriaceae that could soon
infiltrate our healthcare systems, seriously compromising patient
outcomes by the limited treatment options that remain. In sup-
port of this hypothesis, we note that ST101 is a rapidly emerging
pan-epidemic clone with high potential for dissemination and asso-
ciated with the production of important antibiotic resistance traits
(e.g.ESBLs and/or carbapenemases) [2]. This K. pneumoniae was still
susceptible to colistin, tigecycline and fosfomycin; however, one
should be aware that resistant isolates are quickly selected under
treatment and may eventually evolve into almost untreatable iso-
lates [1]. Even more concerning is the fact that neither standard nor
novel B-lactamase inhibitors would be able to efficiently combat
isolates co-producing four classes of [3-lactamases (i.e. classes A, B,
Cand D) such as AE-2247421. In fact, they never inhibit more than
three families of enzymes (e.g. avibactam and BAL30072 do not
act against classes B and A, respectively) [14]. Finally, due to the
production of 16S rRNA methylases, all aminoglycosides (includ-
ing those recently developed, e.g. plazomicin) become ineffective
[15].

In conclusion, we show that XDR Enterobacteriaceae introduced
from high-prevalence areas are arriving in Switzerland. Such iso-
lates may combine a variety of resistance traits that make them

nearly untreatable. Since only a few antibiotic options remain, we
must therefore focus on rapid identification of colonised patients
and implementation of isolation precautions. This may be our best
chance to counter the spread of these life-threatening pathogens.
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Supplementary Material of Chapter VI
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Supplementary Fig. S1. Plasmid restriction analysis with Pstl of the extensively drug-resistant Klebsiella
pneumoniae isolate detected in the screening culture (AE-2247421) and its Escherichia coli DH10B
electrotransformants: lanes 1 and 5, AE-2247421; lanes 2 and 6, transformant #2; lanes 3 and 7, transformant
#7; and lanes 4 and 8, transformant #16. Lanes 1-4, uncut plasmid extracts; lanes 5-8, plasmid extracts cut with
restriction enzyme Pstl.
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Chapter VII

This study describes an interesting case of a patient that was transferred back from Belgrade
(Serbia) to the University Hospital of Basel (Switzerland). The screening samples contained a
MDR Citrobacter freundii harbouring blanpwm-1, blaoxa-as, blasuv-12, blacrx-v-1s, blatem-1, and armA.
Moreover, the blanpm-1 gene in a novel IncHIZ plasmid background that was subsequently on

by 454-pyrosequencing.

Results were presented at the the 25s European Congress of Clinical Microbiology and

Infectious Diseases (ECCMID) - Copenhagen, Denmark - April 25-28, 2015

The paper will be submitted for consideration for publication soon.
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CONCLUSION

The aims of this thesis were: i) to investigate the potential transmission of ESC-R Ent between
animals and human reservoirs, and ii) to characterize new resistance mechanisms. In order to
assess the risk of ESC-R Ent being transmitted between the human and animal reservoirs,
several studies were conducted in the different settings.

For the investigation of potential transmission pathways between the human and animal
reservoirs detailed molecular characteristics from a defined region and from a similar
timeframe of the respective settings were needed. As such data was scarce and not from the
same location, we performed several studies in order to acquire a good overview over the
spread of ESC-R Ent in humans and animals in the region of Bern, Switzerland.

In the first study, ESC-R E.coli isolated from hospitalized patients were characterized in-
depth.! This was the first Swiss analysis that investigated the epidemiological and molecular
characteristics of ESC-R isolates in human patients. Our results showed that, with an overall
prevalence of 6.5%, Switzerland has still a low-prevalence unlike other neighbouring
countries.? The molecular characterization showed that the high-risk clone ST131-carrying
CTX-M-15 was also prevalent (35%).3 Moreover, 25% of the strains presented an AmpC
phenotype, caused by a plasmid-mediated AmpC (blacmy) or a hyper-expressed chromosomal
AmpCs, a high prevalence which could be due to the frequent use of
B-lactam/B-lactam-inhibitor combinations (e.g., amoxicillin/clavulanate) in our region. A
similar rate of 28% of strains with AmpC phenotype was also detected in a study from the
Netherlands.* Interestingly, most of the AmpC producers in our study were detected in
patients referring to Specialized Outpatient Clinics (SOC)-and were mainly coming from the
nephrology and urology department. This group of patients is especially at risk of spreading
ESC-R Ent based on their long-term treatment and their frequent hospital stays.! A major
limitation of the study was that only patients from one hospital in Switzerland were enrolled.
However, the results were comparable to another study performed in Switzerland where
faecal samples from healthy humans were investigated. An overall prevalence of 5.8% for
ESBL producing E.coli was reported, with CTX-M-15 as major -lactamase.> Unfortunately, no
MLST analysis was done in the study of Geser et al, which did not allow comparing the E. coli
clones between the two studies. Differences in the prevalence and/or type of resistance genes

could be strongly influenced by the antibiotic usage guidelines of a certain region/country.
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The second study investigated the contamination of ESC-R Ent in raw chicken-meat collected
from different shops in the city of Bern, Switzerland.® The overall prevalence of 70% was in
the range of other studies from Germany (43.9%) and the Netherlands (94%).” 8 The
poultry-meat that originated from Switzerland was mainly contaminated with E.coli
containing blacrx-m-1 and blacwmy-2, whereas the poultry-meat imported from outside contained
strains harbouring blasuv-12, blatem-s2, and blacuy-2. These results were in line with studies
performed in Germany and in the Netherlands where the majority of the poultry-meat
samples contained strains carrying blacrx-m-1, blasuv-12, and blatgm-s2.”> 8 Similar data was also
collected in a previously published study on broilers in Switzerland where an overall
prevalence of 25% ESBL and AmpC carriage mainly due to blacrx-m-1 and blacwy-2 was
determined.’

All these studies indicate that chicken-meat and broiler are contaminated/colonized with the
same resistance genes. However, this epidemic spread is not driven by a specific clonal strain
but rather by several different plasmid types, especially plasmids of the Incl1 group. 1011 The
Incl1 plasmid group along with other plasmids groups have been considered as “epidemic
resistance plasmids” due to their spread to various enterobacterial species as well as their
zoonotic potential.1% 11 Noteworthy in the present study was the discovery of a Proteus
mirabilis strain that carried blaves-s on a ~17kb class 1 integron. Exactly the same integron
was previously reported in a P. mirabilis strain (PmVB1248) of a human patient in France.1?
Together with the fact that the P. mirabilis strains were indistinguishable by rep-PCR, this was
the first indication of direct/indirect transmission between the human and animal reservoirs.
The same human P. mirabilis strain (PmVB1248) has been used in another recently published
study where the authors investigated the genetic islands in P. mirabilis in dogs and humans.13
The authors identified two P. mirabilis isolates from humans (one of them was the PmVB1248
isolate) and one from a dog carrying nearly identical blaves-¢-carrying SGI1-V elements. As the
same human P. mirabilis isolate (PmVB1248) is closely related to strains from chicken-meat
and dogs, it can be inferred that this P. mirabilis strain is widely dissemination in Europe.® 13
Limitations of the study are the relatively low sample size and that all samples were bought in
the same city. However, such studies are very labour-intensive and the results are matching
with data from other studies. To sum up, it is strongly suggested that poultry-meat should not
be washed to prevent aeroionisation of these highly drug-resistant bacteria and that the meat
should be cooked properly in order to diminish the risk of transmitting these pathogens to the

human gut flora.1#
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Recent studies have detected ESBLs, AmpCs, and even carbapenemases in healthy as well as
diseased companion animals.?>17 These animals, unlike food-producing animals, represent a
huge reservoir that is in very close and frequent contact to their owners.1® Moreover, in order
to treat companion animals, $-lactams are the most important drug class, which consequently
leads to an enormous problem once resistances are continue to spread.!> 18 Furthermore,
several studies have described identical isolates in humans and their pets inferring that
transmission from humans to animals or vice-versa is jet another way for the transmission of
highly drug-resistant pathogens.!®> 20 However, to our knowledge there were no reports
investigating alternative transmission pathways by which pets can acquire their resistant
bacteria. Meanwhile, in the human reservoir many recently published studies are
investigating meat, vegetables, and ready-to-eat food for the presence of highly-drug resistant
bacteria.t 21-23

In line with these projects, the third study was performed on pet food as a contamination
source for companion animals.?# For this purpose, we examined wet food (n=30) for cats and
dogs for highly drug-resistant bacteria. As no living bacteria were detected, the samples were
examined for the existence of acquired resistance genes using PCR/Sequencing. Overall, 70%
of the samples were contaminated with bla genes. Surprisingly, the detected bla genes (i.e.,
blacwy-2, blacrx-m-15, and blaoxa-48) are usually more related to the human setting inferring that
there was a huge human-made/environmental contamination along the production process.2>
26 Although the risk that these highly fragmented resistance genes are taken up and integrated
into a mobile genetic element is very small, our results showed that there are unknown
reservoirs contaminating the pet food systematically. These reservoirs have to be traced back,
as they could be the origin of highly drug-resistant bacteria.

Although not linked to the results of our study, reports on companion animals being
infected/colonized with bacteria carrying blacrx-m-15 and blaoxa-as are increasing.?’” One study
from Germany identified blaoxa-as in six samples from dogs with nosocomial infections.1” This
finding is alarming as the detection of the hyperepidemic IncL plasmid carrying blaoxa-4s is
difficult and because veterinary laboratories are not commonly testing for carbapenem
resistance.1® 28 However, systematic large scale surveillance studies are needed in order to
better understand the epidemiological spread of these resistance determinants in companion
animals. Limitations of our study were the PCR products of less than 1000 bp due to the
strong fragmentation of the DNA most likely caused by the autoclaving process during the
food production process. Nevertheless, this study unveiled an unsuspected reservoir of

antibiotic resistance genes.
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For the fourth study we investigated the common characteristics among the animal and
human settings. It became evident that the bla genes, the plasmids, and the MLST types are
often varying between both settings. However, one bla gene, blacvy-2, was constantly detected
in isolates from humans, poultry-meat, as well as livestock (including broiler samples).1 9 29
Analysis of the blacmy-carrying isolates revealed that in nine of them (three from each
collection) the bla gene was encoded on an IncK plasmid. The analysis of the whole plasmid
sequences from seven of these plasmids illustrated that they all belonged to a new
incompatibility group variant, the IncK2 group that was genetically distinct from the IncK,
IncB/0O groups. This finding gives firm evidence that the plasmid originated from common
ancestor from where it has probably subsequently spread to the various settings. Tracing
back the source was not possible but the close genetic relatedness infers a common source
from where the plasmid has spread to the different reservoirs. To our knowledge this was the
first time that a genetically identical novel plasmid type has been detected simultaneously in
the human, food and animal reservoirs. Moreover, the samples were all collected within a
time period of four years and originated all from a small area in central Switzerland.

The second part of the thesis was dedicated to the characterization of unknown resistance

phenotypes in Enterobacteriaceae.

The first study described the case of a patient that was transferred from Libya to
Switzerland.?6 The patient was a suffering a polytrauma due to a grenade denotation and was
transferred into a rehabilitation centre in Switzerland after being hospitalized in Libya. Upon
arrival several samples were taken from the patient in order to be tested for the presence of
highly drug-resistant bacteria. This procedure is part of the hospital hygiene policies where
patients that were previously hospitalized in a country, which is endemic for highly drug-
resistant pathogens are put in isolation and samples are taken for checking if such pathogens
are present. These measures are needed in order to prevent hospital outbreaks involving such
highly drug-resistant pathogens. In fact one of the screening samples contained a MDR
Salmonella enterica Kentucky harbouring blaves-s and blaoxa-4s. This was the first report of a
Salmonella enterica Kentucky harbouring blaoxa-4s outside the Balkans and the first report of
Salmonella carrying blaveg-s. The first case of blaoxa-4g in a Salmonella enterica Kentucky was
isolated from a French patient with travel history to Egypt.3? In this study they have
characterized several more ciprofloxacin-resistant Salmonella enterica Kentucky ST198
isolates, mostly originating in Balkan countries, and detected not only the carbapenemase

blaoxa-4s, but also blavim-2.3° In the past decades Salmonella enterica Kentucky was known for
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causing outbreaks in poultry the USA, Ireland, and in Africa reflecting the potential zoonotic
potential of this strain.3132

In the two following studies difficult-to-treat isolates were detected in patients that were
both hospitalized in Belgrade (Serbia) and subsequently transferred back to Switzerland. The
first case was a patient that carried an XDR Klebsiella pneumoniae co-producing two
carbapenemase genes, blaoxa-4s and blanpm-1.2> The New-Delhi Metallo-3-lactamase (blanpm)
was discovered in 2008 and has meanwhile become one of the most threatened
carbapenemase genes.33 34 The hydrolytic activity spectrum of this enzyme incorporates all of
the B-lactam antibiotics leaving out only the monobactams. Moreover, blanpm has been
reported along with many other resistance genes leaving out in some cases only few
antibiotics for the treatment of NDM-producing organisms.3* Of major importance is the fact
that most of the blanpm-positive patients had a connection to India, the Arabian, Balkan, or
North African countries.?4 35 Noteworthy, in 2011 a study detected a variety of bacterial
species carrying blanpm in seepage and in tap water samples in New-Delhi inferring a huge
environmental contamination with this carbapenemase.3¢ The NDM [-lactamase is a huge
threat to our public health systems not only due to its hydrolytic activity but also based on its
potential to sustain in the environment.33 3¢ [n addition, the NDM {3-lactamase is also a known
for its broad bacterial host range with stable inheritance, its possibility of being transferred,
and its spread into various genetic backgrounds including different plasmid groups and into
resistance islands encoded on bacterial chromosomes.3¢-3° The second carbapenemase,
blaoxa-as, has already been described in the previously mentioned study where pet food
samples were investigated for the presence of resistance genes.?* Like blanpm, cases of
blaoxa-as seem to have a link to Turkey and the North African countries.3* The epidemic spread
of blaoxa-4g is caused by a unique IncL plasmid which is depressed due to the integration of the
transposon Tn1999 inside the tir gene, a gene most likely involved in the inhibition of the
conjugal plasmid transfer, and is consequently highly efficient in spreading to different
bacterial species.?8 34 40 Ag previously mentioned part of the blaoxa-4s problematic is the
difficulty in detecting this carbapenemase as is susceptible to oxyiminocephalosporin and
shows only minor increase in MICs for the carbapenems.*! The combination of both
carbapenemase genes in one patient is alarming and indicates that constant surveillance is
needed in order to prevent the spread of these enzymes inside the hospitals but also into the
community and the environment.

In the second case the patient suffered a polytrauma due to a car accident and had been

hospitalized in Belgrade before being transferred to Switzerland. The patient was
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infected/colonized with several ESBL-carrying Enterobacteriaceae including an MDR
double-carbapenemase producing Citrobacter freundii. Similarly to the preceding study the
strain carried blaoxa-as and blanpm-1. However, in this case the blanpm-1 gene has been identified
for the first time on an IncHI2 plasmid, a plasmid group which is known for their huge size
(>300kb), their broad host range, and for their conjugation temperature which is optimal
below 30°C.4% 43 This finding is worrying as a previously published paper has observed that
the conjugation frequencies of NDM-positive bacteria had an increased efficacy at 30°C. 3¢ This
temperature corresponds to the daily peak temperature reached in New Delhi inferring that
such a plasmid might easily spread inside the bacterial community in the environment.36
Although such a spread is unlikely in central Europe due to the lower temperatures, constant
surveillance is needed, as NDM is known to spread to various genetic backgrounds that can
also be temperature independent. In general, these cases showed that strict isolation
strategies are needed in order to prevent the spread of such nearly untreatable pathogens

inside the hospitals or even into the community.

Final remarks

This thesis provided strong evidences confirming active gene transfer between the human
and animal reservoirs. First evidence was presented in the poultry-meat study where an
identical class 1 integron has been detected in a P. mirabilis in a human patient as well as in
two P. mirabilis of our poultry-meat samples. Furthermore, a recently published study has
detected a blaveg-¢-carrying P. mirabilis in a dog sample that was highly similar to the same
human P. mirabilis that has been used in the poultry-meat study.® 3 Second evidence
consisted of the discovery of the nearly 100% identical IncK2 plasmids in samples from
patients, poultry-meat and broilers from in a short period of time (4 years) and all from
restricted area (central Switzerland). These evidences point towards an active gene transfer
between the human and animal reservoirs, suggesting that future surveillance systems should
focus on both reservoirs in order to implement adequate measurements that limit the spread
of multidrug-resistant genetic elements between bacteria from animals and humans as well as
the transfer of bacteria between the two settings. The second part of the thesis showed that
constant surveillance and strict isolation procedures are needed to prevent the spread of
difficult-to-treat pathogens inside the hospital, to community, and to the environment.

In conclusion, continuous efforts should be made in all settings to either further maintain or
implement strict hygienic measures in order to limit the spread of life-threatening multidrug-

resistant bacteria.
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OUTLOOK

This thesis allowed having firm evidence regarding transmission between the animal and
human settings. This was demonstrated by the discovery of the same plasmids present in
genetically diverse E. coli from the poultry-meat production and human infections.

Further studies are now necessary to determine the prevalence of such plasmids in the
different reservoirs and determine which one act as the source. These results should also
stress the establishment of effective measures along the meat production chain to prevent the
spread of antibiotic resistance plasmids in the community and in the hospitals. Further
studies could investigate other reservoirs (e.g., food sources, environment, and companion
animals) that might be sources of ESC-R Ent. Moreover, one should also try to establish the
epidemiological link/transmission ways by which these highly-resistant bacteria are
spreading within and/or between different settings.

Further studies should also investigate if certain promiscuous plasmids are more likely to
disseminate between different E. coli genotype within and between the animal and human
reservoir. In this regards, the molecular mechanisms responsible for causing a broad-host

range and a small-host range in the different plasmid families should be examined.
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