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INTRODUCTION

1. INTRODUCTION

One Health describes the worldwide collaborations, communications and actions in the
human, animal and environmental sectors to address important public health challenges
(Fig. 1) [1]. Antimicrobial resistant bacteria are among these major global health challenges
affecting both human and veterinary medicine as well as environmental health [2]. Zoonotic
extended-spectrum beta-lactamase (ESBL)-producing multi-resistant E. coli exemplify this
threat. These versatile bacteria are not only
commensals but the cause of severe intestinal and
extra-intestinal diseases such as diarrhea [3],
bloodstream [4] and urinary tract infections [5, 6]
—

and due to the limitations in antimicrobial

therapies increasingly difficult to treat [7]. They

ONE HEALTH

ANIMALS ENVIRONMENT

are not restricted to human and veterinary clinical
contexts but emerge increasingly in extra-clinical
settings such as the human community [8-10],
wildlife [11-14] and the environment [15-17],

presenting important opportunities to study
Figure 1: The One Health concept addresses

the relationships of human, animal and phylogenetic and clonal relationships and
environmental health to fight global health
challenges such as antimicrobial resistance. transmission scenarios.

Numerous studies have dealt with the characterization of clinically relevant ESBL-producing
E. coli from humans [8, 9, 18-25] and domesticated animals [26-34], congruently reporting
rising detection rates. Less data from the environment and wildlife are available, with most
studies having focused on aquatic ecosystems [35, 36], wild birds [12, 37-39] and rodents [13,
40]. The aim of this thesis has been to contribute to the characterization of ESBL-producing
E. coli in rather unexplored environmental settings and to reveal phylogenetic and clonal
relationships with a subsequent statement on transmission scenarios of isolates across

different habitats and hosts.
The thesis addressed:

i) The detection rate and molecular characterization of ESBL-producing E. coli in dog feces

collected from the extra-clinical environment

ii) The clonal and phylogenetic comparison of ESBL-producing E. coli isolates of dog feces
from the environment (i) and canine clinical samples of a small animal clinic in the same

adjacent area
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iii) The detection rate and molecular characterization of ESBL-producing E. coli from wild
birds

iv) The clonal and phylogenetic comparison of selected ESBL-producing E. coli isolates of
sequence type (ST) 410 from dog feces (i), canine (ii) and human clinical samples and wild

birds (iii) from the same geographic region

To achieve these objectives, different molecular characterization methods for E. coli ranging
from clonal macrorestriction analysis and subsequent pulsed-field gel electrophoresis, through
multi-locus sequence typing and bioinformatics tools based on bacterial whole-genome
sequence data were applied. Issues i and ii were addressed in publication I (“Putative
connection between zoonotic multiresistant extended-spectrum beta-lactamase (ESBL)-
producing Escherichia coli in dog feces from a veterinary campus and clinical isolates from
dogs” [41]) and those indicated iii and iv were dealt with in publication II (““Clonal spread
and interspecies transmission of clinically relevant ESBL-producing Escherichia coli of

ST410 — another successful pandemic clone?” [42]).
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2. LITERATURE

To lead the reader to an overall better understanding of antimicrobial resistant ESBL-
producing E. coli from different hosts and settings and their characterization possibilities, this
literature survey aims to convey different topics. It is divided into five sections, starting with
the first chapter on the worldwide importance of antimicrobial resistance, beta-lactam
antimicrobials and ESBL-enzymes, followed by a general introduction to E. coli. The third
and fourth chapters address the occurrence of ESBL-producing E. coli in different hosts and
habitats, including humans and animals as well as environmental settings, highlighting their
zoonotic potential and role in the context of One Health. The fifth chapter deals with aspects
of E. coli characterization methods including multi-locus sequence typing (MLST),
macrorestriction analysis and bioinformatics tools to elucidate phylogenetic and clonal

relationships as well as the transmission potential of ESBL-producing E. coli.

Throughout this doctoral thesis, ESBL-producers are defined according to the CLSI
guidelines M31-A3 [43], thus detected positive on a confirmatory test differing in the
inhibition zones of a third-generation cephalosporin alone and in combination with a beta-

lactamase inhibitor of over 5 millimeter, for a subsequent AmpC-producer exclusion.

2.1 Antimicrobial resistance (AMR) and beta-lactam antimicrobials

e AMR BACTERIA ARE AN INCREASING WORLDWIDE CHALLENGE
e RESISTANCE AGAINST BETA-LACTAMS PLAYS A MAJOR ROLE IN HUMAN AND

VETERINARY MEDICINE

Antimicrobials are an essential keystone of modern medicine not only in terms of infection
treatment but also for intensive care, oncology, neonatology and transplant medicine [44, 45].
The ongoing emergence of AMR bacteria, viruses, fungi and parasites causing ever-
increasing infectious diseases attracts attention all over the world and is widely considered a
severe medical and public health threat [46]. It limits the prevention and treatment
possibilities of infectious diseases considerably [46]. AMR occurs if the minimal inhibitory
concentration for a microorganism is so high that the approved standard and once effective

dosage can no longer treat an infection caused by this agent.

AMR bacteria, in particular, play a key role in a new era in which infections and minor

injuries might be no longer treated properly, subsequently leading to a negative effect on
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patient outcomes and health expenditures [46]. Many bacteria are not only resistant to one but

to at least three classes of antimicrobials, thus showing a multi-resistant phenotype [47].

While the widespread application of anti-infectives in human and veterinary medicine
crucially influenced the selection of bacterial resistance [48], findings have demonstrated
antimicrobial resistances even before the respective antimicrobial was introduced as a
therapeutic: “antibiotic resistance is ancient” [49]. A bacterial penicillinase, for instance, was
discovered several years before penicillin was first commercialized [50, 51]. Clinically
relevant and environmental bacteria share a large proportion of their AMR determinants
(resistome) [52, 53]. The acquisition of these determinants by clinical pathogens from extra-
clinical bacteria is mainly driven by horizontal gene transfer and influenced by the broad

application of antimicrobials in the clinics [50].

AMR in bacteria is classified in primary and secondary resistances. Primary, in general
chromosomally encoded resistances are genus or species specific, whereas secondary
resistances are strain specific and acquired, for instance through mutation and subsequent
selection or via horizontal gene transfer [54]. Important resistance mechanisms are enzymatic
destruction or modification of the antimicrobial substance, target structure changes and active

removal of the component from the cell [54].

2.1.1 Beta-lactam antimicrobials

Anti-infectives changed medicine in the 20" century profoundly and contributed to the
elimination of major diseases in the developed world. Fluoroquinolones, sulfonamides,
aminoglycosides, tetracyclines and beta-lactams are just a few of the various available
antimicrobial classes with the latter being one of the most important in both human and
veterinary medicine [11, 55, 56]. In 2013, 473 tons of penicillins, which were attributed to
veterinarians, made up the largest group of a total of 1.457 tons of antimicrobials in Germany.
Cephalosporins of the third- and fourth-generation accounted for almost four tons [57].
Antimicrobial use in the human sector in Germany is estimated to be about 800 tons each
year. Approximately one third of all these prescribed antimicrobials are beta-lactams [11, 58].
The era of beta-lactams began in 1928, with the discovery of penicillin by Alexander Fleming
[59, 60]. In addition to penicillin, the cephalosporins, carbapenems, monobactams and beta-
lactamase inhibitors (e.g. clavulanic acid) belong to this antibacterial class [59]. Most of them

are used in humans and animals, however, carbapenems are -due to their broad spectrum
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activity against Gram-positive and Gram-negative- mostly considered “anti-infectives of last
resort” in humans with severe diseases [61]. Meanwhile, resistances do not only occur against
first-generation beta-lactams like penicillin, but also against third- and fourth-generation

cephalosporins and carbapenems [61-63].

The beta-lactams’ common feature is a cyclic amid, which harbors two carbon molecules in
addition to the carbonyl moiety and nitrogen in the hetero ring system [59]. They form
covalent bonds with bacterial penicillin-binding-proteins (PBPs) and affect the bacterial cell
wall by blocking the peptidoglycan synthesis [64], thereby disrupting the murein layer
formation [54] and thus acting bactericidal on proliferating bugs. Differences in drug
effectiveness between the different groups of beta-lactams depend on their PBPs affinity,
degradability through beta-lactamase enzymes and capacity to penetrate the outer bacterial

membrane [65].

2.1.2 Beta-lactamases

The main resistance mechanism of Gram-negative bacteria against beta-lactam antimicrobials
is the enzymatic deactivation through beta-lactamases [66]. A reduced bonding capacity of
beta-lactams to PBPs by mutations and/or decreased expression of these proteins [67, 68], an
enhanced substance removal out of the cells via efflux systems [69, 70] and a decreased
uptake of the antimicrobial due to cell membrane transformation play a minor role as well

[71].

Beta-lactamases are naturally occurring proteins in Gram-negative and Gram-positive
bacteria, which hydrolyze the cyclic amid ring system of beta-lactam antimicrobials and
subsequently destroy their activity [51]. Except for a few, many bacteria are able to synthesize
at least one of the over 500 described beta-lactamases (www.lahey.org). According to today’s
commonly used Ambler-scheme [72] (Tab. 1), enzymes are classified molecularly depending
on their amino acid sequence: into metallo-enzymes with a zinc atom and those possessing
serine in their active center. The serine beta-lactamases are assigned to Ambler-classes A, C

and D and the metallo beta-lactamases to class B (Tab. 1).
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Table 1: Beta-lactamases classification based on the Ambler-scheme [72] differentiated in serine beta-
lactamases (Ambler-classes A, C and D) and metallo beta-lactamases (Ambler-class B). Their
designation (e.g. ESBLs and Carbapenemases), enzyme examples (e.g. CTX-M, TEM, KPC and

OXA) and their phenotypic resistance (e.g. towards penicillins and cephalosporins) are indicated in the

table.
Serine beta-lactamases Metallo beta-lactamases
Ambler-class |Class A Class C Class D Class B
(Extended-
Designation |spectrum) beta-{Carbapenemases |Ampicillinases |Oxacillinases Metallo beta-lactamases
lactamases
Example CTX-M, KPC, GES AmpC, CMY, |OXA-type |OXA-type VIM, NDM, IMP
enzymes TEM, SHV MOX, DHA |ESBLs carbapenemases
xample . penicillins pere . penicillins oxacillin petc . penicillins cephalosporins
phenotypic . |cephalosporins . . cephalosporins
. cephalosporins cefotaxime cefotaxime carbapenems
resistance carbapenems carbapenems

Bush et al. [73] classified the beta-lactamases based upon their functional groups. Group 1
contains cephalosporinases of Ambler-class C, which are hardly inhibited by beta-lactamase-
inhibitors (e.g. clavulanic acid). To group 2 belong enzymes of Ambler-classes A and D,
which are mostly inhibited through beta-lactamase-inhibitors. Ambler-class B enzymes
belong to group 3, which are hardly inhibited by beta-lactamase-inhibitors, however, it is
possible through Ethylenediaminetetraacetate (EDTA) and 4-Chloromercuribenzoic acid
(pCMB). Finally, the penicillinases, which cannot be inhibited by clavulanic acid, are

members of group 4 (according to the old system).

2.1.3 Extended-spectrum beta-lactamases (ESBLs)

Newer beta-lactamases are ESBLs. The term extended-spectrum describes the ability of these
beta-lactamases to hydrolyze a broader spectrum of beta-lactam antimicrobials than their
precursors, from which they differ in several substituted amino acids [74]. They are
secondarily acquired beta-lactamases of Ambler-class A or D, which were first described in a
human isolate in 1983 [75]. By definition, they are able to hydrolyze oxyimino (third-

generation) cephalosporins (e.g. cefotaxime and ceftazidime). They have an active center with
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serine and are inhibited by classical beta-lactamase inhibitors like clavulanic acid and
sulbactam [66, 73]. ESBLs developed from primal beta-lactamases through mutations in the
respective beta-lactamase (bla)-genes, which led to a protein structure transformation and
subsequent affinity modification [74]. ESBL-producing bacteria are usually susceptible to
cephamycins (e.g. cefoxitin) and carbapenems [62, 76]. In addition to ESBLs, plasmid-
encoded AmpC beta-lactamases and carbapenemases belong to the newer beta-lactamases

[77].

A worldwide dissemination of ESBL-producing Enterobacteriaceae, especially E. coli and
Klebsiella spp., can be observed since the late 1990s [78]. The so-called early ESBLs are
mainly enzymes of types TEM and SHV [77], increasingly replaced in their detection rate by
CTX-M-enzymes [79]. ESBL-genes are mostly plasmid-encoded and thus easily transmitted
between different bacteria via conjugation [66]. Often these plasmids not only contain ESBL-
resistance genes but also those effective against other antimicrobial classes, including

aminoglycosides, tetracyclines, fluoroquinolones and sulfonamides [77, 80, 81].
TEM

TEM-1 was first described in the early 1960s [82] and termed for a Greek patient named
Temoneira, from whose blood sample it was isolated [83]. This beta-lactamase type has since
disseminated worldwide and is able to hydrolyze penicillins and first-generation
cephalosporins but no oxyimino (third-generation) cephalosporins [76]. TEM-2 differs from
TEM-1 by one amino acid, which does not affect its effectivity towards beta-lactams [84].
Thus, TEM-1, TEM-2 and also TEM-13 do not belong to ESBLs [84, 85]. In 1988, Sougakoff
et al. [86] described the enzymes TEM-3 through TEM-7, which also enable resistance
against third-generation cephalosporins. Since then many extended-spectrum TEM-variants

are described to be effective towards these antibiotics.
SHV

SHV means sulthydryl variable. SHV-1 is the precursor for all SHV-derivatives and one
assumes that the gene for this enzyme originated from Klebsiella spp. core genomes, to be
then gathered by plasmids and transferred to other Enterobacteriaceae [76]. SHV-1 confers
resistance against most penicillins but not against oxyimino cephalosporins [66]. In 1983, the
plasmid-encoded SHV-2 was discovered, which also transmits resistances against newer-

generation cephalosporins. It was one of the first discovered ESBL-enzymes [75]. Nowadays,
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there are at least 127 SHV-beta-lactamases, whereat the majority belongs to ESBL-enzymes

(www.lahey.org).
CTX-M

The name CTX derives from the enzyme’s ability to hydrolyze cefotaxime [87, 88]. At
present, CTX-M is the most common and still increasing beta-lactamase-type in human
isolates [89], isolates from animals [32] and the environment [16]. Looking at the distribution
of various CTX-M-types globally (Europe, Asia, America) as well as in a host context
(humans, companion animals and livestock), CTX-M-1, CTX-M-14, and CTX-M-15
predominate, whereas CTX-M-1 occurs most frequently in animals from Europe. In humans,
CTX-M-14 and CTX-M-15 are most common [32]. CTX-M was first described in Japan in
1988, then called FEC (Fujisawa E. coli) [90] and, shortly after, Bauernfeind et al. [91]
detected a broad spectrum beta-lactamase (CTX-M-1) produced by an E. coli strain in
Germany, which was resistant against cefotaxime and neither belonged to TEM nor SHV. A
rapid dissemination of CTX-M-enzymes in various Enterobacteriaceae species was then
documented, especially in South America and Europe [79, 92]. Analyses showed less than
39 % similarity between CTX-M and SHV-1 or TEM [93]. Presumably, CTX-M-enzymes
descended from chromosomally encoded beta-lactamases from Klyuvera spp. [94, 95]. There
are five main CTX-M groups, in which members of one group have to be >94 % identical and

members of different groups exhibit an identity of <90 % [79].
OXA

This beta-lactamase type belongs to Ambler-class D and functional group 2d and shows a
high hydrolytic effect against oxacillin and cloxacillin with an unlikely simultaneous
inhibition through clavulanic acid [73]. OXA are often detected in Pseudomonas aeruginosa
[96] but also in other Gram-negative bacteria, including E. coli [85]. These enzymes usually
show a higher phenotypic conformity than being genotypically identical [62]. Most OXA do
not belong to ESBLs, with the exception of OXA-10, OXA-14, among others [85, 97-99].
The most prominent is OXA-48, which is a carbapenemase [100, 101].
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2.2 Escherichia coli

e ESBL-PRODUCING E. COLI EXEMPLIFY THE WORLDWIDE THREAT OF AMR

E. coli is one of the key organisms in the field of acquired antimicrobial resistance found in
human and veterinary medicine but also in extra-clinical settings [11]. E. coli bacteria are
sometimes resistant against a broad range of different antimicrobial classes, including beta-
lactams and fluoroquinolones, which results in a multi-resistant phenotype and limitations in
antimicrobial therapies [80, 81, 102]. ESBL-producing representatives of these Gram-
negative, facultative anaerobic rod-shaped bacteria form one group of “superbugs”
(“colloquial reference to a bacterium that carries resistance genes to many antibiotics or to a
bacterium or virus of greatly enhanced virulence” [103]) together with methicillin-resistant
Staphylococcus aureus (MRSA) [104], vancomycin-/multi-drug-resistant Enterococcus
(VRE) [105], multi-drug-resistant Pseudomonas aeruginosa [106], Clostridium difficile [107],
ESBL-producing Klebsiella pneumoniae [108], carbapenem-resistant Enterobacteriaceae
(CRE) [109] and Acinetobacter baumanii [110]. E. coli belong to the family of
Enterobacteriaceae and were discovered by Theodor Escherich in 1885. Apathogenic
(commensal) are distinguished from intestinal pathogenic (InPEC) and extra-intestinal
pathogenic E. coli (ExPEC) [77, 111, 112]. InPEC and EXPEC consist of various pathotypes
[112], which are displayed in Figure 2.

Figure 2: E. coli subtypes distinguished into

et commensals and pathogens. Abbreviations: InPEC=

Intestinal pathogenic E. coli (consisting of EPEC:

InPEC }__‘ EEC | Enteropathogenic E. coli, ETEC: Enterotoxigenic
—|_EHEC | E. coli, EIEC: Enteroinvasive E. coli, EHEC:

Enterohemorthagic E. coli, EAEC: Enteroaggregative

Pathogens

E. coli), EXPEC= Extra-intestinal pathogenic E. coli

ExPEC }— (consisting of UPEC: Uropathogenic E. coli, APEC:

Avian pathogenic E. coli, NMEC: Neonatal

meningitis E. coli, SePEC: Septicemic E. coli).
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Commensal E. coli are components of the physiological microbiota in humans and warm-
blooded animals and birds [54, 113] and are found globally in different habitats and hosts,
underlining their significance as indicator strains in water [114] and food [115] safety. They
are one of the first colonizers in a newborn’s gut, transferred through the mother already
during birth [65]. They provide the host, for instance, with vitamin K2 and may prevent

intestinal colonization with pathogens [116, 117].

As mentioned above, E. coli is also a ubiquitous pathogen and a frequent cause of urinary
tract infections, bacteremia, soft tissue infections and diarrhea [112], and other diseases in
humans [118] and animals [32]. Intestinal and extra-intestinal infections lead to enhanced
mortality, morbidity and to extensive costs in public health [77]. As an example in veterinary
medicine, poultry infections caused by avian pathogenic E. coli result in considerable
economic problems due to enhanced damage, reduced hatchability, decreased production

output and carcass contamination [119].

The strains used in this thesis mainly represent EXPEC and commensal E. coli, as ESBL-
production seems to be associated with these types [11], however, InPEC isolates have been
reported to be ESBL-producers as well, for instance during the EHEC-outbreak in Germany
in 2011 [120].

2.3. ESBL-producing E. coli in different habitats and hosts

e ESBL-PRODUCING E. COLI OCCUR IN CLINICAL AND EXTRA-CLINICAL SETTINGS

2.3.1 The occurrence of ESBL-producing E. coli in humans and domesticated animals

Since resistance mechanisms to third-generation cephalosporins were first detected in a
clinical human Klebsiella isolate in 1983 [75] (Fig. 3), and then in a nosocomial outbreak in
1988 [121], a rapid, global dissemination of ESBL-producing E. coli in human clinical
environments [18, 21, 122] and the community [8, 78] has been documented. The prevalence
of ESBL-producing Enterobacteriaceae varies globally; in 2010, it was highest in E. coli in
Asia/Pacific (28 %), followed by Latin America (23.0 %), Europe (19 %) and North America
(7 %) [123]. While comprehensive studies on the rates of ESBL-producers in Africa are
largely unavailable, numbers approaching 70 % have been detected in Egypt [124].
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One of the first clinical ESBL-producing isolates discovered in animals was a SHV-12-
producing E. coli strain from a dog with recurring urinary tract infections in Spain [6]
(Fig. 3). In 2003, ESBL-producing E. coli have been isolated from feces of healthy chickens
in Spain [125], from the feces of healthy broilers in Japan [126] and cattle, pigs and a pigeon
in Hong Kong [127].

Currently the most common ESBL-encoding genes in both livestock and companion animals
are CTX-Ms (blactx-M-1, 15, 14, 9), followed by blatem-s2, blasuv-12 and other TEM and SHV
types [32]. CTX-M-1, for example, is the most frequent enzyme type in farm animals in
Europe. Interestingly, this does not apply for humans, in whom CTX-M-14 and CTX-M-15

are the most common [32].

2.3.2 The occurrence of ESBL-producing E. coli in wildlife and the environment

The presence of AMR bacteria and genes in the environment is explained by a mix of
naturally occurring resistances [49] and those from animal and human origin [16]. This is due
to three main mechanisms: horizontal gene transfer, chromosomal mutation and
recombination, and selective pressures owed to other compounds, for example heavy metals
[17]. Environmental hotspots for AMR bacteria and genes include wastewater treatment

facilities, aquaculture, pharmaceutical manufacturing and animal husbandry effluents [17].

Clinically relevant ESBL-producing E. coli demonstrate the ubiquity of AMR bacteria. Since
2006, multiple studies have reported on the presence of these bacteria in wildlife [13, 15, 37,
38, 128-135] (Fig. 3), often associated with human activities and influences generally [136,
137], through fecal water contamination in particular [16]. ESBL-producing E. coli also
appear in remote areas [12, 134, 138], which might be due to other factors, such as their
dissemination via wild bird migration. The extent of commensal E. coli intestinal colonization
varies among different bird and mammal species [40, 139] and is most frequently detected in
omnivorous representatives of these classes [139]. In the broad class of birds, waterfowl and
birds of prey groups seem to play an important role regarding ESBL-carriage [15, 37, 38, 129,
131, 133-135]. The occurrence of ESBL-producing E. coli in waterfowl might be likely
associated with fecal water contamination and in birds of prey with infected prey animals and
their position in the food chain [14]. Besides birds, rodents are important hosts for ESBL-
producing E. coli, whereat Norway and Black rats predominate [13, 140]. Their synanthropic

way of life leads to a putatively easy transmission of feces to other animals and humans [14].
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Other wildlife animals, which sporadically carry ESBL-producing bacteria include wild boars
[132], deer, foxes [130], fishes [128], insects [141] and even Spanish slugs [142]. The most
dominant ESBL-gene family detected in wildlife is blactx-m, with blactx-m-1 and blacTx-m-14

and others as the most frequent types [14, 143].

Some studies report on the occurrence of ESBL-producing E. coli in aquatic ecosystems
including wastewater and sewage sludge [35, 144, 145] as well as river [146], pond [15] and
lake water [36]. Surface waters of populated regions almost always contain antimicrobials
constituting selective pressures on the bacteria they accommodate [147]. Other factors,
however, including contaminants and bacterial adaptation, may also contribute to the

dissemination of antimicrobial resistant populations in extra-clinical settings [17].

While data on environmental ESBL-producing E. coli are mainly limited to studies addressing
the habitats and hosts mentioned above, little information is available concerning these bugs
in dog feces from environmental settings. Publication I in this thesis is one of the first to
report on these antimicrobial resistant bacteria in dog feces collected from the environment
[41, 148]. Other multi-resistant bacteria including Enterococci though, have been described
from dog feces collected on urban streets in Italy in 2013 [149]. The occurrence of ESBL-
producing E. coli in environmental dog feces is not surprising as dogs are often carriers of
these germs, be it in clinical [30, 150] or asymptomatic [34, 151] colonization contexts. Fecal
droppings subsequently lead to environmental pollution with resistant bacteria, embodied not
only as part of the dog fecal matters but also, for instance, in related aquatic ecosystems [152,

153].

In general, the exact contribution of resistant bacteria and genes from the environment to the
spread of antimicrobial resistance among clinically relevant bacteria is not well understood.
Global characterization and quantification approaches of these determinants are necessary to

elucidate fully the environment’s role in dissemination scenarios [17].
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Figure 3: Time arrow with first-generation cephalosporins brought onto market in 1964 [154], third-
generation cephalosporins in 1980 [155, 156] and the subsequent occurrence of ESBLs in different

habitats and hosts (humans [75], companion animals [6], livestock [157] and wildlife [130]).

1998
1stgen. 3'gen. ESBLsin ESBLsin ESBLsin ESBLsin
cephalo- cephalo- humans companion livestock wildlife

sporins sporins animals

2.4 Zoonotic potential of ESBL-producing E. coli in a One Health perspective

e ESBL-PRODUCING E. COLI ARE ZOONOTIC AGENTS AND TRANSMITTED ACROSS
DIFFERENT HOSTS AND SETTINGS HIGHLIGHTING THEIR STUDY POTENTIAL IN THE

CONTEXT OF ONE HEALTH

One Health describes the worldwide initiatives at the nexus of human, animal and
environmental health. It is crucial for the future prevention and control of infectious diseases,
with AMR bacteria holding a key role in this combat [1]. Most infectious diseases in humans
are zoonoses, defined as the possibility of natural transmission of the infectious agent between
animals and humans. This dissemination is not unidirectional, as humans’ omnipresent

interventions also often lead to morbid animals and habitats [1].

E. coli thrive in the gut of humans and animals, but also play an important role in the
environment. Their persistence and AMR ability outside the (human and animal) organism
present an opportunity to study putative transmission scenarios among humans, animals and
the environment, and to elucidate their role as a source of non-point and re-infections.

Figure 4 displays these possible transmission ways in a simplified manner.
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Figure 4: Possible transmission ways of ESBL-
producing E. coli between different habitats
and hosts. (Companion animals: pets that
provide health benefits to a person [here: dogs,
cats, horses etc.]*, livestock: agricultural
animals/ animals kept for profit [here: poultry,

cattle, pigs etc.]**, wildlife: animals that live

Companion

| unrestrained in a natural environment [here:
animals

wild birds, wild rodents etc.]**, environment:

factors that influence the life and survival of a
person [here: soil, water, air etc.]*, [*: Mosby,
Inc., Mosby‘s Medical Dictionary 2009,
Elsevier: New York (USA) **: Studdert, P.V., ez

al., Saunders Comprehensive Veterinary

@ Dictionary,2007, Elsevier: New York (USA)]).
The increasing occurrence of ESBL-producers in livestock (**) [103] and companion animals
[26, 143] (*) [158], led to the assumption that they are relevant infection sources for the
dissemination of multi-resistant bacteria for the environment and to humans. Since the natural
habitat of E. coli is the gut, a spread of these bacteria into the environment via manure is
nearly inevitable [159], subsequently contaminating vegetables and crops [160]. Companion
animals are particularly interesting in the context of increasingly close contact between pet
and owner [161, 162]. In developed countries especially, pets are often members of the
family, constituting a perfect setting to exchange bacteria with their human companions [163-
165]. The omnipresence of dog feces in outdoor settings leads to environmental pollution with
zoonotic and resistant bacteria in various habitats [166], extending this infection scenario to

other humans and animals beyond the family [167]; similar scenarios also apply to avian

residues [15, 131].

The contamination of the environment with AMR bacteria in close proximity to both human
and veterinary hospitals, for instance via wastewater effluents, is crucial in the dissemination
of resistant bacteria as well [168-170]. Wastewater treatment does often not sufficiently
eliminate antimicrobial resistant bacteria, which then may re-enter farmed land and

subsequently the food chain via treated sewage [171].

Clonal and phylogenetic relationships as well as transmission scenarios of multi-resistant

bacteria among humans, animals and the environment are reinforced by several multi-locus
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sequence typing (MLST) studies [12, 14, 29, 38, 172-179], which show that ESBL-producing
E. coli in these habitats possess the same sequence types (STs). This indicates an interspecies

transmission of phylogenetically and clonally related strains.

To examine AMR, zoonotic bacteria in a One Health approach, it is necessary to characterize
the same pathogen molecularly from clinical contexts, but also in its related extra-clinical

environments.

2.5 Characterization of E. coli

e THE CHARACTERIZATION OF ESBL-PRODUCING E. COLIIS INEVITABLE TO STUDY THEIR
MOLECULAR, PHYLOGENETIC AND CLONAL RELATIONSHIPS AND TO INVESTIGATE

TRANSMISSION SCENARIOS EXEMPLARY FOR THE GLOBAL THREAT OF AMR

E. coli may be characterized by various classification and typing methods, whereat Achtman
[180] defines classification as a top-down approach to distinguish within bacterial species
needed for long-term epidemiology and the typing methodologies as bottom-up approaches to
differentiate among bacterial isolates as a part of, together with the classification techniques,
short-term epidemiology (Fig. 5). Risk assessment (e.g. zoonotic and virulence potential) is

regarded as being only possible via typing.

Bacterial species identification is historically based on colony morphology and growth, Gram
staining, sugar utilization and biochemistry, and was then completed with MALDI-TOF [181]
or 16S rRNA sequencing [182]. To elucidate transmission scenarios of AMR E. coli among
humans, animals and the environment, however, molecular (epidemiological) methodologies

including the examination of population genetics and phylogenetics play a key role.

Bacteria are defined by both phenotypic and genotypic characteristics [182]. Traditional
typing methods for bacteria focusing on their phenotype, such as the serotype and resistance
phenotype, have been employed for many years [183] and are relevant in vaccine
development or disease treatment. They are, however, not ideal for modern epidemiology as
the phenotype does not necessarily match the genotype. Genetically distant strains may have
the same serotype and vice versa: closely related strains may exhibit different serotypes [183].
In addition serological markers and resistance factors are frequently acquired by horizontal
gene transfer, are thus not selectively neutral and easily transmittable; also between

phylogenetically distant strains [180]. Besides being fast, easy and reliable, classification
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methodologies require selectively neutral markers, distributed over the chromosomal content,
and a reflection of the bacterial population including population genetics and phylogenetics

[180, 184, 185].

This literature survey describes E. coli characterization tools most relevant for the thesis only.
In general, when choosing an appropriate method for particular (epidemiological)
investigations, several factors should be considered: the time until receiving results, the ability
to differentiate non-clonal isolates, the reproducibility of results, the interpretability of results,
comparability between different laboratories, and available resources and expense factors

[186].

Figure 5: Characterization possibilities of E. coli distinguished into classification and typing methods.
Abbreviations: MLST=Multi-locus sequence typing, MLEE=Multi-locus enzyme electrophoresis,
SNP=Single-nucleotide polymorphism. *=combined with bioinformatics tools based on whole-

genome sequence data.

CLASSIFICATION
SPECIES/SUBSPECIES

PHENOTYPING

PATHOTYPE . ™

GENETIC PHYLOTYPING Resistotyping

e.g. Phylogrouping*, PHYLOTYPE
MS%\ISPTZHNIILEE* GENOTYPING
alysis
CLONAL GROUP .. DNA Fingerprinting,
PCR Pathotyping,
PCR Resistotyping,
CL ONE Whole-genome sequencing

TYPING

* Combined with bioinformatics tools based on whole-genome sequence data
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2.5.1 Multi-locus sequence typing (MLST)

Molecular characterization methods use sequence variability due to mutation and/or
recombination to analyze bacterial relationships [186]. One of them is MLST, where E. coli
are characterized by the assignation to STs [187]. MLST uses nucleotide fragments of, in
general, seven different gene loci (for E. coli usually: adk, fumC, purA, recA, gyrB, icd and
mdh) of the conserved chromosomal genome (“housekeeping genes®) since these are most
likely selectively neutral [183]. Although MLST primarily represents a typing method, it can
also be used to classify bacteria by using bioinformatics tools. Following PCR-amplification,
the fragments are sequenced and characterized based on DNA-sequence variations; every
unique allele combination results in a particular ST. Point mutations and horizontal gene
acquisition are equally weighted as the number of differing nucleotides between different
alleles is ignored [180]. Related STs are grouped to a sequence type complex [188]; the at
least three complex members do not differ in more than two of the seven loci compared to
their complex neighbor. MLST reveals a high resolution of E. coli population genetic
structures, in addition constituting the advantage of a simple electronic data exchange and
reproducibility between independent laboratories (www.mlst.net), with the pre-requisite of
high quality sequencing [186]. In clinical ESBL-producing E. coli, the discriminatory index
for MLST typing was higher than the one for pulsed field gel-electrophoresis (PFGE) (see
below) [189], even though other authors report the opposite for E. coli O157:H7 [190].

2.5.2 Phylogenetic grouping and the EcoR strain collection

E. coli are differentiated into four phylogenetic groups: A, B1, B2 and, D. EXPEC mainly
belong to group B2 and, to a lesser extent, group D [191-193]. Commensal subtypes are
mostly found in groups A and B1 [191, 192, 194]. The group affiliation is originally based on
multi-locus enzyme electrophoresis (MLEE). Ochman and Selander [195] developed a
standardized reference collection consisting of 72 E. coli isolates from different origins
including pathogens and commensals. The collection was regarded completely representative
for the variety of E. coli and subsequently designated EcoR (E. coli reference). It described a
clonal population structure, assigned to four phylogenetic groups A, B1, B2 and D and a less
important group E. Since its first introduction, the EcoR collection has been a main subject to
study E. coli diversity with many studies supporting the reliable grouping into phylogenetic
groups. Different methods included restriction fragment length polymorphism (RFLP) and
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randomly amplified polymorphic DNA (RAPD) [196]. In 2000, a rapid and simple
phylogrouping triplex PCR was introduced by Clermont and colleagues [197] allowing the

assignment of E. coli strains to one of the four main phylogenetic groups using the

combination of two genes (chuA and yjaA) and a DNA fragment (TSPE4) [198].

Later, in 2006, 462 E. coli isolates of different origins, including the 72 EcoR strains, were
multi-locus sequence typed by Wirth er al. [199]. These strains reflected a by far higher
genetic variability than previously assumed. Based on their analyses, these authors discussed
that the population development most likely occurred in the last five millions of years after a
bottleneck event, where the population size rose by 50 times. STRUCTURE, which is based
on a Bayesian mathematically model and which analyses the concatenated sequences of seven
“housekeeping genes” obtained with MLST (software: STRUCTURE 2.3.X used for MLST)
revealed four main phylogenetic groups within E. coli strains and divided the EcoR-strains
into fractions. The isolates accorded to the original groups A, B1, B2 and D. Two third of the
462 examined strains belonged to these four groups, whereas one third was assigned to two
hybrid groups (AxB1 and ABD) reflecting the emergence of strains of different sources with
recombination as the driving force for this phenomenon. Thus for the first time it was shown
that sequencing a rather small part of the genome (roughly 3500 bp) was adequate to not only
reproduce the population structure as defined by MLEE of 20 proteins, but even provided a

higher resolution.

2.5.3 DNA Fingerprinting

DNA Fingerprinting is useful to subtype various bacterial species. It includes macrorestriction
analysis with subsequent PFGE [200] and ribotyping [201, 202] and was initially developed
to detect clonally related strains and to investigate outbreaks [184, 203], for example of
E. coli O157:H7 [203]. To apply PFGE, bacteria are lysed and the chromosomal content is
digested with endonucleases that cleave the genome at infrequently occurring restriction sites
[204]. The resulting DNA fragments may then be separated in a gel, which in contrast to the
standard gel electrophoresis protocol varies the orientation of the electric field in the gel
during the run (“pulse”). This by that time new approach allowed the separation of DNA
fragments up to 1 Mb [205]. The separated fragments are visualized on the gel as bands,
generating a specific PFGE pattern. Differences in these patterns are used to compare
bacterial isolates on a genetic level [186], where those differing by a single genetic event

reflected by two to three fragments are considered closely related [186, 200]. PFGE addresses
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most of the investigated genome (>90 %), however, it may be error-prone in terms of the
differentiation of bands with nearly identical sizes [184]. Until recently, it was often described
the “gold standard” of molecular clonal typing methods in E. coli and other Enterobacteria
and exhibits advantages compared to PCR-based methods due to the consideration of the
whole genome. Standardized PFGE protocols are used to achieve high reproducibility
between different laboratories. On the other hand, this method is time-consuming and, the
discriminatory power may be decreased if a genetic change does not affect the electrophoretic
ability of the digested fragment [186]. In general, systems based on the differentiation of

bands are prone to errors due to a challenging size assignment.

2.5.4 High-throughput sequencing (HTS) applications

For a long time, MLST and macrorestriction analyses were regarded the reference standard
for bacterial characterization but they reveal a lack in the discriminatory power for isolates
evolving from one single clone [182, 206, 207]. Whole-genome sequence data enable the
more precise determination of genomic contents of bacteria and the identification of single
genomic differences between isolates, representing an important tool for epidemiological and
outbreak investigations [184, 208]. Since 2005, (ultra-) high-throughput (or next-generation)
sequencing applications mostly replaced Sanger sequencing [209-211] resulting in an
enhanced simplicity with concurrently decreased costs and run times [212]. HTS offers
possibilities for the fast analysis of pathogens decreasing the normally needed various steps
for a detailed molecular characterization [182]. Next-generation sequencing (NGS) platforms
are roughly divided into two groups, which is dependent on the used template: template
amplification technologies with a usually three step workflow of library preparation,
amplification and sequencing; and single molecule sequencing without amplification [213].
The platforms and different machines also differ in resulting read lengths, throughput, run
time, sequencing costs and, error rate. Further, machines may be divided into high-end
instruments (e.g. PacBio RS (from Pacific Biosciences), Illumina HiSeq, and the Life
Sciences 454 GS FLX+) with massive throughputs, due to high costs probably convenient
only for core facilities and, bench-top instruments (e.g. [llumina MiSeq and the Life Sciences
454 GS Junior), which are not as expensive but adequate for standard laboratories [213].
Whole-genome sequence data are the base for multiple analyses and tools, for example core
and accessory genome comparisons including single-nucleotide polymorphism (SNP)

approaches and the analysis of mobile genetic elements and the presence of resistance factors
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(resistome) and toxins (toxome) [182]. SNP analysis uses nucleotide variations following a
mutation event to differentiate closely related bacterial isolates and to elucidate the
evolutionary history of particular microorganisms [214]. Bertelli and Greub state, that it is
even possible, when the rate of SNPs is high enough, to trace transmission routes among
independent hospitals and patients [182]. The analysis of whole-genome sequence data helps
tracking the dissemination of antimicrobial resistant bacteria globally and gives insights into
phylogenetic population structures, transmission pathways and bacterial evolution, also of
ESBL-producing E. coli. According to Le and Diep [215] it “provides the ultimate in
pathogen strain resolution”. Whole-genome approaches should be considered the future gold
standard for phylogenetics and typing in E. coli, especially because analyses using limited
datasets like MLST are more easily affected by recombination events [183]. This does not
apply for whole-genomes; at least at a level to disrupt their phylogenetic characteristics [216].
At the moment, however, whole-genome assembly and information delivery is mostly
reserved for highly skilled people like bioinformaticians. In addition, making the massive
amount of data available for the whole scientific community is challenging. This calls for
standard sequencing and analysis procedures, fully automated and easy bioinformatics

pipelines as well as collaborations in biology, medicine, and bioinformatics [182, 215].
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Introduction: To contribute to the understanding of multiresistant bacteria, a ‘One Health’ approach in esti-
mating the rate of extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli and getting insights
into the transmission from clinical settings to the surrounding environment was employed by collecting fecal
samples of dogs in a public area. Isolates were compared to those from samples of diseased dogs from a nearby
small-animal clinic.

Materials and methods: One hundred fecal samples of dogs were collected on a single day in the public area of
a veterinary faculty with a small-animal clinic and adjacent residential neighborhoods. All identified ESBL-
producing strains were isolated by selective plating, genotypically analyzed by DNA microarray, polymerase
chain reaction, sequence analysis, and pulsed-field gel electrophoresis and compared to 11 clinical ESBL/
AmpC-producing E. coli isolated from diseased dogs treated in the small-animal clinic 2 months before and
2 months following the environmental sampling collection.

Results and discussion: Fourteen percent (14/100) of the extra-clinical samples harbored phenotypic ESBL/
putative AmpC-producing E. coli with additional resistances against other antimicrobials. One ESBL-strain
displayed an identical macrorestriction pattern to one clinical, another one to three clinical clonal ESBL-
producing strains. The genotypic ESBL-determinants (blactx.m-1 and blactx.m.15) and detection rates (10%)
in dog feces collected outside of the small-animal clinic are comparable to the rates and ESBL-types in the
healthy human population in Germany and to clinical and non-clinical samples of humans and companion
animals in Europe. The occurrence of identical strains detected both outside and inside the clinical setting
suggests a connection between the small-animal clinic and the surrounding environment.

In conclusion, dog feces collected in proximity to veterinary facilities should be considered as a non-point
infection source of zoonotic ESBL-producing E. coli for both animals and humans. The common sniffing
behavior of dogs further urges hygienic measures on the part of dog-patient owners, who should be educated
to remove their pet’s feces immediately and effectively.
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have become abundant. They are not only able (MDR) phenotype present in these bacteria, which are
to hydrolyze penicillins but also newer, third- often additionally resistant against fluoroquinolones,
generation cephalosporins and monobactams. Limitations aminoglycosides, and other classes of antimicrobials (1).

Extended-spectrum beta-lactamase (ESBL) enzymes in antimicrobial therapies result from a multidrug-resistant
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ESBL-producing Escherichia coli in humans, livestock,
wildlife, and in non-clinical (2-4) and clinical isolates
of companion animals originating from soft tissue,
enteric, or urinary tract infections (5) are well documented.
Limited data, however, are available concerning the rate
of these bacteria in dog feces outside of clinical settings
worldwide (6) as well as regarding a possible transmission
of multiresistant bacteria from veterinary clinics into the
environment. Berlin is the city in Germany with the most
dogs per inhabitant (7). The dog often lives in close contact
with its human companion and sometimes shares home
and bed (8, 9) and routinely leaves excrement on streets
and fields. It is highly interesting to what extent canine
feces may carry zoonotic, multiresistant E. coli and its
implications for transmission pathways in public health.
Also, the keeping of dogs has been recently identified as
a putative risk factor for ESBL secretion in owners (10).
The aim of this study was to provide a ‘One Health’
approach in estimating the rate of ESBL-producing E. coli
in dog feces outside of clinical settings. The samples
were collected on a publicly accessible veterinary campus
with small-animal clinic in Berlin to assess a possible
link between the clinic and the surrounding environment,
acknowledging, however, that the proof of a direct epi-
demiological link would be difficult to establish. A likely
contamination of the environment surrounding small-
animal veterinary hospitals with multiresistant bacteria
was previously demonstrated by Ghosh et al. (11). In addi-
tion, samples were collected from adjacent residential
neighborhoods of the veterinary faculty. This study de-
tected high rates of ESBL-producing E. coli outside the
clinical setting and discovered clonal strains from extra-
clinical dog feces and clinical dog isolates.

Material and methods

The samples were collected on a campus of the veterinary
faculty and adjacent neighborhoods in the city of Berlin
(Germany) within a 24-hour period in June 2013. The
area (approximately 2.5 square kilometers) was divided
into five equal sized districts. Individual fecal residues,
presumably from dogs, were collected using 20 swabs
from each district providing 100 total fecal samples.
Data collection procedures called for there to be at least
10 meters of distance between the sampling sites and
to collect only fresh appearing samples to avoid sampl-
ing the same animal more than once. Third-generation
cephalosporin-resistant bacteria were isolated using cefo-
taxime (4 pg/ml)-containing CHROMagar™ plates
and were confirmed as E. coli via classical biochemical
methods including glucose fermentation (Kligler agar),
lysin-indol-motility (LIM agar), and urea fermentation
(12). One putative ESBL-producing E. coli isolate per
sample was further processed. Confirmatory testing (BD
BBL® Sensi-Disc [Becton, Dickinson, Germany]) using
the control strain K. pneumoniae ATCC®700603 analyzed

the occurrence of not only ESBL-producing strains
but also putative AmpC-producing strains (13). Addi-
tional resistances to ampicillin, amoxicillin—clavulanic
acid, gentamicin, kanamycin, doxycycline, sulfonamide—
trimethoprim, chloramphenicol, nalidixic acid (BD BBL®
Sensi-Disc [Becton, Dickinson, Germany]), and enro-
floxacin (Bayer, Germany) were tested using agar disc
diffusion testing according to the CLSI guidelines with the
control strain E. coli ATCC®25922 (13). Following DNA
isolation, resistance genotyping of the strains was per-
formed via DNA microarray (Alere technologies, Jena,
Germany, Array strip® E. coli) (14). Hybridization results
for blactx-muikes blatemiiikes blaoxa-ie. and plasmidic
AmpC-genes like blacyy.; were verified via polymerase
chain reaction (PCR) and sequencing as described
previously (15, 16). The phylogenetic group was deter-
mined using Structure 2.3.4 software based on the
concatenated sequences of the seven housekeeping genes
used for multilocus sequence typing MLST) (University
of Chicago [http://pritch.bsd.uchicago.edu/structure.html]).
MLST determination was carried out as described pre-
viously (17). Gene amplification and sequencing were
performed using primers specified on the E. coli MLST
website (University of Warwick [http://mlst.warwick.ac.
uk/mlst/]). Sequences were analyzed with the software
package Ridom SeqSphere 0.9.39 (Ridom website [http://
www3.ridom.de/segsphere]) and sequence types (STs)
were computed automatically. Pulsed-field gel electro-
phoresis (PFGE) was used as recently described (15)
to detect clonally related extra-clinical ESBL-/putative
AmpC-producing strains, to estimate the impact of double
sampling and to compare the extra-clinical samples to
11 previously confirmed ESBL/putative AmpC-producing
E. coli isolates from diseased dogs, which were collected
in the small-animal clinic 2 months before and 2 months
following the extra-clinical sampling time point. This time
period was chosen in order to increase the odds of find-
ing clinical strains with similar macrorestriction patterns
compared to those isolated from the extra-clinical dog
feces considering the low overall detection of ESBL-
producing E. coli in the clinic. Samples collected from
diseased dogs included wound tissue, feces, and urine.

Results

In an area of approximately 2.5 square kilometers, 16
of 100 extra-clinical fecal samples revealed cefotaxime-
resistant E. coli, 12 of which were ESBL producers and
four putative AmpC producers. PFGE detected clones of
two ESBL-producing E. coli strains (which were removed
from the analysis), resulting in 10 (10%) ESBL-producing,
four (4%) putative AmpC-producing, and overall 14
(14%) non-clonal strains. At least one ESBL-producing
E. coli was found in all five districts, with no differ-
ential repartition. Thirteen strains (including ESBL- and
putative AmpC-producers) were resistant to three or
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more than three antimicrobial classes, thus showing
a multiresistant phenotype. Resistance to ampicillin
(14/14), amoxicillin—clavulanic acid (10/14), gentamicin
(9/14), kanamycin (12/14), doxycycline (13/14), and
sulfamethoxazole—trimethoprim (12/14) was common,
but chloramphenicol (4/14), nalidixic acid (7/14) and
enrofloxacin-resistance (5/14) also occurred (Fig. la).
Resistance genotyping using DNA microarray accorded
mostly with the phenotypic results (see Fig. 1a for details).
All ESBL-producing strains (10/10) showed positive sig-
nals for the blactx-M-group-1 Probe, which was confirmed
by sequencing (blaCTx_M_l [5/10], blaCTX-M-lS [5/10])
All putative AmpC-producing strains (4/4) were initially
positive for the blapjox.cmy-o probe (a class C ESBL-
precursor) and additionally harbored blactx.m.1, but
CMY-1 could only be verified for one strain (IMT31346)
with PCR. Other AmpC genes including blarox, blanvox,
and blanct were negative (16). Analysis also detected
blatem.1 (7/14) and blagxa.1 (5/14). Non-beta-lactam
resistance genes were tetA/B (13/14), sull/2 (13/14), strA/
B (7/14), catA1/B3/B8 (9/14), as well as aadA4 (8/14),
aac(6’)-1I (5/14), dfrA7/17/19/121 (12/14), and gnrS (1/14)
(Fig. la).

The 10 ESBL-producing strains belonged mostly to
phylogenetic group Bl (7/10), three strains belonged
to groups D, A, and hybrid group AxB1 (1/10 each).
The putative AmpC-producers belonged to ECOR groups

Designation of gene probes with a positive hybridization signal on the DNA

Zoonotic multiresistant ESBL-producing E. coli in dog feces

B1 (2/4), B2 (1/4), and D (1/4) (Fig. 1a). MLST revealed
seven different STs (e.g. ST410 and ST10) among ESBL-
producers and four different ones among putative AmpC-
producing isolates (see Fig. 1a for details).

PFGE revealed one environmental strain (IMT31359),
which showed the same macrorestriction pattern as one
clinical isolate (IMT31487) and another one (IMT31356),
which was identical to three clonal isolates (IMT31286,
IMT31333, and IMT31711) from individual dogs treated
in the small-animal clinic (Fig. 1b).

Discussion

A substantial number (14%) of the extra-clinical dog feces
tested harbored ESBL/putative AmpC-producing E. coli
with additional resistances to other antimicrobial classes.
Despite their origin of different sampling districts, clones
of two strains were removed from the analysis to reduce
the bias of sampling the feces of the same dog. It is also
possible, however, that the same clones occur in dif-
ferent animals. The appearance of identical clinical strains
(IMT31286, IMT31333, and IMT31711) collected from
different samples from different dogs at different time
points underlines the success of certain clones in this
clinical setting. Finding that same clone (IMT31356)
outside the clinic supports the hypothesis of clinical-isolate
transmission into the environment, possibly through one

Phenotypic resistance (R or I)

crxan-9ENES confirmed by sequencing)

blaOXA-1, tetA, sul2, catB8, aadAd, aac(s))-ll, dirA 17/21
blaOXA-1, tetA, sul1, catB3, aadAd, aac(s))-ll, dirA 17/21
blaOXA-1, tetA, sul1, catB3, aadAd, aac(s))-ll, dirA 17
blaTEM-1, tetB, sul1, sul2, strA/B catA1, dirA17, dfrA21
blaOXA-1, tetA, sul1, catB3, aadAd, aac(s))-Il, dirA 17

CEF, AMP, AMC, GEN, KAN, DOX, SXT, NAL, ENRO
CEF, AMP, AMC, GEN, KAN, DOX, SXT, NAL, ENRO
CEF, AMP, AMC, GEN, KAN, DOX, SXT, NAL, ENRO
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CEF, AMP, GEN, KAN, DOX, SXT, CAP
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Fig 1.

CTX-M-15

(a) Phenotypic and genotypic typing results of ESBL- and AmpC-producing E. coli isolates based on a dendrogram ( > Xbal-

generated PFGE profiles after exclusion of double clones). Software: BioNumerics 6.6, Applied Maths, Belgium, cluster analysis of dice
similarity indices based on the unweighted pair group method with arithmetic mean (UPGMA). (b) Comparison of clones from clinical

dog isolates and extra-clinical fecal samples.

CEF: cefotaxime; AMP: ampicillin; AMC: amoxicillin—clavulanic acid; GEN: gentamicin; KAN: kanamycin; DOX: doxycycline; SXT:
sulfamethoxazole—trimethoprim; CAP: chloramphenicol; NAL: nalidixic acid; ENRO: enrofloxacin; R: resistant; I: intermediate.
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of the infected dogs or asymptomatically colonized
animals. Interestingly, the corresponding clinical clones
do not originate from gastrointestinal infections, but from
urinary-tract and wound infections, demonstrating the
clinical relevance of certain clones. Certain genetic resis-
tance determinants found in the samples collected in this
study, namely blactx.m.1 and blactx.m.15, have recently
been reported to be highly prevalent types of ESBL-
colonizers in the healthy community in Bavaria (Germany)
(18) and also in non-clinical and clinical samples from
humans and companion animals in Europe (2, 4, 5, 19).
Besides these gene types, detected STs including ST410 and
ST224 are typically ESBL-associated STs, which have been
frequently found in human medicine (5).

Although this pilot study faces epidemiological limita-
tions due to a restricted sample size and non-identical
sampling time procedures, the reservoir role of dog
feces, which contain ESBL-producing E. coli, must not
be underestimated.

The rate detected in this study reflects a slightly higher
percentage of ESBL-/putative AmpC-producing E. coli
than that of human isolates outside of hospital envir-
onments (3—-10%) (18, 20, 21). The results might be
influenced by the presence of the small-animal clinic in
this area, which treats patients with antibiotics, thus
selecting for resistance genes and therefore giving one
explanation for high carriage of resistant bacteria in dogs
taken for a walk on the campus. In addition, previous
studies discussed a wash out of multiresistant bacteria
from human and veterinary hospitals into the environ-
ment (11, 22, 23). However, dog owners visiting the clinic
do not usually walk their dog as far as the adjoining areas
where half the samples were collected, and other studies
investigating healthy pets in Tunisia found comparable
numbers of ESBL producers (3). Regardless, it is worth
investigating further the extent to which dog feces in other
public urban areas of Berlin, in the adjacent neighbor-
hoods of veterinary clinics, and cities worldwide, contain
multiresistant E. coli.

Conclusion

To best of the authors’ knowledge, this is the first study
estimating the rate of ESBL-/putative AmpC-producing
E. coli, which have been isolated from environmental dog
feces, and comparing these to isolates from a nearby small-
animal clinic. As dogs often live close to humans and their
zoonotic role as potential carriers of multiresistant strains
should not be underestimated, their feces as a mechanism
for transmission in environmental settings, particularly in
close proximity to veterinary clinics, must be acknowl-
edged and better understood. Dog owners in general but
especially those of diseased dogs should be educated to
remove the pet’s feces immediately as other dogs’ sniffing
behavior might contribute to the zoonotic and environ-
mental spread of ESBL-producing bacteria.

Despite the limits of this study’s generalizability, it
follows an integrated, ‘One Health’ approach that might
serve as a model for future cross-cutting collaborations
as well as opportunities for expanded epidemiological
research and next-generation sequencing applications in
the field of multiresistant bacteria.
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4. DISCUSSION

With their ubiquity across various habitats and hosts and their role as indicator strains in fecal
contamination of food and water, and their often multi-resistant phenotype, E. coli are a prime
opportunity to study the global challenge of AMR. This not only applies for human and
animal public health but also for settings with lower antimicrobial pressures, such as the
environment and wildlife. Once washed out into these extra-clinical settings, clinically
relevant resistant E. coli are part of hot spots in the means of genetic exchange of resistance

factors, and possible infection sources and transmission origins for both humans and animals.

Within this thesis, ESBL-producing E. coli from different environmental origins were
analyzed and compared to human and animal clinical samples, elucidating phylogenetic and
clonal relationships and transmission scenarios of multi-resistant bacteria. This helps
underline the importance of collaborations and communications in the fields of human,

animal, and environmental health; the so-called One Health approach.

The discussion part starts with the detection rates of ESBL-producing E. coli in environmental
dog feces and wild birds, the two settings addressed in the publications and in this thesis,
followed by their further characterization with an emphasis on CTX-M-enzymes and multi-
locus sequence types. Finally ESBL-producing ST410 clones from different settings and their

zoonotic potential are discussed with respect to the One Health concept.

To fully characterize the diversity of a bacterial population, both the chromosomal
background (ST, clone) and the episome (extrachromosomal content such as plasmids with
resistance determinants) have to be analyzed, which results in a very complex overall

evaluation.

4.1 Rates of ESBL-producing E. coli in environmental dog feces and wild birds

Studying ESBL-producing E. coli in rather unexplored habitats and hosts with subsequent
clonal and phylogenetic analyses only makes sense once they are found to be prevalent there.
Only detecting exceptions may not constitute a significant global public health threat. We
have, indeed, found remarkable numbers of ESBL-producing E. coli in dog feces (10 % [I]
[41]) and wild birds (7.5 %, including AmpC-producing E. coli [II] [42]). While not many
studies address the occurrence of these bacteria in dog feces collected from the environment
[148], ESBL-producing E. coli have been described in wild animals, especially birds. Their

detection rate from different geographic regions is variable and ranges from 0.5 % in birds
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from the Azorean Islands [11, 217] to 32 % in birds from the Iberian Peninsula [11, 39]. A
recently published study found 59 % of birds positive for ESBL-carriage in Bangladesh [218].
The birds took their food from hospital waste, thus possibly showing these extremely high
rates. In a study in which wild birds were sampled in Saxony-Anhalt in Germany, the
approximate carriage rate of ESBL-producing E. coli was 5 % [12]. The slightly higher
detection rate in our study (II) [42] may be a reflection of the more densely populated city of
Berlin. The carriage rate in Saxony-Anhalt was similar to the one found from wild birds in
scarcely populated areas in Mongolia [12], perhaps due to the migrating behavior of wild
birds [11]. In contrast, Skurnik et al. [136] described a clearly anthropogenic related
occurrence of resistant bacteria collected from animal feces meaning that the prevalence of
these bugs increased with the animals exposure to humans. These diverse statements on the
occurrence of antimicrobial resistant bacteria and their association to human activities
underline the complex epidemiology of ESBL-producing E. coli across extra-clinical settings.
In addition, data of the latter study date back a couple of years and the situation might be
different meanwhile. Overall, in our study, highest numbers of ESBL-producing E. coli in
wild birds were detected in mute swans (26.5 % [II]) underlining the literature’s statement on
waterfowl being one of the most important wild bird groups for ESBL-carriage [11], due to
the confluence of several risk factors, including exposure to contaminated surface waters, and
their potential to develop lifelong pick-up of resistant bacteria, which can often be up to
twenty years. Berlin and Brandenburg are both known for their numerous lakes and rivers,

creating a melting pot for the interference of humans and wild animals, especially waterfowl.

The carriage rate in wild birds [II] is comparable to the presence of ESBL-producing E. coli in
the healthy German community, where intestinal colonization rates were estimated to be
6.3 % [24]. Rates in hospitalized human patients and their household contacts are usually
higher (approximately 16 %) [10], which provides a first explanation for why the detection
rates found in the dog feces study [I] [41] were higher than in wild birds: 1) dogs are generally
in much closer contact with humans than wild birds and ii) the dog feces in this study were
collected in close proximity to a veterinary clinic. ESBL-producing isolates from the first
study [I], however, were found in feces collected from adjoining residential neighborhoods of
the veterinary campus, possibly from dogs, which did not visit the small animal clinic and
which were asymptomatic carriers as dog owners of hospitalized patients would probably not
walk their dogs as far as these areas [41]. The detection rate of ESBL-producing E. coli in
clinical samples from dogs and cats in a study from France was shown to be 3.7 % [28], a lot

lower than the one found in our study, strengthening the case for revisiting supposedly
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underestimated fecal samples from the environment. Only few studies have determined the
occurrence of ESBL-producing E. coli in healthy dogs [31]. The rate found in our study (I)
[41] somehow fits in the colonization rates described, ranging from 0 % from a 2009 study in
Canada [151] over 5.8 % from a 2011 study in South Korea [219] and 12.2 % in Tunisia [33]
up to 22 % in Kenya [220].

In general, comparing bacterial rates from different countries and backgrounds presents
difficulties due to differing epidemiological approaches, sample schemes, laboratory
procedures etcetera. A putative solution calls for longitudinal surveillance strategies with

clearly defined habitats and harmonized sampling, detection and evaluation methods.

In summary, the detected high rates in both environmental dog feces (I) and wild birds (II)
were too high to be simply a random finding of ESBL-producing E. coli in these settings,

deserving further investigations.

4.2 ESBLs of ESBL-producing E. coli in environmental dog feces and wild birds

The CTX-types of ESBL-producing E. coli from the two groups were determined to be one of
the first characterization steps to assess basic similarities. CTX-M-15 and CTX-M-1 were the
only detected ESBL-types both in environmental dog feces (I) [41] and wild birds (IT) [42],
reinforcing the worldwide success of these ESBL-types in different environments [32].
Looking into their dissemination among different hosts, the carriage of CTX-M-15-producing
bacteria seems to be especially associated with humans [221] and companion animals [150],
while only few studies report their detection in livestock [221-223]. On the contrary, CTX-M-
1 is less frequently found in humans, yet, in recent years numbers of this type are on the rise
[24]. It is by far the most frequently detected enzyme in various livestock animals in Europe
[221]. Sixty percent of E. coli from wild birds in our study (II) [42] were positive for this
ESBL-type, perhaps explained by their avian hosts often proximate living to farms and fields.
The other 40 %, however, were assigned to the blactx-m-15 gene, hence the statement on a
clear correlation would go too far. Given the results in environmental dog feces (I) [41], the
detected ESBLs are the ones apparent in companion animals [32], which was expected. The
association of especially CTX-M-15 with human types is explainable: by the often close
contact between owners and their pet [164]. Interestingly, in environmental and wildlife
isolates, the variety of ESBL-enzymes detected is generally lower than the one in human or

veterinary medicine. This could be due to limited study numbers regarding ESBL-producing
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bacteria in wildlife but also because of the success of certain ESBL-types (e.g. CTX-M-15 or
CTX-M-1) in the environment.

A report from Sweden states that ESBL-genes (including blactx-m-15 and blactx-m-1) from
E. coli in the Swedish community and sewage water were approximately 90 % similar to
those collected from the environment in contrary to those from farm animals and food
products [224]. This contradicts the assumption that food-producing animals are the only
main origin for environmental pollution with multi-resistant bacteria. In addition, our data
suggest a far more complex situation of the distribution of ESBL-producing E. coli in
different hosts and habitats. To mainly “blame” animal husbandry and related professional

categories should perhaps be reconsidered.

In general, the often shared ESBL-types, be it from humans or livestock/domestic animals,
compared to the environment and wildlife might provide a clue in better understanding the
ongoing transmission of multi-resistant bacteria between these different settings. The
application of CTX-M-data to make a strong statement on origin and relatedness of multi-
resistant bacteria, however, is questionable. Most ESBL-types occur in all kinds of different

settings anyway, either from humans, domestic animals or livestock.

4.3 STs of ESBL-producing E. coli in environmental dog feces and wild birds

To spot further similarities among ESBL-producing E. coli, we then multi-locus sequence
typed isolates. We found a variety of different STs in environmental dog feces (I) [41] and
wild birds (I) [42] including ST10 (1 x in dog feces), ST131 (1 x in wild bird), ST167 (1 x in
wild bird), ST224 (1 x in dog feces and 1 x in wild bird), ST405 (2 x in wild birds), ST410
(4 x in dog feces and 3 x in wild birds) and ST617 (3 x in wild birds). Interestingly, these
listed STs are exactly the ones often described in human and veterinary medicine [32], which
was expected for the dog feces isolates (I) but is rather surprising and an interesting fact for
the avian isolates (II) implying that our collected isolates might be clinically relevant rather
than representing arbitrary sequence types which had acquired ESBL-plasmids randomly. In
addition, many of these STs are described to often produce ESBL-enzymes [11], for example
ST10, which is associated with their production in humans and companion animals worldwide
[32]. Besides ST10, especially ST131 attracts attention all over the world, known for its
spread not only in humans [118] and companion animals [225] but also wild birds [138] and

the environment, such as wastewater [35].
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We focused our continuative detailed analyses on ST410, a sequence type occurring in both
the environmental fecal samples (I), one compared canine clinical sample (1 x [I]) [41], wild
birds (II) as well as in those of human clinical origin (3 x [II]) from our second study [42].
Our suggestion that this sequence type might emerge globally in various habitats and hosts as
new pandemic, successful clone is underlined by its detection in several settings worldwide,
for example in humans [226], poultry [227], companion animals [228] and rivers [229].
Interestingly, ST410 belongs to phylogenetic group Bl known for harboring less virulent
isolates, in the contrary to phylogenetic group B2, for instance [191, 192, 230]. This fact
pleads for other important factors beyond virulence that contribute to its global spread. In
general, the global success of pandemic sequence types like ST131 from group B2 or ST648
from group D is discussed to be a combination of phylogenetic background, virulence and

antimicrobial resistance [77], which therefore might not completely apply for ST410.

The finding of human- and animal-associated STs in our environmental (I) and wildlife (II)
samples fosters the hypothesis of an ongoing interspecies transmission between different hosts
and habitats. In fact, for ST410, it was not only the shared sequence type but a clone, as
discussed in the next chapter. Together with the similar ESBL-types this is just another
important piece of the puzzle to elucidate what actually happens regarding the dissemination
of multi-resistant bacteria in different environments. Here, MLST is a good tool to narrow the
pool of interesting isolates down to those subsequently chosen for a deeper analysis. A clonal
investigation, however, was not possible. Techniques like macrorestriction analysis

constituted the next required step.

4.4 Clones of ESBL-producing E. coli of ST410

The base of the next stage of elucidating clonal and phylogenetic similarities and transmission
scenarios of multi-resistant bacteria was to analyze representatives of these bugs in depth:
ESBL-producing E. coli of ST410. This ST was one of the sequence types found in our two
sample groups (environmental dog feces [I] [41] and wild birds [II] [42]) and it also occurred
in one canine clinical sample from the first study (I) and in three samples from a human
clinical context (second study [II]). In general, one cannot assume that all isolates from the
same ST represent the same clone, which made it particularly surprising that the overall ten
ESBL-producing E. coli isolates of ST410 showed almost identical macrorestriction patterns
after performing pulsed-field gel electrophoresis. E. coli strains are commonly assigned to one

clonal PFGE group, when their patterns show 85 % of similarity [231]. Given the overall
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similarity of at least 94 % in our ten ST410 isolates, this already indicates their very close
relatedness. PFGE is advantageous in the study of bacterial outbreaks, but has its
disadvantages. For example the possibility of only detecting SNPs when they are exactly
located at the enzyme-restriction site may obfuscate its interpretation. It may also miss mobile
genetic elements and SNPs up to several hundred base pairs. Until recently, it was regarded as
the “gold standard” to perform clonal analyses and was used to find clonally related isolates
within ST131 and ST648 from different settings [29, 150]. Not wanting to rely solely on this
method, we employed NGS applications to analyze WGS data. This allowed a by far higher
resolution and helped in making a more precise statement on the relatedness of our isolates,

down to the level of even detecting variations in single base pairs.

The analysis of the whole genomes resulted in the maximum common genome, the gene
clusters present in all ten isolates, which was used to identify single-nucleotide polymorphism
sites, the base to generate a phylogenetic tree (II). Strikingly, only few numbers of SNPs were
found between the different isolates, always less than 100 within a clade and not more than
1767 between the clades (Cluster I and Cluster II [I1]) [42]. So far, these data clearly provided
the strongest evidence for the clonal relatedness of the ten ESBL-producing E. coli of ST410
from different habitats and hosts. Whether their clonality is due to a microevolution in the
restricted sample location of Berlin and Brandenburg or a successful emergence and
transmission of a certain clone of ST410, needs to be further investigated. The sampling
period of our isolates ranging from 2009 to 2014 might rather support their success and
recent, maybe still ongoing transmission events between different habitats and hosts. Our
macrorestriction data demonstrate a considerable reflection of the NGS results, thus proving

their applicable reliability.

The original title of the first publication (I) “Putative connection between zoonotic
multiresistant extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli in dog
feces from a veterinary campus and clinical isolates from dogs” [41] should be reconsidered
in retrospect. After calling the single base variations of the four ST410 isolates from this
study, we found zero SNPs between IMT13159 (environmental dog feces) and IMT31487
(canine clinical isolate) and four SNPs between IMT31351 and IMT31487 clearly
highlighting the clonal character of these isolate combinations. Although, in this study, we
principally discussed sequence type 3018 as subject of the association, ST410 was included as
well and looking at the putative connection in this overall new context, the term “putative”
could be removed. A connection of isolates originating from environmental dog feces with

those collected from a small animal clinic in the same area of Berlin was proven.
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Taking together these results and the additional similar large plasmids, similar resistance
phenotypes and similar serotypes reinforced the clonal character of the ten isolates of ST410,
importantly contributing to a more complete picture of this putative new clone and also

demonstrating how different E. coli characterization methods should be mutually integrated.

4.5 Zoonotic potential of ESBL-producing E. coli in a One Health perspective

The fight against antimicrobial resistance was put on the agenda of the G7 summit in June of
2015, highlighting the urgency and importance of global collaboration and action
(http://www.leopoldina.org/uploads/tx_leopublication/2015 G7_Statement Infectious Diseas
es.pdf). While AMR will not be completely eradicated, multidisciplinary efforts can limit
risks for public health as pointed out in the “UK Five Year Antimicrobial Resistance Strategy
2013 to 2018 [232]. International cooperation is only one dimension of this approach; all
health sectors have to be included proportionately, including environmental health the same as
human and veterinary public health. The collaborations and communications in these fields
are summarized as the One Health approach, where zoonotic infectious diseases constitute a

main focus.

This thesis aimed to contribute to the characterization of zoonotic and AMR ESBL-producing
E. coli in rarely investigated settings such as wildlife (IT) and environmental dog feces (I) and
to the understanding of the occurrence of clones of these bugs in different habitats (II). As
pointed out in the two studies and preceding discussion, highly genetically related ESBL-
producing E. coli of sequence type 410, differing only by few SNPs, were detected in
environmental dog feces, a canine clinical sample, wild birds and human clinical isolates thus
making an appropriate small set to study phylogenetic and clonal relationships of these
bacteria in a One Health background and providing the basis for future large-scale
investigations. All of the ten isolates were not only resistant against beta-lactams but at least
three classes of antimicrobials, thereby having a multi-resistant phenotype. The origins of
isolates, namely wild birds (IT) and dog feces collected from the environment (I), represent a
perfect non-point infection source for other animals and humans, be it through the direct
contact with bird and dog droppings or indirect detours such as water, farmland and farm
products and soil. As another example, resistance determinants and AMR E. coli are also
found in children’s playgrounds and sand pits [233, 234], which is not surprising and which is

likely explained by their often proximity to public parks, where dogs are taken for walks and
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wild birds populate. These settings display an especially alarming environment as young

individuals with weak immune systems are exposed to AMR and infectious bugs.

One key area in the above mentioned strategy, which needs to be achieved to fight AMR, is
surveillance, which “quickly identifies new threats or changing patterns in resistance” [232].
Our results contribute to the overall understanding of these patterns with an emphasis on
ESBL-producing E. coli as an emerging threat. Other infectious agents are important as well,
with Klebsiella pneumoniae, Staphylococcus aureus and Streptococcus pneumoniae just a few
to mention [46]. Instead of only having to fight against the serious problem of multi-
resistance, factors leading to AMR have to be identified and infections prevented, which
includes better hygiene, access to clean water and sanitation, infection control and vaccination
[46]. Clearly, the ubiquitously present threat of AMR determinants and agents in
environmental settings seems underestimated, thus calling not only for improved prescription
and treatment awareness among human and animal health sectors and development of new
therapeutic options, but also for the responsibility of every single private person; not every
infection needs to be treated with antimicrobials and AMR infection sources, such as dog

feces, should be removed by the owner [41].

Although we found clinically relevant clones of ESBL-producing E. coli of ST410 in different
habitats and hosts, permitting interpretation on recent, maybe ongoing transmission scenarios,
the clear determination of the original, first source remains difficult for a range of
methodological reasons, including limited sample sizes. Our studies are pilot studies with
results strongly highlighting the importance of future research in environmental microbiology,
in-depth epidemiology and in elucidating mechanisms of successful clonal lineages of certain

E. coli STs.

One Health is not just a term, it has to be implemented. Efforts should be taken to combat the
challenge of antimicrobial resistant bacteria collaboratively, rather than accusing each other,

be it human medical doctors, veterinarians, politicians or environmentalists.
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5. CONCLUSION AND OUTLOOK

Several conclusions can be drawn by interpreting our results:

e The application of an appropriate set of ESBL-producing E. coli isolates from different
habitats and hosts enables the study of detection rates, phylogenetic and clonal
relationships as well as transmissions between the different (extra-clinical) settings. Given
that this work only addressed a small random sample set, one must wonder what large-
scale epidemiological studies might reveal concerning transmission scenarios. Our

findings are likely not incidental, however, this has to be proven in the future.

e The finding of a potentially new clone of ST410 E. coli putatively circulating between
different habitats and hosts raises the question of why certain clones are successful
worldwide, in habitats of both high and low antimicrobial impacts. This might be due to
reasons beyond antimicrobial resistance, such as metabolic/virulence-associated factors in
combination with the phylogenetic background of these isolates. Functional and in-depth
molecular (sequencing) analyses will help detect underlying mechanisms to elucidate

contributing factors.

¢ The findings underpin the utmost importance of collaboration and action across the fields
of human, animal and environmental health; embodied by the One Health concept.
Decades of mostly solitary research and development approaches in these sectors should
be left behind to fight the global challenge of antimicrobial resistance jointly. This should
specifically include large-scale surveillance and control functions, such as the holistic
“Integrated Surveillance”, which “envisages all surveillance activities in a country as a
common public service that carries out many functions using similar structures, processes

and personnel” [235].

e The still open question: who is egg and who is chicken and which comes first? Is the
origin of transmission of clinically relevant clones the clinical or the environmental
setting? This has to be addressed in future long-scale and comprehensive epidemiological

studies.
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6. SUMMARY

Clinically relevant extended-spectrum beta-lactamase (ESBL)-producing multi-resistant
Escherichia (E.) coli are increasingly detected in various habitats, not only in a human and
veterinary clinical context but also in extra-clinical settings such as communities, the
environment and wildlife. Infections including diarrhea, septicemia, pneumonia, and wound
and urinary tract infections these bugs cause are not only severe but also difficult to treat due

to limitations in antimicrobial therapy possibilities.

This thesis is based on a total of 100 samples from environmental dog feces and 320 cloacal
samples from wild birds, which were collected in Berlin, Germany, between 2008 and 2014.
Of these 10 % (dogs) respectively 7.5 % (birds) harbored ESBL-producing E. coli. In
addition, eleven canine clinical and 40 human clinical (bacteremia) ESBL-producing E. coli
isolates from the same area were included and pheno- and genotypically analyzed. To
determine the phylogenetic population structure of ESBL-producing isolates, multi-locus
sequence typing (MLST) was performed. The sequence type (ST) occurring in all sample
groups was ST410. All ST410 isolates were initially clonally analyzed using pulsed-field gel
electrophoresis (PFGE). Ten isolates from one clonal PFGE group with identical or almost
identical macrorestriction patterns were then chosen for whole-genome sequencing using the
MiSeq platform (Illumina). Following raw data reprocessing through standard bioinformatics
pipelines it was possible to perform detailed phylogenetic and clonal as well as molecular

analyses, again including both chromosomal and episomal (plasmids) determinants.

Besides ST410, various sequence types frequently described in both humans and animals
worldwide were detected in environmental dog feces and wild birds (ST10, ST131, ST224)
with all isolates harboring the typical beta-lactamase (bla)-gene blactx-m-1 or blactx-m-1s.
Within the ten ST410 strains from different hosts in the same region, almost genetically
identical isolates were identified. As some of the isolates differed by a few single-nucleotide
polymorphisms (SNPs) only, the study gives initial evidence for an ongoing interspecies
transmission of a putative successful new E. coli clone of ST410 between avian wildlife,
humans, companion animals and the environment. This underlines the zoonotic potential of
ESBL-producing E. coli as well as the mandatory nature of the One Health approach to
address the threat of antimicrobial resistance. Future investigations call for long-scale and
comprehensive epidemiological studies and functional analyses to reinforce the proposed
transmission scenarios and to identify infection sources and underlying molecular

mechanisms of successful pandemic clones.
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7. ZUSAMMENFASSUNG

Die molekulare Analyse von ESBL-bildenden Escherichia coli aus verschiedenen
Habitaten gewihrt Einblicke in Phylogenie, klonale Beziehungen und

Transmissionsszenarien

Klinisch relevante extended-Spektrum beta-Laktamase-bildende multi-resistente Escherichia
(E.) coli werden zunehmend in verschiedenen Milieus detektiert, nicht nur in einem human-
und veterindrmedizinischen Kontext, sondern auch in extra-klinischen Umfeldern wie in der
Gesellschaft, in Wildtieren und in der Umwelt. Infektionen, einschlieSlich Diarrhoe,
Septikdmie, Pneumonie sowie Wund- und Harnwegsinfektionen, welche diese Bakterien
verursachen, sind nicht nur schwerwiegend, sondern durch die Einschrinkungen bei

antimikrobiellen Therapiemoglichkeiten auch schwierig zu behandeln.

Diese Doktorarbeit basiert auf insgesamt 100 Proben aus Umwelthundekot und 320
Kloakenproben aus Wildvogeln in Berlin, Deutschland, die zwischen 2008 und 2014
gesammelt wurden. Von diesen trugen 10 % (Hunde) beziehungsweise 7.5 % (Wildvogel)
ESBL-bildende E. coli. Zusitzlich wurden elf Hunde-klinische und 40 humane klinische
(Bakteriamie) ESBL-bildende E. coli Isolate aus derselben Region beriicksichtigt und pheno-
und genotypisch charakterisiert. Um die phylogenetische Populationsstruktur der ESBL-
bildenden Isolate zu bestimmen, wurde eine Multilokus Sequenztypisierung (MLST)
durchgefiihrt. Der in allen Probengruppen vorkommende Sequenztyp (ST) war ST410. Alle
ST410 Isolate wurden zunéchst mittels Pulsfeld Gelelektrophorese (PFGE) klonal analysiert.
Zehn Isolate aus einer klonalen PFGE Gruppe mit identischen oder fast identischen
Makrorestriktionsmustern wurden dann fiir eine Gesamtgenomsequenzierung mittels MiSeq
Plattform (Illumina) ausgewdhlt. Folgend einer Neubearbeitung von Rohdaten durch
standardisierte bioinformatische Pipelines war es moglich, detaillierte phylogenetische und
klonale sowie molekulare Analysen durchzufiihren, wieder unter Einschluss von sowohl

chromosomalen als auch episomalen (Plasmide) Determinanten.

Neben ST410 wurden verschiedene Sequenztypen, die hdufig sowohl in Menschen als auch
Tieren weltweit beschrieben sind, in Umwelthundekot und Wildvogeln detektiert (ST10,
ST131, ST224). Alle Isolate enthielten das typische beta-Laktamase (bla)-Gen blactx-m-1 oder
blactx-m-15. Innerhalb der zehn ST410 Stamme aus verschiedenen Wirten in der gleichen
Region wurden fast genetisch identische Isolate identifiziert. Da sich manche der Isolate nur
in einigen Einzelnukleotid Polymorphismen (SNP) unterschieden, gibt diese Studie einen

ersten Hinweis auf eine permanente Inter-Spezies Transmission von mutmaBlich
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erfolgreichen neuen E. coli Klonen von ST410 zwischen avidren Wildtieren, Menschen,
Haustieren und der Umwelt. Dies unterstreicht das zoonotische Potential von ESBL-
produzierenden E. coli sowie die dringende Notwendigkeit des One Health Ansatzes, um die
Gefahr der antimikrobiellen Resistenz anzugehen. Zukiinftige Untersuchungen erfordern grof3
angelegte und umfassende epidemiologische Studien und funktionelle Analysen, um die hier
unterbreitete Aussage liber Transmissionsszenarien zu bekriftigen und um zugrundeliegende

molekulare Mechanismen von erfolgreichen pandemischen Klonen zu identifizieren.
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