
 
 
 
 

 
 

Mobile genetic elements and clonal dynamics of antibiotic-

resistant hospital-acquired bacteria  

 

 

 

Inaugural-Dissertation 

 zur  

Erlangung des Doktorgrades  

der Mathematisch-Naturwissenschaftlichen Fakultät 

 der Universität zu Köln  

vorgelegt von  

 

 

Kyriaki Xanthopoulou 

aus Veria, Griechenland 

 

 

 

Köln, November 2020 

  



 
 
 
 

 
 

Die vorliegende Arbeit wurde am Institut für Medizinische Mikrobiologie, Immunologie und 

Hygiene der Uniklinik Köln angefertigt und wurde vom Deutschen Zentrum für 

Infektionsforschung (DZIF) gefördert.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tag der mündlichen Prüfung: 25. Januar 2021 

Berichterstatter Prof. Dr. Harald Seifert 

(Gutachter) 

 

 

 

Prof. Dr. Karin Schnetz 



 
 
 
 

 
 

Acknowledgements  

Firstly, I would like to express my gratitude to Prof. Dr. Harald Seifert for the supervision and 

evaluation of my Thesis. Furthermore, I am thankful for the opportunity to work in his 

laboratory, to present my results at numerous conferences and for enabling my research stay in 

the research group of Prof. Dr. Alessandra Carattoli (Istituto Superiore di Sanità, Rome, Italy).  

 I would like to extend my appreciation to Prof. Dr. Karin Schnetz for the evaluation of my 

thesis and the helpful discussions. 

My sincere gratitude goes to my supervisor Dr. Paul G. Higgins for his enthusiasm, guidance 

and feedback throughout this project but also for providing me challenges and opportunities to 

try something new, fail and learn. Thank you Paul! 

I would also like to thank Prof. Dr. Alessandra Carattoli and her research team for the warm 

welcome in their laboratory and the collaboration.  

I am deeply grateful for working with Julia Wille and Kai Lucaßen who have supported me 

and had to put up with my stress and complaints during the last years, but also for the fun. A 

big thank you to Dr. Mónica Cerezales for the great cooperation, support, help and 

unforgettable moments in and out of the laboratory. Thank you all, without you it would not 

be the same! 

I am truly thankful to Thorsten Wille, Arlette Paillard, Martina Wolke, Danuta Stefanik and to 

all members of the laboratory, colleagues and friends for their support and encouragement.  

Finally, I would like to thank Giorgos Tsakiris, Frida, Konstantina Xanthopoulou and my 

parents for putting up with me being sat in the laboratory for endless hours, for the patience 

and for supporting me through the course of my PhD. Ευχαριστώ! 

 

 

 

 

 



 
 
 
 

i 
 

Table of Contents  

1. Introduction ............................................................................................................................ 1 

1.1 ESKAPE organisms ......................................................................................................... 1 

1.2 Clonal spread .................................................................................................................... 3 

1.3 Horizontal gene transfer ................................................................................................... 4 

1.4 Mobile genetic elements ................................................................................................... 5 

1.4.1 Plasmids ..................................................................................................................... 6 

1.4.2 Transposable elements ............................................................................................... 7 

1.5 Genetic diversity .............................................................................................................. 8 

1.6 Experimental approach for tracking clonal spread, genetic diversity and MGEs in 
bacterial populations .............................................................................................................. 9 

1.6.1 Next-generation sequencing ...................................................................................... 9 

1.6.2 Bacterial typing ........................................................................................................ 11 

1.6.3 Pulsed-field gel electrophoresis ............................................................................... 13 

1.6.4 Southern blot hybridization ..................................................................................... 13 

1.6.5 In silico methods ...................................................................................................... 14 

1.7 Aim of the study ............................................................................................................. 14 

2. Results .................................................................................................................................. 15 

2.1 VREfm colonizing patients on hospital admission in Germany: prevalence and molecular 
epidemiology ........................................................................................................................ 15 

2.2 Population structure of third-generation cephalosporin-resistant and carbapenem-
resistant K. pneumoniae in Germany ................................................................................... 36 

2.3 A. baumannii analysis by cgMLST in two hospitals in Bolivia: endemicity of 
international clone 7 isolates ................................................................................................ 42 

2.4 First report of New Delhi Metallo-β-lactamase-6 in a clinical A. baumannii isolate from 
Northern Spain. .................................................................................................................... 50 

2.5 MGEs harbouring antibiotic resistance determinants in A. baumannii isolates from 
Bolivia .................................................................................................................................. 58 

2.6 Antibiotic resistance and MGEs in XDR K. pneumoniae ST147 recovered from Germany
 .............................................................................................................................................. 70 

2.7 Molecular characterization of blaNDM-1 from an A. baumannii outbreak in a German 
university hospital ................................................................................................................ 87 

2.8 Characterization of a vancomycin-resistant and a vancomycin-susceptible E. faecium 
isolate from the same blood culture ..................................................................................... 91 

3. Concluding discussion ....................................................................................................... 100 



 
 
 
 

ii 
 

3.1 Paradigms of clonality in bacterial populations in the hospital ................................... 100 

3.2 MGEs and clonal diversity in antibiotic-resistant bacterial pathogens ........................ 104 

4. Summary ............................................................................................................................ 108 

References .............................................................................................................................. 111 

Abbreviations ......................................................................................................................... 124 

Index of Figures ..................................................................................................................... 126 

Index of Tables ...................................................................................................................... 127 

Erklärung ................................................................................................................................ 128 

Appendix ................................................................................................................................ 131 

 

  

  

 



 Introduction 
 
 
 

1 
 

1. Introduction  

Antimicrobial resistance (AMR), a defence mechanism used by bacteria to overcome 

antimicrobial drugs, has emerged as a global health threat in the last decades.1, 2 Since the begin 

of the antibiotic era, marked with the discovery of the β-lactam penicillin in 1928 by Alexander 

Fleming, the use, misuse, and overuse of antibiotics in human and veterinary medicine is 

considered as the major driving force of AMR.1, 3, 4 The first report of antimicrobial resistance 

became apparent when bacteria were growing in the presence of penicillin, in 1940 shortly 

after its discovery.5 Ever since, the AMR rates are rapidly growing and have provoked the 

emergence of multidrug-resistant (MDR), extensive drug-resistant (XDR) or even pan drug-

resistant (PDR) bacteria. MDR implies acquired non-susceptibility to one or more agents of at 

least three antimicrobial classes (Figure S1), XDR is defined as non-susceptibility to at least 

one agent in all but two or fewer antimicrobial classes while, PDR implies non-susceptibility 

to all agents in all antimicrobial categories.6 

 

1.1 ESKAPE organisms 

Although many bacterial species are commensals to humans, as they can be found throughout 

the human body, there is a distinct group of bacteria which are increasingly prevalent in the 

healthcare setting and is able to escape the biocidal action of antibiotics. This group of 

pathogens are referred to “ESKAPE organisms” and encompass: vancomycin-resistant 

Enterococcus faecium (VREfm), methicillin-resistant Staphylococcus aureus (MRSA), and 

MDR Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and 

Enterobacter species. The ESKAPE bugs not only cause the vast majority of nosocomial 

infections, but serve as paradigms of transmission and resistance.7, 8 The World Health 

Organization (WHO) included ESKAPE pathogens in the list of 12 bacteria which present a 

great threat and for which new antibiotics are urgently needed.9 Carbapenem-resistant A. 

baumannii (CRAb) and members of the family Enterobacterales, such as K. pneumoniae, have 

been classified as critical while, VREfm has been given high priority, according to the urgency 

of a need to develop new antibiotic treatment options and the levels of reported antimicrobial 

resistance.10 

A. baumannii is an aerobic Gram-negative bacillus often involved in healthcare-associated 

infections, such as ventilator-associated pneumonia, but also skin and soft tissue infections, 
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wound, and urinary tract infections. Of major concern are the increasing trends of resistance to 

carbapenems, considered as antibiotics of last resort. Carbapenems, as all β-lactam antibiotics, 

targets the cell wall synthesis of growing cells by inhibiting the peptidoglycan crosslinking 

resulting in cell death.11, 12 Of note is that the first CRAb was reported in 1993, but this 

organism was isolated in 1985, prior to the introduction of carbapenems.13 Carbapenem 

resistance in A. baumannii is primarily mediated through acquired carbapenem-hydrolysing 

class D ß-lactamases, referred also as oxacillinases (OXAs). The most prevalent OXA in the 

species is blaOXA-23-like while, four more groups occur; blaOXA-40-like, blaOXA-58-like, blaOXA-143-like 

and blaOXA-235-like.14-16 However, A. baumannii also has an intrinsic blaOXA (51-like) and 

overexpression of certain variants confer carbapenem resistance.17, 18 Besides the OXA-type 

carbapenemases a secondary mechanism of resistance occurs, such as outer membrane porin 

deficiencies affecting the influx of carbapenems into the bacterial cell, or changes in penicillin-

binding proteins (PBPs) resulting in low binding affinity of the antibiotic.19 

K. pneumoniae is a common colonizer of the gastrointestinal tract of healthy human and 

animals. Nevertheless, this Gram-negative bacterium has been isolated the first time in 1882 

from the lung of a pneumonia patient and since then has been reported as the cause of a wide 

range of human infections, such as urinary tract infections or bacteraemias.2, 20 K. pneumoniae 

is considered as a successful bacterium in terms of antimicrobial resistance.2 Of particular 

concern are the steadily increasing rates of resistance against the third-generation 

cephalosporins and carbapenems observed in K. pneumoniae. This adds to the endemicity of 

MDR K. pneumoniae in certain regions, such as in Mediterranean countries.21 Resistance to 

third-generation cephalosporins is mainly mediated through acquired extended-spectrum β-

lactamases (ESBLs) while resistance to carbapenems is due to the presence of acquired 

carbapenemases, such as OXA-48 or KPC. However, outer membrane permeability alterations 

due to porin loss can contribute also to β-lactam resistance in this species.2  

E. faecium, first discovered in 1899, is a Gram-positive bacterium belonging to the family 

Enterococcaceae and is a colonizer of the gastrointestinal tract of humans and animals. Of 

major concern is the continuous increase of VREfm causing healthcare-associated infections.22, 

23 Since the 1980s when vancomycin-resistant enterococci were reported for the first time, 

VREfm have become a major public health threat.24 In the US and Australia more than 50% of 

invasive infections are caused by VREfm 

(https://resistancemap.cddep.org/AntibioticResistance.php). Vancomycin resistance in 
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enterococci is conferred by acquired van operons (A/B/D/E/G/L/M/N), but the vanA and vanB 

are the predominant resistance determinants. Glycopeptides target the C-terminal D-Ala–D-

Ala ending of the peptide side chain of the peptidoglycan cell wall precursor in enterococci. 

Both vanA and vanB inducible operons encode a ligase altering the target binding site of 

vancomycin and eliminate the high-affinity precursors produced normally by the host. The 

vanA operon replaces the terminal D-Ala of peptidoglycan precursors with D-Lac resulting in 

high-level vancomycin resistance, while the vanB operon exchanges the D-Ala terminal with 

D-Ser, producing low-level vancomycin resistance. In addition to vancomycin, VanA-type 

isolates exhibit high-level of inducible resistance to another glycopeptide, teicoplanin, while 

VanB-type isolates are susceptible to teicoplanin.25, 26 

 

1.2 Clonal spread  

In the last decades some bacteria, such as MRSA or VREfm, have become major nosocomial 

pathogens. A key factor facilitating the success of antibiotic-resistant bacteria in the 

nosocomial environment is their clonal expansion. Nosocomial outbreaks, clonal expansion in 

excess of normal expectancy, of MDR bacteria compose a serious threat especially to 

susceptible patient populations. In particular, intensive care unit (ICU) patients are prone to 

bacterial infections because of indwelling devices, such as intravascular catheters, or 

intratracheal tubes for mechanical ventilation, and severe underlying illnesses. Moreover, the 

prolonged overuse of antibiotics, insufficient nurse-to-patient ratios, overcrowding and poor 

hand-hygiene contribute to the clonal dissemination of MDR bacteria thriving in the healthcare 

settings and increasing the number of bacterial outbreaks.27, 28  

Numerous studies have reported the clonal dissemination of isolates within or between 

hospitals of the same country.28 Clonal spread is tightly linked with the intrahospital or 

interhospital transfer of colonized patients or healthcare workers. For instance, a recent study 

about a sharp increase of VREfm and the detection of two major clones in a hospital in 

southwest Germany demonstrated the continuous import of the outbreak clones from other 

local hospitals as the likely intrahospital transmission routes.29 In addition, clonal expansion is 

of particular concern as it is often coupled with acquired antibiotic resistance genes (ARGs). 

For instance, the worldwide dissemination of K. pneumoniae sequence type (ST) 258 arose 

with the acquisition of a carbapenemase-encoding (blaKPC) plasmid.2, 30 
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1.3 Horizontal gene transfer 

Bacteria have a remarkable genome plasticity which allows them to adapt and survive under 

continuously altering environmental conditions, e.g. the presence of antimicrobial 

compounds.31 Bacterial pathogens use two major strategies to escape the lethal action of 

antibiotics: (a) mutations in genes associated with the mechanism of action of the antimicrobial 

compound, and (b) transfer and acquisition of new genetic information coding for ARGs 

between genomes, referred as horizontal gene transfer (HGT).32, 33 The latter mechanism of 

adaptation is considered as the most important driving force for the dissemination of ARGs in 

prokaryotes and results in bacteria thriving in certain environments and to the emergence of 

hard-to-treat MDR infections.32 Understanding the genetic basis and dissemination of AMR is 

essential for combatting this public health challenge. 

The contribution of HGT in the propagation of AMR is evidenced by the continuous report of 

new ARGs in new organisms, in new genetic locations, on new vehicles, and in new geographic 

locations. HGT includes the movement of deoxyribonucleic acid (DNA) mainly by three 

mechanisms: conjugation, transduction and transformation (Figure 1). Bacterial conjugation 

(or mating), first described in 1946, is the unidirectional and contact-dependent exchange of 

genetic material. During conjugation one bacterium serves as donor and another bacterium acts 

as recipient, while DNA transfer is mediated by plasmids and integrative conjugative elements 

(ICEs). Transduction is another form of DNA exchange facilitated by bacteriophages; 

independently replicating bacterial viruses. Bacteriophages can package fragments of host 

DNA and inject this into a new host. Unlike conjugation and transduction, bacterial 

transformation does not require cell-to-cell contact and refers to the natural ability of bacteria 

to take up exogenous DNA. A group of competence genes is involved in the phenomenon of 

transformation coded by some naturally transformable bacteria.32, 33  
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Figure 1. HGT, MGE and intracellular mobility or intercellular transfer of ARGs. (A) Example 

of a composite transposon, capturing e.g., an ARG, moves from chromosome to a plasmid.  (B) 

A transposon carrying a resistance gene is transposed between two plasmids or from a plasmid 

to the chromosome. (C) A gene cassette may move between an integron (a class 1 In/Tn 

represented here) by a circular intermediate. (D) An ICE can be integrated into the chromosome 

at a specific recombination site or removed as a circular element that can then conjugate into a 

recipient cell and integrate. A plasmid encoding conjugative genes can mediate its own transfer 

from the donor to the recipient cell by conjugation or, if it lacks the conjugative apparatus, it 

can be mobilized by another plasmid or, even move horizontally by transduction or 

transformation. (E) Finally, transposons or integrons linked to ARGs on a plasmid, newly 

introduced into a recipient cell, could move into the chromosome or other plasmid(s). The 

figure was reprinted from the Journal of Infectious Diseases.34   

 

1.4 Mobile genetic elements 

Apart from the different types of HGT used by bacteria, it is also of great importance to 

understand the key agents catalysing the DNA mobilization; plasmids, and transposons. These 

agents constitute the mobile gene pool of prokaryotes and together with bacteriophages are 

referred as mobile genetic elements (MGEs) or as “mobilome”. MGEs can facilitate the 
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mobilization of DNA fragments intracellular, within the genome, or intercellular, between 

different cells.34, 35  

 

1.4.1 Plasmids 

Plasmids, extrachromosomal double-stranded DNA molecules replicating autonomously, are 

widely distributed among prokaryotes and are also present in some eukaryotes such as fungi. 

They may be found as a single or multiple copy and can vary enormously in size from 1 

kilobase (kb) up to several hundreds of kb. Unlike chromosomes, plasmids are not essential for 

the bacterial cell. However, plasmids frequently carry accessory cargo genes, including ARGs 

or virulence genes, that can provide a selective advantage for the bacterial cell.34, 36  

Plasmids that share the same inheritance elements and in the absence of selective pressure are 

not able to stably coexist over a number of generations in the same cell are considered 

incompatible. This unique characteristic is used to classify plasmids into incompatibility 

groups also called Inc typing or replicon typing; plasmids belonging to the same Inc group 

cannot be propagated in the same cell. This typing method is based on a genetic module called 

replicon consisting of one or more origins of replication (ori), a Rep protein initiating the 

replication and a few other regulatory modules.36, 37  

Besides replication, plasmids have some additional mechanisms, including partitioning 

systems, post-segregational killing, and multimer resolution, to ensure their inheritance into 

the daughter cell as the parent cell divides. Partitioning systems are ubiquitous in bacteria and 

can be encoded by chromosomes or plasmids and are of great importance particularly for low-

copy-number plasmids. High-copy-number plasmids typically do not encode a partitioning 

system as random segregation is sufficient for stable inheritance. In partition the centromere-

binding and motor proteins, known as ParA and ParB respectively, are responsible for 

transferring and positioning the plasmid inside the cell. Post-segregational killing, also known 

as plasmid addiction, is a widespread plasmid maintenance mechanism in prokaryotes. The 

later mechanism functions through the production of stable and long-lasting toxin and its 

cognate antitoxin neutralizing the toxin (this mechanism is also called toxin-antitoxin (TA) 

system. Finally, another surviving mechanism is the multimer resolution system converting 

multimeric plasmids to monomeric, thus ensuring that plasmids do not accumulate because of 

recombination between the identical copies of the plasmid.35, 37  
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1.4.2 Transposable elements  

Transposable elements (TEs), known also as jumping genes, are DNA segments that can make 

copies of themselves or move from one position to another within a genome and within 

plasmids. These genetic elements were discovered by Barbara McClintock in the 1940s and 

since then it became apparent that TEs are abundant in prokaryotes and eukaryotes. In some 

cases, TEs can take up the vast majority of a genome, e.g., 50% of the human genome and 90% 

of maize is composed of TEs.38, 39  

Insertion sequences (ISs) are the smallest and simplest TEs and are capable of self-transfer 

from one genetic location to another within the same or different DNA molecules. They 

typically retain one (and sometimes two) transposase, a specialized recombinase necessary for 

their own transposition. Classical ISs are flanked by 10 to 40 base pairs (bp) inverted repeats 

(IRs); the IR close to the transposase promoter is assigned as the left (IRL) and the remote IR 

as the right (IRR). ISs are bracketed by direct repeats (DR) generated during transposition and 

their length is specific for each IS.34, 40 Beside their own transfer, IS elements can carry 

passenger genes as part of a composite transposon: a region bracketed by two copies of the 

same or related ISs that move as a discrete unit.41 In A. baumannii the composite transposon 

Tn125 flanked by two copies of ISAba125 orientated in the same direction are considered as 

the main vehicle of the carbapenemase blaNDM-1.42, 43 Based on the nature of the transposase 

and how breaking and re-joining of DNA occurs during transposition IS can be grouped into 

DDE (Asp, Asp, and Glu), DEDD (Asp, Glu, Asp, and Asp) and HUH (two His residues 

separated by a large hydrophobic amino acid) types. The latter catalytic domains are located 

towards the C-terminus of the transposase. Furthermore, ISs can be also divided based on their 

transposition mechanism: the conservative cut-and-paste mechanism whereby, the IS is excised 

from a genetic location and inserted into a new site, and the replicative copy-and-paste 

mechanism, where a copy of the IS is generated and inserted into a new genetic location.34, 40, 

44 

ISs can modify the genotype and phenotype of bacteria, e.g. by causing inactivation of a gene 

after insertion.34 On the other hand, disruption of the adeN, encoding the repressor of the efflux 

pump AdeIJK in A. baumannii, has been associated with increased expression and tigecycline 

resistance.45 But ISs can also encode a strong promoter that drives the overexpression of 

adjacent genes, e.g. insertion of ISAba1 upstream of the intrinsic blaOXA-51 in A. baumannii 

results in a carbapenem-resistant phenotype.18 This type of TEs are present in multiple copies 
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in the genome. A. baumannii, for instance, has a high IS element density with an average of 

~33 copies per genome while, ISAba1 is the most abundant IS element in the species.46  

Besides ISs and transposons, there are more natural genetic engineers undergoing HGT and 

playing a key role in the evolution of bacterial AMR, such as integrons, genomic islands (GIs) 

or ICE. Integrons, defined by the presence of an intergrase and a recombination site, are able 

to integrate, express and exchange exogenous genes, called gene cassettes. An integron can 

harbour more than one gene cassette in tandem and create an array.47, 48 GIs are large genomic 

regions, between 10-200 kb, found in bacteria and based on the cluster of genes they harbour 

can be grouped, e.g. into metabolic islands, containing genes associated with metabolic 

properties or resistance islands (RIs), containing genes associated with antibiotic resistance.49, 

50 Finally, ICEs, self-transmissible chromosomally integrated MGEs, can insert themselves 

into the host chromosome and excise, circularize and move through conjugation to 

neighbouring cells.51  

 

1.5 Genetic diversity  

Bacteria reproduce asexually by binary fission and, pass a copy of the parent genome to their 

offspring. Binary fission reassures a clonal descent progeny, genetically identical copies of a 

bacterial cell. Conceptually, there are no opportunities for genetic diversity in bacteria in 

contrast to sexual reproduction. However, truly clonal bacteria do not often occur. Prokaryotes 

may not reproduce sexually but instead utilize HGT; the primary mechanism of diversification 

and the major force of bacterial evolution.52, 53 MGEs, such as plasmids or ISs, carry a wide 

repertoire of accessory genes and can shape the bacterial genome of closely related isolates and 

cross even species boundaries. Besides MGEs, another source of diversity are de novo 

mutations or recombination, the exchange of DNA sequences between different regions within 

the chromosome or different chromosomes. Recombination is a means of DNA reshuffling and 

exchange of variants e.g. the outer membrane porin carO variants within the A. baumannii 

population or the mobilization of ant(3”)-II, an aminoglycoside modifying enzyme, between 

different Acinetobacter spp.54, 55 Taken together, HGT, MGEs, recombination and mutations 

are the major sources of genome plasticity, population diversity in bacteria and can alter not 

only the genotype but also phenotype of an organism.56, 57 
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1.6 Experimental approach for tracking clonal spread, genetic diversity and 

MGEs in bacterial populations  

Phylogenetic analysis and typing of a bacterial population is a crucial step when studying 

bacterial genetics.58 Moreover, HGT and MGEs are considered the main driving force in 

bacterial evolution and dissemination of antimicrobial resistance determinants.35 Hence, the 

investigation of the genetics, distribution, and diversity of MGEs is the keystone to understand 

the diversity and plasticity in bacterial genomes. The methodological approach for tracing 

clonality, diversity and MGEs in bacterial isolates using currently available tools and methods 

will be described below.  

 

1.6.1 Next-generation sequencing  

Next-generation sequencing (NGS) is a catch all term for different technologies for massively 

parallel and deep sequencing which has revolutionized biosciences. NGS technologies are 

highly scalable compared to earlier sequencing methods, e.g., Sanger sequencing. The most 

important application of NGS is sequencing the complete genome at once, referred also as 

whole-genome sequencing (WGS), which is most commonly accomplished by the short-read 

sequencing technology at present.59 

 

1.6.1.1 Short-read sequencing  

Short-read sequencing platforms such as Illumina’s MiSeq 

(https://emea.illumina.com/science/technology/next-generation-sequencing/sequencing-

technology.html), which was used in the present study, generate highly accurate sequences of 

DNA, with 2 x 300 bp read length. More specifically, a DNA library is generated by random 

shearing of the genomic DNA into several million fragments (ideally between 200 bp to 1 kb) 

and, specialized adapters are ligated to both ends. These fragments are sequenced using the 

sequencing by synthesis technology; fluorescently labelled nucleotides serve as reversible 

terminators for polymerization. The fluorescent dye and therefore the corresponding nucleotide 

(base) is identified through laser excitation and imaging. Enzymatical cleavage enables the next 

cycle of incorporation.60 
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Short-read sequencing produces a huge number of raw reads which are subsequently used to 

downstream analysis including quality controls and genome assembly: a computational process 

taking raw read sequences and putting them back together based on overlapping regions to 

reconstruct the genome of an organism. A genome assembly can be accomplished either 

reference-based; by mapping the raw reads to a reference genome and assembling the reads to 

the right order, or de novo; without the aid of a reference genome and prior knowledge about 

the source of DNA.61 

 

1.6.1.2 Long-read sequencing 

Assembly of complete genomes is crucial for identifying novel genomic structures and gene 

mapping. Bacterial genomes are rich in repetitive elements, multi-copy genes or ISs 

complicating genome reconstruction. During short-read assembly multi-copies of a gene pile 

up, because of the short length of the reads, to a single copy breaking the genome into numerous 

contigs (sequence fragments) and leading to gaps and incomplete assembly. In contrast, long-

read sequencing, also referred as third-generation sequencing, generates reads more than 

several tens of kb, which can bridge repetitive elements and resolve their complex structure 

(Figure 2). The use of long-reads can optimize de novo assembly, genome mapping and 

detection of indels (insertions and deletions) and structural variants. Hereafter, Oxford 

Nanopore Technologies’ (ONT) sequencing using the MinION platform, established, and 

applied in the present work, will be further elucidated.59, 62  
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Figure 2: Comparison of short- and long-read assembly. Short-read sequencing produces reads 

50-500 bp in length, which cannot span the length of the repetitive sequences leading to gaps 

and incomplete assembly. In contrast, long-read sequencing from Nanopore produces reads 

that can be more than 100 kb in length, spanning the repetitive regions and allowing a complete 

genome assembly. 

MinION is a portable sequencer generating data in real-time. The DNA is sequenced while 

passing through a nanopore, a nano-scale hole on a flow cell, passed by ionic current. The DNA 

sequence is inferred from the changes in the current passing through the pore 

(https://nanoporetech.com). However, homopolymer stretches > 5 bp challenge this technology 

and result in low read accuracy. Consequently, the use of only long-read sequencing yields in 

higher genome-wide error rates compared to short-read sequencing. The method of choice for 

obtaining complete genomes with high accuracy and resolving complex structures, such as 

MGEs, is the combination of short- with long-reads in a hybrid assembly approach.63 

 

1.6.2 Bacterial typing 

The identification of clonal relationships or tracing the routes of isolate spread, can be 

accomplished by various bacterial typing techniques. The traditional multilocus sequence 

typing (MLST) scheme is based on seven loci, representing partial housekeeping genes, which 

define the unique allelic profile or ST of an isolate. The progeny of the MLST typing scheme 
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is the high discriminatory core genome MLST (cgMLST) method; a gene-by-gene approach 

for studying the clonal relationships in a bacterial population. cgMLST typing is based on WGS 

and uses a large number of loci to analyse the molecular epidemiology of bacterial isolates in 

higher resolution than MLST.64  

In practice, the assembled genome is aligned (BLAST approach) to a species-specific scheme, 

a fixed set of core genes termed as alleles (e.g., the A. baumannii cgMLST scheme includes 

2390 alleles). In this manner unique gene sequences which represent evolutionary events that 

may lead to polymorphisms, are detected. Allele calling results in a unique allelic profile; a set 

of allele numbers for each locus. The higher the number of shared alleles between two isolates 

the smaller is the genetic distance between them. The minimum spanning tree in Figure 3 

describes the clonal relatedness of four ST85 A. baumannii isolates as a paradigm of cgMLST 

analysis. In detail, the isolates A and B are considered identical while they differ in only two 

alleles from isolate C and altogether form a cluster of closely related isolates while, for isolate 

D, no epidemiological relatedness is observed. Although the isolates were assigned to the same 

ST by MLST, not all were closely related highlighting the discriminatory power of cgMLST. 

65, 66 

 

 

 

 

 

  

 

 

Figure 3: Minimum spanning tree generated using Ridom SeqSphere+ for four ST85 (Pasteur 

scheme) A. baumannii isolates grouped and coloured by isolate name, ignoring missing values. 

Each circle represents one isolate from an individual patient based on sequence analysis of 

2390 cgMLST alleles. Numbers between the nodes indicate the number of allelic differences. 

Closely related genotypes (≤20 alleles different) are shaded grey. 
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1.6.3 Pulsed-field gel electrophoresis 

A bacterial cell can have from one up to numerous plasmids varying in size from 1 kb to more 

than 500 kb, even plasmids up to 1.7 megabases (Mb), in groundwater samples, in size have 

been reported.67, 68 Plasmids from small to large size can be well separated using pulsed-field 

gel electrophoresis (PFGE) in order to elucidate their size and number.69 PFGE resolves larger 

DNA fragments by introducing an alternating gradient voltage in contrast to the single and 

continuous electric field of the conventional gel electrophoresis. Every time the electric field 

changes the DNA is elongated and reorientates to the direction of the field and moves through 

the pores of the gel depending on its size.70 PFGE was considered the ‘gold-standard’ molecular 

epidemiological method for bacterial typing prior to WGS era. Despite its more than 20-years 

history as a typing method, PFGE is still used as a fingerprinting method for plasmid profiling 

of bacteria.71  

Plasmids occur in three conformations: supercoiled, the native conformation that migrates 

faster in an agarose gel; open-circular, resulting from single strand nicks which migrates slower 

in a gel than supercoiled; and linear, which occurs when the DNA helix has a double-strand 

break and migrates as predicted by its length. Therefore, the electrophoretic mobility of a DNA 

molecule in a gel is dependent upon its conformation and its length, so a crucial step to estimate 

accurately the size and profile of plasmids is their linearization by restriction enzymes. In PFGE 

for plasmid typing bacterial cells that are embedded in agarose plugs undergo S1-nuclease 

treatment to linearize plasmids. S1-nuclease is an endonuclease that cuts single-stranded 

nucleic acid but can also convert supercoiled plasmid DNA to linear double stranded DNA 

(dsDNA) primarily in inverted repeat regions. In these regions, the DNA structure adopts a 

cruciform structure that is recognized as single-stranded target by the S1-nuclease leading to a 

single and double-stranded break in the DNA molecule, whereas the chromosome molecule 

remains undigested and does not separate over a PFGE run. In contrast to the chromosome, 

linearized plasmids are sorted by size and give rise only to one band on the gel so that the total 

number of plasmids can be determined (Figure S2).69, 72, 73 

 

1.6.4 Southern blot hybridization 

The next crucial step after resolving the size and total number of plasmids, is the genetic 

location of the gene of interest. Genes encoding antimicrobial resistance determinants may be 
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encoded on the chromosome and/or on plasmids. In order to discriminate plasmid and 

chromosome encoding genes PFGE is followed by Southern blotting.74  

Southern blot is a molecular method that allows the detection of specific DNA sequences such 

as plasmid replicons or ARGs. Thus, DNA fragments separated by S1-PFGE gel are transferred 

to a blotting membrane. A labelled DNA probe with a complementary sequence to the gene of 

interest is then applied, which will hybridize on the membrane and permit its detection among 

the different DNA fragments (Figure S2). As a confirmatory step, the chromosomal location 

can be shown by co-localization with a chromosomal marker, e.g., rpoB, enhancing this 

methodological approach. 

 

1.6.5 In silico methods  

NGS is a high-throughput molecular profiling method generating a huge amount of data. 

Hence, there is a high demand for in silico sequence analysis tools. Sequencing data analysis 

starts with quality controls of the sequencing output and continues with various applications 

such as assembly, alignment, or annotation. For this purpose, numerous online resources offer 

user-friendly web interface tools, such as the Centre for Genomic Epidemiology 

(http://www.genomicepidemiology.org/), or command-line tools (e.g. Canu assembly) 

distributed mainly for Linux-based systems (Table S1).75   

 

1.7 Aim of the study  

The aim of this study was to elucidate MGEs, clonal dynamics and genetic diversity in 

antibiotic-resistant hospital-acquired bacterial species commonly involved in nosocomial 

infections such as A. baumannii, E. faecium and K. pneumoniae. 
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2. Results 

In the present thesis the clonal dissemination of VREfm and 3GCR K. pneumoniae colonising 

patients on hospital admission in Germany and the molecular epidemiology of CRAb isolates 

from two hospitals in Bolivia were investigated (2.1-2.3). Moreover, MGEs harbouring ARGs 

in A. baumannii (2.4 and 2.5) but also heterogeneity associated with MGEs among closely 

related isolates in K. pneumoniae, A. baumannii and E. faecium clinical isolates (2.6-2.8) were 

studied. 

 

2.1 VREfm colonizing patients on hospital admission in Germany: 

prevalence and molecular epidemiology  

In Germany the rates of VREfm causing invasive infections increased from 10.5% in 2015 to 

23.8% in 2018.21 An important factor contributing to this increase is the clonal expansion of 

VREfm healthcare-associated lineages.76 Enterococci causing outbreaks and the increase of 

VREfm bloodstream infections have been reported in numerous hospital settings in Europe.29, 

76-79 One more crucial aspect for the nosocomial spread of enterococci, are patients colonized 

with VREfm on hospital admission, which could increase the risk of further transmission 

within the hospital.80 However, no data about patients colonized with VREfm on hospital 

admission in Germany were available. 

In the present manuscript we analysed the prevalence and the molecular epidemiology of 

VREfm obtained from patients upon admission to six German university hospitals. In a five-

year study period, a prevalence of 1.6% was identified. Among these isolates 78.5% were 

vanB-positive and 20.2% were vanA-positive, while 1.2% were vanAB-positive. In the present 

study, ST117 (56.7%) was the predominant ST followed by ST80 (15%), ST203 (10.9%), ST78 

(5.7%) and ST17 (3.2%). The vast majority of the ST117 isolates (92%) were vanB-positive. 

Over the study period, we identified an increase in the prevalence of ST117 (2014, 21.7%; 

2015, 29.8%; 2016, 36.4%; 2017, 72.1%; 2018, 79%) consistent with an increase of vanB 

positive VREfm isolates (2014, 78.3%; 2015, 66%; 2016, 69.7%; 2017, 79.4%; 2018, 89.5%). 

Moreover, molecular typing revealed that about 70% of the ST117 vanB-positive VREfm 

isolates formed one large multi-centre cluster of closely related genotypes dispersed over six 

geographically separated study centres indicating inter-regional clonal relatedness. The 

majority these isolates were classified as cluster type (CT) 71. Our data indicate that the 
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epidemiological profile of VREfm in Germany has changed in the past five years and confirm 

the remarkable clonal expansion of the ST117/CT71/vanB clone.  

My contribution to the present study included: phenotypic and genotypic characterization of 

the isolates, conception and design of the analysis, WGS and molecular epidemiology analysis, 

data interpretation and composing the manuscript. 
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2.2 Population structure of third-generation cephalosporin-resistant and 

carbapenem-resistant K. pneumoniae in Germany  

With the advent of NGS and large number of genomes being sequenced, the taxonomy of K. 

pneumoniae has been recently updated and expanded to the K. pneumoniae complex which 

contains the species K. pneumoniae, Klebsiella quasipneumoniae subsp. quasipneumoniae, 

Klebsiella quasipneumoniae subsp. similipneumoniae, Klebsiella variicola subsp. variicola, 

Klebsiella variicola subsp. tropicalensis, Klebsiella quasivariicola and Klebsiella africanensis. 

Among these species, K. pneumoniae has the greatest clinical relevance. Nevertheless, other 

members have been also involved in clinical infections or nosocomial outbreaks.81-85 Of 

particular concern are the increasing rates of third-generation cephalosporin-resistant (3GCR) 

and carbapenem-resistant K. pneumoniae. In Europe in 2018 31.7% and 7.5% of K. 

pneumoniae isolates causing invasive infections were 3GCR and carbapenem-resistant, 

respectively.21  

The prevalence and molecular epidemiology of 3GCR and carbapenem-resistant K. 

pneumoniae complex isolates colonizing patients on hospital admission to six German tertiary 

care university hospitals, in the eastern (Centre A), western (Centre B), southwestern (Centre 

C), central (Centre E), northern (Centre D) and southwestern (Centre F) parts of the country 

were investigated. The number of patients included in each department corresponded to the 

average number of occupied beds. Patients aged ≥18 years and admitted to the hospital between 

January 2016 and December 2018 were included in the present study. 3GCR was defined as 

minimum inhibitory concentration (MIC) ≥2 mg/L for cefotaxime or ceftazidime while 

carbapenem resistance was defined as MIC ≥4 mg/L for imipenem or meropenem. The 

resistance phenotype was assessed by the automated VITEK®2 system and Etest (bioMérieux, 

Nürtingen, Germany). Furthermore, the recovered samples were subjected to WGS and 

downstream analysis including MLST 

(https://bigsdb.web.pasteur.fr/klebsiella/klebsiella.html), cgMLST typing (Ridom® 

SeqSphere+) and resistome analysis (https://cge.cbs.dtu.dk/services/ResFinder/).86 

Identification to species level was confirmed by the JSpeciesWS webserver 

(http://jspecies.ribohost.com/jspeciesws/) by determining the average nucleotide identity based 

on BLAST+ (ANIb). 

In total 8596 patients were screened upon hospital admission and 80 3GCR Klebsiella spp. 

were recovered corresponding to a prevalence of 0.9%. A steady increase in the prevalence of 
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3GCR K. pneumoniae complex (2016, 0.8%; 2017, 0.9%; 2018, 1.1%) was observed in the 

present study. Of these 3GCR isolates, 76 were available for molecular characterization. 

Among these isolates 71 were identified as K. pneumoniae and harboured the species-intrinsic 

SHV-like, three as K. variicola subsp. variicola and two as K. quasipneumoniae subsp. 

quasipneumoniae encoding the LEN-type and OKP-type intrinsic β-lactamases, respectively. 

Furthermore, in the present study the most prevalent β-lactam resistance determinants in K. 

pneumoniae isolates were the CTX-M-type ESBLs followed by TEM-1B. Lastly, only one K. 

variicola isolate exhibited a carbapenem non-susceptible phenotype and harboured the blaOXA-

181, an OXA-48 variant (Table 1). 

 

Table 1. Acquired β-lactamase-encoding genes detected in 76 3GCR K. pneumoniae complex 
isolates grouped by species. 

Antibiotic class Resistance gene No. of isolates harbouring β-lactamases 

  

K. pneumoniae 

(n=71) 

K. variicola 

(n=3) 

K. quasipneumoniae 

(n=2) 

β-lactams blaCTX-M-15 43 0 2 

 blaCTX-M-14 9 0 0 

 blaCTX-M-1 1 0 0 

 blaCTX-M-3 1 0 0 

 blaCTX-M-27 1 0 0 

 blaCTX-M-55 1 0 0 

 blaTEM-1B 35 0 1 

 blaOXA-1 17 0 0 

 blaOXA-181 0 1 0 

 

MLST typing revealed that the most prevalent ST in K. pneumoniae was ST307, followed by 

ST45, ST17 and ST219 while, the K. variicola and K. quasipneumoniae isolates were 

singletons (Table 2). The molecular epidemiology of the isolates was studied using cgMLST. 

Clonal clusters were rare in the present study and included a ST307 cluster of closely related 

K. pneumoniae isolates (n=5) recovered from two different study centres (A and D). In centre 

A, two clusters of closely related isolates of ST20 and ST3191 isolates were detected. Another 
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cluster of two ST14 K. pneumoniae isolates were observed in centre C and two ST219 

colonizing isolates from two different centres were closely related. Finally, although there was 

no clonal relatedness observed between the three K. variicola isolates, these isolates clustered 

together and had more than 2000 alleles difference from the K. pneumoniae isolates. The same 

was observed for the two K. quasipneumoniae isolates (Figure 4).  

Table 2. Distribution of ST types during the three-year study period. In total 34 K. pneumoniae 

isolates were singletons and three had an unknown ST and were excluded from the present 

table.  

ST No. of isolates 

 
K. pneumoniae 

(n=71) 

K. variicola 

(n=3) 

K. quasipneumoniae 

(n=2) 

307 7 0 0 

45 7 0 0 

17 4 0 0 

219 4 0 0 

14 3 0 0 

405 3 0 0 

20 2 0 0 

29 2 0 0 

3191 2 0 0 

208 0 1 0 

1563 0 1 0 

1599 0 1 0 

1040 0 0 1 

2010 0 0 1 

 

Here we could demonstrate that among 3GCR K. pneumoniae isolates, CTX-M-15 was the 

dominant β-lactamase followed by TEM-1B. Based on the cgMLST results of the present 

study, it becomes evident that there was no dominant clone among K. pneumoniae isolates 

colonizing patients on hospital admission in the six tertiary care hospitals in Germany. Only 

small clusters of closely related isolates could be identified indicating that a diverse K. 
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pneumoniae population is circulating in the country. Finally, these data demonstrate that 

carriage of 3GCR and carbapenem-resistant in K. pneumoniae complex in hospitalized patients 

on admission is still rare in Germany.  

The isolates of the present study were collected as part of the multicentre Resistance-Network 

(R-Net) study of the German Centre for Infection Research (DZIF). Preliminary data of this 

study have been presented as a poster at the German Society of Infectious Diseases and DZIF 

Joint Annual Meeting in Bad Nauheim, Germany, in November 2019.87 Finally, preliminary 

data was accepted as a poster presentation at the 30th European Congress of Clinical 

Microbiology and Infectious Diseases in Paris, France in April 2020. The conference was 

cancelled due to the SARS-CoV-2 pandemic. 
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Figure 4. Minimum spanning tree generated using Ridom SeqSphere+ for the 76 3GCR 

Klebsiella spp. isolates coloured by study centre and labelled by ST. For three isolates, no ST 

could be assigned. Each coloured circle represents one individual isolate based on sequence 

Centre E 

Centre F 

Centre A 

Centre B 
Centre C 

Centre D 
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analysis of 2358 sensu lato cgMLST target genes and ignoring missing values. Closely related 

genotypes (up to 15 alleles difference) are shaded grey. 

 

  



 Results 
 
 
 

42 
 

2.3 A. baumannii analysis by cgMLST in two hospitals in Bolivia: endemicity 

of international clone 7 isolates  

Of major concern are the increasing rates of MDR A. baumannii infections worldwide and in 

particular resistance to carbapenems, the last resort antibiotics.11, 12 In the following 

publication, we have investigated 95 A. baumannii isolates recovered from two hospitals in 

Cochabamba, Bolivia. Out of these, 51 isolates were CRAb and along with four carbapenem-

susceptible isolates were further investigated by WGS and cgMLST. The vast majority (91%) 

of the CRAb isolates were identified as ST25 or ST991, a single locus variant (SLV) of ST25, 

according to the Pasteur scheme [clonal complex 25 (CC25)]. Molecular typing revealed that 

50 out of 51 CRAb belonged to international clone (IC) 7 and formed five transmission clusters 

while one isolate was assigned to IC4. Furthermore, all CRAb isolates harboured the 

carbapenemase OXA-23 encoded on a Tn2008. Among the four carbapenem-susceptible 

isolates one belonged to IC5 while the remaining three did not cluster to a known IC. These 

data demonstrate the molecular epidemiology and endemicity of several IC7 OXA-23-positive 

CRAb clones in two hospitals in Cochambamba, Bolivia.  

In the present study, I was involved in the phenotypic and genotypic characterization and data 

analysis of the investigated isolates as also in reviewing and editing the manuscript. 
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2.4 First report of New Delhi Metallo-β-lactamase-6 in a clinical A. 

baumannii isolate from Northern Spain. 

Class B metallo-β-lactamases (MBLs), requiring divalent cations (usually zinc) as metal 

cofactors for enzyme activity, have been frequently reported in Gram-negative bacteria but 

have been rarely described among CRAb isolates.19, 88 The New Delhi metallo-β-lactamase 

(NDM) has been described the first time in a K. pneumoniae isolate recovered in Sweden from 

a patient of Indian origin who had travelled to New Delhi in 2008.89 

In the following study we phenotypically and genotypically characterized a CRAb isolate 

recovered in 2019 in Northern Spain. The isolate was identified as ST85 (Pasteur scheme), 

harboured the intrinsic β-lactamase OXA-94, an OXA-51-like, with an ISAba1 upstream of it, 

and clustered with recently described IC9 isolates. Phenotypic tests and WGS revealed that the 

isolate harboured the MBL blaNDM-6. NDM-6 differs from NDM-1 in one amino acid 

substitution (A233V) and has been mainly reported in Enterobacterales species. S1-PFGE and 

hybridization experiments showed that the MBL was chromosomally encoded. The adjacent 

genetic environment of blaNDM-6 included ISAba14, aphA6, ISAba125, blaNDM-6, bleMBL, trpF, 

dsbC, cutA and ISAba14. While a 10,462 bp duplication could be detected further downstream 

including another copy of blaNDM-6 in the following order: ISAba125, blaNDM-6, bleMBL, trpF, 

dsbC, cutA and ISAba14. The present study describes the first report of blaNDM-6 in A. 

baumannii which was present in two copies in a novel genetic environment which included 

multiple copies of IS elements and underlines the impact of MGEs in the dissemination of 

ARGs. 

My contribution to the following manuscript included WGS, in silico analysis, experiments 

about the genetic localization of blaNDM-6, data interpretation and composing the manuscript.  
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Supplementary Figure 1 | Minimum spanning tree generated using Ridom SeqSphere+ for 

the six ST85Pas A. baumannii NDM-positive isolates. Each colored circle represents one 

individual isolate based on sequence analysis of 2390 cgMLST target genes. Information about 

the five publicly available isolates: Ab-NDM-1 (Acc. No. NZ_QBBY00000000) recovered in 

Spain in 2017, AB0964 (available at the https://pubmlst.org under the id 5019) recovered in 

Singapore, ACMH-6200 (Acc. No. LKMA00000000) recovered in Lebanon in 2012, ACN21 

(Acc. No. CP038644) recovered in India in 2018 and MBL_M1 (Acc. No. MWTR00000000) 

recovered in Tunisia in 2013. 
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2.5 MGEs harbouring antibiotic resistance determinants in A. baumannii 

isolates from Bolivia 

The open pan genome and the ability to gain new genetic material have contributed to the 

clinical success of A. baumannii.90 CRAb isolates are especially armed with a plethora of 

MGEs, which contribute to the dissemination of resistance determinants.34 In A. baumannii, 

ISAba1 is a widely distributed IS element, with a median number of 19 and a maximum number 

of 34 ISAba1 sites per genome, has been linked to the mobilization of ARGs, such as blaOXA-

23-like.46, 91 Furthermore, carbapenem resistance in A. baumannii isolates can be acquired by 

plasmid-encoded ARGs, such as blaOXA-143-like.92 Plasmids found in Acinetobacter spp. 

represent distinct plasmid lineages that rarely cross the genus boundaries.93  

MGEs harbouring ARGs were further investigated in a selection of isolates originating from 

the previous study about the molecular epidemiology of CRAb and non CRAb from Bolivia. 

Three MDR A. baumannii representatives of the clonal lineages IC4, IC5 and IC7 (MC75, 

MC23 and MC1 respectively) were analysed. We identified various MGE structures including 

transposons and plasmids, e.g. blaOXA-23 embedded in Tn2008 on the chromosome in the 

isolates MC1 and MC75, or a 6 kb pMC23.3 harbouring the aminoglycoside modifying enzyme 

aadB in the isolate MC23. In the latter isolate, strA and strB were encoded on a RI embedded 

in the chromosome (RI1.MC23) including the sul2 and floR resistance genes, responsible for 

streptomycin, sulphonamide, and chloramphenicol resistance, respectively. In contrast, in the 

isolate MC75 strA, strB and sul2 were encoded on a Tn6172 on a 150 kb plasmid (pMC75.1). 

A 8.7 kb plasmid (pMC1.2/pMC23.2) was found to cross the clonal lineage boundaries and 

was present in both IC7 and IC5 isolates. These results mirror the prevalence of MGEs and 

their contribution to the dissemination of ARGs in Bolivia.  

In the following research paper, my contribution included WGS, plasmid profiling and 

analysis, data interpretation, editing and reviewing the manuscript.  
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2.6 Antibiotic resistance and MGEs in XDR K. pneumoniae ST147 recovered 

from Germany 

Steadily increasing rates of resistance to different classes of antibiotics are being reported in K. 

pneumoniae with not only MDR but also XDR and PDR phenotypes over the years. In K. 

pneumoniae antibiotic resistance can be mostly ascribed to MGEs, such as conjugative 

plasmids or transposons.2, 94  

In the present manuscript, we analysed three XDR K. pneumoniae isolates colonizing three 

patients from a German university hospital. The isolates were assigned to the high-risk clone 

ST147 and were clonal by cgMLST (up to one allele difference). Furthermore, all three isolates 

harboured 8 plasmids in total. The carbapenemase blaOXA-181, an OXA-48 variant, was encoded 

on a ColKP3 plasmid. Moreover, 12 antibiotic resistance determinants, blaCTX-M-15, blaOXA-1, 

blaTEM-1B, aac(6')Ib-cr, aac(3)-IIa, strA, strB, qnrS1, sul1, dfrA1, tet(A), catB3-like, were 

encoded on an MDR IncR plasmid which harboured in addition a large number of IS elements. 

The latter plasmid showed a high degree homology among the three isolates but presented also 

diversity including inversion or deletion of DNA segments in the vicinity of MGEs. For 

instance, the IncR plasmids varied in a 4 kb region and in the opposite orientation of two 

composite transposons (3,8 kb and 13 kb), events that can be ascribed to MGEs. These results 

demonstrated that the dynamics of MGEs can facilitate genome plasticity and contribute to the 

genetic variation within closely related isolates.  

My contribution to the present study involved plasmid analysis, WGS, phenotypic and 

genotypic characterization, in silico analysis, data interpretation, and writing the following 

manuscript.  
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2.7 Molecular characterization of blaNDM-1 from an A. baumannii outbreak in 

a German university hospital  

NDM producing A. baumannii have been associated with outbreaks in hospital settings around 

the world.95, 96 However, in Germany these outbreaks are rare. A CRAb outbreak in a university 

hospital in Germany was investigated. The index patient was a 85-year-old woman who was 

transferred from Egypt where she had been hospitalized before. In total, 10 invasive and 

colonising A. baumannii isolates were recovered from nine patients between May and 

September 2019. The patients were hospitalised in different wards in an internal medicine 

department. The antimicrobial susceptibility of the isolates was assessed by agar dilution and 

microbroth dilution methods. MICs were interpreted using the resistance breakpoints for 

Acinetobacter spp. from EUCAST (Version 10.0, January 2020, 

http://www.eucast.org/clinical_breakpoints/) and CLSI 

(https://clsi.org/standards/products/microbiology/documents/m100/). For tigecycline, the 

EUCAST PK-PD (non-species related) breakpoint of 0.5 mg/L was used. The isolates were 

subjected to WGS using short- (Miseq) and long-read (MinION) technologies followed by 

hybrid- (Unicycler) and non-hybrid (Velvet and SPAdes) methods for de novo genome 

assembly.97-99 cgMLST (Ridom® SeqSphere+) was used to investigate the molecular 

epidemiology and the assembled genomes were used for seven-loci MLST (Pasteur scheme: 

https://pubmlst.org/organisms/acinetobacter-baumannii) and resistome analysis.66 The genetic 

location of the MBL was confirmed by S1-PFGE followed by Southern blot hybridization for 

blaNDM-1 and the intrinsic blaOXA-51-like, as a chromosomal marker. 

The A. baumannii isolates were assigned as IC2, encoded the intrinsic blaOXA-66 (a blaOXA-51 

variant) and were identified as ST570Pas. All investigated isolates presented the same resistance 

phenotype and were resistant to amikacin, chloramphenicol, ciprofloxacin, gentamicin, 

levofloxacin, meropenem, tetracycline, and tigecycline. The A. baumannii isolates were 

susceptible only to minocycline (Table 3). Molecular epidemiology analysis revealed a cluster 

of closely related isolates which differed in less than one allele (Figure 5). Because of the clonal 

relatedness of the investigated isolates an outbreak within the hospital could be traced.  
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Table 3. Antimicrobial susceptibility profile of the NDM-1-positive CRAb isolates. 

Abbreviations: AMK, amikacin; CHL, chloramphenicol; LVX, levofloxacin; MEM, meropenem; MIN, 

minocycline; TET, tetracycline; TGC, tigecycline. 

Isolate MIC (mg/L) 

 AMK CHLa CIP GEN LVX MEM MINa TETa TGC* 

AML_0669 >128 >128 >128 >128 128 >128 4 64 2 

AML_0670 >128 >128 >128 >128 128 >128 4 64 2 

AML_0675 >128 >128 >128 >128 128 >128 4 64 2 

AML_0676 >128 >128 >128 >128 128 >128 4 64 1 

AML_0686 >128 >128 >128 >128 128 >128 4 64 2 

AML_0688 >128 >128 >128 >128 128 >128 4 64 2 

AML_0689 >128 >128 >128 >128 128 >128 4 64 2 

AML_0691 >128 >128 >128 >128 128 >128 4 64 2 

AML_0712 >128 64 >128 >128 32 >128 0.5 16 1 

AML_0718 >128 >128 >128 >128 128 >128 4 64 2 

aonly CLSI breakpoint available; *tested by broth microdilution method 
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Figure 5. Minimum spanning tree generated using Ridom SeqSphere+ for the 10 CRAb isolates 

coloured by ST. Each coloured circle or segment within a circle represents one individual 

isolate based on sequence analysis of 2390 cgMLST target genes and ignoring missing values. 

Closely related genotypes (up to nine alleles different) are shaded grey. 

Resistome analysis revealed that nine out of the 10 CRAb isolates encoded both blaNDM-1 and 

blaOXA-23 carbapenemases. The blaNDM-1 was encoded on the chromosome based on S1-PFGE 

and Southern blot hybridization experiments. Using a hybrid assembly approach, the genetic 

environment of blaNDM-1 could be elucidated. The carbapenemase NDM-1 was encoded on a 

19 kb Tn125-like transposon and was located upstream of ISAba14-aphA6 (Figure 6). 

However, one patient was found colonized in addition with a CRAb isolate (AML_0676) that 

was blaOXA-23-positive but lacked blaNDM-1 and aphA6 (Table 4).  

Table 4. Resistome of the CRAb outbreak isolates. 

 

Isolate No. Resistome 

 
Aminoglycoside-

modifying enzymes 
β-lactamases Other 

AML_0669 

AML_0670 

AML_0675 

AML_0686 

AML_0688 

AML_0689 

AML_0691 

AML_0712 

AML_0718 

aadA1  

aac(6')Ib-cr-like 

aph(3')-Ic-like  

aphA6 

armA 

blaADC-25-like 

blaNDM-1  

blaOXA-23 

blaOXA-66  

blaTEM-1D 

catB8 

mph(E) 

msr(E) 

sul1 

AML_0676 

aadA1  

aac(6')Ib-cr-like 

aph(3')-Ic-like  

armA 

blaADC-25-like  

blaOXA-23 

blaOXA-66  

blaTEM-1D 

catB8 

mph(E) 

msr(E) 

sul1 
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Figure 6. Schematic diagram of the genetic environment of blaNDM-1 in A. baumannii. Arrows 

indicate the deduced open reading frames (ORFs) and their orientations. Hypothetical proteins 

are not shown. 

In the present study, we demonstrated the transmission of an NDM-1-positive CRAb clone 

between patients within a hospital setting in Germany. In the investigated outbreak two closely 

related CRAb isolates could be recovered from one patient (AML_0676 and AML_0691). One 

of these isolates lost the carbapenemase blaNDM-1 but remained carbapenem-resistant because 

of the presence of blaOXA-23 and was also missing the aminoglycoside-modifying enzyme 

aphA6. The antibiotic resistance determinants NDM-1 and AphA6 were in close proximity to 

ISs and therefore the observed loss could be attributed to a transposition event. For the 

conditions tested here, the loss of a resistance gene had no effect on the phenotype. These 

results demonstrate that MGEs can cause genetic diversity during the course of an outbreak. 

Preliminary data of this work was accepted as a poster presentation at the 30th European 

Congress of Clinical Microbiology and Infectious Diseases in Paris, France in April 2020. The 

conference has been cancelled due to the SARS-CoV-2 pandemic.  
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2.8 Characterization of a vancomycin-resistant and a vancomycin-

susceptible E. faecium isolate from the same blood culture 

The successful spread of VREfm is the result of the clonal expansion of certain lineages but 

also of MGEs.100 In enterococci, the glycopeptide resistance determinants are organized in 

inducible operons while clinically relevant are the vanA and vanB operons. The main vehicle 

of the vanA resistance determinant is the Tn1546 transposon while the conjugative transposon 

Tn1549/Tn5382 is the most common vector of the vanB operon. Glycopeptide resistance 

determinants can be chromosomally- or plasmid-encoded.23, 76 

In the present manuscript we investigated two isolates obtained from the same patient with a 

different phenotype. Both isolates were assigned ST203 while, one was VREfm and the second 

was vancomycin-susceptible E. faecium (VSEfm). By cgMLST analysis, the VREfm and 

VSEfm isolates were identical. The VREfm isolate harboured the vanA gene cluster as part of 

a Tn1546-type transposon, which was encoded on a 49 kb multi-replicon (rep1, rep2 and 

rep7a) plasmid (pAML0157.1). In the VSEfm isolate, a 12 kb rep2 plasmid (pAML0158.1) 

was found and was present in full length as part of the pAML0157.1 from the VREfm isolate. 

The vanA-encoding pAML0157.1 was a chimera of the pAML0158.1 and a DNA fragment 

encoding vanA, ant(6)-Ia, erm(B) and cat-like and the replicons rep1 and rep7a. Our results 

demonstrate the impact of MGEs in the dissemination of vancomycin resistance and the 

genotypic and phenotypic diversity within clonal isolates. 

My contribution to the present study included the molecular characterization, WGS, typing, 

plasmid profiling and genetic location determination of the two E. faecium isolates. 

Furthermore, I completed data interpretation, analysis design and compiled the manuscript. 
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Supplementary data 

 

Table S1. List of oligonucleotides used in the present study  

Target Primer Sequence (5´ to 3´) Experiment Reference 

vanA M50 GGATAGCTACTCCCGCCTTT 
Southern blot This study 

 M51 CCGAAACAGCCTGCTCAATT 

rpoB N45 GCAAGCGACTCAAGAACAGA 
Southern blot This study 

 N46 TCACGTTCAGGGTCTCTTGG 

rep2 O60 GACGTGGCTGGTGGAAATTT 
Southern blot This study 

 O61 CGCCATTTCTTCCTCGTGTT 

fliS O62 TGGAGGGTTGCTTGGTGATA 
Southern blot This study 

 O63 GATCTCTGCTCCTGATCGAG 

pAML0158.1 O67 CTTCTCGAAATGGGTGAGCG 
PCR-based gap closure This study 

 O68 TGGCATCGGAAAATTGTGGT 

pAML0157.4 O78 TACTGGCGATATAGGGTAGG 
PCR-based gap closure This study 

 O79 ACAGTGAGTGAAGTAGCTTG 
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Figure S1. Comparative analysis of the plasmids pAML0157.1 and pAML0158.1 with the 

pRE25 (Acc. No. NC_008445.1) used here as a reference plasmid. The figure was generated 

using BRIG v0.95.  
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Figure S2. Growth curve of the VREfm and VSEfm, AML0157 and AML0158 respectively, 

in BHI broth. The data are representative examples from two separate experiments and are 

shown as means ± standard errors of the means
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Figure S3. Minimum spanning tree generated using Ridom SeqSphere+ for ST203 VREfm isolates (n=49) from Germany, published8 and 

unpublished data, ignoring missing values. The isolate CT859 from Denmark (Acc. No. CP020484.1) harboring a highly similar plasmid to 

pAML0157.1 has been also included.  The ST203 isolates are grouped and coloured by region and labelled by CT. Each circle represents one 

isolate from an individual patient based on sequence analysis of 1423 cgMLST target genes. The size of the circle represents the number of isolates 

with no allelic difference. Numbers between the nodes indicate the number of allelic differences while closely related genotypes (≤20 alleles 

different) are shaded grey.  

.
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3. Concluding discussion 

The present cumulative work provides an insight into the population genomics and clonal 

expansion of three members of the ESKAPE pathogens, VREfm colonising isolates from 

Germany (see 2.1), 3GCR and carbapenem-resistant K. pneumoniae (see 2.2) and CRAb 

isolates from Bolivia (2.3).87, 101, 102 Furthermore, the contribution of MGEs to the spread of 

AMR and the genetic diversity among closely related isolates in A. baumannii (see 2.4-2.5, 

2.7), K. pneumoniae (see 2.6) and E. faecium (see 2.8), was explored.103-106 Taken together, 

these studies provide significant new knowledge of the molecular epidemiology and of the 

mobile fraction of the genome of three nosocomial bacterial pathogens.  

 

3.1 Paradigms of clonality in bacterial populations in the hospital 

Enterococci compose less than 1% of the human gut microbiome and are intrinsically resistant 

to several antimicrobials including cephalosporins and aminoglycosides but can also 

accumulate mutations and acquire antibiotic-resistance determinants. In 1988, vancomycin-

resistant enterococci were reported for the first time and since then, they have spread and pose 

a challenge to the healthcare system around the world.23, 107-110 The VREfm epidemiology in 

Europe varies significantly between countries. In 2018 the national percentage of VREfm 

causing invasive infections varied from 0.0% (Luxembourg) to 59.1% (Cyprus) while, only 12 

of 30 reporting countries had prevalence rates lower than 5%. In Germany, the rates of VREfm 

involved in invasive infections increased from 10.5% in 2015 to 23.8% in 2018.21 In the present 

study, we have assessed the prevalence of VREfm colonising patients on hospital admission, 

i.e. the burden of bacterial import into the hospital (see 2.1). Our results indicated a steady 

increase (2014, 0.8%; 2015, 1.2%; 2016, 1.3%; 2017, 1.5%; 2018, 2.6%) in the prevalence of 

VREfm in the six tertiary care university hospitals in Germany.101 However, the majority of 

the neighbouring countries of Germany reported in 2018 prevalence rates lower than 2.1%, 

apart from the Czech Republic and Poland, with 20.7% and 35.8%, respectively.21  

E. faecium single nucleotide variants (SNVs) analysis revealed a distinct clustering of hospital-

associated, farm animal and commensal isolates, clades A1, A2 and B respectively.111 

Furthermore, clade A1 isolates are almost always resistant to ampicillin, in contrast to the other 

clades which are mostly susceptible to ampicillin.112 In our surveillance study, investigating 

the prevalence of MDR pathogens recovered from screening samples obtained from patients at 

admission to six university hospitals located in different regions in Germany, 99.6% of the 
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VREfm isolates were also resistant to ampicillin.101 Within the hospital-associated clade the 

vast majority of VREfm infections have been linked to specific STs. For instance, in Germany 

between 2011 and 2014, ST117, ST203 and ST192 were the predominant clones causing 

bloodstream infections. However, the epidemiology of VREfm in Germany has changed over 

time. The Robert Koch Institute (RKI) reported in 2018 that ST117 (58%) was the predominant 

clone among bloodstream isolates followed by ST80 (19%).113 In concordance with these 

findings we have demonstrated the dominance of ST117 among colonising VREfm isolates 

and also that the previously prominent ST203 and ST192 became increasingly rare in our study 

sites.101 Before 2003 VanB-type enterococci were rare in Germany but, already in 2009 41.5% 

of the VREfm isolates analysed by the RKI were vanB-positive.114 We also identified vanB as 

the predominant in our cohort of VREfm. Moreover, an increase of the VanB-type isolates 

(2014, 78.3%; 2015, 66%; 2016, 69.7%; 2017, 79.4%; 2018, 89.5%) during the study period 

was consistent with the increase of ST117 isolates (2014, 21.7%; 2015, 29.8%; 2016, 36.4%; 

2017, 72.1%; 2018, 79%).101 Previous studies at selected sites also reported an increasing 

prevalence of ST117/CT71/vanB positive isolates in Germany.79, 115 In our study the 

subpopulation CT71 of ST117/vanB VREfm formed one large multi-centre cluster of closely 

related isolates spread throughout Germany. This remarkable clonal dissemination of the 

ST117/CT71/vanB isolates overcoming geographical boundaries indicates the presence of an 

epidemic clone circulating in Germany.101 Patients already colonised with VREfm upon 

hospital admission could increase the risk for import and transmission of new clones within the 

healthcare setting, and consideration must be given to prevention interventions especially in 

high-risk settings.80  

Among the K. pneumoniae complex, K. pneumoniae is the clinically most relevant species. 

Nevertheless, other members of the complex have already gained attention e.g. implication of 

K. variicola in nosocomial outbreaks of colonization in neonatal ICUs. 116 In the present study, 

the vast majority of isolates were identified as K. pneumoniae (94.7%) while a few 

representatives of the species K. variicola subsp. variicola (3.9%) and K. quasipneumoniae 

subsp. quasipneumoniae (2.6%) were detected among the colonising isolates (see 2.2). K. 

pneumoniae is next to enterococci another common colonizer of the gastrointestinal tract of 

healthy humans, nevertheless, the global spread of 3GCR isolates is of particular concern.2 In 

2018 the European Antimicrobial Resistance Surveillance Network (EARS-Net) reported that 

in Germany 12.9% of invasive K. pneumoniae isolates were 3GCR.21 Although our work 
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indicated an increase in the prevalence of 3GCR K. pneumoniae over the study period (2016, 

0.8%; 2017, 0.9%; 2018, 1.1%), overall rates of 3GCR among colonising isolates on hospital 

admission were rather low. Comparable to our results, in an admission prevalence study in 

2014 among 4376 patients screened on hospital admission 37 3GCR K. pneumoniae isolates have 

been recovered (0.8%). In the latter study, 90.2% of the isolates encoded an ESBL and CTX-

M-1 group (67.3%) enzymes were the most frequent β-lactamases.117 In the present study, the 

CTX-M-1 group, including CTX-M-1, CTX-M-3, CTX-M-15, were the predominant acquired 

β-lactam resistance gene followed by TEM-1B.  

Increasing trends in carbapenem-resistant K. pneumoniae have been reported in Europe, from 

6.8% in 2015 to 7.5% in 2018. Although in 22 of the 30 participating countries the resistance 

rates were lower than 5%, a gradient from south and east Europe to northern Europe can be 

observed. In some Mediterranean countries such as Greece and Italy high resistance rates for 

carbapenems of 63.9% and 23.8% have been reported, respectively.21 In our study, carbapenem 

resistance among K. pneumoniae carriage isolates was rare. Only one K. variicola isolate 

showed a carbapenem non-susceptible phenotype and harboured the acquired carbapenemase 

blaOXA-181. The prevalence rates of carbapenem-resistant K. pneumoniae in Germany reported 

by the EARS-Net were lower than 0.5% in 2018.21 Furthermore, the German Antimicrobial 

Resistance Surveillance System reported also low rates (0.63%) of carbapenem non-

susceptibility in K. pneumoniae in Germany.118 Based on these results, it becomes evident that 

no epidemic carbapenem-resistant K. pneumoniae clone is circulating in Germany in contrast 

to some other countries.119 

In our collection of isolates, no dominant K. pneumoniae clone could be identified. Certain 

STs, such as ST307, and ST45 (9.2% for both STs), followed by ST17 (5.3%), ST219 (5.3%), 

ST14 (3.9%) were found more commonly but formed only a limited number of small clusters 

of closely related isolates. Healthcare-associated infections caused by K. pneumoniae are 

mainly due to diverse clones with a wide origin. However, certain clones succeeded to spread 

widely and are considered as problematic or high-risk clones. A high-risk K. pneumoniae clone 

was defined by Navon-Venezia et al. a clone that caused at least four outbreaks and that was 

reported in more than 10 countries. For instance, ST258 and ST147 are emerging high-risk 

clones that contribute disproportionately to K. pneumoniae infections.2, 120 In general, a rather 

diverse composition of STs and clones was observed among the colonising isolates in the 

present study. Nevertheless, representatives of emerging problematic clones were identified, 
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such as ST307, ST17 and ST14, forming partially small clusters indicating that high-risk clones 

are already circulating in Germany.2, 121, 122  

Carbapenem resistance in A. baumannii has evolved in the last decades as a major public-health 

threat.19 In the US in 2017, CRAb infections and deaths in hospitalized patients were estimated 

as 8500 and 700, respectively (https://www.cdc.gov/drugresistance/biggest-threats.html). In 

CRAb isolates, OXA-23 is the most pervasive carbapenem resistance determinant throughout 

all clonal lineages and dominates over the other carbapenemases also in Latin America.91, 123, 

124 Molecular epidemiology studies made clear that the majority of CRAb cluster within a few 

clonal lineages, referred as ICs, distributed across the continents. Currently, 9 ICs have been 

identified in total while IC2 represents the most prevalent and widespread clonal lineage.88, 123, 

125 Nevertheless, for certain clonal lineages a regional endemicity has been observed, such as 

IC5 found mainly in Latin America.88, 123 Studies about the molecular epidemiology of CRAb 

in Bolivia and Uruguay reported IC7 as the most prevalent lineage.126 Recently, a high 

prevalence of XDR A. baumannii IC7 isolates has been reported at a children hospital in 

Bolivia.127 In our study (see 2.3), all IC7 CRAb isolates obtained from two hospitals in Bolivia 

carried blaOXA-23 as part of the transposon Tn2008 (consisting of ISAba1-blaOXA–23-

ΔATPase).104 In the latter transposon an ISAba1 copy is located upstream of the OXA-23 

providing a strong promoter leading to overexpression of blaOXA-23 and carbapenem 

resistance.128 The Tn2008 was identified as the main vehicle of the carbapenemase OXA-23 in 

A. baumannii in China.129 In concordance with previous findings from Latin America, we 

identified IC7 CRAb isolates as the predominant clonal lineage in two hospitals in 

Cochabamba, Bolivia.126 By cgMLST the CRAb isolates clustered in five STs, separated by ≥ 

40 alleles, within the CC25 associated with IC7. Taken together, our study emphasized the 

presence of several endemic IC7 OXA-23-positive CRAb clones in two hospitals in Bolivia.104  

Bacterial isolates that are genetically indistinguishable can be described as a clone that has 

arisen from a recent common ancestor.130 Certain bacterial clones, such as ST131 Escherichia 

coli, are primed for success and dominance over other clones.131 Here we described three 

paradigms of bacterial spread in the hospital: the success story of ST117/vanB VREfm clone, 

the diverse population of 3GCR K. pneumoniae in Germany and the endemic IC7 CRAb clones 

in two hospitals in Bolivia.87, 101, 102 These results demonstrate two sides of bacteria involved 

in nosocomial infections, i.e. clonality and diversity. All three pathogens described here can 

survive or persist up to several months on surfaces constituting a continuous source for further 
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transmission in the hospital setting: a key factor for the spread of bacteria. The longer bacteria 

can survive on dry surfaces, the longer they can serve as a source for transmission putting into 

risk healthcare workers and susceptible patients.132 Nevertheless, other factors such as 

virulence traits or a wide repertoire of ARGs harboured by some bacterial clones can contribute 

to their clonal expansion. E. faecium is often encountered in plants, soil and in the 

gastrointestinal tract of humans, mammals, and insects. Nevertheless, a distinct E. faecium 

clone associated with the hospital has emerged due to acquired genes involved in antimicrobial 

resistance, biofilm formation or metabolism and contributed to its successful spread.133 On the 

other hand, carbapenem-resistant K. pneumoniae isolates exhibit a notable clonal expansion in 

some countries, such as Greece, but they are rare in Germany.134, 135 Therefore, clonal spread 

or diversity of bacterial pathogens in the hospital environment is complex, can be broken down 

to several contributing factors and is individual for each organism. 

 

3.2 MGEs and clonal diversity in antibiotic-resistant bacterial pathogens 

MGEs are the main drivers of the evolution and diversification in bacteria and can spread 

accessory genes, such as antibiotic resistance or virulence genes, offering a survival advantage 

in specific niches. In parallel with the emergence of cutting-edge WGS technologies the 

knowledge about the mobile gene pool of prokaryotes has rapidly increased.35, 136 

NDM-6, an NDM-1 variant, has been first described on a plasmid in E. coli in a patient who 

also harboured an NDM-1-positive Proteus mirabilis in New Zealand.137 In our study we 

identified the blaNDM-6 for the first time in A. baumannii embedded in a Tn125-like transposon 

and present in two adjacent copies which constitutes a novel genetic environment (see 2.4).105 

Multicopy carbapenemases have been previously reported, such as blaOXA-235 embedded in a 

composite transposon found simultaneously on the chromosome and on a plasmid in A. 

baumannii isolates.15 The multicopy NDM-6 was associated with the recently described IC9, 

a clonal lineage with a wide distribution that has already been associated with MBLs.96, 138 

MGEs were present to a great extent also in representatives of IC4, IC5 and IC7 CRAb from 

Bolivia analysed in the present work (see 2.5). Mobile structures were linked to resistance 

genes, such as a 6 kb plasmid, pMC23.3, harbouring the aminoglycoside modifying enzyme 

aadB in the IC5 isolate, or blaOXA-23 embedded in Tn2008 on the chromosome in IC4 and IC7 

isolates.104 Tn2008 (ISAba1-blaOXA-23) and its variants have been reported from different 
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countries in different continents.139 Furthermore, the same resistance genes were found on 

various MGEs in different isolates, such as strA and strB along with sul2 and floR were 

embedded in a RI, (RI1.MC23) in the IC5 isolate, while in the IC7 CRAb the strA, strB and 

sul2 were encoded on a Tn6172 on a 150 kb plasmid (pMC75.1).104 Similar plasmids to 

pMC75.1 and pMC75.2, encoding blaTEM-1 and aac(3)-IIa, have been found in A. baumannii 

isolates from Brazil with the same ST to MC75, ST15.140 On the other hand, identical plasmids 

can be found in unrelated isolates, such as an 8.7 kb plasmid (pMC1.2/pMC23.2) found in IC7 

and IC5 isolates from Bolivia.104 MGEs in A. baumannii are not well studied but the field of 

HGT is gaining more interest. The present work provides further knowledge on MGEs and 

transferable resistance in four important but not well studied clonal lineages of A. baumannii, 

IC4, IC5, IC7 and IC9. 

MGEs are a source and shuttle of antibiotic resistance in K. pneumoniae, an organism often 

harbouring plasmids, and armed with a wide repertoire of antibiotic resistance determinants. 

We have analysed three XDR K. pneumoniae isolates from northern Germany assigned to the 

high-risk clone ST147 (see 2.6). Of note, the ST147 was not detected among the K. pneumoniae 

colonising isolates investigated in the present surveillance study (see 2.2). Nevertheless, the 

ST147 isolates clustered by phylogenetic analysis with ST147 isolates recovered in Göttingen, 

Germany, indicating that this clone might be circulating in northern Germany. 138 Furthermore, 

the three isolates were armed with the carbapenemase OXA-181 on a ColKP3 plasmid and an 

IncR plasmid encoding 12 resistance determinants resulting in a highly resistant phenotype and 

potentially contributing to the selective success of this pathogen. The isolates were closely 

related (one allele difference) but showed diversity including inversion or deletion of DNA 

features in the vicinity of MGEs. For instance, the IncR plasmids varied in a 4 kb region and 

in the opposite orientation of two composite transposons (3,8 kb and 13 kb), events that can be 

ascribed to MGEs.103 Genomic variation within clonal bacterial isolates as a result of 

homologous recombination and structural rearrangements because of MGEs have been 

previously described.141, 142 Our results demonstrated that the dynamics of MGEs can facilitate 

genome plasticity and contribute to the genetic variation within closely related isolates. 

Numerous studies on the clonal expansion of CRAb isolates are available that underline the 

presence of clonal lineages and endemicity of certain clones.88, 123 However, the extent of 

diversity within clonal isolates is not well studied. We have analysed a CRAb outbreak in a 

German hospital (see 2.7). The CRAb outbreak isolates harboured both the acquired β-
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lactamases OXA-23 and NDM-1. Although the carbapenemase NDM-1 gene is prevalent in 

different countries, it has been rarely encountered in Germany.43, 143 The investigated isolates 

were closely related and encoded the NDM-1 gene on the chromosome as part of a Tn125-like 

transposon. The latter transposon is considered the main vehicle of NDM-1 carbapenemase in 

A. baumannii.42 In close proximity to the NDM-1 the aminoglycoside modifying enzyme 

AphA6 was found. However, one of the patients was co-infected with an NDM-1-positive 

CRAb isolate and an isogenic variant of it not encoding the NDM-1 and AphA6. The observed 

diversity can be traced back to MGEs as both enzymes, NDM-1 and AphA6 were embedded 

in a transposon. Furthermore, the NDM-1-negative isolate remained carbapenem-resistant 

because of the presence of OXA-23 and was phenotypically indistinguishable from the 

remaining outbreak isolates. In a study of a cystic fibrosis patient chronically colonized with 

P. aeruginosa a large degree of diversity was observed within clonal isolates including 

phenotypes such as colony morphology, motility or antibiotic resistance.144 An organism can 

undergo alterations through the course of infection that could affect not only the genotype but 

also the phenotype. The individuality within closely related isolates and their implication in 

routine diagnostics needs to be further investigated.  

Molecular epidemiology of MGEs in VREfm identified a linkage between the vanA gene 

cluster carried by the Tn1546 and Inc18-, pHTbeta- and pRUM-related plasmids.145 

Particularly worrisome is the transfer of the VanA-type plasmid borne Tn1546 from 

enterococci to S. aureus resulting in vancomycin-resistant S. aureus indicating the potential of 

MGEs in the dissemination of ARGs across species.146 Moreover, VREfm bloodstream 

infections have been found associated with increased in-hospital mortality and worse outcome 

compared to VSEfm.147 The VREfm and VSEfm blood culture isolates analysed here (see 2.8) 

were identical in a genetic context but showed a heterogeneous resistance phenotype due to the 

presence of a mosaic plasmid, encoding the resistance determinants vanA operon, ant(6)-Ia, 

erm(B) and cat-like in the VREfm isolate.106 Mosaic plasmids have been previously reported 

in enterococcal species, such as fusions between pRUM, Inc18 and pheromone plasmids.148 

But also, transposon-mediated fusion events between sex pheromone plasmids and vanA-

positive plasmids have been described.149 A co-infection with a linezolid-resistant E. faecium 

and variants of it with different resistance and virulence phenotypes in the same blood culture 

have been reported.150 The VREfm and VSEfm paradigm illustrates not only the contribution 

of MGEs in genotypic and phenotypic diversity among closely related isolates, but also 
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challenges in bloodstream infection diagnostics. The manifestation of a co-infection with 

clonal isolates with variable phenotypes could complicate patient treatment, e.g. in case only 

the VSEfm variant would have been detected by routine diagnostic. The detection of such type 

of heterogeneity becomes more complex when the strain variants cannot be morphologically 

distinguished and when only one colony is used for phenotypic and genotypic investigation. 

MGEs are key agents of the bacterial evolution and contribute to the adaptation of bacteria to 

new environments.34 In this thesis, numerous examples of ARGs associated with MGEs 

including plasmids, transposons and ISs in three clinically relevant bacteria, A. baumannni, E. 

faecium and K. pneumoniae are described.103, 106 At present, the vast majority of studies and 

bacteria sequenced have clinical origin and represent a snapshot of a rather narrow environment 

ignoring other niches outside of the hospital setting to elucidate potential linking and 

transmission routes. Furthermore, the extent of diversity within a clonal population of bacteria 

has not been widely studied. A considerable diversity within-host was observed in an MRSA 

outbreak in a veterinary hospital, where multiple colonies of S. aureus recovered from animal 

patients and hospital workers were investigated.151 Similar findings were described in the 

present study, including closely related isolates which differ in genotype or phenotype. These 

examples represent a real-world scenario uncovered by deep genome analysis. Usually in 

genomic studies, only individual isolates are analysed representing a snapshot and resulting in 

underrepresented heterogeneity in bacterial populations. A study based on theoretical 

modelling demonstrated that using a single isolate can be misleading for analysing transmission 

routes when diversity occurs within the host.152 In conclusion, this thesis highlights the 

contribution of MGEs to the dissemination of antimicrobial resistance, their complexity and 

the potential pitfalls of clonality and genetic diversity in bacterial pathogens.  

 

  



   Summary 
 
 
 

108 
 

4. Summary 

Over the past decades antimicrobial resistance rates are rapidly growing and have provoked the 

emergence of multidrug-resistant bacterial pathogens. Of particular concern are nosocomial 

outbreaks and the clonal spread of antibiotic-resistant bacteria representing a major threat for 

the healthcare system and especially to susceptible patient populations. One of the aims of this 

PhD project was to investigate the spread of three bacterial species commonly involved in 

nosocomial infections: vancomycin-resistant Enterococcus faecium (VREfm) and third-

generation cephalosporin-resistant (3GCR) Klebsiella pneumoniae recovered from screening 

samples of patients admitted to six university hospitals in Germany, and carbapenem-resistant 

Acinetobacter baumannii (CRAb) from two hospitals in Bolivia.  

Between 2014 and 2018 a steady increase in the prevalence of VREfm (2014, 0.8%; 2015, 

1.2%; 2016, 1.3%; 2017, 1.5%; 2018, 2.6%) was observed in six university hospitals in 

Germany. In the present cohort the sequence type (ST) 117 was identified as the predominant 

clone followed by ST80, ST203, ST78 and ST17. Furthermore, vanB was the most common 

glycopeptide resistance determinant among the colonising isolates while the vast majority of 

the ST117 isolates were vanB-positive. A remarkable clonal dissemination of the vanB-positive 

cluster type (CT) 71 subpopulation of the ST117 clone was identified among VREfm. In 

contrast, other STs, such as ST80, formed mostly local clusters restricted to single study 

centres. The ST117/CT71/vanB VREfm clone was widespread over six geographically 

separated centres and was endemic and indicated that the epidemiological profile of VREfm in 

Germany has changed in the past five years.  

Conversely, patients on hospital admission in Germany were colonised with a diverse 

population of 3GCR K. pneumoniae complex isolates. Over the study period an increase in the 

prevalence of 3GCR K. pneumoniae complex (2016, 0.8%; 2017, 0.9%; 2018, 1.1%) was 

observed. The clinically relevant K. pneumoniae was the predominant species in the present 

study, but a few representatives of Klebsiella quasipneumoniae and Klebsiella variicola were 

also identified. Among 3GCR K. pneumoniae isolates CTX-M-15 was the most common 

acquired β-lactamase followed by TEM-1B. Carbapenem-resistance was rare among the 

colonising isolates with only one K. variicola isolate harbouring a carbapenemase, OXA-181. 

Lastly, no clonal expansion and only small clusters of closely related isolates were identified, 

suggesting that a diverse K. pneumoniae population is circulating in the participating study 

centres.  
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The clonal spread of CRAb isolates obtained from two hospitals in Bolivia was demonstrated 

in the present thesis. Among A. baumannii 51 were identified as carbapenem-resistant. The 

vast majority of the CRAb isolates were identified as ST25 or a single locus variant of it, 

ST991. The latter ST was only identified in one of the hospitals while ST25 was predominant 

in the second hospital. Moreover, all CRAb isolates harboured OXA-23 on a Tn2008 

transposon while no other carbapenemase was detected. All but one of the CRAb isolates 

belonged to the international clone (IC) 7 and formed five transmission clusters. Furthermore, 

one CRAb isolate was assigned as IC4. These results suggested that several IC7 OXA-23-

positive CRAb clones are endemic and are circulating in two hospitals in Bolivia.  

Horizontal gene transfer and mobile genetic elements (MGEs) are the main drivers of the 

evolution, diversification and spread of antibiotic resistance genes (ARGs) in bacteria. This 

thesis analysed and characterised MGEs including plasmids, transposons and insertion 

sequences (ISs) catalysing the mobilization of ARGs in A. baumannni clinical isolates. For the 

first time the carbapenemase blaNDM-6, a blaNDM-1 variant, was identified in a CRAb isolate 

recovered in northern Spain in 2019. The ST85 CRAb clustered together with the recently 

described and widespread clonal lineage IC9. Furthermore, in the latter isolate NDM-6 was 

detected in two copies and in a novel genetic environment linked to MGEs. Novel insights into 

MGEs harbouring ARGs in A. baumannii IC4, IC5 and IC7 representatives from Bolivia were 

observed. A diverse array of transposons, plasmids and resistance islands, such as strA and strB 

harboured by a large plasmid in the IC4 CRAb and by a chromosome encoded resistance island 

in the IC5 isolate, were identified in the present study. Furthermore, MGEs, e.g. a small plasmid 

or the Tn2008 carrying the blaOXA-23, were found across different ICs. These data reflect the 

prevalence of MGEs in A. baumannii and the strong link between the spread of ARGs and the 

mobilome.  

Bacteria can be clonal but yet different. The extent of clonal heterogeneity associated with 

MGEs in bacterial populations was also discussed for three extensive drug-resistant K. 

pneumoniae colonising isolates from Germany. The isolates were assigned to the high-risk 

clone ST147 and were armed in addition with a wide repertoire of ARGs, including the plasmid 

encoded carbapenemase OXA-181. Of particular interest was an IncR plasmid harbouring in 

total 12 resistance determinants and a wide variety of ISs. The K. pneumoniae isolates were 

closely related but diversity including inversions or deletions in the proximity to MGEs within 

the IncR plasmid was identified. Nevertheless, this genetic variation did not affect the 
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resistance phenotype of the three K. pneumoniae isolates. These data demonstrated the 

influence of MGEs on genome plasticity and their contribution to heterogeneity within closely 

related isolates.  

Another example of clonal heterogeneity was detected in a CRAb outbreak in a German 

university hospital. The CRAb isolates harboured the acquired β-lactamase NDM-1 embedded 

in a transposon adjacent to the aminoglycoside modifying enzyme AphA6. Moreover, a second 

carbapenemase, OXA-23, was carried by the CRAb isolates. By cgMLST analysis the isolates 

were closely related and formed a transmission cluster. However, one patient was co-infected 

with two near identical CRAb isolates, i.e. one NDM-1-positive isolate and one isolate lacking 

NDM-1 and AphA6. Nevertheless, the NDM-1-negative isolate was still carbapenem-resistant 

because of the presence of blaOXA-23. The loss of the antibiotic resistance determinants NDM-

1 and AphA6 could be attributed to a transposition event. MGEs associated with ARGs can 

lead to genetic variation during the course of an outbreak but not necessarily alter the resistance 

phenotype.  

Also, a co-infection of two closely related but phenotypically different E. faecium isolates was 

discussed in the present study. Both isolates were obtained from the same blood culture and 

were identified as ST203. Furthermore, one isolate was VREfm while the second was 

vancomycin-susceptible E. faecium (VSEfm). Molecular epidemiology of the two isolates 

revealed that the VREfm and VSEfm were closely related. In the VSEfm isolate, a 12 kb 

plasmid was detected which was also present in the VREfm isolate. However, in the VREfm 

the latter plasmid carried also the vanA gene cluster embedded in a Tn1546-type transposon as 

also the resistance genes ant(6)-Ia, erm(B) and cat-like and two more replicons indicating the 

presence of a chimeric plasmid. Here, MGEs and clonal diversity led to a heterogenous 

resistance phenotype within closely related isolates. 

Taken all together, this thesis documents the clonal spread and diversity of three hospital-

acquired bacterial species but also highlights the dynamics of MGEs contributing to genome 

plasticity and the genetic diversity within closely related isolates. 
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Appendix 

 

Figure S1. Overview of the site of action and mechanism of resistance to antibiotics. The figure 

was reprinted from the Canadian Medical Association Journal.153   
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Figure S2. Localization of the strA gene determined by S1-PFGE and Southern blot using a 

DIG-labelled probe. S1 treatment of DNA embedded in agarose plugs of the MC75 A. 

baumannii isolate followed by PFGE (A) and Southern blot (B) with a strA probe. λ monocut 

indicates the lambda monocut ladder and PFG the lambda pulsed-field gel electrophoresis 

marker (molecular sizes in kilobases are shown on the left). The PFGE figure is a composite 

of different lanes from the same gel.  
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Table S1: Tools for in silico sequence analysis. 

 In silico tool Usage URL 

Database Genbank genetic sequence database https://www.ncbi.nlm.nih.gov/genbank/ 

 ISfinder bacterial insertion sequences database https://isfinder.biotoul.fr/ 

 National Database of  

Antibiotic Resistant Organisms 

antimicrobial resistance database https://www.ncbi.nlm.nih.gov/pathogens/ 

antimicrobial-resistance/ 

    

Genome 

analysis 

Blast basic local alignment search tool https://blast.ncbi.nlm.nih.gov/Blast.cgi 

Center for Genomic 

Epidemiology 

online individual tools for typing, 

phenotyping, phylogeny 

https://cge.cbs.dtu.dk/services/ 

 

JSpecies prokaryotic species circumscription 

based on pairwise genome comparison 

http://jspecies.ribohost.com/jspeciesws/ 

 

Minimap2 sequence alignment  

Multalin multiple sequence alignment http://multalin.toulouse.inra.fr/multalin/ 

PubMLST molecular typing https://pubmlst.org/ 

 Galaxy sequence analysis web-based platform https://usegalaxy.org/ 

    

Genome 

assembly 

Canu long-read assembler https://github.com/marbl/canu 

SPAdes, hybridSPAdes, 

plasmidSPAdes 

short-read, hybrid and plasmid assembler https://github.com/ablab/spades 

 

 Velvet short-read assembler https://www.ebi.ac.uk/~zerbino/velvet/ 
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 Unicycler short-read, long-read, hybrid assembler https://github.com/rrwick/Unicycler 

    

Genome 

annotation 

Prokka prokaryotic genome annotation https://github.com/tseemann/prokka 

RAST prokaryotic genome annotation https://rast.nmpdr.org/ 

    

Visualization  Artemis genome browser  https://www.sanger.ac.uk/tool/artemis/ 

 SnapGene genome and plasmid browser https://www.snapgene.com/ 

 


