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ABSTRACT 

International public health systems are threatened by increasing numbers of 

infections caused by multidrug-resistant bacteria. Particularly, rising numbers of 

extended-spectrum-β-lactamase (ESBL) producing bacteria have been reported 

over the last years from Enterobacteriaceae in German hospitals.  

The first aim of this thesis was to characterize the population structure and patient-

to-patients transmission dynamics of ESBL-producing Enterobacteriaceae in a 

hospital setting. The second aim was to reconstruct the plasmidome of clinical 

ESBL producing Escherichia coli (ESBL-Ec) isolates. I applied 2nd and 3rd 

generation whole genome sequencing (WGS) techniques, to clinical isolates that 

were collected over one year in a non-outbreak situation from a large community 

hospital. Epidemiological and high resolution phylogeny data was used to describe 

clonal structures among the isolates. In the clinical ESBL-Ec population high rates 

of sequence type (ST) ST1193 and the ST131 sub-lineage C1 were found. The 

ESBL-Klebsiella pneumoniae population showed a high clonal diversity and high 

prevalence of a previously undescribed ST (ST1626), likely indicating an endemic 

situation.  

My results emphasize that patient-to-patient transmissions of ESBL-producing 

isolates in hospitals occur at low rates. The data indicates that some of the 

infections that are classified as nosocomial, might be due to isolates that are 

actually imported into the hospital by the patients.  

Furthermore, I showed that by combining 2nd and 3rd generation sequencing 

techniques the plasmidome of clinical ESBL-Ec isolates can be reconstructed to a 

large extend. The plasmidome was characterized by high genetic diversity of 

plasmids and remarkably abundant small cryptic plasmids. My findings show that 

antimicrobial resistance conferring genes are mostly located on larger plasmids with 

similar structure and of known replicon type but can also be present on plasmids of 

undetermined replicon type, which could function as unrecognized resistance gene 

vectors. A high intra- and extracellular mobility potential of resistance genes was 

determined based on nested mobile genetic element structures on plasmids.  

The results will help to improve surveillance of transmissions as well as horizontal 

resistance spread in the hospital setting. 



 

 
 

  



 

 

ZUSAMMENFASSUNG 

Internationale Gesundheitssysteme werden zunehmend von Infektionen mit 

multiresistenten Bakterien bedroht. In den letzten Jahren wurden steigenden 

Zahlen an Enterobacteriaceae mit erweiterter β-Lactamase (ESBL)-Produktion aus 

deutschen Krankenhäusern berichtet.  

Das erste Ziel dieser Arbeit war die Charakterisierung der Populationsstruktur und 

der direkten Übertragungsdynamiken von ESBL-produzierenden 

Enterobacteriaceae im Krankenhaus. Das zweite Ziel war es, das Plasmidom von 

klinischen ESBL-produzierenden Escherichia coli Isolaten (ESBL-Ec) zu 

rekonstruieren. Klinische Isolate, die über ein Jahr in einem 

Gemeinschaftskrankenhaus ohne bekanntes Ausbruchsgeschehen gesammelt 

wurden, wurden mit Whole Genome Sequencing (WGS) Methoden, der 2. und 3. 

Generation sequenziert. Epidemiologische Daten und eine auf WGS Daten 

basierende Phylogenie wurden verwendet, um klonale Strukturen unter den 

Isolaten zu charakterisieren. Es wurden hohe Prävalenzen des ESBL-Ec 

Sequenztyps (ST) ST1193 und der ST131 C1 Unterlinie festgestellt. Die ESBL-

Klebsiella pneumoniae Population war von hoher Diversität und einer hohen 

Prävalenz eines bisher unbeschriebenen ST (ST1626) gekennzeichnet. Dies 

könnte auf eine endemische Situation hinweisen. Die Daten deuten darauf hin, dass 

einige der Infektionen, die als nosokomial klassifiziert wurden, auf Isolate 

zurückzuführen sind, die von den Patitienten mitgebracht werden. Außerdem 

wurden direkte Übertragungen selten nachgewiesen. 

Darüber hinaus wurde, durch die Kombination von Sequenzierungstechniken der 

2. und 3. Generation, das Plasmidom von klinischen ESBL-Ec-Isolaten weitgehend 

rekonstruiert. Das Plasmidom war durch eine hohe genetische Diversität und viele 

kleine kryptische Plasmide gekennzeichnet. Gene, die antimikobielle Resistenz 

vermitteln, waren meist auf größeren Plasmiden mit ählicher Struktur und 

bekanntem Replikon-Typ lokalisiert, aber auch auf Plasmiden mit unbekanntem 

Replikon-Typ, wobei letztere als unerkannte Resistenzgen-Vektoren fungieren 

könnten. Es wurde ein hohes intra- und extrazelluläres Mobilitätspotenzial von 

Resistenzgenen festgestellt.  

Die Ergebnisse dieser Arbeit können dazu beitragen, die horizontale AMR-

Ausbreitung sowie Krankenhausansteckungen besser zu verstehen. 
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1 Introduction 

The increasing numbers of infections caused by multidrug-resistant bacteria 

represent an emerging challenge for international public health systems. Estimates 

show that each year, at least 670000 infections occur in the European Union due 

to resistant bacteria, and approximately 33000 people die as a direct consequence 

of those infections. The associated costs to the healthcare systems of European 

countries are around 1.1 billion Euro (ECDC 2018).  

Most often, the effectiveness of common antibiotics is threatened by acquisition of 

resistance mechanisms in target organisms, enabling them to evade the standard 

treatment options (WHO 2011). Intensive use and misuse of antibiotics have caused 

increased antibiotic resistance among several human pathogens (MARTINEZ 2009). 

The β‐lactam penicillin was the first antibiotic to be described (FLEMING 1929), 

consequently resistance mechanisms to this class of antibiotics were the first to be 

understood (ABRAHAM AND CHAIN 1940; KONG ET AL. 2010). β-lactams, which inhibit the cell 

wall synthesis, nowadays represent one of the most commonly prescribed drug 

classes with numerous clinical indications (PANDEY AND CASCELLA 2012). The low toxicity 

and few adverse effects render β-lactams in general and 3rd generation 

cephalosporins in particular the preferred antibiotic in many clinical situations (BUI 

AND PREUSS 2020; KLEIN AND CUNHA 1995). However, nowadays predominantly extended-

spectrum β-lactamases (ESBL) mediate resistance to many β-lactam antibiotics, 

including 3rd generation cephalosporins (POOLE 2004). 

ESBL producing organisms frequently show additional resistance to other classes 

of antimicrobial drugs, resulting in limited treatment options and thus in increased 

mortality and morbidity (SCHWABER ET AL. 2006). Fluoroquinolone and ESBL resistance 

are particularly common in combination through intensive use in therapy (PFEIFER 

2007). The spread of resistance to 3rd generation cephalosporin antibiotics in 

Escherichia coli and Klebsiella pneumoniae has led to their classification as a 

critical pathogens (TACCONELLI ET AL. 2018). Therefore, efforts to understand and limit 

ESBL resistance dissemination are vital to maintain treatment options (COQUE ET AL. 

2008A).  
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1.1 The rise of ESBL resistance  

ESBLs have been increasingly reported since their first description in 1983 (CANTÓN 

ET AL. 2008; COQUE ET AL. 2008A). In Germany, an increase of resistance to cefotaxime in 

clinical E. coli isolates from 6.4 % in 2008 to 11.3 % in 2019 was recorded by the 

national surveillance system. Furthermore, the frequency of clinical cefotaxime 

resistant K. pneumoniae increased from 10.1 % in 2008 to 11.9 % in 2019 (PIETSCH 

ET AL. 2017; RKI 2021). Infections commonly occur in people with exposure to 

healthcare, such as in hospitals and nursing homes, but also in the community 

setting (CDC 2019). ESBL-producing K. pneumoniae (ESBL-Kp) isolates have 

caused important nosocomial outbreaks in the 1980/90s (CANTÓN ET AL. 2008). 

However, nowadays ESBL producing E. coli (ESBL-Ec) are the predominant ESBL 

producers that are associated with human infections (CANTÓN ET AL. 2008). The E. coli 

sequence type (ST) 131 sublineage clade C is of particular relevance, due to its 

global predominance in hospitals (PRICE ET AL. 2013). This high-risk clone emerged in 

the 1990s and has spread rapidly throughout the world since then (MATHERS ET AL., 

2015B; NICOLAS-CHANOINE ET AL., 2014; PETTY ET AL. 2014). ESBL resistant E. coli or K. 

pneumoniae strains commonly express CTX-M enzymes, which hydrolyze 

cefotaxime. The blaCTX-M genes are mainly located on so called large “epidemic 

resistance plasmids”. The dissemination of blaCTX-M-15 in particular via resistance 

plasmids as well as extensive spread of high-risk clones carrying those genes 

resulted in its high prevalence in Europe nowadays (CANTÓN ET AL. 2008; CANTÓN ET AL., 

2012).  

The successful ESBL-Ec ST131 clade C/H30 is characterized by fluoroquinolone 

resistance and the fimH30 allele (MATHERS ET AL., 2015A). FimH genes encode type 1 

fimbriae, and the different alleles are especially relevant to sub-type ST131 isolates 

(PETTY ET AL. 2014). The fimH30 allele was shown to potentially contribute to the fitness 

of ST131 clade C in the urinary tract (KAKKANAT ET AL. 2015). Price et al. reported that 

the clade C can be divided into subclades: one harboring blaCTX-M-15 and others 

carrying different blaCTX-M-alleles such as blaCTX-M-14 or blaCTX-M-27 (PRICE ET AL. 

2013). These subclades have been named C2 and C1, respectively (PETTY ET AL. 2014). 

Of those, C2/H30Rx harboring blaCTX-M-15 is globally dominant in ESBL-Ec 

hospital populations (PETTY ET AL. 2014). 
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Two important shifts in the ESBL-Ec epidemiology have been recognized in 

German hospitals in the past years. First, a variant of the ST131 C lineage, the 

C1/H30R subclade, carrying blaCTX-M-27, is increasingly detected (BIRGY ET AL. 2017; 

GHOSH ET AL. 2017; MERINO ET AL. 2018).  Second, ESBL-Ec fluoroquinolone resistant 

strains of ST1193 have been reported to have emerged in several parts of the world, 

including Germany for the first time in 2015 (VALENZA ET AL. 2019). Importantly, the rate 

at which ST1193 is detected tends to rise (TCHESNOKOVA ET AL. 2019). 

 

1.2 Epidemiology of ESBL-Ec and ESBL-Kp: healthcare 

association  

ESBL-Ec and ESBL-Kp are predominantly responsible for infections in hospitals 

worldwide (WHO 2011). In Germany the proportion of ESBL producing 

Enterobacteriaceae in nosocomial infections has significantly increased between 

2007 – 2012, e.g. from 9 % to 17 % in urinary tract infections (UTI) (LEISTNER ET AL. 

2015).  

E. coli and K. pneumoniae are opportunistic pathogens that are mostly responsible 

for extra-intestinal infections, particularly urinary tract, bloodstream and respiratory 

infections. Both species can be carried asymptomatically in the intestinal tract (HOLT 

ET AL. 2015; PEIRANO AND PITOUT 2010).   

The potential role of the food chain production in the spread of commonly found 

clinical ESBL-Ec strains has been discussed extensively (NICOLAS-CHANOINE ET AL. 

2014). However, recent studies conducted in different European countries could not 

confirm that E. coli strains from food and meat production are the leading factors in 

the dissemination of isolates that can be detected in the hospitals (DAY ET AL. 2019; 

RANDALL ET AL. 2017; WU ET AL. 2013). In the UK, retail chicken and associated products 

were often contaminated with ESBL-Ec. However, STs that are commonly 

responsible for bacteremia (ST131, ST648, ST38) were almost exclusively found in 

human derived samples (feces, sewage), but not in animals and retail food, thereby 

emphasizing the fecal-oral route of transmission (Fig. 1).  
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Fig. 1: Origin and ESBL type of ESBL-Ec isolates from a large scale epidemiological 
surveillance study. Figure adopted from DAY ET AL. 2019.  
The figure shows dominating STs and ESBL enzymes that are associated with ESBL-Ec isolates 
from specimen types that relate to humans and animals. ESBL-Ec from human bacteremia were 
compared with those from human feces, sewage, food, slurry, and animals from England, Wales, 
and Scotland in 2013/14.  
Inner circle: Sources of ESBL-Ec; segments are scaled according to the numbers of isolates found 
and single representatives of a ST are aggregated into the singleton category.  
Middle circle: Occurrence of isolates from each ST in relation to each ESBL.  
Outer circle: Occurrence of isolates with an ESBL type. 

 

The epidemiology of ESBL-Kp hospital outbreaks has shifted from clonal lines with 

blaTEM and blaSHV to outbreaks of different lines with blaCTX-M harboring plasmids 

and transposons (CALBO AND GARAU 2015). Both, blaTEM and blaSHV ESBL resistance 

conferring genes are derived by point mutations from predecessor β-lactamase 
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genes due to intensive use of 3rd generation cephalosporins in the 1980s (BRADFORD 

2001; PFEIFER 2007). However, blaCTX-M genes were likely introduced by horizontal 

gene transfer (HGT) from different Kluyvera spp. (BEVAN ET AL. 2017; CANTÓN ET AL. 2012). 

The hospital environment seems to act as an important reservoir for K. pneumoniae 

human infections, while livestock transmission associated routes seem to play a 

minor role (LUDDEN ET AL. 2020). Healthcare-related infections causing ESBL-Kp spread 

through person-to-person contact and via sources in the environment, like 

contaminated sinks and medical equipment (HENDRIK ET AL., 2015). ESBL-Kp can 

persist on hospital equipment surfaces, which facilitates its dissemination and thus 

can complicate the identification of a possible infection source as experienced by a 

dramatic ventilator-associated outbreak in China (HU ET AL. 2016; NAVON-VENEZIA ET AL. 

2017). In fact, surfaces of rooms of patients with ESBL-Kp have substantially higher 

contamination rates than those infected with ESBL-Ec (FREEMAN ET AL. 2014). 

A study on rectal colonization upon admission to a German hospital described that 

approximately 13 % of patients were colonized with ESBL producing isolates. The 

majority of strains belonged to ESBL-Ec isolates (89 %), while ESBL-Kp was 

observed less frequently (8 %) (HAGEL ET AL. 2019). Increased rates of colonization with 

ESBL-Ec have been found in persons living in nursing homes (15 %), compared to 

the general population (6 %). An overrepresentation of ESBL-Ec ST131, possibly 

due to antibiotic pressure of fluoroquinolones, was also found among nursing home 

inhabitants (VALENZA ET AL. 2015). Nursing homes and long-term care facilities 

comprise a possible link in the dissemination of ESBL-Ec and ESBL-Kp between 

the hospital and the community settings (ENDIMIANI ET AL. 2009; ROONEY ET AL. 2009).  

Despite its lower colonization frequency, the elevated nosocomial transmissibility 

makes ESBL-Kp responsible for a large number of hospital outbreaks (CALBO AND 

GARAU 2015; NAVON-VENEZIA ET AL. 2017). In accordance, Duval et al. found that 

transmissions of ESBL-Kp isolates, but not ESBL-Ec isolates, in the healthcare 

setting are supported by close proximity contact data (DUVAL ET AL. 2019). Previous 

studies on ESBL-Ec and ESBL-Kp have found clusters of closely related clinical 

isolates without identified infection sources (HILTY ET AL. 2012; XERCAVINS ET AL. 2020). 

These and further studies demonstrated generally low rates of hospital transmitted 

infections by ESBL resistant bacteria of both species, thereby pointing out that 

clinical transmissions happen rather infrequently (TSCHUDIN-SUTTER ET AL. 2012; 



Introduction 

6 
 

WILLEMSEN ET AL. 2011). Furthermore, for ESBL-Ec ST131 direct transmission or 

acquisition from a common source appears more frequent in the household setting 

than in the clinical setting (TORRES ET AL. 2018). Importantly, in both species household 

transmission are generally more frequent than nosocomial transmission (HILTY ET AL. 

2012).  

Nevertheless, most whole genome sequencing (WGS) based transmission studies 

are conducted retrospectively after increased numbers of resistant bacteria have 

been recognized in the respective hospital (BECKER ET AL. 2018). Only few studies have 

been conducted in non-outbreak situations. There is a need to enhance the 

understanding of general transmission dynamics by deeper investigation into clonal 

relatedness of clinical isolates. 

 

1.3 Application of WGS for surveillance and outbreak 

investigation  

WGS represents an optimal bacterial typing tool as it has the potential to deliver 

information on antimicrobial resistance (AMR), virulence and phylogenetic 

relatedness in a single process. With WGS the highest possible resolution for 

phylogenetic reconstruction can be obtained (CROUCHER ET AL. 2013). Classical 

methods like multi locus sequence typing (MLST), target only seven species-

specific housekeeping genes, which are sequenced and compared to known allelic 

profiles (MAIDEN ET AL. 1998, 2013). Due to the high resolution obtained with WGS, fewer 

cases are required to determine an outbreak (BESSER ET AL. 2019). The World Health 

Organization (WHO) recently suggested to extend the use of WGS for global 

surveillance of early emergence and spread of AMR as part of the global action plan 

(WHO 2020).  

Isolates that are phylogenetically close are more likely to have a recent common 

ancestor, meaning that the patients who are infected with those pathogens may 

have contact to each other or a common infection source. Hence, isolates that share 

a recent ancestor are commonly considered as clade or clones if the genetic 

distance is within certain boundaries, which are set in form of similarity thresholds. 

A similarity threshold among isolates is applied to identify sub-clusters. This 

threshold depends on the genomic variation in the dataset and the observed 
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timeframe. Strains that fall into these sub-clusters are considered presumed 

transmissions or outbreaks and the epidemiological connection between them 

should be examined. The similarity threshold (number of SNPs or alleles) is 

adjusted based on the information on the likeliness of transmission events (BESSER 

ET AL. 2019). As these thresholds depend on the mutation rate, they are species 

specific. It is therefore easier to define a threshold for strongly vertically evolving 

species with a fixed annual mutation rate than for species with higher genomic 

variations for example due to recombination or HGT. For variable species like 

ESBL-Ec and ESBL-Kp, the phylogenetic signal might be distorted by 

recombination or accessory genome content (CROUCHER ET AL. 2013; LEES ET AL. 2018). 

Therefore, a core genome approach based on genomic positons shared by all 

analyzed isolates, but without recombinant regions is most accurate for these 

species. An additional level of resolution can be added by a subsequent analysis of 

the accessory genome (CROUCHER ET AL. 2013; MAIDEN ET AL. 2013). However, this kind of 

data does not provide information on the direction of the possible transmission 

(DIDELOT ET AL. 2017). Consequently, a transmission event or outbreak cluster cannot 

be determined by WGS data analysis alone. 

Only a restricted proportion of the E. coli and K. pneumoniae genome is considered 

core, i.e. shared by all strains (HOLT ET AL. 2015; SALIPANTE ET AL. 2015). Crucial traits like 

AMR, are often found among the accessory genes. Thus, variations in the 

accessory genome potentially add genotypic information to those in the core 

genome positions and for tracking the dissemination of the accessory genome traits 

(CROUCHER ET AL. 2013; MCNALLY ET AL. 2016; RASKO ET AL. 2008). In addition to the true 

variation between the bacterial strains, some noise can be introduced through the 

sequencing technology itself or subsequently undertaken bioinformatics steps 

(CROUCHER ET AL. 2013). Currently, there are no fixed thresholds of relatedness, and the 

variability due to the above-mentioned reasons prevents the establishment of 

generalizable guidelines that are always applicable. Some rule-of-thumb numbers 

exist for certain organisms that can be used as a first approximation for the detection 

of an outbreak cluster (SCHÜRCH ET AL. 2018).  

As the complexity of the dataset increases over time the threshold for similarity 

might be exceeded by isolates that are more recent (Fig. 2). Furthermore, the 

number of shared core positions will change depending on the analysed genomes. 
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Hence, the similarity threshold will have to adjusted as well. Absolute distance 

thresholds alone are therefore not suitable, but information on decent of isolates 

(phylogeny) provided by the topology of the tree has to be equally taken into 

consideration (SCHÜRCH ET AL. 2018)(Fig. 2). 

 

 

Fig. 2: Hypothetical dendrogram for 
the interpretations of WGS data.  
Epidemiologic investigations should rely 
on both genetic distance/difference 
(SNPs or alleles) and the topology of the 
phylogeny to draw conclusions about 
relatedness. Although a similarity 
threshold can act as a guide to identify 
clusters of potentially transmitted isolates 
(within boxed area), isolates beyond the 
threshold but topologically nearby 
deserve further inspection for potential 
relatedness.  
Figure adapted from SCHÜRCH ET AL. 
2018. 

With studies that include epidemiologically linked as well as unlinked cases, the 

similarity thresholds can be benchmarked by combining WGS data and clinical 

metadata that allow to determine the likeliness of direct transmissions in the 

hospital. The generated knowledge can support pathogen surveillance and future 

epidemiological investigations in hospital settings. 
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1.4 Importance of plasmids in ESBL-Ec  

Many antimicrobial resistance conferring genes (ARG) such as those encoding 

ESBLs are located on plasmids. Plasmids are mobile genetic elements (MGE), 

which can spread via HGT (PILLA AND TANG 2018). Conjugation functions that are 

encoded on the plasmids allow them to spread horizontally, thereby facilitating 

promiscuously their own transfer, even between different genera or kingdoms. 

Some non-conjugative plasmids can also be transferred horizontally by exploiting 

the apparatus provided by a conjugative plasmid present in the same bacterial cell 

(PARTRIDGE ET AL. 2018; SAN MILLAN ET AL. 2014).  

In addition to AMR (ROZWANDOWICZ ET AL. 2018), plasmids can confer important traits to 

their host such as virulence. Traits acquired by less or non-pathogenic bacteria via 

HGT can easily give rise to new outbreak situations (MATHERS ET AL. 2015). The spread 

of resistance conferring plasmids plays an important role in the global increase of 

AMR (CARATTOLI 2013). Large epidemic plasmids, such as those encoding the blaCTX-

M-15 gene in the globally dominant high risk E. coli clone ST131 (CANTÓN ET AL., 2012; 

CARATTOLI, 2009; MATHERS ET AL. 2015B) contribute to the dissemination of ARG via HGT. 

Together with the frequently observed fluoroquinolone resistance in the ST131 

subclades C3/H30Rx and C1/H30R (MERINO ET AL. 2018; PETTY ET AL. 2014; PRICE ET AL. 

2013A) this increasingly limits treatment options of infected patients.  

 

1.4.1 Characteristics of plasmids in ESBL-Ec  

Plasmids replicate autonomously and exhibit a wide range of different copy 

numbers and sizes. These traits are defined by the replication machinery, which 

has been used extensively to type plasmids (CARATTOLI ET AL. 2014; JOHNSON AND NOLAN 

2009). Their vertical inheritance relies on the replication initiation systems. The 

presence of two similar plasmids in a single cell, which compete for the replication 

machinery, will lead to a reduced copy number and loss of one of the plasmids, a 

phenomenon called incompatibility (Inc). Hence, similar plasmids likely to belong to 

the same Inc type (PARTRIDGE ET AL. 2018).    

Specifically, conjugative plasmids of replicon type IncF exhibit a strong relationship 

with ST131. ESBL genes, genes encoding carbapenemases, aminoglycoside-

modifying enzymes and quinolone resistance are the most frequently found 

resistance conferring genes on IncF plasmids (ROZWANDOWICZ ET AL. 2018). 
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Furthermore, IncF plasmids harbor an abundance of nested MGEs, like insertion 

elements (ISE) or transposons (Tn). Consequently, IncF plasmids are prone to 

deletions and insertions, and high rates of recombination (COQUE ET AL. 2008B; 

PARTRIDGE ET AL. 2018). In addition to mobile plasmids, these MGEs frequently facilitate 

genetic exchange by moving themselves and associated ARGs intracellularly to 

new locations, like other plasmids or the chromosome (PARTRIDGE ET AL. 2018).   

ESBL-Ec strains were found to harbor up to eight plasmids per strain including 

multiple resistance plasmids (BROLUND ET AL. 2013). The authors described a high 

frequency of small cryptic plasmids (SCPs) of unknown function. Also, de Toro et 

al. applied 2nd generation sequencing and assigned contigs to 255 plasmids in 61 

strains, including a high rate of SCPs (DE TORO ET AL. 2014). Even phylogenetically 

closely related E. coli ST131 strains contain a remarkable variety of different 

plasmids (LANZA ET AL. 2014). Overall, the plasmid diversity in ESBL-Ec, especially for 

ST131, appears magnificent (LANZA ET AL. 2014; DE TORO ET AL. 2014). However, also 

certain clade specific associations have been described, between the narrow-host-

range IncF plasmids with blaCTX-M-15 and blaCTX-M-27, and the C2 and C1 clades 

of ST131, respectively (KONDRATYEVA ET AL., 2020). 

Over 2000 Enterobacteriaceae plasmids have been described so far, however only 

75 % of these plasmids are typeable with the widely used replicon based scheme 

implemented in the tool PlasmidFinder (CARATTOLI ET AL. 2014; ORLEK ET AL. 2017A+B). IncF 

plasmids in particular are often multireplicon-type, meaning they harbor more than 

one replication gene. If the replication genes are not in the database or a plasmid 

has a multi-replicon status, the typing scheme is insufficient. Therefore, an 

approach that is supposed to cover the whole possible plasmid variation has to rely 

on the plasmid structures as opposed to marker genes (ORLEK ET AL. 2017C; PARTRIDGE 

ET AL. 2018). However, this requires complete reconstruction of plasmids. 

1.4.2 Reconstruction of plasmids 

Multiple approaches have been undertaken to reconstruct plasmids from short 

sequencing reads or draft assemblies. To date there are at least five different tools, 

based on different algorithms attempting to generate plasmid assemblies from WGS 

short reads or draft assemblies (PlasmidSpades: (ANTIPOV ET AL. 2016) , mob_suite: 

(ROBERTSON AND NASH 2018), PLACNET: (LANZA ET AL. 2014; DE TORO ET AL. 2014), GPLAS: 

(ARREDONDO-ALONSO ET AL. 2020), PLASFLOW: (KRAWCZYK ET AL. 2018)). As an example, the 
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tool PlasmidSPADES was benchmarked in various studies (ARREDONDO-ALONSO ET AL. 

2017; ROBERTSON AND NASH 2018; STOHR ET AL. 2020). However, the tool proved not to be 

suitable for low copy number plasmids (STOHR ET AL. 2020), such as IncF ARG-

harboring plasmids. Also, other algorithms like Recycler, cBar and PlasmidFinder 

were shown to be insufficient for reconstruction, especially for larger plasmids with 

repetitive regions (ARREDONDO-ALONSO ET AL. 2017). 

Repetitive regions on plasmids or the chromosome are difficult to reconstruct with 

short reads only. However, they can be spanned by long reads of 3rd generation 

sequencing technology in the scaffolding process during assembly. Nevertheless, 

to obtain a correct de novo assembly at a low error rate, the long reads need to be 

combined with less error prone short reads as produced by Illumina technology 

(hybrid assembly).  

To describe the complete plasmidome of clinical isolates and to obtain information 

on the arrangement of ARGs on these plasmids therefore requires de novo hybrid 

assemblies of all plasmids present in the strains. As the large low copy number 

plasmids are often underrepresented in WG deoxyribonucleic acid (DNA) extracts, 

long read sequencing of plasmid enriched DNA can yield high quality de novo 

assemblies of resistance conferring plasmids of clinical isolates. It also limits the 

amount of sequencing depth and sequencing costs by excluding the chromosome 

(LEMON ET AL. 2017). Furthermore, long read sequencing is particularly important for 

resolving the nested structure of MGEs and resistance conferring cassettes. A 

comprehensive plasmid sequencing and reconstruction approach can help to better 

understand the horizontal resistance dissemination (BLAIR ET AL. 2015; LEMON ET AL. 2017). 

By tracking a hospital outbreak of a carbapenemase cassette (blaKPC), Sheppard 

et al. could show the necessity of long read sequencing to determine the exact 

location of the cassette within a Tn, which moved to another plasmid due to flanking 

repetitive regions (SHEPPARD ET AL. 2016). In a recent smaller scale study, 29 clinical 

E. coli isolates of ST131 were sequenced on the 3rd generation sequencer of 

PacBio (NY ET AL. 2019). The authors focused on blaCTX-M encoding plasmids but did 

not extract information on contigs without AGR. Up to this point there is no 

comprehensive analysis of plasmids of clinical ESBL-Ec isolates that is based on 

high quality de novo assemblies of 2nd and 3rd generation sequencing reads. 
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1.5 Aims of the thesis 

In order to understand transmission dynamics of clinical ESBL producing isolates 

in hospitals, a high-resolution phylogenetic analysis is required. Only few studies 

using WGS on clinical ESBL producing isolates including epidemiologically linked 

as well as unlinked cases have been conducted so far. However, such studies are 

essential to benchmark epidemiological thresholds for the determination of 

outbreak clusters. Furthermore, to fully understand the spread of AMR, a 

comprehensive reconstruction of the plasmidome seems necessary.  

In this thesis, I worked on the following objectives: 

 

1.)  Investigation of the transmission dynamics of ESBL-Ec and ESBL-Kp among 

patients of a large community hospital within a year in a non-outbreak situation.  

The aim of this study is to unravel clonal structures among those isolates. An 

optimized high through-put library preparation protocol for the cost-effective high 

quality WGS data generation will be established in order to obtain a high-resolution 

phylogeny. I will assess both the phylogenetic relatedness and the clinical 

epidemiological data to describe patient-to-patient transmission dynamics. 

Understanding of transmissions of ESBL-Ec and ESBL-Kp among patients in the 

hospital will provide crucial knowledge to improve hygiene management, in 

outbreak situations as well as for routine surveillance. 

 

2.)  Characterization of the plasmid genomic variation landscape of clinical ESBL-Ec 

isolates  

This study aims to comprehensively describe plasmid structures. I indent to 

reconstruct plasmids of clinical isolates in de novo assemblies by combining 2nd and 

3rd generation sequencing techniques. The assemblies will allow me to describe 

overall structural plasmid variations, characterize ARG bearing plasmids and to 

evaluate the mobility potential of ARGs within nested structures of MGEs on 

plasmids. The gained insights will help to improve the understanding of the 

dissemination of resistance conferring genes via HGT and thus could make 

substantial contributions towards future infection control measures and outbreak 

monitoring. 
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2 Genomic epidemiology of clinical ESBL producing 

Enterobacteriaceae 

Over the last decades, the rate of ESBL resistance in E. coli and K. pneumoniae 

strains in human infections increased. Both species are predominantly responsible 

for infections in hospitals worldwide (TACCONELLI ET AL. 2018). However, despite 

decreasing costs, WGS is mostly applied only during outbreaks after rising numbers 

of resistant isolates have been recognized in a hospital (BECKER ET AL. 2018). 

Therefore, I performed a WG analysis of clinical ESBL-Ec and ESBL-Kp isolates 

from hospitals in a non-outbreak situation to characterize potential transmissions 

and describe the overall genomic population structure and dynamics. 

 

2.1 Results 

Overall, 234 ESBL-Ec and 60 ESBL-Kp clinical isolates were subjected to WGS and 

genomic analysis. I collected those isolates over a period of one year (4/2019 – 

4/2020) from a large German community hospital in a non-outbreak situation. The 

clinical isolates were kindly provided by the diagnostic medical microbiology 

laboratory of the hospital. Epidemiological information on the clinical isolates was 

kindly provided by the hospital hygiene specialist. 

 

2.1.1 An optimized protocol for high-throughput WGS   

The correct determination of nucleotides and the assembly of reads to genomic 

structures requires a minimum length and number of sequencing reads per isolate. 

To obtain an even coverage across all samples in a pool of sequencing libraries, 

the normalization of input DNA for each library preparation as well as the 

normalization of libraries for sequencing is crucial. The fragmentation and adapter 

ligation of DNA is done enzymatically by the tagmentation enzyme (ILLUMINA 2019). If 

the input DNA amount is too low, the fragments will be overtagmented due to the 

high enzymatic activity, leading to short fragments and read-through in the paired-

end sequencing process. This results in a waste of sequencing capacity and thus 

lack of coverage. Furthermore, shorter fragments bind preferentially to the flow cell. 

On the other hand, longer fragments may have problems binding to the flow cell 
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and thus paired reads cannot be combined into scaffolds in the subsequent 

assembly process. Hence, ideal libraries should have a homogenous size 

distribution of optimal length. To generate WGS data for a large number of samples, 

a robust high throughput library preparation protocol had to be established in our 

laboratory. The applied library preparation protocol is based on modifications of the 

Illumina Nextera XT protocol, described before for WGS of bacterial isolates in 150 

base pairs (bp) paired end (PE) mode (BAYM ET AL. 2015; STEGLICH ET AL. 2018). When 

sequencing is conducted in 150 bp PE mode, the length of the single fragments 

should be at least 400 bp (300 bp DNA fragment + 50 bp of each adapter). As 

observed previously by Baym et al. (2015), the library fragments appeared as 

heteroduplexes in the BioAnalyzer profile (Fig. 3). They are formed during the PCR 

annealing step once the primers are depleted. The adapter end fragments then start 

to anneal to the ends of non-complementary amplicons instead. However 

sequencing quality and size selection steps are not influenced by this (CHILTON ET AL. 

2014). I found that a fragment length of approximately 800 bp to 1200 bp appears to 

be optimal. I determined that this length can be achieved using an input DNA of 0.8 

– 1.0 ng for ESBL-Ec, ESBL-Kp and clinical isolates of Pseudomonas aeruginosa.  

Yet few isolates still had profiles with fractions of non-optimal fragments. Baym et 

al. also observed not a distinct length of library fragments, but rather a broad 

spectrum of fragments. However, the generation of a BioAnalyzer profile for each 

sample in a pool would be very laborious and cost intensive. Therefore I only 

subjected single samples of a pool to this analysis. To ensure that all libraries in the 

pool have a minimum length and to avoid overrepresentation of short libraries, I 

performed an additional size selection after pooling the libraries on a BluePippin 

instrument. In this way, fragments shorter than 450 bp were successfully depleted. 

By modifying the normalization and adding a size selection step to the library 

preparation protocol of Steglich et al. (2018) I successfully implemented a workflow 

for the generation of high quality WGS short reads. This protocol can be used on a 

robotic workstation as well. 

As an example, on a medium output flow cell for the Illumina NextSeq instrument I 

pooled 64 WG libraries and achieved sufficient high quality reads (> 1 Mio.) for all 

samples prepared with the described method. Generally a high basecalling quality 

(Phred score > 30) was achieved and no adapter contamination could be detected. 
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The average sequence length was 142 bp (Tab. S 5 digital). All samples could be 

subjected to further analysis. 

 

 

Fig. 3: BioAnalyzer profiles of WGS libraries prepared with different genomic DNA 
concentrations.  
The fragment length is influenced by different concentrations. BioAnalyzer results of ESBL-Ec using 
0.7 ng/µL (A) and 0.8 ng/µL (B) DNA as input for tagmentation. C), D) taken from Baym et al. 2015. 
Red and black lines show replicates. Stenotrophomonas maltophilia DNA 1.25 ng/µL(C) and 
0.75 ng/µL (D).  

 

2.1.2 Population structure of ESBL producing clinical isolates 

234 ESBL-Ec isolates from 179 patients were included in this study. 138 isolates 

came from patients that were only sampled once, while 41 patients were sampled 

multiple times, ranging from two to four times. The majority (67 %) of the ESBL-Ec 

isolates were isolated from urinary samples. 9 % of isolates were recovered from 

wounds or intraoperative sites, 8 % of strains isolated from rectal or nasal swabs 

and 6 % from blood stream infections. 9% isolates were obtained from other sites. 

In 24 % of all patients, the infection appeared nosocomial, meaning it was isolated 

48 h after admission to the hospital. Half of the patients were classified as already 

infected upon admission with ESBL-Ec. 26 % of patients were treated in peripheral 

houses, but their isolates were also processed in microbiology diagnostic 
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laboratory. Of those isolates no information was given on previous carriage or 

infections with ESBL producing isolates.  

To describe the phylogenetic relationship among the 234 clinical ESBL-Ec isolates, 

an assembly-based core genome alignment and a maximum likelihood (ML) tree 

were constructed (Fig. 4). The core genome alignment had a length of 

2.451.162 bp (corresponding to 48 % core positions of the total alignment). Strains 

clearly clustered according to their ST. In total, 31 different STs were found, with 

the majority of the E. coli isolates belonging to ST131 (60 %, n = 144), while 12 

isolates belonged to ST1193 (5 %) (Tab. 1). 18 STs were represented by one or 

two strains only (Tab. S. 1). One strain was not typeable with the used scheme 

(“Achtmann scheme”). A ST10405 isolate clustered with the ST131 isolates. Unlike 

the ST131 isolates, this isolate harbored a synonymous mutation in the purA gene, 

which is one of housekeeping genes used for MLST.  

 

Tab. 1: Number of ESBL-Ec isolates per ST with more than three members. The ST was 
determined based on the pubMLST database using the “Achtmann scheme”.  

ESCL-Ec ST 131 1193 88 10 648 744 69 410 405 1585 1642 224 2599 354 

Number 
of isolates 

144 12 9 8 8 5 5 4 4 3 3 3 3 3 

 

Furthermore, a diverse array of the fimH allele types were identified. I found fimH30 

to be the most prevalent (61 %, n = 142), followed by fimH27 and fimH54 (Fig. 4). 

The large fraction of fimH30 type isolates corresponds to the high number of ST131 

clade C isolates, which are commonly carrying this allele (JOHNSON ET AL. 2013). The 

fimH30 allele may contribute to ST131 fitness in the urinary tract (KAKKANAT ET AL. 

2015). In accordance, also in the present study a high rate of ST131 strains were 

isolated from urine samples (68 %).  

In addition, isolates were characterized regarding the presence of genes conferring 

the ESBL phenotype. As expected, the majority (231) of the 234 ESBL-Ec isolates 

harbored a blaCTX-M gene. blaCTX-M-27 was detected in 29 % of the isolates and 

blaCTX-M15 in 51 % (Fig. 4). Both blaCTX-M genes have been shown to be 

associated with the ST131 subclade C1 and C2, respectively. Other blaCTX-M 

genes were less frequently identified: blaCTX-M-1 in 6 %, blaCTX-M-14 in 5 % and 

blaCTX-M-55 in 3 % of the isolates. blaCTX-M-3 was detected in only one isolate and 

blaCTX-M-2 in two. Six isolates carried more than one blaCTX-M gene. Of these, five 
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harbored blaCTX-M-27 in combination with a second blaCTX-M gene. In five isolates 

I detected only parts of blaCTX-M genes (below 90 % coverage), which could be due 

to incomplete assemblies. In three isolates, I found no blaCTX-M gene. Of these, 

one isolate was susceptible to 3rd generation cephalosporins (ec_00021), as was 

discovered later on as the phenotypic resistance profile was obtained from the 

laboratory of the hospital. The other two isolates (ec_00012, ec_00161) would need 

further examination to find genomic ESBL resistance determinants.  
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Fig. 4: ML phylogenetic tree of 234 clinical 
ESBL-Ec isolates.  
Based on genome alignment obtained with parSNP.  
ST band: MLST based on typing using pubMLST. 
CTX-M band: presence of blaCTX-M alleles 
fimH band: fim typing result 
sample band: material from which the isolates have 
been obtained. Wound swab also contains 
intraoperative samples. 
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In addition to the 234 ESBL-Ec isolates, 60 ESBL producing K. pneumoniae spp. 

pneumoniae isolates were analyzed via WGS. Of note, three of those isolates were 

originally identified as E. coli but were re-classified as K. pneumoniae based on the 

WGS results. The ESBL-Kp strains were isolated from overall 49 patients. 41 

patients were sampled only once, while 19 isolates were obtained from patients, 

who were sampled multiple times. In total, eight patients (16 %) developed an 

infection with ESBL-Kp 48 h after admission to the hospital (nosocomial), 23 (46 %) 

carried the isolate upon admission or had a record of permanent ESBL carriage and 

for 19 patients (38 %) this information was not available, because they were treated 

in peripheral houses. 

As for the E. coli isolates, an assembly-based core genome alignment and a ML 

tree was constructed for the 60 ESBL-Kp isolates (Fig. 5). The core genome 

alignment had a length of 4.218.051 bp (corresponding to 77 % core positions of 

the total alignment). 

In total, 17 different STs were assigned to the ESBL-Kp isolates. ST1626 and ST14 

were the most frequently detected STs with eleven and ten isolates, respectively. 

18 isolates belonged to STs that were found only once or twice or were not typeable 

(Tab. 2). Among the ESBL-Kp isolates of the single STs less variation was observed 

compared to the ESBL-Ec isolates (Fig. 5). 

 

Tab. 2: Number of ESBL-Kp isolates per frequent ST. The ST was determined based on the 
pubMLST database.  

ESBL-Kp ST 1626 307 14 48 22 13 15 281 395 45 

Number of isolates 11 9 10 7 5 2 2 2 2 2 

 

As observed for the ESBL-Ec isolates, mostly blaCTX-M-15 genes (in 57 out of the 

60 isolates) were found in ESBL-Kp (Fig. 5). In one isolate, blaCTX-M-14, and in one 

isolate blaCTX-M-1 and fragments of blaCTX-M-101 and blaCTX-M-103 were 

detected. Unfortunately, no phenotypic resistance profile was obtained from the 

hospital for the isolate without a blaCTX-M gene.  
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Fig. 5: ML phylogenetic tree of 60 clinical 
ESBL-Kp. 
Based on genome alignment obtained with 
parSNP.  
ST band: MLST annotation based on typing 
using pubMLST.  
CTX-M band: Presence of blaCTX-M alleles 
sample band: Material from which the 
isolates have been obtained. Wound swab 
also contain intraoperative samples.  
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2.1.3 ST specific accessory genome in ESBL producing isolates  

Information on variations in the accessory genes can be exploited in addition to the 

core genome analysis in order to obtain a high-resolution view on the evolution of 

bacterial populations (MCNALLY ET AL. 2016; SCHÜRCH ET AL. 2018). I therefore determined 

the pangenome of the clinical isolates. For the ESBL-Ec strains, the pangenome 

contained in total 15414 genes, 12542 of which (81 %) belonged to the accessory 

genome (i.e. present in < 100 % of strains). A large proportion (7504 corresponding 

to 49 %) of the accessory genes were present in 5 % or less of the strains, while 

4704 genes were common accessory genes (i.e. present in 5 – 95 % of strains). 

The pangenome of the 60 ESBL-Kp isolates contained 10065 genes, 60 % of which 

(6084 genes) were accessory genes (i.e. present in < 100 % of strains). Among the 

accessory genes 32 % (3260 genes) were rare (present in 5 % or less of the 

isolates) and 25 % (2506 genes) were commonly detected (in 5 - 95% of the 

isolates). 

Figure 6 depicts the gene accumulation curves of the ESBL-Ec and ESBL-Kp 

pangenomes, which illustrate open pangenomes for both species. Nevertheless, 

the ESBL-Ec pangenome accumulation slope appears to be leveling off. This 

indicates that with the diversity of 234 sequenced isolates considered, fewer new 

genes will be discovered by sequencing additional isolates. However, the overall 

diversity is likely underestimated due to the overrepresentation of ST131. The 

observed ESBL-Kp genomic diversity, exhibits a steeper slope, which can partially 

be explained by the fact that no ST is strongly overrepresented. However, the 

ESBL-Kp curve begins to flatten more than observed for ESBL-Ec isolates. Due to 

the smaller sample size, the asymptotic state is not reached yet, emphasizing the 

discovery of increasing diversity with further sequencing of isolates.  
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Fig. 6: Pangenome accumulation curve.   
234 clinical ESBL-Ec (red) and 60 ESBL-Kp isolates (blue). ESBL-Ec curve based on 15414, ESBL-
Kp curve based on 10065 gene counts. 

 

The overall presence/absence pattern of the commonly found accessory genes of 

both species largely reflected the affiliation to a particular ST (Fig. 7, Fig. 8). This 

indicates that phylogenetically closely related isolates tend to have similar 

accessory genomes. However, for the ESBL-Ec isolates, this observation is strongly 

influenced by the overrepresentation of ST131. Both, ST131 and ST1193 revealed 

very distinctive patterns, which differed clearly from the isolates of the other STs. 

For the ST131 subclades C1 and C2, a specific set of common accessory genes 

became apparent. In line with this findings, and in accordance with the current 

literature (BIELECKI ET AL. 2014; BRUCHMANN ET AL. 2015; DECANO AND DOWNING 2019; RASKO ET AL. 

2008) the strain pairwise gene content differences (Jaccard distances) between the 

clinical isolates and the pairwise SNP distances in their core genes were 

significantly correlated. While the Pearson correlation coefficient was 0.92 (p-

value = 0.001, Mantel test) for the ESBL-Ec isolates, it was slightly lower for the 

ESBL-Kp isolates (Pearson correlation coefficient = 0.81, p-value = 0.001). 
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Fig. 7: Presence/absence matrix of 4704 common accessory genes (5-
95 %) of ESBL-Ec isolates.  
Left: ML tree based on core genome alignment. ST131 subclades and specific 
accessory genes are separated by black line. 
Top: clustering of genes (columns). Strains that were not typeable or belonged to 
STs with 3 or less members were summarized. 

Fig. 8: Presence/absence matrix of 2506 common accessory genes (5-
95 %) of ESBL-Kp isolates.  
Left: ML tree based on core genome alignment.  
Top: clustering of genes (columns) Strains that were not typeable or 
belonged to STs with 3 or less members were summarized. 
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2.1.4 High resolution phylogeny  

In order to enhance phylogenetic resolution, I concentrated on the comparative 

analysis of closely related isolates to increase the proportion of phylogenetically 

informative core positions. Therefore, I performed a reference mapping for isolates 

of each of the major STs of both species. If no genome was publicly available for a 

ST, I applied long read sequencing to a representative of each of the ST to obtain 

closely related high quality reference genomes. For ESBL-Ec ST131, ST1193, 

ST88, ST410 and ST648 I generated own reference genomes while for ST69 and 

ST10 clonal complex I used external publicly available reference genomes (Tab. 3). 

For ESBL-Kp isolates of ST1626, ST22 and ST48 I also generated closed reference 

genomes, only for ST307 I found a publicly available reference (Tab. 3). From the 

generated hybrid assemblies or publicly available reference genomes, the plasmids 

were excluded. After the short read mapping, regions of recombination were filtered 

out and a ML phylogenetic tree was generated. Finally, the pairwise SNP distances 

between isolates of each ST were determined on the basis of a final alignment, 

which does not contain gaps or invariant sites. Overall, for 203 ESBL-Ec isolates as 

well as 32 ESBL-Kp isolates the ST based core genome analysis was 

accomplished.  

 

Tab. 3: ST specific mappings. Species shows whether ESBL-Ec or ESBL-Kp isolates are 
considered. % core indicates the number of core positions that were present in all isolates of the 
ST based on the closed reference genome. Max. SNP dist. is the highest difference between any 
two isolates of that ST.  

Species ST Reference genome 
Number 

of isolates 
Max SNP 

dist. 
core positions 

Ec 131 ec_00010 144 362 91 % 

Ec 1193 ec_00020 12 112 98 % 

Ec 88 ec_00034 9 1030 89 % 

Ec 410 ec_00122 4 139 92 % 

Ec ST10 cc. External (accession: GCA_000814145.2) 21 434 89 % 

Ec 69 External (accession: GCA_902668645) 5 289 89 % 

Ec 648 ec_00012 8 268 91 % 

Kp 1626 kp_00050 11 53 99 % 

Kp 307 External (accession: CP046612) 9 230 92 % 

Kp 22 kp_00122 5 12 98 % 

Kp 48 kp_00020 7 87 97 % 
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2.1.5 SNP threshold: phylogeny and similarity 

In order to determine transmission events, sub-clusters of isolates were 

investigated further for the likeliness of potential transmissions. In the present study, 

the cut-off to identify those sub-clusters was set to ten SNPs pairwise difference 

(SCHÜRCH ET AL. 2018). To evaluate this threshold I analysed the pairwise SNP 

difference distribution as well as the intrapatient variation based on the high 

resolution phylogeny.  

96 of the 234 ESBL-Ec isolates were derived from multiple samplings from single 

patients. Arbitrarily patient identification letters were given to them. Many of them 

were recovered from different body sites, some of them as part of a screening. The 

median sampling interval was nine days with a maximum of ten months between 

the first and the last isolate of a patient. ESBL-Ec isolates of up to three different 

STs were recovered from a single patient (Patient AA, Tab. S. 1). From this patient 

three different STs from three urine samples (mid-stream urine) with at least a 

month in between the samplings were recovered. Three patients (AC, AD, BN) 

harbored ESBL-Ec isolates that belonged to two different STs. The median SNP 

difference between ESBL-Ec isolates from the same ST from the same patient was 

one, while the maximum SNP difference was 57 (Fig. 9). Three ESBL-Ec isolates 

of the patient, that exhibited the highest pairwise SNP difference in the same ST, 

were recovered from urine samples (from midstream (MSU) or catheter urine (CU)), 

with up to ten month in between the samplings (patient AR, Fig. 10). These findings 

could be indicative of the presence of different subpopulations. However, also a re-

infection from the same source cannot be excluded. The second patient (AP) whose 

ESBL-Ec isolates exceeded the threshold was sampled on two consecutive days. 

The isolates were from a nasal swab and ascites infection, respectively.  
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Fig. 9: SNP differences between ESBL-Ec Patient replicate samples.   
Numbers in white spaces between the isolates IDs are pairwise SNP distances, if no spaces are 
between isolates, the SNP distance is zero.  

 

Fig. 10 depicts the SNP difference between ESBL-Ec isolates of each major ST, for 

which the high-resolution analysis was carried out. The pairwise SNP distribution of 

ST131 isolates can be found in Fig. S 1. Most of the isolates that were recovered 

from the same patient and belonged to the same ST did not differ in more than ten 

SNPs. Only four isolates from two patients were above this threshold. The 

distribution of SNP differences between ESBL-Ec isolates is shaped by a high 

number of highly similar isolates from the same patients that are below ten SNPs 

as well as increasing numbers of isolates from different patients that are differing 

by more than 20 SNPs. Thus the threshold of ten SNPs pairwise differences for the 

initial detection of clonal isolates in an outbreak cluster (SCHÜRCH ET AL. 2018) seems 

reasonable. Accordingly, sub-clusters of ESBL-Ec ST131 isolates revealed a 

gradually increasing similarity, rather than a clearly elevated distance to 

phylogenetically unrelated clades (Fig. S 2). Hence an expanded analysis should 

be considered for isolates that differ by up to 20 SNPs and are potentially involved 

in transmission clusters.  
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Fig. 10: Pairwise SNP difference distribution between ESBL-Ec isolates of major STs on 
which mapping was performed (< 80 SNPs).  
Dark red: pairs of isolates from the five patients that have been sampled repeatedly. Asterisks 
highlight isolate pairs from the same patient (AR), which were identified with the highest SNP 
distance. SNP distances to references were not considered. 

 

Interestingly, in patient AQ I detected no core genome SNPs between two isolates 

(ec_00149, ec_00162), but the later isolate had an additional blaCTX-M-15 copy. 

Also in patient AX, I found one isolate with an additional blaCTX-M-1 gene. Both 

cases could be acquisitions via HGT and highlight the potentially valuable 

information that can be obtained by analyzing core and accessory genes.  

 

14 of the 32 ESBL-Kp isolates of major STs were multiple isolates from six single 

patients. The median sampling interval was 22 days with a maximum of five months 

between the first and the last sampling. The SNP differences between these 

patients’ replicates ranged from 1 – 19 SNPs, but the observed median difference 

was only four SNPs. The ESBL-Kp isolate pair of patient AJ exhibited the highest 

SNP difference of all intrapatient pairs (19 SNPs, Fig. 11). It was obtained within 

three days in a peripheral hospital, but no further information on the sample material 

is available. Isolates of the major STs of ESBL-Kp revealed no clear local minimum 

in the distribution of observed pairwise SNP distances, indicative of sub-clusters of 
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closely related isolates, which could have been due to recent direct transmissions 

(Fig. 11). However, most of the patients replicates differed by less than ten SNPs 

from each other, therefore this threshold was applied for further analysis of 

presumed transmission clusters (SCHÜRCH ET AL. 2018). 

 

 

Fig. 11: Pairwise SNP difference distribution between ESBL-Kp isolates of major STs on 
which mapping was mapping performed.  
Dark green: pairs of isolates from the six patients that have been sampled repeatedly. Distances to 
references were not considered. 
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2.1.6 ESBL-Ec genomic epidemiology 

In order to characterize patient-to-patient transmission dynamics of ESBL producing 

isolates in the hospital I assessed both the high-resolution genomic phylogeny as 

well as the clinical epidemiological data. 

The high-resolution ML tree of 144 clinical ESBL-Ec ST131 isolates is depicted in 

Fig. 12. The high-resolution ML trees of other STs of both ESBL-Ec (ST1193, ST88, 

ST410, ST648, ST69 and ST10 clonal complex) and ESBL-Kp (ST1626, ST22, 

ST307 and ST48) can be found in the supplementary material (Fig. S 8 - 10, digital). 

The ST131 isolates were recovered from 109 patients. Only five ST131 isolates 

were non-C clade isolates and did not belong to the globally dominant 

fluoroquinolone resistant (MATHERS ET AL., 2015A) C1 (54 isolates) or C2 (83 isolates) 

clade. In the five outlier isolates, I identified fimH22 (characteristic for clade B) and 

fimH41 alleles (clade A). In accordance with the literature (MATHERS ET AL., 2015A), 

these ESBL-Ec isolates exhibited a lower level of ciprofloxacin resistance (minimal 

inhibition concentration (MIC) = 1 ng/µL) compared to members of the C-clade 

(MIC ≥ 4 ng/µL). Within the C1 and C2 sub clades, I observed a maximum SNP 

distance of 97 and 130, respectively, while the clades were separated by a mean 

distance of 62 SNPs. The maximum SNP distance among two ST131 strains was 

362 SNPs.  

The ML tree (Fig. 12) shows that 75 of the 144 clinical ST131 isolates fall into 20 

sub-clusters (SC), in which the isolates differed by less than ten SNPs pairwise 

distance. While many of the isolates within those ST131 SC were recovered from 

the same patients, all 20 SC contained isolates from at least two different patients 

(Fig. S 8, digital). In 58 cases, patients were considered as carriers of ST131 

isolates at the time of admission to the hospital. The infection of 20 patients, caused 

by an ST131 isolate was classified as nosocomial. However this information was 

not available for 31 patients from external hospitals. The investigation of the other 

ESBL-Ec STs (ST1193, ST88, ST410, ST69, clonal complex ST10) also revealed 

SCs of isolates with less than ten SNPs pairwise distance recovered from different 

patients (Fig. S 9, digital). If isolates within a SC were recovered from patients from 

the same ward, I analyzed if they were staying at that ward in the central hospital 

together at the same time. If the isolates were obtained from external hospitals, the 
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ward where the sample was taken is known but not how long patients stayed there 

or if they stayed for overlapping times.  
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Fig. 12: ML phylogenetic tree of ESBL-Ec 
ST131 isolates. 
Clade A isolate ec_00140 was set as root. 
Clade B branch has been shortened. 
Replicate samples are shown in smaller fond 
size. Patients replicate samples are indicated 
by isolate name suffixes. ec_00010 was used 
as reference. 
Outer band: presence of CTX-M genes, rare 
corresponds to CTX-M-2 or -3. Fragmented: 
< 90 % coverage 
Inner band: Status of carriage upon 
admission. Nosocomial: isolates were 
obtained > 48 h after admission. Brought: 
isolates obtained < 48 h after admission. 
External: isolates from peripheral houses 
without information.  
Numbers indicate sub-clusters that are < 10 
SNPs. 
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Remarkably, ST131 sub-cluster 1 (SC-1) comprised six strains which were 

recovered from three patients. Those three patients were treated on the same 

intensive care unit (ICU) simultaneously, and all strains were recovered within a 

short time period (one month). The six strains did not differ in more than three SNPs, 

thus showing a very close relationship (Fig. S 8 digital, example excerpt shown in 

Fig. 13). These data indicate that a direct patient-to-patient transmission could have 

taken place.  

Additionally, I found two sub-clusters among ST69 and ST1193 isolates that were 

obtained from patients who could have had contact. The three isolates of SC-

ST1193 were obtained from two patients, who were treated on the same ICU at the 

same time (Fig. S 9 digital). These obtained isolates differed by four SNPs. For the 

three closely related isolates of SC-ST69 there is evidence for direct patient-to-

patient transmission, as they were isolated from a mother and her premature infant. 

The corresponding SNPs pairwise distance was only two. In line with this 

observation, ESBL colonization of mothers has been shown as the most important 

risk factor of ESBL transmissions to premature infants previously (DENKEL ET AL. 2014).   

Closer inspection of the other ST131 SCs revealed that albeit the fact that the 

strains were closely related (less than ten SNP difference) the patients from whom 

the isolates were recovered were not hospitalized at the same time in the same 

ward. In five ST131 SCs (SC-3, SC-4, SC-7, SC-10 and SC-19) the patients were 

even treated in different hospitals, thus making a direct patient-to-patient 

transmission unlikely. Additionally, isolates of those clusters were classified as 

imported. 

Furthermore, two clusters of closely related isolates contained both: isolates 

designated as causing nosocomial infections as well as isolates from external 

hospitals (ST131 SC-12, ST131 SC-17). This may indicate that the nosocomial 

isolates could be in fact be imported because the infection source is more likely 

outside of the different hospitals.  

In total 75 ST131 isolates fell into 20 sub-clusters. Of those SC-1, as explained 

above contained isolates that were obtained on the same ward. In addition, four 

isolate pairs (each in SC8, SC11, SC15 and SC18) were obtained from patients that 

stayed on the same ward with other patients whose isolates belonged to the SC. 
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However, a direct transmission in the hospital seems unlikely as the strains of those 

sub-clusters were either isolated 96, 84, or 331 days after the isolation of the 

nearest neighbor within the cluster. Furthermore, patients in the central hospital 

(SC-11,SC-15, SC-18) stayed not for overlapping times on the wards. In case of 

SC15 (22 days), both patients were already admitted with the isolates, underlining 

that there was no direct patient-to-patient spread.  

 

Fig. 13: Example SCs of ESBL-Ec. Full analysis of SCs can be found in Fig. S 8. 
w: ward the patient was located on at the time the sample was taken (blue fill: same ward, white 
different ward), h: hospital (yellow: central; red: external), ID: Patient ID, if sampled repeatedly 
noso: isolate brought to the hospital (light orange), appeared nosocomial (orange), no information 
available (grey) 

 

Interestingly, two isolates of the ST10 clonal complex, which were obtained on 

consecutive days from different patients, one stationary and one outpatient, 

appeared identical (0 SNPs difference). Both isolates were from swabs taken during 

surgery. A patient-to-patient transmission within the hospital is unlikely, but an 

intermediate infection source e.g. in the surgical ward cannot be excluded.  

Overall, from the 203 ESBL-Ec isolates, the investigation indicated that only twelve 

might have been involved in direct patient-to-patient transmission events in the 

hospital as they were supported by epidemiological links. These isolates were found 

in three SCs comprised of isolates with up to four SNPs pairwise distance.  

Interestingly, the median days between the isolation of any of two strains belonging 

to one of the 20 ST131 SCs (104 days) and those of the strains outside of the SC 

(110 days) were not significantly different (Wilcoxon rank sum test, p-value = 0.34). 

Also, if the SC of the other ESBL-Ec ST types were included in this analysis, no 

significant difference in the time interval between the isolation of closely related as 

opposed to more distantly related strains was observed (98 versus 110 days, 
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Wilcoxon rank sum test, p-value = 0.09). Given these results, there does not seem 

to be a temporal association in the isolation of more closely related strains. Thus, 

these findings argue against direct patient-to-patient transmission in the hospital. 

Previous studies also confirm that patient-to-patient transmission of ESBL-Ec in the 

hospital appears infrequently (HILTY ET AL. 2012; SALIPANTE ET AL. 2015). 

 

Context of external ESBL-Ec isolates 

To contextualize the phylogeny of the clinical isolates I screened publicly available 

databases for genomic sequences of other ST131 E. coli isolates from Germany. I 

found 36 strains, which were isolated from 2010 to 2016 from human sources and 

included them in the analysis (study accessions: PRJEB21171, PRJNA387731, 

PRJEB23663; (GHOSH ET AL. 2017; PIETSCH ET AL. 2018)). Many of these external isolates 

formed distinct clades. However, some appeared to have common ancestors with 

isolates of the present study and were found in nested clades, comprised of external 

and internal isolates (Fig. S 3). The median observed SNP distances between any 

isolate of this study and the external isolates was 32.  

External isolates from meat and livestock were not part of the C clade, but formed 

a separate clade (e.g. ERR2205909). However, the clinical isolate ec_00105 

clustered with four human clinical isolates, which have been isolated in 2015 from 

western and southern Germany (ERR1999747,-742,-724). ec_00105 differed only 

by eight and twelve SNPs from the nearest external isolates, respectively. 

Furthermore, there seems to be another common ancestor for ERR1999754 and 

isolates of SC15 (minimum SNP distance seven SNPs) as well as for ERR1999756 

which clusters together with isolates of patient AN (ec_00220/ec_00223). 

Moreover, eight isolates clustered with three external isolates (ERR1999760, 750, 

-757). In this mixed clade, my isolates appeared more recent than the external ones 

and formed distinctive sub clades. However, the branching structure supports a 

common ancestor of ERR1999760 (isolated in 2011 from Berlin) and four isolates 

of this study (ec_00029, 00066 and two strains of patient BA: ec_00186, ec_00155), 

which differed by 12 – 16 SNPs (Fig. S 3). 

Despite generally close phylogenetic relation between ST131 clade C isolates of 

the present study and the older external isolates, I determined only four mixed 

clades. The close relation in those cases indicates a common origin and suggests 
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the presence of regionally circulating clones. Moreover, the ST131 population also 

appears to be shaped by multiple introductions of different clones, as shown by the 

high number of distinctive subclades between the studies. 

To contextualize the findings for ST88 I examined my isolates together with publicly 

available WGS data of ST88 strains from a vegetable food source of the same 

region from 2017 (n = 5, Cilantro from Braunschweig and Magdeburg (REID ET AL. 

2020)). The pair of isolates from patient BI appeared to have a common ancestor 

with these (Fig. S 4). However, the isolates of patient BI differed from all the other 

clinical isolates by more than 1000 SNPs and the vegetable isolates formed a 

distinctive clade, which was > 800 SNPs from patient BI isolates. This demonstrates 

that the ST88 isolates from those food products are not responsible for human 

infections observed in this study. 

 

2.1.7 ESBL-Kp genomic epidemiology 

Between the 32 strains of ST1626, ST22, ST48 and ST307 I detected four sub-

clusters, consisting of isolates from different patients, which are below the similarity 

threshold of ten SNPs (Fig S 10, digital).   

ESBL-Kp isolates of ST22, obtained from three patients, were very closely related, 

differing only by up to twelve SNPs. Of these, two patients stayed in the same room 

together for six days (August 2019). During this stay one patient was diagnosed 

with a urinary tract infection with ESBL-Kp. Unfortunately this isolate was not 

recovered, only the isolate of a second stay eight month later was obtained (April 

2019). A potential transmission event during their stay together cannot be excluded, 

because the later isolate showed a high phylogenetic relatedness to patient AHs 

isolates. From patient AH three ST22 ESBL-Kp isolates were subsequently isolated. 

However, the third patient with ST22 ESBL-Kp of the cluster (kp_00103) was not 

on the same ward with the other two patients (isolate obtained in December 2019, 

Fig. 14). Although a transmission event between two of the patients was possible 

inside the hospital, the connection to the third patient with an isolate of this cluster, 

remains unclear. As this person likely had no direct contact to the other two in the 

hospital, another infection source probably exists. 
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Fig. 14: Hospital stays of patients with ESBL-Kp isolates of ST22.  
Five isolates were obtained from three patients. Color block columns show the time of the stay in 
the hospital of the respective patient (rows). The month in which the respective isolate was obtained 
is given. NA: isolate not available. 

 

Two SC of ST307 differed in the mean by 22 SNPs. One of these consisted of 

isolates of patient AB, isolates of the second clade came from two different patients. 

However, the close phylogenetic relation of the SC indicates the presence of a 

single recent common origin.  

ESBL-Kp isolates of the other sub-clusters of ST1626, ST48 and ST307 were not 

obtained from patients that were accommodated on the same wards, making direct 

transmission between them very unlikely. Particularly, sub-cluster isolates of 

ST1626 were derived from patients who have been admitted over 6 months to 

different hospitals. In this case, the long time in between and the additional SNPs 

acquired by more recent isolates compared to early isolates (up to eight SNPs) 

support an infection from a common source outside the hospital (Fig. S 10, digital). 

Similar to the observations for ESBL-Ec isolates the median difference of the days 

between the isolation of two strains belonging to the sub-clusters of ESBL-Kp 

isolates (102 days) was similar to those of the strains outside of the sub-cluster 

(104 days). This indicates that direct patient-to-patient transmissions during the 

patients stay in the hospital are unlikely.  Overall, I could determine only one 

possible link between patients with closely related ESBL-Kp isolates. Similarly in a 

recent study conducted over one year in a non-outbreak situation, the authors found 

half of the cases to be hospital acquired but could not establish an epidemiological 

link between the patients or environmental samples they found closely related 

(XERCAVINS ET AL. 2020).  

The rate of isolates in clusters that can be explained by direct transmissions in the 

hospital in the present study was generally low in both ESBL producing species. 

Indeed, half of the patients carried ESBL-Ec (50 %) or ESBL-Kp (46 %) isolates 

upon admission or had a record of prior infection with these species. My findings 

point out that patient-to-patient transmissions within the hospital happen in-

frequently.   

ID *Aug Sep Oct Nov Dec Jan Feb Mar Apr May

Pat.kp_00122 1st ESBL-Kp NA kp_00122

AH same  room kp_00059 kp_00107 kp_00118

Pat.kp_00103 kp_00103
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2.2 Discussion  

In pathogen surveillance, the high resolution in phylogenetic reconstruction 

obtained with WGS has confirmed its great importance. Additionally, genomic 

information on important traits like AMR and virulence can be obtained from WGS 

data (CROUCHER ET AL. 2013; DECANO AND DOWNING 2019; SCHÜRCH ET AL. 2018). By optimizing 

a WGS library preparation protocol I was able to establish a cost-effective high 

trough put workflow for the generation of Illumina short read sequences from clinical 

isolates. Based on the generated short read WGS data as well as by generating 

several complete closed references genomes I accomplished a high-resolution 

phylogeny of clinical ESBL producing isolates. To unravel transmission dynamics 

among patients carrying ESBL-Ec or ESBL-Kp isolates I assessed both the clinical 

epidemiological data and the phylogenetic relatedness of isolates. Furthermore, I 

gained insight into the present population structure of these species as well as 

accessory and core genomic organization. 

 

2.2.1 Population structure of ESBL producing clinical isolates  

The epidemiology of ESBL-producers has shifted from ESBL-Kp in the 1980/90s to 

the predominance of ESBL-Ec, particularly ST131 clade C, nowadays (CANTÓN ET AL. 

2008; PETTY ET AL. 2014; PRICE ET AL. 2013). Within a year of study of a large community 

hospital in a non-outbreak setting 60 ESBL-Kp and 234 ESBL-Ec were recovered 

and subjected to WGS analysis. I found an ESBL-Ec population that is clearly 

dominated by the ST131 clonal lineage. In contrast the ESBL-Kp population 

consisted of multiple lineages, without clear dominance of a single ST.   

During the early 2000s, the rapid global dissemination of ESBL-Ec ST131 started 

(MATHERS ET AL., 2015A). It is suspected to have emerged in North American hospitals 

and has since then been detected globally in samples with human association. 

ST131 is overrepresented among ESBL producing and fluoroquinolone resistant 

clinical isolates with a prevalence of 50 – 60 % (BANERJEE AND JOHNSON 2014). Also in 

the present study, ST131 isolates were obtained from 60 % of the patients. Most 

ST131 isolates carried the fimH30 allele and belonged to the C clade, clade A and 

B with fimH41 and fimH22, respectively, were less prevalent. My findings are in 

accordance with previous data from hospitals in Germany (PIETSCH ET AL. 2017).  
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A variant of the ST131 C lineage, the C1/H30R subclade, carrying blaCTX-M-27,was 

described for the first time in 2016 in Japan (MATSUMURA ET AL. 2016). In German 

hospitals, this variant has also been increasingly found (GHOSH ET AL. 2017; MERINO ET 

AL. 2018). Gosh et al. suggested a recent introduction and clonal spread across 

Europe. Not only in infections, but also among colonizing isolates differences in the 

frequencies of ST131 C1 and C2 subclade isolates across European hospitals 

became apparent (MERINO ET AL. 2018). The authors found that C1/H30R1 was 

prevalent in 50 % of the isolates in Geneva, but detected less often in Berlin, Utrecht 

and Madrid. In the present study, of all patients from whom ST131 isolates were 

obtained (n = 109) I found that 36 % (39) harbored C1, highlighting a high 

prevalence of the C1 clade. The increased frequencies are enigmatic, especially as 

C1 clade isolates exhibited a higher susceptibility to amikacin and penicillin/inhibitor 

combinations than C2 clade isolates (MERINO ET AL. 2018). Bevan at al. speculated that 

a higher transmissibility in the hospital environment might contribute to its 

increasing prevalence (BEVAN ET AL., 2017).  

Isolates of ST1193 have been found worldwide since 2012, and were detected in 

Germany for the first time in 2015 (VALENZA ET AL. 2019). They are strongly associated 

with humans, but have also been occasionally reported from companion animals 

(KIDSLEY ET AL. 2020). In accordance with other studies (JØRGENSEN ET AL. 2017; 

TCHESNOKOVA ET AL. 2019; VALENZA ET AL. 2019), all my ST1193 isolates were resistant to 

the fluoroquinolone ciprofloxacin (MIC ≥ 4 ng/µL). However in contrast to my 

findings, previous studies describe ST1193 to exclusively carry fimH64 alleles 

(TCHESNOKOVA ET AL. 2019; VALENZA ET AL. 2019). In fact, the fimH64 allele has been 

suggested as a highly specific ST1193 clonal marker (TCHESNOKOVA ET AL. 2019). In 

contrast, I determined fimH1550 in all ST1193 isolates. Additionally, I detected four 

different blaCTX-M alleles in twelve ST1193 ESBL-Ec isolates, which could indicate 

a diverse accessory genome. My findings confirm that this ST is becoming more 

frequent among clinical ESBL-Ec isolates, because I found ST1193 to be present 

in 5 % of the patients. Taken together, my findings indicate that the global ST1193 

population might not be dominated by a single successful clone and point to a higher 

genomic diversity than has been described previously.  

Other studies from hospitals in Europe have described different prevalences of 

ESBL-Kp STs (LEPUSCHITZ ET AL. 2019; SURLEAC ET AL. 2020; XERCAVINS ET AL. 2020). In the 
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present study I found four major ST in the ESBL-Kp population, those were ST1626, 

ST14, ST307 and ST48.  

The K. pneumoniae epidemic high-risk clones, which are responsible for a high 

number of dramatic outbreaks, are mostly carbapenem resistant (MATHERS ET AL. 

2015B; NAVON-VENEZIA ET AL. 2017). Of those, ST258 is the most important one. No 

isolates of the present study were carbapenem resistant, however three belonged 

to the high-risk lineages ST15 and ST17. Nevertheless, ST48, ST14 and ST307 

have also been recognized as important international outbreaks clones (MSHANA ET 

AL. 2013; NAVON-VENEZIA ET AL. 2017). All of those STs were found in the present study. 

ST307 appears to be an emerging carbapenemase-producing lineage which is 

associated with blaCTX-M-15 (WYRES ET AL. 2019). Also a recent outbreak of this clone 

was detected in northern Germany (HEIDEN ET AL. 2020). Here, I found nine isolates of 

this ST, however those isolates were carbapenem susceptible, but also harbored 

blaCTX-M-15.  

Eleven ESBL-Kp isolates of the present study belonged to ST1626. Interestingly, to 

my knowledge, no studies are published on K. pneumoniae ST1626. Furthermore, 

I found only one ST1626 submission in NCBI (accession number: 

GCF_00822225.1). It has been isolated in an Italian hospital and the ST was 

determined in a comparative study later on (FAJARDO-LUBIÁN ET AL. 2019; GAIARSA ET AL. 

2015). Also in a recent study from Italy, the most prevalent ST (ST170) in the hospital 

was so far undescribed and isolated from humans for the first time (XERCAVINS ET AL. 

2020). The regional patterns in ESBL-Kp distribution found in the present and 

described by Xercavins et al. indicate an endemic situation of these ESBL-Kp STs. 

Regarding the antibiotic resistance genotype, ESBL-Kp isolates were mostly 

harboring blaCTX-M-15. This results is in agreement with previous studies and 

corroborates the extensive distribution of the enzyme among clinical ESBL-Kp 

isolates of many different STs (CANTÓN ET AL. 2012; XERCAVINS ET AL. 2020).  

 

2.2.2 Observed pangenome structures 

E. coli and K. pneumoniae are species with high accessory genome plasticity, 

meaning they have open pangenomes (HOLT ET AL. 2015; SALIPANTE ET AL. 2015). 

Sequence variations in the accessory genome potentially add phylogenetic 
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information to those in the small fraction of core genome positions of this species 

(CROUCHER ET AL. 2013; MCNALLY ET AL. 2016; RASKO ET AL. 2008). To describe the clonal 

genomic variation landscape, I performed a pangenome analysis.  

Both species revealed an open pangenome and a large fraction of common 

accessory genes. Nevertheless, the gene accumulation slope of the 234 ESBL-Ec 

isolates appeared to slow down. However, the strain collection covered only a very 

restricted diversity of ESBL-Ec isolates. First of all, ST131 isolates were 

overrepresented. Additionally, many patient replicate strains were included and the 

time and spatial collection frame was narrowed to one year and one hospital. The 

accessory genomic variation of ESBL-Kp isolates was only covered to a small 

fraction in the present study, probably as fewer isolates were sequenced.   

In my collection of clinical ESBL producing isolates, I found ST-specific accessory 

genomes, which confirms previous findings (DECANO AND DOWNING 2019; HOLT ET AL. 2015; 

MCNALLY ET AL. 2016). Although the result is strongly influenced by overrepresentation 

of certain ESBL-Ec STs and a high number of clonal isolates, the strong correlation 

reflects the adaptive evolution of the core genome regions to the acquisition and 

maintenance of different accessory genome elements (MCNALLY ET AL. 2016).  

The accessory genome information can be used to obtain a higher resolution into 

plasmid, ESBL gene and MGE changes (DECANO AND DOWNING 2019; LANZA ET AL. 2014). A 

pangenome analysis might be particularly relevant for further insights into genomic 

virulence and AMR determinants. 

 

2.2.3 SNP cutoff: similarity and phylogeny 

To detect outbreak clusters based on the similarity of isolates in a phylogenetic 

analysis, some rule-of-thumb thresholds exist for certain organisms. By including 

epidemiologically linked as well as unlinked cases, I evaluated the similarity 

threshold. In the present study, I confirmed the ten SNPs pairwise difference cut-off 

suggested by SCHÜRCH ET AL. (2018) to be generally appropriate. This allowed me to 

determine the likeliness of direct patient to patient transmissions inside the hospital.  

Here, I found many clusters of closely related isolates (< ten SNPs). Most of them 

were isolates from patients that have been sampled repeatedly. In four clusters I 

found an epidemiological link in form of a possible contact event between them. The 
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epidemiological links in these cases support a patient-to-patient transmission. The 

variability among isolates of those clusters was up to four SNPs. The findings 

confirm that the similarity threshold is generally suitable for the initial detection of 

presumed outbreaks.  

ESBL-Ec and ESBL-Kp isolates from patients that were sampled repeatedly 

showed generally a low SNP distance (< ten SNPs). However, several variations 

were observed among those isolates: 

i) Some isolates of the same ST of the same patient exceeded the similarity 

threshold (two patients with ESBL-Ec; one patient with ESBL-Kp). The 

phylogeny in these cases confirmed a common ancestor. They may be 

re-infections or indicate the presence of different sub-populations that 

developed at different body sites of the patients after acquisition.  

ii) Several patients were harboring ESBL isolates of different STs, which 

could be due to mixed infections or re-infection from a different source. 

iii) Isolates from the same patient that were closely related harbored different 

blaCTX-M genes, which may indicates HGT events.   

This implies that absolute distance thresholds should be applied carefully, to avoid 

underestimation of transmission events. Information on the decent of isolates 

(phylogeny) provided by the topology of the tree has to be equally taken into 

consideration (BESSER ET AL. 2019; SCHÜRCH ET AL. 2018).  

Among ESBL-Kp isolates, no cases of ii) and iii) intrapatient variations were 

observed in this study. However, fewer ESBL-Kp isolates were recovered compared 

to ESBL-Ec. A recent study on K. pneumoniae revealed colonization of more than 

one ST (two to five) from 14 of 28 patients, confirming that a high intra-patient 

diversity exists also in this species (THUY ET AL. 2021). Moreover, a remarkable 

diversity of ESBL-Ec isolates in the core and accessory genome from fecal samples 

of individuals has been described previously (STOESSER ET AL. 2015).  

The high intrapatient variation seen in infections and screenings further implies for 

surveillance studies that limited sampling may lead to underestimation of 

transmission events. Characterizing only resistance genes or other accessory traits 

could be misrepresentative of the genuine dissemination of AMR. WGS has the 

ability to deliver information on a range of genomic characteristics, including a high 

resolution phylogeny of the species under surveillance. However, the typing of 
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bacterial isolates based on multiple colonies or sample materials from different body 

sites is currently not conducted and remains to be confirmed for its applicability in 

molecular surveillance studies (STOESSER ET AL. 2015).  

 

2.2.4 Transmission dynamics of ESBL producing isolates in the hospital  

ESBL-Ec and ESBL-Kp are globally the major cause of hospital acquired infections 

(WHO 2011). In Germany the rate of ESBL resistance in nosocomial infections has 

significantly increased between 2007 - 2012 (LEISTNER ET AL. 2015). 

However, in the present study, which is based on the investigation of phylogenetic 

relationships and epidemiological data, patient-to-patient transmissions appeared 

to happen at a very low rate. Additionally, approximately half of the ESBL producing 

isolates were defined by the clinic as brought upon admission, emphasizing that 

patients carry ESBL-producing strains with them into the clinic to a large extend. 

However, in 26 % (ESBL-Ec) and 38 % (ESBL-Kp) of patients this information was 

not available.  

Several studies have determined a low rate of patient-to-patients transmission of 

ESBL-producing species in the hospital, thereby pointing out that clinical 

transmissions happen rather infrequently (TSCHUDIN-SUTTER ET AL. 2012; WILLEMSEN ET AL. 

2011). Torres et al. found for ESBL-Ec ST131 that direct transmission or acquisition 

from a common source is more frequent in a household setting than in a clinical 

setting (TORRES ET AL. 2018). In accordance, Hilty et al. describe that transmission 

dynamics of both ESBL producing species are driven in the household setting, and 

hospital transmissions happen infrequently. However for ESBL-Kp, a higher intra-

hospital transmission rate than for ESBL-Ec was determined (HILTY ET AL. 2012). 

Accordingly, based on detailed spatial data, recorded by wireless sensors, Duval et 

al. could explain ESBL-Kp but not ESBL-Ec transmission in the hospital (DUVAL ET AL. 

2019). In a recent study focusing on hospital transmission, for ESBL-Kp neither a 

patient-to-patient transmission nor disseminations in the hospital environment were 

detected (XERCAVINS ET AL. 2020). 

My results confirm recent suggestions that the transmission inside hospitals 

happens at low rates. Furthermore, my data suggested an importation of ESBL-

producing isolates into the hospital that were classified as nosocomial cases. It has 
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been previously argued, that due to the low rate of epidemiological confirmations 

for nosocomial infections, the definition of the term nosocomial needs revision (ERB 

ET AL. 2017). Importantly, the rate of health-care acquired infections (according to the 

definition detected 48 h after admission) with ESBL producing species could be 

overestimated by 50 %, meaning that only half of the cases are truly hospital 

acquired (ERB ET AL. 2017).  

Nevertheless, there are some limitations to the present study. I focused solely on 

patient-to-patient transmissions. The hospital environment, staff and medical 

equipment were not screened, but still could have been a potential source of clinical 

infections. Especially the investigation of the two cases of presumed transmissions 

on ICU wards would have benefitted from an environmental screening, as these 

patients are usually immobile and thus a direct contact between them is unlikely. 

Hence, detection of the intermediate transmission source is of uttermost importance 

due to the vulnerability of patients on the ICU. Furthermore, patient movement data 

was not recorded. Here, I only obtained information on the ward the patients were 

accommodated when the sample was taken (peripheral hospital) and for how long 

they stayed here (central hospital). Therefore, the true contacts are likely 

underestimated.  

 

2.2.5 Circulation of ESBL-Ec ST131 

There are some reports of occasional identification of ST131 in food products, e. g. 

a small ST131 outbreak in Canada could be attributed to a food source but 

accounted only for few isolates (BERGERON ET AL. 2012; VINCENT ET AL. 2010). However, it 

cannot be excluded that e.g. food sources occasionally account for local outbreaks 

of ESBL-Ec extra-intestinal human infections, or a food source which has not been 

sampled might act as reservoir infection source. However, generally the 

transmission of ESBL-Ec seems to be via the human-to-human fecal-oral route, due 

to low post-toilet hygiene (DAY ET AL. 2019). 

Here, I found that the clinical ESBL-Ec ST131 population appears to be shaped by 

multiple introductions of different clones, as well as supra-regionally disseminated 

strains. Those supraregional appearing strains confirm infection of patients from the 

current study as well as from previously published studies from the same source 

across Germany. However, it remains unclear what the possible infection source 
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could have been. Despite the fact that contaminated food seems rarely responsible 

for ST131 clade C infections, it cannot be excluded in the present study as infection 

source. Furthermore, patient movement or movement of colonized healthy 

individuals could have possibly contributed to the spread of these ST131 clones.  

International travel into high prevalence regions is a known risk factor for ESBL-Ec 

colonization (ARCILLA ET AL. 2020). As an example the Swedish ST131 population has 

been found to be shaped by multiple international introductions. The Swedish 

isolates were mixed with the international isolates (NY ET AL. 2019). Whether the ESBL-

Ec population in the hospital of the present study is influenced by the introduction 

of international isolates, possibly due to travel, could be assessed by comparing 

data of the present study to publicly available WGS data from other countries. 

 

2.2.6 Colonization and infection with ESBL producing isolates 

ESBL-Ec and ESBL-Kp can be carried asymptomatically in the intestinal tract (HOLT 

ET AL. 2015; PEIRANO AND PITOUT 2010). The high rate of colonization among the general 

Dutch community with ESBL producing species (6 %) has been described (ARCILLA 

ET AL. 2020). For ESBL-Ec, increased rates of colonization have been attributed to 

persons living in nursing homes (15%), with an overrepresentation of ESBL-Ec 

ST131, possibly due to antibiotic pressure of fluoroquinolones (VALENZA ET AL. 2015). 

Furthermore upon hospital admission, colonization prevalence with ESBL-Ec 

(13 %) was increased compared to German healthy individuals (6 %) (HAGEL ET AL. 

2019). Therefore, frequent spread among healthy individuals could lead to 

colonization of community members, which could eventually develop infections prior 

or during their hospital stay (VALENZA ET AL. 2014).  

To better determine the rate of importations into to the hospital and to allow 

improved differentiation of truly hospital acquired infections screening of patients 

upon admission could be performed. Furthermore, asymptomatic carriers could 

then be included in the reconstruction of transmission chains. However, a high intra-

patient variation has been described previously in a study on rectal colonization and 

implies limitations on the interpretation of screening results (STOESSER ET AL. 2015). 

The extent to which a colonization explains later infections seems to be very 

ambiguous. Importantly, patients with ESBL-Kp colonization are at a higher risk of 
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developing an infection with ESBL producing isolates than patients with ESBL-Ec 

colonization (DENKEL ET AL. 2014). However, contrary findings were published by 

different studies (BOLDT ET AL. 2018; HAGEL ET AL. 2019; VOCK ET AL. 2020). Those studies 

found very low rates of subsequent infections developed in the hospital by patients 

colonized with ESBL producing species. In fact, colonized patients had no 

increased infection incidences. However, for patients with ESBL colonization on the 

ICU there seems to be a higher risk of developing an infection. A study on ICU 

patients found colonization with ESBL-producing species on admission was 

associated with a higher risk for subsequent infection (MARTINEZ ET AL. 2019). For K. 

pneumoniae, although not ESBL producing in particular, multiple studies confirmed 

the colonization–infection causality, especially to high rates for patients on ICU 

wards (GORRIE ET AL. 2017; MARTIN ET AL. 2016; THUY ET AL. 2021).  

Multiple studies analyzing the prevalence of colonization of patients admitted to 

different hospitals or single wards and subsequent numbers of infections have been 

published (BOLDT ET AL. 2018; HAGEL ET AL. 2019; PREVEL ET AL. 2019; SZYMANKIEWICZ ET AL. 2021; 

VOCK ET AL. 2020), but only few focused on the colonization-infection causality. By 

applying comprehensive patient screenings and high resolution phylogenetic 

analysis to colonizing and infecting isolates the colonization-infection causalities of 

particularly ESBL producing strains should be clarified. The actual infection risk due 

to the colonization could then be quantified.  
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3 The plasmidome of clinical ESBL-Ec isolates  

In Enterobacteriaceae many ARGs such as those encoding for ESBLs are located 

on conjugative plasmids. The spread of resistance conferring plasmids plays an 

important role in the global increase of AMR (CARATTOLI 2013). However, plasmids are 

difficult to reconstruct from short read sequencing data. Therefore, I performed a 

comprehensive analysis of plasmids of clinical ESBL-Ec isolates that is based on 

high quality hybrid de novo assemblies.  

 

3.1 Results 

Here I combined Illumina short read sequencing to WG extracts as well as Oxford 

Nanopore Technologies (ONT) long read sequencing of plasmid enriched DNA in 

order to reconstruct and characterize the plasmidome of clinical ESBL-Ec isolates. 

In total 372 high quality closed plasmids were reconstructed from 97 clinical ESBL-

Ec isolates. In addition, 77 contigs of putative plasmid origin were identified.  

 

3.1.1 Dataset generation and analysis strategy 

The 97 clinical isolates analyzed in this study have been recovered from 89 patients 

and belonged to 22 different ST. All E. coli strains were a representative selection 

of the clinical ESBL producing strains (n = 234) that are described in chapter 2.1.2. 

Short read sequencing was performed prior to ONT long read sequencing. Based 

on the short read assemblies the ST of the isolates was determined. The globally 

dominant ST131 was also the most dominant ST in my hospital strain sub-selection, 

which contained overall 59 ST131 strains (Tab. S6, digital). Few strains (up to five) 

of the other STs were selected. From eight patients two E. coli isolates were 

included in this study. Of those, two pairs of isolates were of different STs, while 

five pairs were very closely related (one or two core genome SNP differences) and 

the last pair differed in the core genome by 48 SNPs (Tab. S. 4).  

Overall, 376 complete (circularized) plasmids were reconstructed from the 97 

clinical isolates. I used Unicycler to de novo assemble long and short read 

sequencing data. For the majority of the plasmids (301), a short read coverage of 

at least 15x and a long read coverage of at least 5x was achieved for > 95 % of the 
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respective plasmid bases. Four plasmids were excluded from further analysis due 

to overall low short as well as long read coverage. Completeness of the assembly 

was also assessed by determination of the plasmid coverage by the longest ONT 

read after backmapping. This also confirmed extensive coverage (median: 99 %), 

with only few exceptions (Tab S 7, digital). Additionally, I determined repetitive 

structures in the assemblies and resolved them by backmapping of the reads (See 

Appendix vii for supplementary note). 

Analysis of the genomic variation landscape was based on the dataset of complete 

plasmid assemblies (n = 372) to ensure high quality of the data in terms of plasmid 

size and gene content. In order to comprehensively cover all ARG carrying plasmids 

I additionally compared the content of the contigs that were not part of the 

circularized, primary plasmid collection against the CARD database. Then, I filtered 

the ARG- bearing contigs based on their size (< 250 kb) and subjected them to a 

mob-recon analysis (ROBERTSON AND NASH 2018). This led to the identification of 77 

additional putative ARG-bearing plasmids.  

As an alternative to the application of a biomarker typing, I clustered complete and 

putative resistance plasmids based on their overall sequence similarity (mash 

distance integrated in the mob-cluster tool (ROBERTSON AND NASH 2018)). I also 

calculated the plasmids pairwise mash distance in order to estimate general 

similarities. 

 

3.1.2 Genomic variation landscape of closed circular plasmids 

The sizes of the 372 circularized plasmids (P1-P372) ranged from 1306 bp to 

209749 bp. They grouped into 119 small (< 3 kb), 161 medium (3 to 25 kb) and 92 

large plasmids (> 25 kb) (Fig. 15 A). A very similar size distribution of plasmids in 

clinical ESBL-Ec isolates (255 plasmids in 61 isolates) has been described 

previously (DE TORO ET AL. 2014).  

The 372 plasmids were separated into 83 clusters by mob-suite based on a mash-

distance cut-off of 0.06 (Fig. 15 B). Of those, 27 clusters contained only one plasmid 

(Fig. 15 B). Replicon types were found for 76 % plasmids based on an expanded 

set of the PlasmidFinder replicons, also including known replication proteins without 

incompatibility information (CARATTOLI ET AL. 2014; ROBERTSON AND NASH 2018). In total, I 
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identified 54 different replicon types. Of note, single replicon types were not 

necessarily restricted to one cluster. For example, 33 plasmids of replicon type 2350 

were assigned to 14 different clusters and their sizes ranged from 2.7 kb to 7.9 kb 

(Tab S 6, digital). Furthermore, I found 24 IncF replicons in various combinations 

with other replicons on the same plasmids. Overall, up to five replicon types were 

detected in a single complete plasmid (P362). 47 plasmids were not replicon 

typeable. They belonged to 21 clusters. 21 of those 47 plasmids exceeded 0.06 

mash distance to a known neighbor from the mob-typer database, indicating that 

these types of plasmids might not have been described previously.  

Of the 83 clusters, the largest (AA003) consisted of 45 small (1.5 kb), mobilizable 

plasmids of replicon type Col(MG828). The second largest cluster (AA011) 

comprised 43 plasmids (3.8 – 5.3 kb), the majority of which belonged to Col156 or 

replicon type 2131. No complete conjugative plasmids smaller than 24.4 kb were 

found in the clinical isolates (Fig. 15 C) confirming the assumption that plasmids 

encoding a conjugation machinery have a minimum size of 25 kb (DE TORO ET AL. 2014). 

However, I also found non-conjugative plasmids among the larger ones, such as 

the plasmids of cluster AA060 (109.4 - 111 kb), which were classified as replicon 

type cluster 488. Overall, clusters with larger plasmids were significantly less 

conserved than clusters of small plasmids (mash distance within clusters, Tukeys 

HSD, p-value = 0.0008).  

In order to estimate the sampling effort and to evaluate plasmid diversity of the 

strain collection, I performed a rarefaction analysis on closed plasmids. The plasmid 

cluster accumulation served as an assessment of plasmid richness within the 

plasmid collection. The estimator curve indicated stabilization of the number of 

expected new clusters although it did not reach asymptotic state, based on rarefying 

the 372 closed plasmids (Fig. 15 D). This indicates that closed circular plasmid 

reconstruction is already comprehensive, and only restricted new information, in 

form of additional clusters would be gathered by sequencing of additional plasmids. 

Also the isolate based rarefaction curve (Fig. S 5) indicates that by sequencing 

more isolates, fewer new clusters will be discovered. However, ST131 is 

overrepresented in my strain collection thereby possibly leading to an 

underestimation of the plasmids diversity of other STs.  
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Fig. 15: Genomic variation landscape of 372 complete plasmids in 97 strains.  
A) Plasmid length distribution. Dashed lines indicate size group boundaries.  
B) Length range of plasmids in clusters. Points show median length of the cluster. Cluster ID is 
shown on the left.  
C) Number of members per cluster, bars colored according to their mobility.  
D) Rarefaction plot of 372 complete plasmids and plasmid cluster accumulation curve of 83 clusters. 
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3.1.3 Assignment of putative ARG-bearing plasmids 

To visualize the similarity between the closed circularized plasmids, a network 

based on the plasmids pairwise mash distance was generated. As depicted in Fig. 

16 A, in general the plasmids clustered according to their size, and large and small 

plasmids were clearly separated. 68 (18%) of the 372 closed plasmids harbored 

ARGs (Fig. 16 B). Those were mainly found among the large plasmids in a central 

cluster (Fig. 16 C).  

While 68 closed plasmids harbored ARGs, I found additional 77 putative ARG-

bearing plasmids. When integrating them in the closed plasmids pairwise mash 

distance network, all putative ARG-bearing plasmids fell into the main group of large 

and medium-sized closed resistance plasmids (Fig. 16 B). Next, I repeated the 

rarefaction analysis based on 449 closed and putative plasmids falling into overall 

98 clusters. I was able to confirm that the putative ARG bearing plasmids added 

only limited amount of diversity to the primary plasmidome landscape of 97 clinical 

isolates (Fig. 16 D).  

Additionally, two clusters of primary resistance plasmids were highly similar to each 

other but clearly distinct and less similar to the main group (Fig. 16 C). They 

contained plasmids of cluster AA040 and AA060. For plasmids of cluster AA060 

(P348 and P349) analysis of the phage content revealed the presence of intact 

Salmonella SSU5 prophages (each > 100 kb) on all the plasmids of this cluster. The 

presence of these phage-like plasmids in ESBL-Ec, has been described previously 

(COLAVECCHIO ET AL. 2017; VENTURINI ET AL. 2019). The plasmid pair that belonged to cluster 

AA040, was formed by the smallest ARG-bearing plasmids (P114, P115) 
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Fig. 16: Mash distances between plasmids.  
Edges with > 0.12 mash distance are not displayed, edges < 0.06 mash distance indicating high 
similarity are displayed in green.  
A) Closed plasmids colored according to their size B) Presence of ARG on circular plasmids 
C) Clustering of ARG harboring primary and putative plasmids  
D) Plasmid cluster accumulation curves of both types of plasmids (red, 449 in 98 clusters) and 
complete plasmids (green, 372 in 83 clusters). 
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3.1.4 Replicon-types and ARG-content of plasmids  

Among the 145 ARG harboring closed and putative plasmids I found IncFIA (n = 53, 

in 21 different multi-replicon combinations) to be the dominant replicon type. 

Furthermore, 12 plasmids belonged to IncFIB (in six different multireplicon 

combinations) and ten plasmids were typed to be IncI-gamma/K1. Three plasmids 

were IncFII, two IncQ1 and four IncX1. Some replicon types were only detected 

once (IncK2/Z, IncX1/IncX3, IncX4, IncY). I also detected ARGs on 50 plasmids that 

were of unknown replicon type. These plasmids fell into 15 different clusters, 

indicating a high variability among them. Six plasmids were harboring not-yet 

described replicon types (2335 and 488, 2131) without incompatibility scheme 

information (Tab. S 6, digital).  

The 145 ARG harboring plasmids contained overall 491 distinct resistance 

conferring genes of 38 families (Tab. S 8, digital). They confer resistance to different 

classes of antibiotics including aminoglycoside, tetracycline, fluoroquinolone and 

cephalosporins. The median number of ARGs per plasmid was three. 40 % of the 

plasmids carried only one ARG (Tab. 4). However, one clinical isolate (P306) 

harbored a plasmid containing an array of 13 identical copies of TEM-135 (a single 

long read spanning 10 of the 13 elements confirmed the multi-copy gene structure, 

supplementary note Appendix vii Tab. S  7 digital). Furthermore, one clinical isolate 

harbored overall 12 ARGs located on a 126.5 kb conjugative plasmid with 5 

replicons (IncFIA, IncFIB, IncFII, IncFII, P355 and replicon type 2131).  

 

Tab. 4: Frequency of incorporated ARGs on 145 ARG harboring plasmids. 
 

Number of ARGs per plasmid Count Count [%] 

13 1 1 
12 1 1 

10 2 1 

9 12 8 

8 3 2 

6 9 6 

5 8 5 

4 21 14 

3 18 12 

2 12 8 

1 58 40 
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Larger plasmids carried ARGs more often than smaller plasmids (Wilcoxon rank 

sum test with continuity correction, p < 2.2e-16). Only two small plasmids and eleven 

medium-sized plasmids contained ARGs. In contrast 55 complete large plasmids 

harbored ARGs. The small and medium sized plasmids were lacking incompatibility 

typing information, most of them being non-typeable (n = 10) or belonging to the 

replicon type 2335. The overall smallest ARG–bearing plasmids (P114 and P115 

(2.6 kb)) belonged to the replicon type 2335. They were identical with the quinolone 

resistance conferring reference plasmid KU674895.1, which was isolated from a 

Salmonella enterica contaminated food source in 2016 (FIEGEN ET AL. 2017). A third 

plasmid of replicon type 2335 (P247, 6.2 kb) harbored APH(3'')-Ib, APH(6)-Id and 

sul2. 

Furthermore, genes conferring resistance against aminoglycosides, colistin, 

tetracycline, sulphonamides and trimethoprim have been described on SCPs, but 

were less frequently observed and not clearly associated with a plasmid family 

(BRANGER ET AL. 2019). In the dataset I also found genes conferring resistance to the 

previously described classes except colistin in small and medium plasmids. 

 

3.1.5 Plasmid profiles of clinical ESBL-Ec isolates  

Next, I analyzed the plasmid profiles of individual isolates. The mean number of 

plasmids per isolate was four (Fig. 17), and up to 13 plasmids were found in a single 

strain (ec_00067) (Fig. 17). Up to ten small plasmids were reconstructed from a 

single isolate (ec_00074). Remarkably, the 97 E. coli isolates showed overall 96 

different plasmid profiles.  

Only two isolates had an identical plasmid profile (ec_00024, ec_00180). The 

strains were of different ST and harbored each a large conjugative plasmid of 

cluster AA026. Both plasmids contained IncFIA, IncFIA, IncFIB, IncFIC replicons. 

Their length was 123 kb and 143 kb, respectively. More than half of the isolate 

belonged to ST131 (n = 59). Among those isolates I found 47 plasmids, which were 

in 23 clusters that were not observed outside ST131. Other STs were represented 

by only a few members (up to five). In the non-ST131 isolates 54 plasmids were 

assigned to 29 different clusters which were not found in ST131 isolates. Each of 

the exclusive ST131 or non-ST131 clusters consisted only of few members (Tab. S 
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6, digital), indicating that those are not plasmids with a particular ST131 specific 

association.  

 

Fig. 17: Number of closed and putative resistance plasmids (449) per strain. 

 

The eight ESBL-Ec pairs that had been isolated from the same patients and that 

were closely related (Tab. S. 4), differed in their plasmid pattern. Although these 

isolate pairs showed some overlaps in the presence of plasmids belonging to the 

same clusters, they also harbored plasmids that were not found in the partner 

isolate (Fig. 18). From patient AF, I obtained two isolates of ST88. Both harbored 

plasmids of cluster AA09, AA014 and AA024. However, in addition to three shared 

plasmids, one isolate harbored three additional plasmids (P116, P227, P236). The 

ST48 isolate pair from patient AR shared two plasmids (AA050 and AA014), but 

both strains also harbored two plasmids which were not found in the respective 

partner. Similarly, I found the isolates of patient AU (ST131) to share two plasmids 

(AA011, AA062), but each strain harbored two additional plasmids individually. 

From patient AS, I recovered two strains with an identical core genome (ST1193). 

They shared one plasmid of cluster AA052 but one strain harbored an additional 

putative plasmid (PutP58). The largest number of overlapping plasmids were found 

in two isolates from patient BI (both ST88) which shared in total five plasmids of 

AA03, AA015, AA024, AA045, AA052. One strain harbored six additional plasmids 
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(P213, P223, P137, P128, PutP11, PutP31) the other harbored two additional 

plasmids (P5, P95) exclusively. This further highlights the enormous variation in 

plasmid content even between closely related strains.  

Remarkably, I found more than one plasmid of a single cluster in two isolates. In 

ec_00020, even two plasmid pairs, each of which was assigned to the same cluster 

(AA011, AA051) were found (Fig. 18). Whereas one plasmid pair belonged to 

replicon type 1778 (with the two different replication initiation genes repE_3 and 

repE_4 for P148 (4072 bp) and P155 (4082 bp), respectively), the second plasmid 

pair belonged to two different replicon types (replicon type 2150 and 3131). These 

plasmids were similar to replicon type Col156 plasmids. For the second clinical 

isolate (ec_00102) with two plasmids of the same cluster (AA03), the alignment 

revealed 72 SNPs across the sister plasmids, including coding sequences of 

replication genes. Both plasmids were typed as replicon type Col(MG828). It has 

been demonstrated that plasmid incompatibility in ColE-1-like plasmids can be 

circumvented by the introduction of SNPs in replication controlling genes (DIONISIO ET 

AL. 2019). The factors that lead to a stable co-existence of these two sister plasmids 

in these isolates will have to be elucidated.  

 

 

Fig. 18: Plasmid clusters (plasmid profiles).  
Strain pairs from the same patients shown in green, based on clustering of 449 plasmids. The strain 
ec_00020 harbors two sister plasmids, each pair of the same clusters (red). 
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3.1.6 Mobility and co-occurrence of ARGs in clinical isolates 

To better define the likelihood for ARG transfer between isolates I determined if 

ARGs were associated with a Tn or ISE on the plasmid. If a conjugative plasmid 

was present in an isolate, all other mobilizable plasmids where termed co-

mobilizable. More than half of the ARGs were located on conjugative plasmids (259 

of 491 genes). 373 ARGs were located within or in close proximity to a Tn or ISE 

site. Only 43 ARGs (9 %) were not associated with an MGE of any type (Tab. 5). Of 

these ARGs, 33 were found on putative plasmids, possibly indicating an 

underestimation of mobility due to an incomplete assemblies (Tab. S 8, digital). The 

co-occurrence and mobility potential of ARGs on plasmids is visualized in Fig. S 11, 

digital.  

Certain combinations of ARGs were repeatedly found. For example, the joint 

presence of catB3, AAC(6`)-lb-cr and OXA-1 was detected in five isolates on 

conjugative plasmids (in cluster AA017, AA019), but also on four non-mobile 

putative plasmids without a Tn in close proximity (in cluster AA093) and on a non-

mobile plasmid but with Tn or ISE association (AA055). I detected blaCTX-M-15 and 

AAC(6`)-lb-cr on four IncF plasmids with multiple replicons. Furthermore, I 

repeatedly found co-occurrence of mphA, sul1, aadA5, dfrA17 as well as blaCTX-M-

27, tet(A), sul2, APH(3”)-Ib, APH(6)-Id. Both cassettes were found co-occurring in 

the same isolate (Fig. S 11). Interestingly, I discovered that two genes, which confer 

resistance to macrolides (mphA and ernB) were present together on two different 

plasmids (P307+P311) in a single clinical isolate (ec_00166). Furthermore, two 

highly similar plasmids of replicon type IncX1 (AA067, P296+297) contained mphA 

and blaTEM-158, qnrS1, respectively.  

Further combinations of ARGs were found only once. These included the presence 

of blaSHV-134, which so far has only been described in K. pneumoniae (LIAKOPOULOS 

ET AL., 2016), together with tet(A) on a 106,5 kb conjugative plasmid of replicon type 

IncI-gamma/K1. Moreover, one clinical isolate harbored a gene encoding the 

narrow-spectrum β-lactamase LAP-2. This β-lactamase has been described in an 

E. coli isolate from Vietnam for the first time and has since then has been found in 

isolates from Canada (ADATOR ET AL. 2020). To my knowledge, it has not been 

described in Europe before. In this study, the LAP-2 gene was found in an isolate 

that also harbored qnrS1, blaCTX-M-27, sul2 as well as APH(6)-Id and APH(3'')-Ib 
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on a 80 kb large plasmid of IncFIA, IncFIC replicon type. Of note, LAP-2 and qnrS1 

have previously been described to occur together (LE ET AL. 2015).  

The two strains ec_00140 and ec_00141 belonged to different STs (ST131, ST636). 

Both strains harbored two very distinctive ARG incorporating plasmids. Each had a 

conjugative plasmid with mphA, QnrS1, blaTEM-158 (cluster AA067) and a phage 

like plasmid with blaCTX-M-15 (cluster AA060). This could indicate a HGT 

mechanism transferring both plasmids together. 

 

Tab. 5: Frequency of the mobility of ARGs according to the plasmids on which they reside 
with possible further MGE association.  
 

Plasmid mobility Level and MGE 

association 

Count ARGs Count ARGs [%] 

Conjugative, Tn/ISE associated 226 46 
Conjugative, not Tn/ISE associated 33 7 

Non-mobile, not Tn/IS Eassociated 43 9 

Non-mobile, Tn/ISE associated 124 25 

Mobilizable, Tn/ISE associated 5 1 

Mobilizable, not Tn/ISE associated 36 7 

Co-mobilizable, not Tn/ISE associated 6 1 

Co-mobilizable, Tn/ISE associated 18 4 

 

3.1.7 Specificity of CTX-M carrying plasmids  

ESBL resistance in clinical E. coli isolates is largely conferred by CTX-M genes on 

plasmids (PEIRANO AND PITOUT 2010). In the present study, I detected CTX-M on 

plasmids in 61 out of 97 strains. blaCTX-M-15 (n = 23) and blaCTX-M-27 (n = 29) 

were most frequently found. Six and four plasmids harbored blaCTX-M-14 and 

blaCTX-M-1, respectively. Different blaCTX-M alleles were never detected together 

on the same plasmid or in the same strain (Fig. S 6). However, one strain 

(ec_000204) harbored two blaCTX-M-15 genes on putative plasmids (PutP41 + 

PutP21). Here, plasmid localized blaCTX-M genes were Tn or ISE associated, with 

only one exception (PutP4, 1.4 kb). This putative plasmid assembly might be 

incomplete and therefore the genomic surrounding remains unclear. 

Eleven plasmids harbored blaCTX-M-15 as the only ARG. Of those, eight were of 

unknown replicon type (AA069), two of replicon type 488 (AA060, P348 and P349) 

and one IncX1. IncX type plasmids have been described to contain primarily ESBL 

genes but can also incorporate carbapenemases and colistin resistance genes 

(ROZWANDOWICZ ET AL. 2018). The presence of blaCTX-M-15 on plasmids harboring non-
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typeable replicons (FORTINI ET AL. 2015; UPADHYAY ET AL. 2015) as well as on phage-like 

plasmids (COLAVECCHIO ET AL. 2017; VENTURINI ET AL. 2019) have been described before in 

environmental and clinical E. coli isolates. Furthermore, blaCTX-M-15 was present 

in conjunction with other ARGs on two IncI−gamma/K1 plasmids and on seven 

IncFIA plasmids. Overall, I found four plasmids with blaCTX-M-15 or blaCTX-M-27 

genes that were < 25 kb and not typeable. The smallest plasmid on which I detected 

blaCTX-M-15 was 3.9 kb (P138), non-mobile and with no association of a transposon 

nor other ARGs. The plasmid was not assigned to a known replicon type and 

belonged to cluster AA069, together with other putative plasmids. Another blaCTX-

M-15 harboring plasmid was 19.3 kb in size. However, these plasmids clustered 

with the IncX plasmids and despite their smaller size, they might have originated 

from them.  

The C1 clade was identified with the specific clade marker (BIRGY ET AL. 2017). Within 

this clade, blaCTX-M-27 was found on plasmids in 20 of 24 strains (Fig. 19), but not 

chromosomally integrated. The dissemination of blaCTX-M-27 among strains of the 

ST131 subclade C1 is suspected to be of clonal origin (GHOSH ET AL. 2017). Alignment 

of closed plasmids with blaCTX-M-27 in the ST131 isolates showed that the smaller 

plasmids were deprived of locally collinear blocks (LCB) which held replication 

genes that were found in larger plasmids (Fig. S 7). The smaller plasmids might 

have lost the redundant replication genes. The observed overall backbone structure 

here, i.e., the presence of the same LCBs, indicates high similarity probably due to 

a common ancestor plasmid. 18 plasmids incorporating blaCTX-M-27 were of 

multireplicon type IncFIA, three with multireplicon IncFIB and additional eight 

plasmids with no replicon type identified. Outside ST131, I found blaCTX-M-27 on 

multireplicon IncFII or non-typeable plasmids in ST1193. The different 

incompatibility group may indicate different evolution in these strains after 

acquisition via HGT or acquisition from a different source compared to the plasmids 

in ST131 strains. 
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Fig. 19: Presence/absence of ARG families on plasmids according to phylogenetic relation 
of isolates of ESBL-Ec ST131. 
Class of antibiotics against which the gene confers resistance are given, empty columns indicate the 
absence of this gene among ST131 isolates, but presence in non-ST131 isolates. Fig. S6 shows 
ARG of isolates across all STs. Clade C1/C2 isolates with typical CTX-M alleles are highlighted. 

 

3.1.8 Cephalosporin resistance conferring genes in clinical isolates  

The 145 ARG-bearing plasmids were isolated from overall 88 of the 97 (91 %) 

clinical ESBL-Ec isolates. The phylogenetic relation between all strains and 

presence of all ARGs, which were found on plasmids, can be found in Fig. S 6. 

Plasmid encoded genes that confer resistance to cephalosporins of any generation 

(blaTEM, blaSHV, blaCTX-M) were found in 73 strains (75 %). Of those, 61 isolates 

had plasmid encoded blaCTX-M genes which can confer the ESBL phenotype. In 

addition, I found in 29 isolates blaCTX-M genes on chromosomal contigs, based on 

the hybrid assemblies (Tab. S 8, digital). Three ESBL-Ec isolates had a 

chromosomal and a plasmid located blaCTX-M gene. For ten isolates no genotypic 

ESBL marker was determined in this hybrid assembly dataset. No blaTEM and 
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blaSHV variants that confer resistance to 3rd generation cephalosporins were found 

in isolates without blaCTX-M genes.  

In contrast to the rates of blaCTX-M variants on plasmids, blaCTX-M-15 was found 

most often chromosomally (in 25 isolates), but blaCTX-M-14 and blaCTX-M-27 only 

twice and blaCTX-M-55 only once. Five strains had two chromosomal copies of 

blaCTX-M-15 and one strain had two chromosomal copies of blaCTX-M-27. Two 

strains were also found to carry each a blaCTX-M-15 allele which was chromosomal 

and one that was on a plasmid (ec_00080, ec_00132). A single strain (ec_00209) 

even had two chromosomal and one plasmid-localized blaCTX-M-15 gene. Most 

blaCTX-M genes on chromosomal contigs were in close proximity to an ISE. 

However, two isolates, with each two chromosomally blaCTX-M-15 copies, were 

found to be lacking an ISE association for one of the copies.  

In total at least one blaCTX-M allele was identified in the hybrid assembly in 87 of 97 

of the ESBL-Ec isolates. However, the ARG screening against the draft assemblies, 

which are based on short reads only, remarkably yielded a higher recovery rate of 

blaCTX-M alleles. Hence, the phenotypes can be explained by genotypic data for 

more isolates by this dataset. In the draft assemblies, blaCTX-M genes were 

detected in 94 of 97 strains. For one of the isolates without blaCTX-M, I could not 

confirm the ESBL phenotype, because it was susceptible to 3rd generation 

cephalosporins (ec_00021). The two isolates without blaCTX-M genes, were also 

lacking a blaTEM or blaSHV variant that could confer resistance to 3rd generation 

cephalosporins. However, they exhibited a CTX resistant phenotype (MIC ≥ 8 

μg/mL). The genomic resistance determinants of those strains were not detected in 

the current analyses and require further elucidation.  
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3.2 Discussion  

HGT plays a critical role in ARG dissemination among bacterial species, especially 

for multi-resistant opportunistic pathogens. Although plasmids confer essential 

clinically important traits, comprehensive characterization of plasmidomes has been 

limited by methodological restrictions.  

As naturally occurring large plasmids are often of lower copy number than smaller 

ones, they are believed to be underrepresented in WG DNA extracts (ARREDONDO-

ALONSO ET AL. 2017; LEMON ET AL. 2017). However, their reconstruction is paramount, 

because they often harbor ARGs (CARATTOLI 2009). In contrast small high copy 

plasmids are easily covered sufficiently during the sequencing process due to their 

high abundance. 

 

3.2.1 Dataset generation and assembly 

To systematically reconstruct the genomic plasmid landscape of complete plasmid 

assemblies I applied 2nd and 3rd generation sequencing techniques to WG as well 

as plasmid enriched DNA libraries of clinical ESBL-Ec isolates. This combined 

approach resulted in 372 completely reconstructed plasmids. The overall plasmid 

diversity of clinical ESBL-Ec isolates was broadly covered by them. Despite the 

plasmid DNA enrichment efforts, some large plasmids could not be fully 

reconstructed and are only present as incomplete assemblies. These ARG-bearing 

plasmid fragments exhibited a high similarity to complete, large ARG-bearing 

plasmids. Thus, their addition also added only a limited amount to the plasmid 

diversity. Deeper sequencing would be required to completely assemble the 

genomic structures of large low copy plasmids, particularly to resolve genomic 

structures around ARGs. A limitation of the present study is that only isolates for 

which the required minimum amount of DNA for long read sequencing (400 ng) 

were included. Isolates for which this DNA amount was not recovered after repeated 

plasmid enriched DNA extraction could not be subjected to long read sequencing 

with currently established protocols. 

Due to the comprehensive sequencing approach, my assemblies substantially 

added further knowledge to the repertoire of plasmids identified among clinical 

ESBL-EC isolates. In accordance with previous studies (LANZA ET AL. 2014), the 
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plasmid richness and diversity of ESBL-Ec isolates reflects a species that is open 

for plasmid acquisition and loss. However, certain associations between ARG 

bearing plasmids and lineages are extremely prevalent in the clinical context. These 

associations have been strengthened by positive selection for plasmid encoded 

traits and reduced fitness costs, which are achieved by compensatory mutations of 

the host and/or the plasmid (SAN MILLAN ET AL. 2014). However, these lineage-plasmid 

associations also limit the overall plasmid diversity, reflected by the flattening 

plasmid cluster accumulation curve.  

 

3.2.2 Highly divers plasmidome of clinical isolates  

MGE that are transferred horizontally, as opposed to vertical evolution, represent a 

highly dynamic fraction of the genome. By supplementing new traits, they make 

important contributions to the adaptive evolution of clinical important lineages (LANZA 

ET AL. 2014).  

Here, I aimed to characterize plasmidome-phylogeny relations of clinical ESBL-Ec 

isolates. I used a core genome approach to describe the phylogenetic background 

of the clinical isolates with a high resolution (see also chapter 2.1.2). The 

phylogenetic relationship was connected to plasmids harbored by the isolates. 

Despite the fact that ST131 was over-represented and thus introduces a bias, my 

clustering approach did not reflect plasmid cluster profiles that are distinctive for 

STs or clades. With one exception, I did not find identical plasmid profiles in the 

clinical ESBL-Ec isolates. Furthermore, plasmid clusters that were not found in 

ST131 and non-ST131 isolates, respectively consisted of few members only, 

emphasizing that those are not plasmids with particular ST131 specific association.  

Although no ST131 specific plasmid cluster association was found the Inc-

type/blaCTX-M association with the respective ST131 C1/C2 subclade described 

previously (KONDRATYEVA ET AL. 2020) and was also observed in the present study (see 

chapter 3.2.5). Particularly, IncF plasmids harbor a multitude of nested MGEs, 

which makes them prone to insertions, deletions and recombination (COQUE 2008B; 

CARATTOLI 2013; PARTRIDGE ET AL. 2018). Due to this high plasticity these plasmids were 

likely grouped into different clusters, which blurred the plasmid-clade association. 

Here, I was able to reconstruct ten closed plasmids smaller than 25 kb in a single 

isolate. Previous studies describe up six SCPs in ESBL-Ec isolates (BROLUND ET AL. 
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2013). Without bringing an obvious benefit to the host, i.e., independent of positive 

selection, the presence of SCPs is still of largely unknown biological consequences. 

SCPs seem to move frequently between different ESBL strains in the microbiota of 

patients (BROLUND ET AL. 2019). The high abundance of different SCPs contributes to 

the high plasmid profile diversity seen among the clinical isolates. Moreover, the 

variability in the plasmid cluster profiles of the strains corresponds to frequent 

plasmid flux observed in clinical E. coli isolates (BROLUND ET AL. 2019; LANZA ET AL. 2014).  

 

3.2.3 Large and small plasmids as ARG vectors 

To characterize the ARG vectors of ESBL positive clinical isolates I analyzed 

replicon types, ARG cargo and sizes and clustered complete as well as putative 

resistance plasmids. 

In accordance with the current literature, many of the ARG-bearing plasmids 

harbored by the clinical ESBL-Ec isolates were of replicon-type IncF and most often 

in various multireplicon combinations (ROZWANDOWICZ ET AL. 2018). The group of IncF 

plasmids is very heterogeneous and therefore many ARGs in different combinations 

have been found before (CARATTOLI 2009; ROZWANDOWICZ ET AL. 2018). As these large 

plasmids often contain multiple replicons, biomarker typing based on replicons 

alone is challenging or even impossible. However, only 75 % of the plasmids of 

Enterobacteriaceae are replicon typeable according to the broadly used based 

PlasmidFinder scheme (CARATTOLI ET AL. 2014; ORLEK ET AL. 2017B). This was also 

reflected in my dataset where 76 % plasmids were typeable. Therefore, I applied a 

sequence similarity approach to cluster plasmids.  

I observed that large plasmids with different replicon type combinations are less 

conserved within the clusters compared to smaller plasmids. This reflects the 

heterogeneity within the group and highlights the strength of sequence-based 

clustering over biomarker typing. The mosaicism of IncF plasmids, driven by 

integration, excising and recombination via Tns and ISE (COQUE 2008B), contributes 

to the large number of plasmid clusters observed here. This structural variability is 

also reflected in the plasmid profiles.  

Among the cluster of large ARG-bearing plasmids, few medium sized plasmids 

were found, also harboring ARGs. Therefore, it can be speculated that they might 
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have originated from larger plasmids, e.g. by the loss of redundant genes. In 

addition, a pair of small, ARG-bearing plasmids appeared distinctive from the main 

cluster. As the role of SCPs is discussed to be a possible “moldable vector” from 

the transfer of ARGs I analyzed the SCPs in more detail (ATTÉRÉ ET AL. 2017; WEIN ET 

AL. 2019). I found genes conferring resistance against various classes of antibiotics 

on small and medium plasmids, however at a much lower rate than on large 

plasmids. Here, the smallest ARG carrying and typeable plasmids were of replicon 

type 2335. However, only three out of five plasmids of this replicon type carried 

ARGs.  

Two clinical isolates of different STs (ST131, ST949) carried SCPs with quinolone 

resistance conferring genes, which are identical to pHAD28 (KU674895.1) 

extracted from S. enterica in German chicken abattoirs in the years 2007 – 2010 

(FIEGEN ET AL., 2017). The plasmids seem to stably circulate for around ten years. This 

finding might indicate the spread of quinolone resistance via small plasmids in the 

Enterobacteriaceae across the foodchain. QnrB allels can be found on large 

plasmids in ARG cassettes, but also widespread dissemination of the qnrB19 

variant was described for small ColE1-like plasmids (PALLECCHI ET AL. 2010). 

Interestingly, plasmids that were below 25 kb and carrying an ARG were either of 

replicon type 2335, or no replicon type was assigned. These plasmids might be an 

underestimated yet frequent ARG vector.  

 

3.2.4 Nested MGE structures on plasmids 

Many ARGs are associated with each other, as they are often transferred together 

on plasmids or are nested within other MGEs (CARATTOLI 2009; ROZWANDOWICZ ET AL. 

2018). To resolve the often repetitive MGE structures, long reads as produced by 3rd 

generation sequencing technology are required. Especially complete de novo 

assemblies allow to describe the correct genomic position of MGE and associated 

ARG. Only few studies have used a comprehensive sequencing approach and 

generated data that allows for these characterizations. I therefore aimed to describe 

nested MGE structures and co-occurrences of ARGs on the reconstructed 

plasmids. Hence, I analyzed which ARG families are located on the same plasmids, 

the mobility of the plasmids itself and if the genes are associated with other MGEs. 

I determined if ARGs are part of a Tn or ISE or are located next to such an element. 
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This renders them to be mobilizable within a cell and if a conjugative plasmid is 

present in the cell also between cells.  

Some genes appeared alone on plasmids or in cassettes of unique combinations. 

However, 60 % of the plasmids carried more than one gene (Tab. 2) supporting the 

genetic capitalism principle. The principle implies that AMR genotypes are often 

gained but not lost, leading to accumulation of genes probably due to various 

selective pressures (FORD ET AL. 2020). On the other hand, it seems to be possible to 

maintain ARG on plasmids even without selective pressure (WEIN ET AL. 2019).  

Interestingly, one isolate in the collection had an array of 13 TEM-135 genes on a 

single plasmid and two additional plasmids harboring TEM-135. Ny et al. (2019) 

also found an array of five ARG cassettes. However, the biological significance 

implied by these rarely observed repetitive structures needs to be elucidated further. 

In the present study, I found 66 % of all ARGs to be Tn or ISE associated, which 

highlights the nested structure of genes on plasmids and their multi-level mobility. 

However, the cut-off for a Tn or ISE association was very narrow (< 300 bp distance) 

thereby possibly underestimating ARG mobility. Many of the ARG-bearing plasmids 

were incomplete assemblies, a possible MGE association of the ARG on these 

plasmids might have been missed. Still, my findings are generally implying a 

remarkably high potential of HGT of ARGs via plasmids or other MGEs and 

emphasize the mosaicism of many ARG-bearing plasmids. 

 

3.2.5 Genomic context of blaCTX-M genes 

The ESBL phenotype in clinical ESBL-Ec is mainly derived from the presence of 

blaCTX-M genes (PITOUT AND LAUPLAND 2008). Different MGEs have been described to 

participate in the mobilization and dissemination of blaCTX-M (CANTÓN ET AL. 2012). In 

this thesis, I analyzed the genomic and phylogenetic context and of these genes to 

determine important structures and relations. 

In total, I could explain the phenotype with genomic data for 98 % of the isolates. 

Overall, the resistance of only two isolates remained unexplained, indicating the 

need for further elucidation of the underlying genotype.  

Remarkably, in the draft assemblies more blaCTX-M alleles were detected than in 

the hybrid assemblies. The hybrid assembly process starts with an initial assembly 
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of short reads only, similar to the assembly that is based only on Illumina data. Long 

reads are subsequently added to bridge unresolved regions. However, different 

filtering parameters are applied and during this process the contigs with blaCTX-M 

genes were most likely filtered out and the information is lost. Therefore, the single 

steps and filtering parameters of the hybrid assembly process need to be optimized 

to further improve the pipeline. However, I used the hybrid assemblies to describe 

the localization of the blaCTX-M genes.  

The internationally predominant ST131 clade is the C2/H30Rx lineage, but there 

are reports in Europe of an emerging subgroup (C1/H30R) which is often associated 

with other blaCTX-M alleles, such as blaCTX-M-14 and blaCTX-M-27 (BIRGY ET AL. 2017; 

GHOSH ET AL. 2017; NY ET AL. 2019). Bevan at al. speculate that this shift could be due to 

Tn incorporation as the gene seems to be associated with different kinds of 

plasmids (BEVAN ET AL. 2017). Multiple incorporation events of the gene into different 

plasmids are supposed to have happened as the genomic surrounding of the gene 

is different in isolates from other regions and species. In accordance with this 

current view, all blaCTX-M-27 alleles were associated with a Tn or ISE on the 

plasmids analyzed here. In ST131 ESBL-Ec isolates, the gene was either on 

multireplicon IncFIA or non-typeable plasmids, confirming previous findings 

(KONDRATYEVA ET AL. 2020). However, in ST1193 isolates it was localized on IncFIB 

plasmids, which might have originated during a different incorporation event (BEVAN 

ET AL. 2017). 

The recent shift in the prevalence of ST131 clades and underlying MGEs highlights 

the necessity to monitor the fast ongoing evolution of ST131, with special focus on 

HGT. The certain clade specific associations of IncF plasmids carrying blaCTX-M 

genes that have been described in ST131, indicate limited horizontal transfer upon 

acquisition, but extensive clonal dissemination (KONDRATYEVA ET AL. 2020). Although this 

finding was not reflected in the plasmid clusters of ST131 isolates, I found blaCTX-

M-15 in C2 clade isolates, and blaCTX-M-27 exclusively in the C1 clade, thereby 

confirming these associations.  

The low number of core genome SNPs and genomic environment of blaCTX-M-27 

points towards a clonal distribution of ST131 C1 isolates in Germany and other 

European countries, rather than HGT events to disseminate this gene (BEVAN ET AL. 

2017; GHOSH ET AL. 2017). My data reinforces those observations as isolates of the 
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ST131 C1 clade differed only by 109 SNPs maximum and the alignment of closed 

blaCTX-M-27 carrying plasmids of C1 isolates revealed that they consist of the same 

LCBs. The high similarity of the plasmids is likely due to a common ancestor 

plasmid, which spread clonally.  

In accordance with the current view that ESBL resistance is mostly plasmid 

mediated, I found blaCTX-M variants to be plasmid associated in two thirds of the 

strains. Chromosomal integration of blaCTX-M genes via ISE has been described 

but was observed at lower frequency than plasmid localization (CERQUETTI ET AL. 2010; 

COQUE ET AL. 2008B). Here, I found chromosomal localization of blaCTX-M genes in 

33 % (n = 29) of 97 ESBL positive strains. A recent study of clinical ESBL-Ec also 

found around one third chromosomal blaCTX-M location and even describes 

recurrent transposition and chromosomal integration leading to accumulation of 

multiple chromosomal copies. The authors described a low rate of chromosomal 

blaCTX-M-27 localization (1/81 strains) compared to blaCTX-M-15 (11/81 strains) 

(HAMAMOTO AND HIRAI 2019). In the present study, also only a single strain harbored 

blaCTX-M-27 chromosomally, but it had even two copies (ec_00166 of ST354). I 

could confirm that chromosomal integration of blaCTX-M-15 is more frequent. 

blaCTM-X-15 is described to be strongly associated with ST131/C2 and in 

combination with other resistance and virulence determinants thought to contribute 

to its worldwide dominance. The reasons for the association of certain clonal 

lineages with certain epidemic resistance plasmids are uncertain (MATHERS ET AL. 

2015). Here, the chromosomal integration of blaCTX-M genes was observed at a lower 

rate than plasmid localization and it was not restricted to a specific phylogenetic 

group, but rather across isolates of all STs and subclades. Therefore the 

chromosomal integration does not seem to play a major role in strengthening the 

ST131/ blaCTX-M gene association. It has been speculated that a presumed lower 

transmissibility of the plasmids helps to achieve a reduction in fitness costs and is 

thereby contributing to the clonal advantage in ST131 dissemination (KONDRATYEVA 

ET AL. 2020).  

The nested structures of MGEs around blaCTX-M genes on plasmids show the high 

potential of intra-cellular movement of blaCTX-M alleles. The data generated in the 

present study helps to elucidate such transposition and recombination events.  
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4 Conclusion and outlook  

This thesis describes the clonal landscape and plasmidome of clinical ESBL-

producing isolates by application of WGS. A WG based high resolution phylogeny 

of ESBL-Ec and ESBL-Kp isolates in combination with epidemiological data allowed 

me to determine the population structures and clinical transmission dynamics of 

these species. The optimized library preparation protocol for WGS of clinical 

isolates will help to generate data in a cost-efficient and high-throughput fashion. 

In the present study, I showed the general applicability of similarity thresholds in 

phylogenetic WGS studies of ESBL-producing isolates for initial transmission 

detection. Regarding the population structure of ESBL-producing clinical isolates, I 

determined several important trends of emerging STs that require further 

surveillance. ESBL-Ec emerging lineages ST131 clade C1 and ST1193 were 

confirmed at high prevalence in the observed hospital population. My results 

reinforce recent observations (BIRGY ET AL. 2017; GHOSH ET AL. 2017; VALENZA ET AL. 2019) 

and highlight the ongoing shifts in the clinical ESBL-Ec population. Notably, my 

results indicate a higher genomic variability in ST1193 compared to previous 

publications (TCHESNOKOVA ET AL. 2019; VALENZA ET AL. 2019). By comprehensive WGS and 

comparative phylogenetic analysis of isolate collections the genomic structures and 

evolutionary background of the emerging ESBL-Ec lineages should be further 

elucidated. An undescribed ESBL-Kp ST (ST1626) was found at high prevalence 

among the clinical isolates, potentially indicating an endemic situation. The rare 

reports (only one Genbank submission), but the locally high prevalence, 

demonstrates the necessity for further investigation to find the factors for the 

potential advantage of this ST. 

My results confirm recent findings (HAGEL ET AL. 2019; XERCAVINS ET AL. 2020), which 

showed patient-to-patient transmissions of ESBL-producing isolates in hospitals at 

low rates. However, also some limitations to the current study, regarding the 

screening of the hospital environment and staff as well as epidemiological data 

collection, were revealed. Furthermore, my data demonstrated that the probable 

importation of ESBL-producing isolates by the patients into the hospital may be the 

cause of some of the infections that are classified as nosocomial.  
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My findings are substantial because they emphasize that the definition of 

nosocomial infections with ESBL producing species and hygiene strategies to 

prevent those should be re-evaluated. 

As the patients on ICUs are especially vulnerable, but also require a lot of handling 

and medical devices, a comprehensive screening practice might be implicated, to 

distinguish transmissions on these wards from importations. Colonization has been 

shown as a particular risk factor for developing of an infection with ESBL producing 

species on the ICU (BOLDT ET AL. 2018; MARTINEZ ET AL. 2019). However, colonization and 

subsequent infection causality require further investigations to determine the value 

of routine active surveillance in any part of hospitals. Furthermore, spread of ESBL 

producing species among healthy individuals in household and nursing home 

settings should be quantified.   

The generation of WGS data allowed me to characterize core and accessory genes 

of ESBL-producing clinical isolates. Furthermore, I showed that by combining 2nd 

and 3rd generation sequencing techniques the plasmidome of clinical ESBL-Ec 

isolates can be reconstructed.  

The high correlation of core and accessory genome content of both species was 

confirmed in the present study. Accessory genes especially of the ESBL-Ec 

lineages ST131 C1 clade and ST1193, needs to be elucidated further to determine 

if they contain virulence or AMR determinants that might contribute to their rapid 

spread.  

By combination of results from both studies I conclude that the plasmids proportion 

on the overall accessory genome (12542 genes, 81 %) of the ESBL-Ec isolates is 

low. The mean plasmid fraction, i.e. reconstructed plasmids compared to the whole 

genome length, was 2.6 % (mean genome size of 5.2 Mb). This finding 

demonstrates that in addition to the plasmids other MGEs and recombination play 

major roles in shaping the accessory genome patterns. 

The plasmidome of clinical ESBL-Ec isolates analyzed here is characterized by high 

genetic diversity of plasmids and remarkably abundant SCPs. My findings highlight 

the remarkable diversity of plasmid profiles of closely related isolates which has 

been observed previously (BROLUND ET AL. 2013; DECANO AND DOWNING 2019; LANZA ET AL. 

2014). Furthermore, the clonal spread of the ST131 and association with blaCTX-M-

27 bearing plasmids was reinforced by my results. However, this association was 
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not reflected in the plasmid clusters, thereby emphasizing the mosaicism of the 

plasmids. Consequently, in addition to the core genome information, the accessory 

genome information should be used to obtain a higher resolution into plasmid, ESBL 

gene and MGE changes (DECANO AND DOWNING 2019; LANZA ET AL. 2014). The present 

study shows that a pangenome analysis might be particularly relevant for further 

insights into genomic AMR determinants. 

Moreover, my results corroborate the current view that ESBL production is 

frequently due to the presence of blaCTX-M genes, which are mostly plasmid 

encoded, and less frequently found on the chromosome (CANTÓN ET AL. 2008; COQUE ET 

AL. 2008B; HAMAMOTO AND HIRAI 2019). The high intra- and extracellular mobility of ARGs 

in general and blaCTX-M genes in particular bears high dissemination potential. 

Highlighting that only after the correct genomic localizations to ARGs have been 

assigned, spreading and potentially outbreaks events can be reconstructed.  

My findings show that resistance genes are mostly located on larger plasmids with 

the same structure and of known incompatibility type but can also be present on 

untyped plasmids. The latter are very distinct and imply the possibility to function as 

ARG vectors, which have been unrecognized to date. Thus, they require to be 

described throughout to estimate their HGT potential, frequency and how prone 

they are to accumulate resistance genes.  

My work revealed, that methodical improvements are required to obtain a higher 

rate of large low copy number plasmids. Large ARG bearing plasmids were found 

to be incompletely assembled, therefore deeper sequencing should be performed 

to resolve genomic structures particularly around ARGs. However, the overall 

plasmid variability, including low copy plasmids, was still covered to a broad extend 

by my approach. Hence, I conclude that the conducted approach is generally 

suitable for comprehensive plasmidome analysis. 

Furthermore the close investigation of the hybrid assemblies revealed two problems 

which will be targeted in a planned bioinformatically optimization. First, I determined 

a merging event of two highly similar plasmids. I found that events like this can be 

detected by long-read backmapping. However, further investigation on how to 

prevent these misassemblies is required. Second, hybrid assemblies contained 

fewer blaCTX-M genes than the draft assemblies, which is probably due to some 

filtering steps during the hybrid assembly process. Importantly, this finding 
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highlights the need to confirm the obtained results, i.e. the hybrid assembly 

structure, with an additional method.  

The data generated in the present study can be used to study HGT events of 

plasmids or Tn/ISE on plasmids. Furthermore, the complete plasmid assemblies 

allow to delineate complex nested MGE structures further and gain a better 

understanding of how nested MGEs have shaped (resistance) plasmid diversity in 

clinical ESBL-Ec isolates. Integration of the associations between genes, plasmids 

and strains into a dynamic database would help to compare the observed 

genotypes to support epidemiological investigations of plasmidomes. 

Altogether, the knowledge generated in this thesis will ultimately help to establish 

molecular based tools for improved surveillance of AMR spread as well as clonal 

patient-to-patient transmissions in the hospital setting. This can be of immense 

value in the fight against ESBL-producing Enterobacteriaceae and contributes 

towards future infection control measures.  
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5 Methods 

5.1 Clinical isolate collection  

ESBL-Ec and ESBL-Kp isolates were kindly provided by a large community hospital 

in Lower Saxony. The isolates were purified from various primary materials in the 

clinic laboratory and a single colony was re-streaked on a 5% Columbia sheep 

blood agar plate for transfer. The collection period spanned one year (April 2019 – 

April 2020). During this time, approximately 90 % of ESBL-Ec and 60 % ESBL-Kp 

positive isolates were recovered and subjected to further analysis. Phenotypic 

resistance testing and interpretation was done in the clinic, based on the EUCAST 

guidelines implemented in the VITEK2 system v8.02 (parameter set 2018 and 

2019).  

Epidemiological information on the clinical isolates was kindly provided by the 

hospital hygiene specialist. Information on patient´s admission and discharge dates, 

ward on which the patient was on at the time point of the sampling, as well as for 

some patients if they were accommodated together in the same room were given. 

Additionally, I obtained information if the patient was admitted to the central or 

peripheral hospital. Information if the isolate appeared nosocomial (isolated in the 

hospital 48 h after admission) was given. If a patient was re-admitted to the hospital 

and had a record of permanent ESBL carriage the strain would be classified as 

“imported”. However, in the case that a patient has a record of ESBL carriage but 

is tested negative in the meantime and is then re-admitted to the hospital and the 

ESBL isolate is obtained after 48 h, this isolate would be classified as ”nosocomial”. 

In few cases of phylogenetically closely related isolates, the hospital clinicians 

determined if patients were accommodated in the same room. However the room 

and bed information itself was not provided.  

For isolates from external houses from single patients I also obtained information 

to which patient they belonged. Some isolates were from peripheral houses, for 

those the date and ward of sampling are known, but no information on the duration 

of the stay in the clinic was available. 
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5.2 Short read sequencing and library preparation 

5.2.1 DNA extraction and normalization for Illumina sequencing 

Several colonies from a lysogeny broth (LB) agar plate after overnight incubation 

were resuspended in 50 µL phosphate-buffered saline (PBS) and frozen at -20°C 

until further processing. DNA extraction was performed using the DNeasy Blood & 

Tissue Kit following the manufacturer’s instructions for bacterial pellets on the 

Qiacube automated system (Qiagen). The concentration was determined for a 

subset of samples using the dsDNA High Sensitivity kit and Qubit fluorometer 

(ThermoFisher). If the DNA concentration was above 40 ng/µL the samples could 

be further processed  to the normalization step directly. If the concentration was 

lower the eluted DNA was subjected to evaporation in an Eppendorf Concentrator 

for 45 min at 45°C. Mag-Bind® EquiPure Normalization Kit (Omega Bio-Tek) was 

used to normalize the DNA for library preparation according to protocol for genomic 

DNA provided by the manufacturer.  

 

5.2.2 Library preparation, normalization and pooling for Illumina sequencing  

The WGS library preparation was based on a modified version of the Illumina 

Nextera XT protocol (BAYM ET AL. 2015; STEGLICH ET AL. 2018). The input DNA 

concentration was increased to 0.8 ng/µL to avoid overtagmentation. All the steps 

until PCR amplification were conducted on ice in a 96-well PCR plate 

(ThermoFisher). The library indexing is based on Unique Dual Index (UDI) 

Nextera XT Primers. A set of 384 UDI primers were manufactured by ThermoFisher 

(standard desalting) according to the sequences provided by Illumina. Three 

additional PCR cycles were added to obtain a higher yield for the subsequent 

normalization. The resulting PCR protocol was as follows: activation for 3 min at 

72 °C, denaturation at 98 °C for 5 min; 13 cycles of amplification at 98 °C for 10 sec, 

62 °C for 30 sec, 72 °C for 30 sec and a final elongation at 72 °C for 5 min.  

The concentration was determined for a subset of samples as mentioned above.  

A minimum of 250 ng library per sample was required for the normalization with the 

SequalPrep kit (ThermoFisher). The normalization steps were conducted according 

to the manufacturer’s instructions. After normalization, the libraries were transferred 

to a new 96-well PCR plate and the concentration was determined for a subset of 
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samples. The pooling of the libraries was based on the determined concentrations 

of the different plates to achieve homogenous coverage in sequencing. Libraries 

were combined and the pool was concentrated in an Eppendorf Concentrator for 

45 min at 45 °C. Samples were pooled to obtain an average coverage of 

approximately 80x per isolate. 

In order to remove the salts (potentially interfering with the BluePippin size 

selection), the library pool was processed on a Microspin™ G-25 column, according 

to manufacturer´s instructions (GE healthcare). 

The WGS library pool was stored at -20 °C until further processing. 

 

5.2.3 BluePippin™ size selection Illumina sequencing 

To avoid the sequencing depth loss due to overrepresentation of short fragments, I 

excluded short library fragments. The pool was size selected on the BluePippin™ 

(Sage Science) instrument and parameters were set to 500 – 1500 bp. Prior to size 

selection and afterwards, the fragment length profile was determined on the Agilent 

2100 Bioanalyzer Pico Chip (Agilent Genomics). Size selection and Bioanalyzer 

visualization were kindly performed by the Genome Analytic platform, Helmholtz 

Center for Infection Research, Braunschweig (GMAK).  

 

5.2.4 Illumina sequencing 

Paired end sequencing in 150 bp mode was either conducted on the NextSeq 500 

or NovaSeq 6000 instruments. The sequencing service was kindly provided by the 

GMAK (NovaSeq) and German Collection of Microorganisms and Cell Cultures 

GmbH, DSMZ, Braunschweig. The demultiplexing was performed in the sequencing 

facilities, according to the used adapter combinations of the samples.  

 

5.3 Long read sequencing and library preparation 

5.3.1 High molecular weight (HMW) DNA extraction  

From isolates that served as reference for the phylogenetic analysis HMW DNA 

was extracted as previously described (SAMBROOK ET AL. 1989). 1.5 mL of overnight 

culture in LB medium were pelleted and after the extraction and cleaning step the 
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DNA pellet was resuspended in 100 μL nuclease free water and stored at – 20°C 

until further processing. 

 

5.3.2 Plasmid enriched DNA extraction  

Plasmid enriched DNA of clinical ESBL-Ec isolates was extracted using the 

QIAprep Spin Miniprep Kit (Qiagen). The protocol was adjusted to clinical isolates, 

which harbor high and low copy plasmids with the following modifications.  

14 mL of overnight culture in LB were pelleted and frozen at -20 °C for at least 

15 minutes. The pellet was resuspended in 1 mL P1 buffer and the suspension was 

divided into two 2 mL microcentrifuge tubes. After lysis, 800 μL of supernatant were 

loaded to the QIAprep 2.0 spin column. After centrifugation the flow-through was 

discarded and the step repeated until the complete volume of clear supernatant was 

applied to the column.  

After the washing steps, the QIAprep 2.0 spin column was incubated at 50 °C for 

2 minutes. Then, the QIAprep 2.0 spin column was placed on a new 1.5 mL 

microcentrifuge tube. The DNA was eluted by application of 50 μL of prewarmed 

nuclease free water (50 °C), followed by incubation at room temperature for 

2 minutes and centrifugation. To increase the overall yield the last step was 

repeated. DNA was concentrated using a vacuum concentrator to a final volume of 

20 μL. The concentration was determined for each sample using the dsDNA Broad 

Range kit in the Qubit fluorometer (ThermoFisher).  

For Rapid Barcoding Sequencing Kit library preparation and Ligation Sequencing 

Kit in addition with Native Barcoding Kit library preparation, a minimum DNA yield 

of 400 ng or 2 μg were required, respectively. If this amount was not reached the 

DNA extraction was repeated and the extracts were pooled. Isolates that did not 

yield the required amount of DNA for long read sequencing after repeated plasmid 

preparations were excluded from the study.  

 

5.3.3 ONT sequencing 

HMW DNA libraries for the reconstruction of closed chromosomes were prepared 

with the SQK-LSK109 and EXP-NBD104/114 Kit according to the manufacturer´s 

instructions. During the establishing process of long read sequencing and library 
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preparation in our laboratory a few samples of plasmid enriched DNA were 

prepared as native barcoded sequencing libraries (ec_00012, ec_00019, 

ec_00029). To break up circular structures of plasmids, an additional shearing step 

with Covaris g-tubes (Covaris) was included for these samples as described by the 

manufacturer.  

Libraries of plasmid enriched DNA were prepared using the SQK-RBK004 Kit 

according to the manufacturer’s instructions. However, the enzymatic tagmentation 

and barcoding reaction was done on ice. Furthermore, barcoded single samples 

were pooled in equimolar concentrations to a volume of 20 μL and subsequently 

eluted in 10 μL from AMPure XP beads (Beckmann Coulter). Finally, barcoded and 

adapter tagged DNA was washed by using 250 μL short fragmentation buffer to 

retain DNA fragments of all sizes. 

Flow cells were reused and washing steps were performed with the EXP-WSH003 

kit according to manufacturer´s instructions.   

 

5.4 Quality analysis, trimming, assembly of WGS reads  

5.4.1 Short read quality analysis and adapter trimming  

An initial quality filtering was performed, to ensure a high base quality (Phred 

score > 30), sufficient number of reads (> 500000) and low adapter content. Quality 

analysis files for single reads were generated with FASTQC version (v)0.11.8. 

These files were combined using MultiQC v1.8 (EWELS ET AL. 2016). Reads exhibiting 

a detectable adapter contamination were subjected to trimming using Trimmomatic 

v0.32 (BOLGER ET AL. 2014). To verify that trimming was successful, the MultiQC 

analysis was repeated and in all cases < 0.1 % adapter contamination was 

observed.  

 

5.4.2 Short read assembly 

The paired and unpaired reads of each isolate were used to produce the assemblies 

with Spades v3.13.0. Draft assemblies were analysed using QUAST v5.0.2 

(GUREVICH ET AL. 2013). Only assemblies with a minimum N50 value of 100 kbs were 

considered for subsequent analysis steps to avoid fragmentation. Reads and 
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assemblies of the isolates not meeting this quality criteria were excluded from the 

following analysis steps. The assemblies were filtered for outliers in GC content per 

species, indicative of a contamination. If an isolate was not covered sufficiently it 

was re-sequenced. Reads were then combined to obtain a final assembly of high 

quality or sufficient coverage for variant calling 

 

5.4.3 Long read basecalling 

Guppy v3.1.5 basecalling software in high accuracy mode was used to convert the 

signal from the nanopore to sequencing reads. Guppy uses fast5 preliminary read 

files to generate fastq reads and to demultiplex barcodes.  

 

5.4.4 Hybrid assemblies  

Short, less error prone reads (150 bp, obtained on either Illumina Next or NovaSeq) 

were combined with long reads generated with ONT MinION. Unicycler v0.4.8 (WICK 

ET AL. 2017) in default settings was used to construct high quality hybrid assemblies. 

 

5.5 Phylogenetic analysis 

5.5.1 Construction of the initial phylogenetic tree  

To obtain an initial phylogenetic tree of all isolates of the species a core genome 

alignment, based on high quality assemblies, was generated with parSNP using 

default parameters (TREANGEN ET AL. 2014). One strain was used as internal reference 

for the determination of the core positions. In silico multilocus sequence typing 

(MLST) was perfomed, based on the “Achtman scheme” using pubMLST v2.19.0. 

The phylogenetic trees were visualized and annotated in iTOL (LETUNIC AND BORK 

2019).  

5.5.2 Mapping based high resolution phylogeny 

To obtain a higher resolution of certain subgroups identified in the initial analysis, 

the closely related isolates were subjected to a reference based mapping approach.  

The reference based alignment of short reads with variant calling was generated in 

snippy v4.6.0 (SEEMANN 2015). The snippy-core function was used to generate a core 
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genome alignment of all strains within the ST. An initial alignment calculated by 

snippy-core was analyzed regarding false positive positions. If false positive 

variants were called positions in the core genome between the reference genome 

and corresponding short reads, these positions were corrected using the consensus 

sequence provided by the tool. The observed variant positions were first checked 

for support in the variant calling file followed by a repetition of the mapping 

procedure.  

To remove regions of increased SNPs from this alignment, indicative of 

recombination, the alignment was next processed in gubbins v2.4.1 (CROUCHER ET AL. 

2015) using default parameters, but with maximum 20 iterations of recombination 

detection. The ML tree was generated by RAxML integrated in the gubbins based 

on general time-reversible model of substitution and a gamma distribution to 

account for rate heterogeneity between sites. SNP positions that were masked by 

gubbins were subsequently excluded by the tool snp-sites v2.5.1 (PAGE ET AL. 2016). 

The pairwise SNP distance was determined with snps-dists v0.7.0 (SEEMANN 2007) 

based on the final alignment. The phylogenetic trees were visualized and annotated 

in iTOL (LETUNIC AND BORK 2019). 

Overall, five and four technical sequencing replicates of ESBL-Ec and ESBL-Kp 

isolates respectively were included to confirm high mapping quality. They appeared 

identical to the respective isolate. 

 

5.5.3 Pangenome analysis  

The short read based assemblies were annotated (see 7.6.1) and the .gff files used 

for the pangenome determination with GenAPI with default settings (GABRIELAITE AND 

MARVIG 2020). Gene content analysis was performed in R as described previously by 

Holt et al. (HOLT ET AL. 2015) 

 

5.6 Annotation, resistance gene detection, alignments 

5.6.1 Annotation and Typing 

The assemblies were annotated using PROKKA v1.14.6 (SEEMANN 2014B). For the 

identification of the ESBL-Ec ST131 subclade C1 isolates presence and coverage 
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of the marker, a 1.5 kb M27PP1 prophage-like genomic island, was determined 

(BIRGY ET AL. 2017). FimH allele typing was done by blasting the draft assemblies 

against the FimTyper database ((ROER ET AL. 2017), database downloaded 

27.07.2020).  

 

5.6.2 Detection of ARGs  

Chromosomal and plasmid-encoded AMR conferring genes (ARGs) were identified 

using ABRicate v0.9.9 (SEEMANN 2014A) with the integrated Comprehensive Antibiotic 

Resistance Database (CARD) ((MCARTHUR ET AL. 2013), database download 

20.02.2020).  

ARGs on plasmids were excluded from the analysis if they had less than 50 % 

coverage. However, for the specific location analysis of blaCTX-M genes on 

chromosomal and plasmid contigs no coverage filter was applied, as these genes 

were not detected with less than 50 % coverage in the hybrid assemblies.  However, 

blaCTX-M genes in assemblies, based on short reads only, were considered to be 

fragmented if coverage was < 90 %. Isolates were considered to have two blaCTX-

M genes if both were > 90 % coverage. 

 

5.6.3 Alignments 

Alignment of plasmids were created in progressiveMAUVE v20150226 (DARLING ET 

AL. 2010), using locally colinear block (LCB) size of 1000 bp.  

 

5.7 Analysis of MGEs 

5.7.1 Identification of plasmids in WG hybrid assemblies 

Presumed circular plasmid contigs were extracted from the WG hybrid assembly, if 

they were circular and their length below 1000 kb. The size criterion is based on 

findings by Orlek et al. (ORLEK ET AL., 2017A). According to a recent publication (DOUARRE 

ET AL. 2020), the mob-typer software could type more plasmids than the classical 

PlasmidFinder database, for this reason the typing was performed using mob-typer.  

The mob-recon and mob-typer tools v3.0 (database download 20.06.2020) were 

used to find typical plasmid genes, to perform a mobility typing and to find a close 
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relative in the database that is part of the software. If these typical genes were not 

found and mob-recon designated the contig as chromosomal, the contig was 

excluded from the plasmid dataset. However, I found the smallest plasmid (P1) to 

match an entry in NCBI (accession: CP058111) despite being not designated as 

plasmid by mob-typer, I included the contig. The entry in NCBI was submitted 

recently (08.07.2020) and is not included in the mob-typer database yet. The tool 

allows for expanded incompatibility typing by including replication proteins that have 

not been assigned to a known incompatibility group. Those are marked with 

numbers (ROBERTSON AND NASH 2018).  

 A plasmid was classified ‘conjugative‘, if at least a relaxase and a mate-pair 

formation marker was located on the contig. Plasmids were classified ‘mobilizable’, 

if they either have a relaxase or an oriT but are missing the mate-pair formation 

marker and ’non-mobilizable’ if they were missing a relaxase and an oriT.  

 

5.7.2 MGE typing with ISFinder Analysis/ Phaster/ PlasmidFinder 

For the detection of transposable elements on plasmids the dataset was blasted 

against the ISFinder database ((SIGUIER ET AL. 2006), database access: 16.09.2020). 

The following settings were used: gap open penalties for existence 5 and for 

extension 2; word size 11; e-value 1e-50. To further elucidate single structures on 

plasmids replicon type and phage content web servers PlasmidFinder ((CARATTOLI ET 

AL. 2014), database access: 13.07.2020) and PHASTER (ARNDT ET AL. 2016) were used. 

 

5.7.3 Cytoscape network visualization 

For the analysis of between cluster similarity and with cluster variation I determined 

the mash distances between each plasmid pair using mash v2.2.2 (ONDOV ET AL. 2016). 

To visualize the distances between plasmids I used Cytoscape v3.8.1 (SHANNON ET 

AL. 2003) in prefused force directed layout default settings. 

5.7.4 Plasmid analysis and Visualization in R 

To test whether clusters of plasmids are similar according to the sizes within the 

clusters Analysis of Variance (AOV) was performed in R (R CORE TEAM (2020)). Using 

the tidyverse package in R the ARG content was linked to the ISFinder output and 

filtered for transposons which include ARGs or are located within 300 bp next to the 
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ARG. Isolate-based rarefaction analysis was done by eight times randomly 

subsampling the rarefied numbers of strains and counting the respective plasmid 

clusters. Complete and putative plasmid cluster accumulation curves were 

generated using the vegan package in R. Wilcoxon rank sum test with continuity 

correction was used to test plasmid size and ARG association. 

Using the tidyverse package in R SNP and day distances were determined in R (R 

CORE TEAM (2020)).  
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7 Appendix 

Tab. S. 1: Information of 234 clinical E. coli isolates. Patient ID (Pat. ID.) was randomly given for 
patients that were sampled repeatedly. ST was determined in silico using pubMLST. Date of isolation 
and carriage status of the isolate as determined by the hospital are given.  
 
 

Isolate ID Pat. ID. ST status  Isolate ID Pat. ID. ST status 

ec_00001  131 brought  ec_00060 AD 88 brought 
ec_00002 AT 131 nosocomial  ec_00061  131 nosocomial 

ec_00003  75 external  ec_00062  405 nosocomial 

ec_00004  131 external  ec_00063  167 nosocomial 

ec_00005 AE 131 external  ec_00064 AB 10 brought 

ec_00006  131 external  ec_00066  131 external 

ec_00007  10 external  ec_00067  224 nosocomial 

ec_00008 BB 131 nosocomial  ec_00068  131 brought 

ec_00009 AE 131 external  ec_00069  131 brought 

ec_00010  131 brought  ec_00072  410 external 

ec_00011 AX 131 nosocomial  ec_00073  1642 brought 

ec_00012 AR 648 brought  ec_00074  38 brought 

ec_00013 AS 1193 nosocomial  ec_00075  10 brought 

ec_00014  949 brought  ec_00076  101 nosocomial 

ec_00015 AV 131 nosocomial  ec_00077  131 brought 

ec_00016 AR 648 brought  ec_00078  131 external 

ec_00017 AL 131 brought  ec_00079 BI 88 brought 

ec_00018 AA 224 brought  ec_00080  648 brought 

ec_00019 BN 3171 nosocomial  ec_00081  2599 brought 

ec_00020 BN 1193 nosocomial  ec_00082 AM 131 brought 

ec_00021  131 brought  ec_00083  131 brought 

ec_00022  131 brought  ec_00084  141 external 

ec_00023  131 external  ec_00085  131 brought 

ec_00024  744 brought  ec_00086  405 external 

ec_00025  131 brought  ec_00087  131 external 

ec_00026  131 external  ec_00089 AM 131 brought 

ec_00027  354 brought  ec_00090  - external 

ec_00028 AT 131 nosocomial  ec_00098 AF 88 external 

ec_00029  131 brought  ec_00099  131 external 

ec_00030  131 brought  ec_00101 AG 1585 external 

ec_00032  131 brought  ec_00102  131 brought 

ec_00034 AF 88 external  ec_00103 AC 2599 brought 

ec_00035 BC 131 brought  ec_00104  2599 nosocomial 

ec_00036  131 external  ec_00105  131 nosocomial 

ec_00037 BC 131 brought  ec_00106 AG 1585 external 

ec_00038  131 external  ec_00107  131 external 

ec_00039  131 external  ec_00108 BE 131 nosocomial 

ec_00040  131 brought  ec_00109 BD 131 brought 

ec_00041 BB 131 nosocomial  ec_00110  131 brought 

ec_00042 AD 88 brought  ec_00111  1193 nosocomial 

ec_00043  69 brought  ec_00112 BO 131 brought 

ec_00044 AV 131 nosocomial  ec_00113 AG 1585 external 

ec_00045 BD 131 nosocomial  ec_00114  131 external 

ec_00046 AS 1193 nosocomial  ec_00115 AB 10 brought 

ec_00047  131 brought  ec_00116 AX 131 brought 

ec_00048 AL 131 brought  ec_00117  405 external 

ec_00049  131 external  ec_00118  131 nosocomial 

ec_00050  131 external  ec_00119  131 nosocomial 

ec_00051  1193 brought  ec_00120  131 brought 

ec_00052  131 external  ec_00121  131 brought 

ec_00053  744 brought  ec_00122  410 nosocomial 

ec_00054  1642 nosocomial  ec_00123  162 nosocomial 

ec_00055 BD 131 brought  ec_00124  117 nosocomial 

ec_00056 AB 10 brought  ec_00125 AC 131 brought 

ec_00057 BI 88 brought  ec_00126 BE 131 nosocomial 

ec_00058  131 brought  ec_00127 BE 131 nosocomial 

ec_00059  1642 brought  ec_00128  131 nosocomial 
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Isolate ID Pat. ID. ST status  Isolate ID Pat. ID. ST status 

ec_00129  69 brought  ec_00194 AC 131 brought 

ec_00130  131 external  ec_00195 BP 131 brought 

ec_00131  131 brought  ec_00196  410 brought 

ec_00132 BF 131 brought  ec_00197  131 brought 

ec_00133  131 brought  ec_00198  131 brought 

ec_00135 AZ 131 brought  ec_00199  131 brought 

ec_00136  131 brought  ec_00200 BP 131 brought 

ec_00137 AO 131 brought  ec_00201  131 external 

ec_00138  428 external  ec_00202  69 nosocomial 

ec_00139  88 nosocomial  ec_00203  131 brought 

ec_00140  131 brought  ec_00204  131 external 

ec_00141  636 nosocomial  ec_00205  131 external 

ec_00142 AD 131 brought  ec_00206 AP 131 brought 

ec_00143 AA 131 brought  ec_00207  131 external 

ec_00144 BF 131 brought  ec_00208  131 nosocomial 

ec_00145  131 brought  ec_00209  131 brought 

ec_00146  131 brought  ec_00210 AY 10 brought 

ec_00147 AQ 131 brought  ec_00211 BK 69 nosocomial 

ec_00148  131 external  ec_00212 BK 69 nosocomial 

ec_00149 AQ 131 brought  ec_00213  1193 brought 

ec_00150  10405 external  ec_00214  1193 external 

ec_00151  1193 brought  ec_00215 AK 88 external 

ec_00154  131 brought  ec_00216  131 nosocomial 

ec_00155 BA 131 nosocomial  ec_00217 BL 131 brought 

ec_00156  617 brought  ec_00218  4981 brought 

ec_00157 AA 162 brought  ec_00219  3052 external 

ec_00158  648 external  ec_00220 AN 131 brought 

ec_00159 AQ 131 brought  ec_00221  354 brought 

ec_00160  131 nosocomial  ec_00222 AI 131 external 

ec_00161  744 nosocomial  ec_00223 AN 131 brought 

ec_00162 AQ 131 NA  ec_00225 BL 131 brought 

ec_00163  443 nosocomial  ec_00226  131 nosocomial 

ec_00164  224 brought  ec_00227 AI 131 external 

ec_00165  131 brought  ec_00228 AR 648 brought 

ec_00166  354 brought  ec_00229  131 brought 

ec_00167  131 external  ec_00230  131 brought 

ec_00168  1193 nosocomial  ec_00231  656 brought 

ec_00169 AZ 131 brought  ec_00232 AU 131 nosocomial 

ec_00170 AH 131 external  ec_00233  131 external 

ec_00171 BJ 1193 nosocomial  ec_00234  1193 nosocomial 

ec_00172  131 brought  ec_00235  744 brought 

ec_00173  410 brought  ec_00236  744 nosocomial 

ec_00174 AH 131 external  ec_00237  131 brought 

ec_00175 AH 131 external  ec_00238 AU 131 nosocomial 

ec_00176  405 nosocomial  ec_00239 AW 131 brought 

ec_00177 BO 131 brought  ec_00240  10 nosocomial 

ec_00178  131 external  ec_00241  131 external 

ec_00179  131 nosocomial  ec_00242 AW 131 brought 

ec_00180  131 nosocomial  ec_00243  131 external 

ec_00181 BE 131 nosocomial  ec_00244 BJ 1193 brought 

ec_00183 AP 131 brought  ec_00245 BH 131 brought 

ec_00185  131 brought  ec_00246  131 brought 

ec_00186 BA 131 brought  ec_00247 BH 131 brought 

ec_00187  131 brought  ec_00248 BM 131 nosocomial 

ec_00188  648 brought  ec_00249 BM 131 nosocomial 

ec_00189 BP 131 brought  ec_00251 AO 131 brought 

ec_00190 BP 131 brought  ec_00252 AK 88 external 

ec_00191 AY 10 brought  ec_00253 AJ 648 external 

ec_00192  38 brought  ec_00254 AJ 648 external 

ec_00193  131 external  ec_00255  131 brought 
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Tab. S. 2: Information of 60 clinical K. pneumoniae isolates. Patient ID (Pat. ID.) is given for 
patients that were sampled repeatedly. ST was determined in silico using pubMLST. Date of isolation 
and carriage status of the isolate as determined by the hospital are given.  
 

Isolate ID Pat. ID. ST carrier status  Isolate ID Pat. ID. ST carrier status 

kp_00010  307 external  kp_00101 AC 307 nosocomial 

kp_00020  48 brought  kp_00102  13 external 

kp_00023  1626 external  kp_00103  22 nosocomial 

kp_00024  1626 brought  kp_00104 AJ 48 external 

kp_00026  - external  kp_00105  307 nosocomial 

kp_00034  15 brought  kp_00106 AJ 48 external 

kp_00038 AG 45 brought  kp_00107 AH 22 nosocomial 

kp_00039  405 brought  kp_00108  14 brought 

kp_00044 AB 307 brought  kp_00109 AA 281 brought 

kp_00047 AB 307 brought  kp_00110 AC 307 brought 

kp_00049 AD 1626 nosocomial  kp_00111  14 brought 

kp_00050 AD 1626 nosocomial  kp_00112  48 external 

kp_00054 AF 14 brought  kp_00113  307 brought 

kp_00055  1626 external  kp_00114  395 nosocomial 

kp_00056 AG 45 brought  kp_00115  1626 external 

kp_00057  13 external  kp_00116  1626 external 

kp_00058 AF 14 brought  kp_00117  323 external 

kp_00059 AH 22 nosocomial  kp_00118 AH 22 brought 

kp_00061  307 external  kp_00120  395 brought 

kp_00062 AI 14 nosocomial  kp_00121  1626 brought 

kp_00067 AI 14 nosocomial  kp_00122  22 brought 

kp_00069  464 external  kp_00123  14 external 

kp_00070  1626 external  kp_00125  14 external 

kp_00071  219 brought  kp_00126  17 external 

kp_00072  14 brought  kp_00127  1626 external 

kp_00073  48 brought  kp_00128  1626 nosocomial 

kp_00074  48 nosocomial  kp_00129  14 external 

kp_00075  292 brought  rc_ec_00088  48 brought 

kp_00078  15 brought  rc_ec_00134  307 brought 

kp_00100 AA 281 brought  rc_ec_00184  667 nosocomial 
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Fig. S 1: Pairwise SNP difference distribution of ST131 ESBL-Ec isolates (< 80 SNPs). 
Dark blue: pairs of isolates from the five patients that have been sampled repeatedly. Distances to 
references were not considered. 
 

 

Fig. S 2: Heatmap of pairwise SNP distances among ST131 isolates.  
Row and column clustering is based on the ML phylogenetic tree. Color is based on the pairwise 
SNP distance determined in the ST mapping to reference genome ec_00010. 
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Fig. S 3: ML tree of clinical ESBL-Ec isolates from the present study and external isolates 
from Germany (marked yellow).  
Blue Boxes highlight clades with both external isolates and isolates of the present study. For external 
isolates years of isolation is given if it was available.  
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Fig. S 4: ML phylogenetic tree of clinical ST88 ESBL-Ec and external isolates.  
External isolates were obtained in the same study region from vegetables (Isolates ID start with 
SRR, (REID ET AL. 2020)). ec_00034 was used as reference for mapping.  
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Observed artificial repetitive structures are resolved bioinformatically 

During the hybrid assembly of plasmids an initial construct is based on the short 

reads. Unresolved structures are then bridged by long reads if they are available 

for the region in question (WICK ET AL. 2017). Therefore I mapped the long reads back 

on the hybrid assemblies and determined to which extend the plasmid was covered 

by the longest read (Tab. S. 3, Tab S 7). The calculated longest read length 

exceeded the length of certain plasmid hybrid assemblies probably due the high 

error rate of this read type.  

Tab. S. 3: Plasmid length distribution covered by longest read after backmapping. 

Min. Length 1st Quantile Median Mean 3rd Quantile Max. Length 

0 % 62 % 99 % 81 % 100 % 128 % 

 

However, in 68 cases the longest read covered less than 50 % of the plasmid and 

for ten plasmids no long reads were assigned. These ten plasmids were below 5 kb, 

indicating sufficient coverage by short reads due to high copy number.  

Interestingly, in one ESBL-Ec isolate the assembly consisted of seven plasmids. 

The smallest was 3095 bp. The long read alignment could not confirm the structure, 

as reads only spanned half of the final assembly. Additionally, I was not able to 

confirm the presence of the longer plasmid with molecular techniques (PCR and gel 

electrophoresis). I found that this plasmid exhibited a duplicated structure, 

consisting of two parts which are highly similar to each other. In fact, after 

resequencing and merging reads, two plasmids were reconstructed (1549 bp and 

1546 bp, 96 % identity) in place of P121, indicative of a previous misassembly. 

Despite the application of both sequencing techniques, the repetitive and highly 

similar structures had caused a misassembly. However, the other six plasmids of 

this strain were assembled identically. 

 

 

 

 

 

 



Appendix 

viii 
 

To evaluate the diversity of plasmid clusters per isolate, I performed an isolate-

based plasmid cluster analysis. The plasmid cluster accumulation curve revealed 

(Fig. S 5) that the plasmid cluster diversity of 97 ESBL-Ec strains isolated from 

patients of one hospital within one year has been covered by the isolate subset to 

a broad extent.  

 
Fig. S 5: Isolate based plasmid cluster accumulation curves.  
Green: Plasmid cluster accumulation based on 372 closed plasmids. Red: Plasmid cluster 
accumulation based on closed plasmids and 77 putative resistance plasmids.  

 

Tab. S. 4: Metadata and phylogeny of ESBL-Ec isolates with fully reconstructed plasmids 
from patients that were sampled twice.  

Isolate ST 
Patient 

ID 
Core genome SNP distance within ST Same sample site 

ec_00042 88 AD NA Yes 
ec_00142 131 
ec_00034 88 AF 2 No 
ec_00098 88 
ec_00012 648 AR 31 No 
ec_00016 648 
ec_00013 1193 AS 0 No 
ec_00046 1193 
ec_00232 131 AU 2 Yes 
ec_00238 131 
ec_00126 131 BE 1 No 
ec_00181 131 
ec_00057 88 BI 1 No 
ec_00079 88 
ec_00019 3171 BN NA Yes 
ec_00020 1193 
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Fig. S 6: Presence of ARGs on plasmids of 97 ESBL-Ec isolates. 
Left: Rows cluster according to ML phylogenetic tree of 97 ESBL-Ec isolates. The first row shows 
the ST. Columns cluster according to antibiotic class. 
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Fig. S 7: Alignment of blaCTX-M-27 carrying plasmids in isolates of ST131.  
The central orange LCB contains the blaCTX-M-27 gene. Blue blocks of larger plasmids on the left side as well as purple and red block on the right side 
contain replication genes 



 

xi 
 

Further supplementary tables and figures can be found 

in the digital attachment  

 

Tab. S 5: Quality of a NextSeq sequencing run of clinical isolates.  
The WG libraries have been prepared with the optimized NEXTERA XT based protocol. Quality was 
determined with the MultiQC tool.  

 

Tab. S 6: Typing results of reconstructed plasmids of 97 clinical ESBL-Ec isolates.   
Typing and clustering has been performed using mob_cluster and mob_typer tools. STs of clinical 
isolates were determined using pubMLST.  

 

Tab. S 7: Backmapping of short and long reads to closed, reconstructed plasmids.  
Information is given to which extend the plasmid is covered by which type of read as well as the part 
of the plasmid that is covered by the longest read.  
 
 
Tab. S 8: ARGs on plasmids and mobility conferred by MGE structures.  
Tn and ISE structures were determined as well as the mobility of the plasmid and presence of 
conjugative plasmids in the strains. ARGs were determined using the Abricate tool. 
 
 
Fig. S 8: High resolution phylogeny with epidemiological metadata of ESBL-Ec isolates of 
ST131 isolates.  
SNP distances and days between the sampling are given as well as information on the origin of the 
sample. 

 

Fig. S 9: High resolution phylogeny with epidemiological metadata of ESBL-Ec isolates of 
ST1193, ST69, ST10, ST88, ST410 and ST648 isolates. 
SNP distances and days between the sampling are given as well as information on the origin of the 
sample. 

 

Fig. S 10: High resolution phylogeny with epidemiological metadata of ESBL-Kp isolates of 
ST1626, ST22, ST48, ST307 isolates. 
SNP distances and days between the sampling are given as well as information on the origin of the 
sample. 

 

Fig. S 11: Mobility and co-occurrence of ARGs on reconstructed plasmids.  
Mobility conferred by the plasmid itself and nested MGE structures around the ARGs were 
determined. Rows and columns are clustered according to Euclidian distance.  


