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1. Introduction 

1.1 The Relationship between Bacteria and Humans 

Bacteria are ubiquitous single-celled organisms that in the great majority of cases range 

from 0.2-2 μm in size. They are the most abundant form of life on the planet and thrive in 

the most diverse environments. Among these we count the inside and the surface of 

many multicellular organisms such as for example the human body. Bacterial cells are 

estimated to outnumber the eukaryotic cells of the human body (Sender et al. 2016). 

However due to their much smaller size they make up less than 1 % of the human body 

weight. More bacteria live in a human’s mouth than there are human beings in the world.  

The vast majority of bacteria do not hurt us. Instead many of these organisms are 

indispensable for our well-being. Among the systems of the human body, the 

gastrointestinal one hosts the largest amount of bacteria being a comfortable setting with 

plenty of nutrients available for their sustenance. The relationship is in fact not merely 

commensal but mutualistic. They help the immune system to correctly develop and 

function, they break down certain carbohydrates and toxins and aid in the uptake of 

certain fatty acids (Bry et al. 1996). Other important sites of bacterial colonization are the 

skin, genital areas and upper respiratory tract with each displaying its unique and 

variable bacterial micro-environmental flora. The human microbiome encompasses the 

collective genomes of the microorganisms that reside in and on the human body as well 

as the microorganisms themselves. Climate, habitat, ethnicity, genetics, nutrition and 

activity cause a person’s microbiome to fluctuate in its diversity and can alter the 

susceptibility of the host to opportunistic pathogens (Gilbert et al. 2018; Penders 2006). 

A small minority of bacteria has the potential to be pathogenic and among these an even 

smaller amount are obligate pathogens. These damage host cells by interfering with 

their functions or provoke immune responses that damage host cells. Pathogenic 

bacteria have been responsible for a tremendous amount of deaths throughout our 

history on this planet and continue to do so today in many underdeveloped regions of 

the world. And while the history of all former societies is said to be the history of class 

struggles (Marx & Engels 1848), even before the emergence of societies the history of 

mankind has definitely been one of struggle against infectious disease.  
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That is the reason for which the discovery of antibacterial substances in the early 20th 

century revolutionized medicine. With the discovery of penicillin early in the twentieth 

century, treatments of infectious diseases entered the modern era in which antibiotics 

control and eliminate infections that would otherwise be intractable. To this date many 

antibiotics have been developed and have been classified into several categories based 

on their mechanism of action, chemical structure and spectrum of activity. Regrettably, 

the use of these substances has soon been accompanied by the appearance of 

resistances against them.  

 

1.2 Resistance to Antibiotics 

Bacteria appeared on this planet billions of years ago, so have their skills sharpened due 

to genomic flexibility at shielding themselves from toxic chemicals. The possibility of 

recombining genes from different bacterial populations is huge, and it seems that 

bacteria do not need much time to acquire the genetic resources to thrive in an 

environment that would otherwise have hindered their growth. Resistance, which is 

becoming increasingly common, limits therapeutic options, with the result that certain 

human infections cannot be treated (Sultan et al. 2018). 

Antibiotic resistance is ancient and the expected result of the interaction of many 

organisms with their environment. Many antibiotic compounds are molecules found in 

nature, produced by certain microorganisms to suppress others and, as such, co-

resident bacteria have evolved mechanisms to overcome their action in order to survive. 

Some organisms are often considered to be intrinsically resistant to one or more 

antibiotics. However, when discussing the issue of antibiotic resistance, the main focus 

of the problem is acquired resistance in a bacterial population that was originally 

susceptible to the antibiotic compound (Munita & Arias 2016). Even the most resistant 

bacteria can be inhibited or killed by a sufficiently high concentration of an antibiotic, but 

patients would not be able to tolerate the high concentration required in some cases.  

The bacterial species differ greatly in their susceptibility to an antibiotic. For example, 

most strains of the bacterium Streptococcus pneumoniae are inhibited by benzyl 

penicillin in a concentration of 0.01 mg/l, while the bacterium Escherichia coli requires a 
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concentration of 32-64 mg/l to be inhibited in its growth, a level that cannot be achieved 

in the human body. This introduces the concept of the minimum inhibitory concentration 

(MIC) and clinical resistance. Clinical resistance is a complex concept in which the 

nature of the infecting bacterium, its location in the body, the patient's immune status 

and the distribution of the antibiotic in the body and its concentration at the site of 

infection, all interact (Hawkey 1998).  

1.2.1 The Global Issue of Growing Antibiotic Resistance 

Over several decades, after the introduction of antibiotics into medical practice, to 

varying degrees, bacteria causing common or severe infections have developed 

resistance to each new antibiotic coming to market. The advent of multidrug resistance 

among pathogenic bacteria is imperiling the worth of antibiotics, which have previously 

transformed medical sciences. Growing antibiotic resistance poses a serious global 

threat of growing concern to human health and a substantial economic burden to the 

whole world. WHO considers the growing antimicrobial resistance issue one of the three 

major public health challenges of the 21st century, leading to rising healthcare costs, 

extended hospital stays, treatment failures and often death (Dadgostar 2019; Naylor et 

al. 2019). Firstly in 2013, the World Economic Forum devoted a chapter in its Global 

Risk Report to the growing public health challenge of antimicrobial resistance. In the 

2018 report, the forum reported that the issue continued to intensify and during the 

annual meeting in January 2020 antimicrobial resistance was finally predicted to become 

the worldwide leading cause of death by 2050 if no action is taken. 

Several areas of modern medicine are dependent on the availability of effective 

antibiotics; chemotherapy for cancer treatment, organ transplantation, hip replacement 

surgery, intensive care of premature babies and many other activities could not be 

carried out without effective antibiotics. Indeed, infections caused by multi-resistant 

bacterial strains are among the main factors influencing morbidity and mortality in 

patients undergoing these procedures (Prestinaci et al. 2015). 

The most significant contribution to genetic selection pressure leading to the emergence 

of multidrug-resistant bacteria in the environment and of multidrug-resistant bacterial 

infections in the community have been the excessive use of antibiotics in animal 
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farming, pets and humans, antibiotics sold over-the-counter, increased international 

travel, poor sanitation and release of non-metabolized antibiotics or their residues into 

the environment through manure (Aslam et al. 2018; Michael et al. 2014). 

Every year in the European Union (EU) and the European Economic Area (EAA) alone, 

an estimated 33 000 patients die because of a serious resistant bacterial infection. 

However only a minority of EU and EEA countries have identified specific funding 

sources to implement national action plans to tackle the problem and today investments 

in public health actions are still insufficient. 

All age groups are affected by infections with antibiotic-resistant bacteria, although their 

burden is significantly higher among infants than in any other age group (see Fig. 1). 

Among adults, the burden increases with age. About a third of the deaths due to 

infections with antibiotic-resistant bacteria in the EU and EEA were in Italy (Cassini et al. 

2019). 

Since the late 1990s there has been systematic effort to educate and persuade 

prescribers of antibiotics to follow evidence-based prescribing, in order to halt antibiotic 

overuse, and thus the development of antibiotic resistance. This effort is known as 

antibiotic stewardship and it has continuously evolved since its implementation. However 

despite robust evidence supporting optimal practice, antibiotic decision-making remains 

sub-optimal in many settings. 

Efforts to develop new antimicrobials have over the past two decades been woefully 

behind the rapid evolution of resistance genes developing among pathogens. The 

development of new antibacterial agents has declined significantly in recent decades 

despite the current demand for new antimicrobial drugs. The costs for research and 

development of antimicrobial agents have risen to a level that allows low and thus only 

unattractive profitability of new drug development in the pharmaceutical industry 

(Cheesman et al. 2017). 
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1.2.2 The Mechanisms underlying Antibiotic Resistance 

 Fig. 1: Model estimates of the burden of infections with antibiotic-resistant bacteria of 
public health importance in Disability-adjusted life years (DALYs), by country (above) 
and age group (below), EU and European Economic Area, 2015 (adapted from: Cassini 
et al. 2019). 
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1.2.2 The Mechanisms underlying Antibiotic Resistance 

The many mechanisms that bacteria use to protect themselves against antibiotics can 

be divided into a few basic types (see Fig. 2). Some antibiotic resistant bacteria protect 

themselves by preventing the antibiotic from entering the cell or by pumping it out faster 

than it can flow in. Other resistant bacteria might instead for example enzymatically 

degrade or modify the antibacterial substance rendering it inactive. Another mechanism 

is to stop displaying or altering the structure the antibiotic substance targets (Hawkey 

1998). 

It is also possible that two or more mechanisms of antibiotic resistance coexist in the 

same bacteria at a given time producing an additive effect and, often, increasing the 

levels of resistance. Generally however bacterial species seem to have evolved a 

preference for some mechanisms of resistance over others. For example the 

predominant mechanism of resistance to β-lactam antibiotics in gram-positive bacteria is 

by modifications of their target site, the penicillin-binding proteins, whereas resistance to 

these compounds in gram-negative organisms is mostly achieved by the production of β-

lactamases, enzymes that inactivate these substances. In fact one of the most 

successful bacterial strategies to cope with the presence of antibiotics is to produce 

enzymes that inactivate the drug by adding specific chemical moieties to the compound 

or that destroy the molecule itself, rendering the antibiotic unable to interact with its 

target. Regardless of the biochemical reaction, the resulting effect is often related to 

steric hindrance that decreases the avidity of the drug for its target (Munita & Arias 

2016). 

1.2.3 The Acquisition of Antibiotic Resistance 

Acquired resistance occurs when a bacterium that is sensitive to an antibiotic develops 

resistance. This can happen through mutation or through the acquisition of new DNA. 

Mutation is a spontaneous event that occurs independently of the presence of 

antibiotics. In the presence of an antibiotic a bacterium that carries such a mutation 

conferring resistance has a great advantage because the antibiotic kills the susceptible 

cells quickly, leaving behind only the resistant subpopulation. Transmissible resistance 

was first identified in 1959 and occurs mainly by means of plasmids.  
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Fig. 2: Different mechanisms conferring antibiotic resistance to a bacterial cell (adapted 
from: Pal 2017). 

 

Plasmids are self-replicating circular pieces of DNA that are smaller than the bacterial 

genome. While the chromosomes are big and need to contain all the essential genetic 

information for living under normal conditions, plasmids usually are very small and only 

contain additional genes that may be useful in certain situations or conditions. A few 

types of plasmids can also insert into the host chromosome. Some plasmids have a 

broad host range and can transfer between different species whereas others have a 

much narrower host range and are confined to one genus or species (Carattoli 2009). 

There are also plasmids that have the capability of transferring to a particular host but 

cannot replicate in the new host or do not replicate well. In these circumstances the 

plasmid may be lost, however if it contains a resistance gene on a transposon this 

genetic element can translocate to the bacterial chromosome and be maintained in the 

absence of the plasmid. Therefore a plasmid does not necessarily need to be 

maintained in a particular host in order to contribute to the spread of resistance. 

Other ways of transmitting resistance are through bacteriophages which are viruses that 

infect bacteria or through a process known as transformation, in which bacteria capable 
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of taking up DNA from the environment absorb DNA released by dying bacteria (Hawkey 

1998). 

1.3 Beta-Lactamases 

Βeta-lactamases are among the best studied enzymes. They break four-atom rings 

known as β-lactam rings open by hydrolysis. Beta-lactam rings are part of the core 

structure of several antibiotic families, the principal ones being the penicillins, 

cephalosporins, monobactams and carbapenems, which are, therefore, also called β-

lactam antibiotics. 

1.3.1 Beta-Lactam Antibiotics 

Beta-lactam antibiotics are arguably the most important family of microbial natural 

products ever applied to human medicine. Even now that our reliance upon antibiotics is 

threatened by the increasing threat of antibiotic resistance, the β-lactam class of 

compounds, antibiotics that contain a beta-lactam ring in their molecular structure (see 

Fig. 3) accounts for more than half of all antibiotic prescriptions (Elander 2003).  

 

Fig. 3: Core structure of beta-lactam antibiotics (adapted from: Ringbio 2018). 

 

Beta-lactam antibiotics act by inhibiting the synthesis of the peptidoglycan layer of 

bacterial cell walls. Peptidoglycan is a polymer consisting of sugars and amino acids. It 

forms a mesh-like layer on the outside of the plasma membrane of most bacteria forging 

the bacterial cell wall. The final step in the synthesis of the peptidoglycan is facilitated by 

enzymes called DD-transpeptidases. They form the bonds between oligopeptide 
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crosslinks in peptidoglycan. For a bacterial cell to reproduce more than a million 

peptidoglycan subunits must be attached to existing subunits. DD-transpeptidases bind 

to β-lactam antibiotics because they are similar in chemical structure to the modular 

pieces that form the peptidoglycan. When bound by the enzyme the β-lactam antibiotic 

ruptures and forms a covalent bond with a serine amino acid residue at the active site of 

the enzyme and thereby inactivates it irreversibly. Since these enzymes are the targets 

of β-lactam antibiotics they are also known as penicillin binding proteins (PBPs). During 

the terminal stages of cell wall biosynthesis, these enzymes are thus prevented from 

effecting the cross-linking of peptide chains to form peptidoglycan, resulting in bacterial 

cell death. 

Carbapenems possess potent broad spectrum antibacterial activity and have a unique 

structure that is defined by a carbapenem coupled to a β-lactam ring (see Fig. 3) which 

confers protection against most β lactamases. They act against Gram-positive bacteria, 

Gram-negative bacteria and anaerobes. Consequently, carbapenems are considered 

one of the most reliable drugs for treating bacterial infections and are preferred over 

other types of antimicrobials in treating invasive or life-threatening infections (El-Gamal 

et al. 2017). Carbapenems are administered intravenously with little or no allergic cross 

reactions. Consequently the emergence and spread of resistance to these antibiotics 

constitute a major public health concern (Codjoe & Donkor 2017).  

1.3.2 The Origins of Beta-Lactamases 

The majority of β-lactamases contain an active-site serine that can be bound by β-

lactam molecules just like penicillin binding proteins (PBPs). There are in fact structural 

and mechanistic similarities between the two sets of enzymes. Molecular modeling of 

various β-lactamases and PBPs structures has demonstrated three-dimensional 

similarities with conserved folding patterns and preservation of topology at the active 

site, in spite of low amino acid identities (Smith et al. 2013). It is commonly assumed that 

PBPs were the precursors of today’s β-lactamases. Beta-lactamases are ancient 

enzymes that existed even in the absence of the pressure of therapeutic antibiotics. 

Although most of the β-lactam-containing agents in use today are synthetic or 

semisynthetic molecules, β-lactams as therapeutic agents originate from naturally 

occurring sources. All these iterations of unmodified β-lactams existed in natural 
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environments and placed selective pressure on the neighboring bacteria to evade a 

milieu of deleterious agents. When β-lactam-producing organisms compete with 

nonproducing bacteria in the same environmental niche, survival strategies are quickly 

developed (Bush 2018). 

In Gram-negative bacteria, β-lactamases have played a critical clinical role and have 

served as the primary resistance mechanism. As β-lactam resistance began to be more 

frequently recognized in Gram-negative pathogens, it was shown that many enteric 

bacteria produced species-specific inducible chromosomal β-lactamases (Matthew & 

Harris 1976). However, it is the mobile β-lactamases in Gram-negative bacteria that 

have created a more insidious threat to the β-lactam antibiotics. They became the most 

prevalent mechanism leading to the emergence of β-lactam resistance among Gram-

negative bacteria, with few species barriers existing for their transmission (Bush 2018).  

1.3.3 The Classification of Beta-Lactamases 

The variety of unique β-lactamases that have been identified in natural isolates now 

exceeding 2770 does not facilitate the creation of a reliable and easily understandable 

nomenclature to refer to these enzymes. Two major classification schemes exist for 

categorizing β-lactamase enzymes, the Ambler and the Bush-Jacoby systems. The 

Ambler classification scheme divides them into groups A, B, C and D based on their 

amino acid sequence homology, primarily on their active site. Classes A, C and D 

enzymes are serine β-lactamases, Class B enzymes are metallo-β-lactamases, which 

require a bivalent metal ion for activity, usually being a zinc ion. The Bush-Jacoby 

system instead divides them into group 1, 2, 3 and 4 based on their substrate hydrolysis 

and inhibitor profile (Bush 2010).  

The most widely used classification of β-lactamases to date is the Ambler classification 

(see Tab. 1) and for the purpose of this thesis it is the one we will focus upon. Ambler 

originally specified two classes, class A, the active-site serine β-lactamases and class B, 

the metallo-β-lactamases that require a bivalent metal ion. Later a new class of serine β-

lactamases was found that bore little sequence similarity to the then-known class A 

enzymes which was designated as class C. Later another class of serine β-lactamases, 

the OXA β-lactamases was found to bear little resemblance to either class A or class C 
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and was designated class D. The three classes of serine β-lactamases are sufficiently 

different that alignment programs find no detectable sequence similarity, yet there is 

sufficient structural similarity among the three classes of serine β-lactamases that it is 

clear that they are descended from a common ancestor. 

 

Tab. 1: Ambler classification system of beta-lactamases.  

Ambler 
Molecular Class 

Type Hydrolyze Examples 

A Narrow-spectrum β-lactamases 
Penicillins 

(Narrow-spectrum 
Cephalosporins) 

Penicillinase, 
TEM, 
SHV 

 Extended-spectrum β-lactamases 
Penicillins 

Cephalosporins 
Aztreonam 

TEM, 
SHV, 

CTX-M 

 Serine carbapenemases 
Penicillins 

Cephalosporins 
Carbapenems 

 
KPC 

 

B Metallo-β-lactamases 
Penicillins 

Cephalosporins 
Carbapenems 

VIM, 
IMP, 
NDM 

C Cephalosporinases 
Penicillins, 

Cephalosporins 
 

AmpC, 

D OXA-type enzymes 
Penicillins, 

Cephalosporins, 
Carbapenems 

 
OXA 

 

The class B metallo-β-lactamases instead are a group of enzymes with evolutionary 

origins that are independent of the common ancestor of the serine-β-lactamases. They 

hydrolyze β-lactams through an enzymic process that is distinctly different from that of 

the serine β-lactamases and, furthermore are structurally unrelated to them. However 

within class B itself there are enzymes that are alignable neither by DNA nor by protein 

sequence. 

1.3.3.1 Ambler Class A Beta-Lactamases 

Ambler class A enzymes can be subdivided into class A narrow-spectrum β-lactamases, 

extended-spectrum β-lactamases (ESBLs), and serine carbapenemases. Class A 

narrow-spectrum β-lactamases and ESBLs are generally inhibited in by sulbactam, 
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clavulanate, and tazobactam, three clinically important β-lactamase-inhibitors. They are 

generally not capable of hydrolyzing carbapenems.  

Penicillinase, the first β-lactamase to be identified, is a narrow-spectrum β-lactamase. 

When penicillin entered clinical use penicillinase production quickly spread to bacteria 

that previously did not produce it or produced it only rarely (Abraham 1987).TEM and 

SHV β-lactamases have approximately 200 varieties each. Of these a few only 

hydrolyze penicillins and early cephalosporins and are hence considered narrow-

spectrum β-lactamases whereas the great majority is counted to the extended-spectrum 

β-lactamases (Jacoby & Munoz-Price 2005). The TEM- and SHV- ESBL enzymes are 

thought to have evolved later and derive from point mutations from TEM- and SHV- 

enzymes that were incapable of hydrolyzing broad-spectrum cephalosporins (Bush & 

Jacoby 2010). TEM- and SHV-ESBLs were predominant in the ESBL landscape over 

the 1980s and 1990s, mainly associated with outbreaks in hospitals.  

CTX-M β-lactamases are characterized by their greater activity against broad-spectrum 

cephalosporins. They did not reach prominence over the other ESBL enzymes until the 

first decade of the 2000s when accelerated evolution and extraordinary dispersion of 

these enzymes were observed. They were confined not only to the hospital setting but 

also to the community. They are the most common ESBL type worldwide (Cantón et al. 

2012; Coque et al.2008). 

The newly evolved class A carbapenemases are a major health concern. These 

enzymes possess the same drug-hydrolyzing activity as ESBLs as well as the additional 

ability to inactivate carbapenems (Touissant & Gallagher 2015). The most clinically 

important group of the Class A carbapenemases are the KPC enzymes. These enzymes 

reside on transmissible plasmids and hydrolyze all beta-lactams at varying rates.  

1.3.3.2 Cephalosporinases 

Class C enzymes are produced to some degree by virtually all gram-negative organisms 

and are usually chromosomally mediated, though plasmid-mediated class C β-

lactamases exist and can be exchanged by conjugation. They are distinguishable from 

the common Class A enzymes by the phenotypic resistance to cephalosporins and β-

lactam-β-lactamase inhibitor combinations they confer. The overuse of third-generation 
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cephalosporins has been associated with the selection and promotion of these β-

lactamases (Rice & Bonomo 2000).  

AmpC β-lactamases are clinically important cephalosporinases that are encoded on the 

chromosome of many Enterobacteriaceae, inducible, and can be expressed at high 

levels by mutation. Overexpression confers resistance to broad-spectrum 

cephalosporins and is a problem especially in infections where an isolate initially 

susceptible to these agents may become resistant upon therapy. AmpC enzymes 

encoded by both chromosomal and plasmid genes are also evolving to hydrolyze broad-

spectrum cephalosporins more efficiently (Jacoby 2009). Hyperproduction of AmpC β-

lactamases characteristically provides resistance to many extended-spectrum 

cephalosporins like ceftazidime, ceftriaxone and cefotaxime. High levels of AmpC 

production in combination with other mechanisms of resistance, such as porin channel 

changes, can lead to resistance to carbapenems as well (Touissant & Gallagher 2015). 

1.3.3.3 OXA-type enzymes 

Class D includes OXA enzymes, most of which are ESBLs and carbapenemases. Class 

D β-lactamase-mediated resistance to β-lactams has been increasingly reported during 

the last decade. These enzymes are characterized by an important genetic diversity and 

a great heterogeneity in terms of β-lactam hydrolysis spectrum. They were defined 

oxacillinases due to their ability to hydrolyze oxacillin faster than benzyl penicillin. This 

characteristic does not apply to more recently described members of the family. Class D 

β-lactamases are usually not inhibited by clavulanic acid, tazobactam, and sulbactam. 

While many gram-negative species naturally possess genes in their genomes coding for 

OXAs the genes can as well be acquired (Poirel et al. 2009).  

OXA enzymes are given a unique number based on the chronological order in which 

they were discovered. The first OXA enzymes discovered had a lower specific activity 

against penicillin and first-generation cephalosporins when compared to oxacillin and 

methicillin. Their emergence coincided with the widespread introduction of flucloxacillin 

and methicillin for the treatment of staphylococcal infections. OXA-10 was the first to 

provide weak hydrolysis of cefotaxime, ceftriaxone, and aztreonam. OXA-11 was the 

first example of an OXA enzyme that had become, through mutation from OXA-10, an 
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extended-spectrum β-lactamase. Not much later more ESBLs derived from OXA-10 

were discovered (Evans & Amyes 2014). 

The emergence of OXA enzymes capable of conferring resistance to carbapenems has 

transformed these β-lactamases from a minor hindrance into a major problem. The first 

group of carbapenem-resistant OXA-type β-lactamases to be identified was the OXA-23 

group in Acinetobacter baumannii isolates. Interestingly this happened not long after the 

carbapenem imipenem was approved for use. The OXA-23 group consists of OXA-23 as 

well as many other OXA enzymes that are functionally and or structurally closely related 

to it. Other important groups found in isolates of Acinetobacter baumannii are the OXA-

40 group that shows weak activity against cephalosporins and the carbapenems, the 

OXA-51 group, representing the largest OXA enzyme group, and the OXA-58 and OXA-

143 groups. The most important OXA enzymes found in Enterobacteriaceae belong to 

the OXA-48 group (Hamidian & Nigro 2019; Evans & Amyes 2014). 

1.3.3.4 Metallo-Beta-Lactamases 

Class B enzymes are metallo-β-lactamases (MBLs). They are characterized by one or 

two zinc ions at the active site. These enzymes are generally not inhibited by the 

currently available β-lactamase. They have a broad substrate spectrum and can 

catalyze the hydrolysis of virtually all β-lactam antibiotics with the exception of 

monobactams. MBLs are clinically the most relevant carbapenemases. Their discovery 

dates back more than forty years but until recently they were not considered a serious 

problem for antibiotic therapy because they were only found chromosomally encoded 

and in non-pathogenic organisms. 

MBLs are divided into three subclasses, B1, B2 and B3, based on primary amino acid 

sequence homology. Subclass B1 contains the largest number of known MBLs and 

includes the clinically important and transferable IMP-, VIM-, and NDM-type enzymes. 

IMP-type MBLs were first recognized in the 1990s and currently up to 18 varieties have 

been identified. VIM enzymes are among the most widely distributed MBLs, with more 

than 40 reported varieties.The prevalence of NDM enzymes is increasing. They are 

easily transferable and additionally harbor other genes conferring resistance to other 

antibiotics (Codjoe & Donkor; Wei et al. 2015; Palzkill 2013). 
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1.4 Carbapenemase-Encoding Human Pathogens 

Carbapenemase-encoding pathogens have spread worldwide, and the Centers for 

Disease Control and Prevention have categorized these organisms as an “urgent threat” 

due to the high mortality rates among infected patients. The most relevant 

carbapenemases include the previously discussed KPC, NDM, IMP, VIM, and OXA 

family enzymes. Bacteria producing these enzymes are frequently resistant to nearly all 

antibiotics due to additional resistance genes carried on those plasmids.  

1.4.1 Clinically Relevant Carbapenemase-Encoding Bacteria  

Pathogenic bacteria are those capable of causing disease. Pathogens are generally 

obligate or opportunistic. Pathogenic bacteria encoding carbapenemases fall in the latter 

category. The most clinically relevant to date are Enterobacterales, Pseudomonas 

aeruginosa and Acinetobacter baumannii. Most other gram-negative bacteria that carry 

or can acquire carbapenemase-genes are considered clinically less important by 

themselves due to their lower pathogenicity. However they might pass these resistance-

genes to more pathogenic bacteria and should therefore as well be cautiously monitored 

and kept from spreading. 

1.4.1.1 Enterobacterales 

Carbapenemase-encoding Enterobacterales have been identified as one of the major 

threats to human health in recent years. The clinically most important families are the 

Enterobacteriaceae and the Morganellaceae, to a lesser degree the Yersiniaceae and 

the Hafniaceae. The Enterobacteriaceae that most frequently encode carbapenemases 

are members of the genus Klebsiella, Escherichia, Enterobacter and Citrobacter. 

1.4.1.2 Non-Fermenter 

The group of non-fermenter is a taxonomically non-uniform group of aerobic bacteria. 

These coccoid or rod-shaped bacteria that are non-sporulating are mostly found in soil 

and wet areas. Over the past decade, non-fermenters have emerged as important 

opportunistic pathogens in the growing population of patients whose immune systems 

have been weakened by their disease or medical treatment. Clinically the most 

important non-fermenter are Pseudomonas aeruginosa and Acinetobacter baumannii. 
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1.4.2 The Detection of Carbapenemase-Encoding Human Pathogens 

Distinguishing carbapenemase-encoding bacteria from those resistant to carbapenems 

due to other mechanisms is important, as genes encoding for carbapenemases 

disseminate between patients more readily than the latter. They warrant implementation 

of more intensive infection control (Magiorakos et al. 2017). Colonization with multidrug 

resistant bacteria may as the term implies not manifest as a clinically overt infection. The 

general view has been that the drug-resistant strains are not necessarily more virulent 

per se, and that the difference in clinical outcome may be attributable to the restricted 

therapeutic options available for their treatment, failure of empirical treatment, and the 

delay in instituting effective therapy. 

Active surveillance is useful if it is part of a multi-factorial intervention to control 

multidrug-resistant bacteria given that isolation of carriers is one strategy that can be 

used to limit the spread of these bacteria and even represents one of the most effective 

strategies to limit the spread of carbapenemase-encoding bacteria in health care 

settings (Zhou et al. 2019; Viau et al. 2016; Bhattacharya 2013).  

Generally the principal approaches for the detection of antibiotic resistant bacteria in 

surveillance microbiology samples are culture-based or molecular. 

1.4.2.1 Culture-Based Detection of Resistance to Carbapenems 

For culture-based methods various samples from appropriate anatomical sites are 

inoculated onto suitable culture media and incubated at specific temperatures.  

Following growth after a definite incubation period of generally 24 to 48 hours bacterial 

colonies are identified by conventional phenotypic microbiological techniques. These 

include for example culture characteristics, Gram stain, biochemical reactions and 

MALDI-TOF mass spectrometry. Antibiotic susceptibility confirmation can then be 

performed using standardized criteria established by reputed organizations such as the 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) in our case. 

Sensitivity of detection of carbapenemase-resistant gram-negative bacteria depends on 

several factors including among others the culture methodology and media used, the 

concentration and type of antibiotics used for screening as well as the technique of 
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inoculation. The minimum inhibitory concentration guidelines determine whether an 

antibiotic is susceptible or not. Standard methods for antibiotic susceptibility testing are 

the disk diffusion method, the micro- and macrodilution, epsilometer testing and 

automated systems (Khan et al. 2019). Culture-based methods for detecting 

carbapenemase-encoding organisms are convenient due to their ready availability and 

low cost, but their limited sensitivity and long turnaround time may not always be optimal 

for infection control practices (Viau et al. 2016). 

The most frequently tested carbapenems in our laboratory are ertapenem, imipenem 

and meropenem. When gram-negative bacterial isolates show some degree of 

resistance to carbapenems in one or more of the standard methods for antibiotic 

susceptibility testing, the isolate is further tested molecularly for the presence of the 

most common and most important carbapenemase-encoding genes. 

1.4.2.2 Molecular Detection of Resistance to Carbapenems 

Molecular techniques, such as real-time polymerase chain reaction (PCR) assays are 

faster in contrast to phenotypic methods that are very time consuming and allow for the 

quick identification of carbapenemase genes. The PCR is considered as the reference 

standard for carbapenemase detection, but it requires additional equipment, skilled staff 

and is not available in many laboratories, especially beyond core working hours. 

Additionally, only targeted genes can be detected, with new enzyme variants possibly 

being missed (Baeza et al. 2019). Contemporary nucleic acid amplification techniques or 

a combined culture and nucleic acid amplification techniques approach may provide fast 

results and added sensitivity and specificity (Viau et al. 2016). 

 

1.5 Issue Summary and Aim of the Thesis 

On a Friday morning, the 28th of September in 1928, Alexander Fleming by accident 

found a mold inhibiting staphylococcal growth. What he witnessed was nothing less but 

the ongoing war between microorganisms that had all along been raging behind closed 

curtains. With his discovery Alexander Fleming did not only pave the way for the 

purification and production of penicillin and other antibiotics, but he had given humanity 
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a powerful weapon to finally take arms against an enemy that had tormented mankind 

since the dawn of time.   

Unexpectedly and yet as expected, these foes soon started to respond to this new threat 

by arming their defense. After all, only the fittest survive in this harsh world.  

The introduction of penicillin in 1943 was followed by resistances in 1967 and so did 

every other antibiotic that was marketed thereafter. The war against an evolving foe will 

always be one demanding adjustment and enhancement. In our timeline, we humans 

have reached a point where infectious disease is considerably better controlled than in 

past centuries with the currently available antibiotics and hygienic measures. 

Nevertheless, while bacteria continue to evolve crafty mechanisms to survive inside and 

on the human body even in times of antibiotic exposure, the development of new 

antibiotics has come to a perceived halt.  

Carbapenems play a critically important role in our antibiotic armamentarium and are 

often referred to as the last resort in the treatment of bacterial strains that display broad 

antibiotic resistance. Carbapenemases inactivate these reserve antibiotics. These 

tremendously ominous enzymes are encoded on DNA segments that can in many cases 

easily be transferred from one bacterium to another and therefore swiftly confer 

resistance to a whole bacterial population. As if this wasn’t enough, they are in many 

cases neither species- nor genus-specific and can hence spread at tremendous pace in 

the presence of selective pressure. To date bacteria carrying genes encoding for 

carbapenemases cause an unacceptably high number of deaths and complications 

worldwide.  

In this thesis we will deal with the spread of genes encoding for carbapenemases and 

their detection with the lead question of what the data on detected carbapenemase-

encoding bacteria we have collected at the Institute of Medical Microbiology of the 

University Hospital Bonn during the last six years can teach us by itself and combined 

with new experimentally acquired data through genotypic typing and an alternatively 

designed step-by-step diagnostic workflow. 

Molecular in-institute tests to scan bacterial isolates for the presence of carbapenemase-

encoding genes have been introduced in late 2014 at the Institute of Medical 
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Microbiology of the University Hospital Bonn. Since then more than 600 isolates from 

clinical samples tested positive for these genes. We collected the data for the years 

2014 to 2019 and linked test results to clinical information and patient history. The first 

part of the results section deals with the evaluation of this data and works out 

correlations and causalities between different parameters as well as new insights on 

variables that may be taken into account when  optimizing  preventive  sanitary  

precautions  and  developing  safe  hospital  environments. 

Routine cryo-conservation of carbapenemase-encoding isolates gave us access to all 

isolates under study and enabled us to re-culture selected isolates for whole-genome 

sequencing purposes. The second part of the result section will deal with the outbreak- 

and in depth analysis of mentioned isolates 

In the last part of the result section we concentrate on an evaluation of the current 

stepwise diagnostic approach, in which only clinically relevant bacteria displaying 

phenotypic resistance to carbapenems are genotypically examined for the presence of 

carbapenemase-encoding genes, as well as possible alternatives to it. For this purpose 

we collected more than 300 Enterobacterales and Pseudomonas species isolates, 

isolated from urine and screening samples, that arrived during a randomly selected 

week to the microbiology laboratory and genotyped all isolates that would not have been 

candidates for genotyping.  
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2. Materials and methods 

2.1 Data 

We analyzed retrospective data on CEB isolates that could be retrieved from the 

laboratory and hospital information systems of our institute, which is part of the 

University Hospital of Bonn, Germany (UHB). The UHB is a tertiary referral and 

maximum care hospital with 1300 beds. Every year about 50 000 inpatients and 35 000 

emergencies are treated and over 350 000 outpatient procedures are provided. The 

UHB serves mainly German residents but also attracts patients living outside of 

Germany, mainly in the Arabian Peninsula. Our microbiological diagnostic unit services 

the University Hospital Bonn and other hospitals in the area and receives an average of 

178.000 clinical samples each year.  

All CEB isolates from September 2014 till December 2019 were traced in the laboratory 

information system using species and resistance keywords by one operator. Only first 

isolates were selected for each pathogen-patient combination. The isolate information 

was complemented by accessible clinical patient information including gender, age, co-

colonization by methicillin-resistant Staphylococcus aureus (MRSA) or vancomycin-

resistant Enterococcus (VRE), date of hospital admission, hospitalization stay, 

oncological or intensive-care ward (ICU) stay, place of residency and ethnicity.  

We constructed a database that was password protected and accessible by only 1 

operator who ensured that all patient data was delinked from any results other than CEB 

and was fully de-identified prior to analysis after the establishment of residency and 

ethnicity. To infer patient ethnicity, we utilized the free version of the validated software 

tool Onolytics (Version 2020, San Jose, California, US). Onolytics classifies names into 

189 cultural ethnic and linguistics groupings. Where available, the results were further 

controlled for plausibility and accuracy using additional information such as patients' 

nationality. 

The ethics committee of the University Hospital Bonn confirmed that no ethics approval 

was required for this study. 

 



27 
 

2.2 Screening and Surveillance Policy 

Following German guidelines, multi-resistance of gram-negative rods (MRGN) was de-

fined on the basis of resistance of a pathogen against three (3MRGN) or four (4MRGN) 

of the following antibiotic groups: acylureidopenicillins, third and fourth generation 

cephalosporins, carbapenems and fluoroquinolones.  

At our UHB and serviced hospitals primary MRGN screening is performed on all patients 

who had been hospitalized abroad within the past year, on all transfers without current 

MRGN screening as well as on all patients that were in the same room with a patient 

with a 4MRGN. Screening and surveillance body sites include the anal region, the 

inguinal region, the throat as well as wounds if present. Surveillance after admission is 

ward-dependent but generally performed at least weekly.  

Screening and surveillance samples for CEB were routinely cultured by the laboratory 

on selective ESBL-media, identified via MALDI-TOF MS (VITEK MS, Biomerieux, Marcy-

l'Etoile, France) and susceptibility-tested with the VITEK 2 system (Biomerieux, Marcy-

l'Etoile, France). Carbapenem-resistant Enterobacterales, A. baumannii and P. 

aeruginosa or isolates with an unusual carbapenem-susceptibility profile (Ertapenem/ 

Imipenem/ Meropenem) are routinely genotyped in-institute for the presence of common 

resistance-genes, using the Allplex Entero-DR (Seegene, Seoul, South Korea) and 

eazyplex SuperBug Acineto Assays (AmplexBiosystems, Giessen, Germany). 

 

2.3 Statistical Analysis 

We used regression techniques to assess the association between age, sex, ethnicity, 

place of residency, and other parameters with the occurrence and/or type of CEB 

colonization in patients. This allowed to construct patient and/or hospitalization driven 

risk profiles. First, we report the average prevalence of different types of CEB in various 

patient populations. Then, using multivariate regressions, we test whether the uncovered 

differences between groups persist when we take into account the differentials in 

observable characteristics (e.g. age, sex, days of hospitalization, etc) among individuals 

in these groups. To run the regressions we use the statistical software package Stata.  
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Our main results, showing the relationship between demographic and hospitalization 

related characteristics with CEB colonization, are shown in Tables B1-B4 in Appendix B. 

Figures showing the absolute number and share of patients with a certain type of CEB 

colonization are shown throughout the text. The p-values marked with an asterisk (*) 

indicated in these Figures, and throughout the text, refer to the significance (at the 0.05, 

or 0.01 level) of the point estimates obtained in the multivariate regression analysis 

(shown in Tables B1-B4). To test the robustness of our results, we performed some 

additional sensitivity analyses. Results from univariate regression analysis (i.e. including 

only ethnicity or place of residence as independent variables and excluding all other 

covariates) are shown in Tables B9-B12 in Appendix B. Furthermore, due to the binary 

nature of the dependent variables (e.g. the prevalence of specific CEB in the patient), 

we also estimated the same specifications as in the multivariate analysis applying 

logistic models. The results of this application are shown in Tables B13-B16 in Appendix 

B. These sensitivity analyses show the same patterns of statistical significance and, 

hence, confirm our baseline results obtained with multivariate linear models. 

 

2.4 Isolate Selection for the Sensitivity Analysis and Molecular Testing 

In the process of evaluating the sensitivity of our step-by-step diagnostic approach when 

testing gram negative bacteria for the presence of carbapenemases we tested for the 

length of one randomly selected week all bacteria documented to be able to carry 

carbapenemases from urine and screening specimens, that would not have been tested 

for the presence of carbapenemase-encoding genes due to the lack of phenotypically 

displayed resistance to carbapenems, molecularly for the presence of carbapenemase-

encoding genes. These were 359 different bacterial isolates, consisting of 301 isolates 

belonging to the family of Enterobacteriaceae, 38 P. aeruginosa isolates, one A. 

baumannii isolate and 19 isolates of other non-fermenters.  

The molecular biological detection of carbapenemase-positive strains was performed by 

real-time Polymerase-Chain-Reaction (PCR) with subsequent melting curve analysis. As 

for previously tested isolates, carbapenemase-production was evaluated using the 
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Allplex Entero-DR (Seegene, Seoul, South Korea) and eazyplex SuperBug Acineto 

Assays (AmplexBiosystems, Giessen, Germany). 

 

2.5 Whole Genome Sequencing and Bioinformatic Methods 

Re-cultivation of selected cryo-conserved isolates for whole-genome sequencing 

purposes occurred twice on on Columbia 5 % sheep blood agar (Becton Dickinson) prior 

to testing. Highly purified DNA was extracted from all strains using the column-based 

DNeasy UltraClean Microbial Kit (Qiagen GmbH). The isolation was performed 

according to the manufacturers instructions with the exception that at the end of the 

extraction process the DNA was eluted to 100 μl volume. The obtained DNA was 

qualitatively and quantitatively evaluated using the NanoDrop OneC from Thermo Fisher 

Scientific Inc.  

Dual-indexed Illumina sequencing libraries were constructed from each sample using 

the NexteraXT kit (Illumina), pooled, and sequenced on the Illumina MiSeq platform. For 

de novo assembly, paired-end reads were trimmed and filtered with BBDuk Trimmer, a 

Q value of 20 was chosen. De novo assembly was then performed using Geneious 

Prime (2020.1 Biomatters, Auckland, New Zealand) and multi-contig draft genomes 

were generated for each isolate, by Mauve-aligning the contigs to the reference genome 

sequence NC_014121.1 of Enterobacter cloacae subsp. cloacae strain ATCC 13047 

and the reference genome sequence NC_016845.1 of Klebsiella pneumoniae subsp. 

pneumoniae strain HS11286, respectively, and subsequent concatenation. Genome 

analysis was performed with software tools of the CGE Server (Update June 8th 2020, 

Center for Genomic Epidemiology, DTU, Denmark). 
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3. Results 

3.1 Detected CEB from 2014 to 2019 

Between September 2014 and December 31st, 2019, 1917 isolates from 1384 patients 

had been genotyped with the Allplex Entero-DR and eazyplex SuperBug Acineto Assays 

(See Tab. 2), and had revealed 301 CEB isolates from UHB patients and 96 CEB 

isolates from patients of neighboring clinics.  

Demographic and clinical summary information for patients with detected CEB are 

depicted in Tab. 3. Male patients (69.72 %; 221/317) contributed more than twice the 

amount of CEB that female patients did (30.28 %; 96/317). There were more CEB 

isolates during June, August and October than during other months. However, clusters 

were mostly linked to small outbreaks rather than to seasonality. 

Scanning multidrug resistant gram-negative bacteria for carbapenemase-production in 

the Institute for Medical Microbiology of the University Hospital Bonn has been started in 

the middle of September 2014. In the remaining three and a half months of the year 96 

bacterial isolates from clinical samples were tested for carbapenemase-production 

among which 21 tested positive. 20 patients of which only six were female were shown 

to be infected and or colonized by carbapenemase-encoding gram-negative bacteria.  

In 2015 scanning multidrug resistant gram-negative bacteria for carbapenemase-

production was established and performed regularly on clinical isolates that showed 

suspicious resistance patterns from the very beginning of the year. Three VIM-encoding 

P. aeruginosa were detected in blood cultures. Testing was generally performed at 

irregular intervals every one to three weeks, resulting in an average duration of 10 (9.8) 

days until proof of carbapenemase-production from the date of collection of the clinical 

sample. 

Similarly to 2014, in 2015 OXA enzymes were the most prominently detected 

carbapenemases. In 2016 we witnessed a decrease of nearly 15 % in the amount of 

isolates that were screened for carbapenemase-genes compared to the previous year 

and a 7 % decrease in the amount of detected carbapenemases. Testing was now 

performed every five to fourteen days, resulting in an average duration of eight (8.19) 
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days until evidence of carbapenemase-production. In five blood cultures four K. 

pneumoniae isolates encoding OXA-48 and one E. coli isolate encoding an NDM were 

detected. 

Tab. 2: Number of genotyped isolates and detected CEB each year. 

 

Tab. 3: Summary demographics for patients with detected CEB isolates. 
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In the year of 2017 another decrease in the amount of scanned isolates (6 %) and in the 

amount of detected carbapenemase-producing isolates (18 %) was witnessed. Average 

duration until evidence of carbapenemase-production from the date of collection of the 

clinical sample had not notably changed (7.97 days). No carbapenemase-encoding 

organism was found in blood cultures in 2017, three were found however in body tissue 

samples. 

The trend of a decrease in detected carbapenemases continued in 2018, the trend of a 

decrease in the number of scanned isolates did not. In 2018 349 bacterial isolates were 

scanned for the potential of carbapenemase production and 56 tested positive. More 

scanned isolates than during the previous two years and fewer detected 

carbapenemases.  

The average duration until evidence of carbapenemase-production from the date of 

collection of the clinical sample had decreased to 7 days (7.36). From two patients, 

strains of K. pneumoniae, encoding NDM and OXA-48 enzymes each, were isolated in 

blood cultures. Altogether notable was an increase in gram-negative bacteria encoding 

NDM enzymes as compared to all previous years. Six bacterial strains encoded both 

NDM and OXA-48 enzymes. 

The number of detected carbapenemases in 2019 reached its highest ever peak. 432 

isolates were scanned, more than ever previously, and 92 tested positive. After a steady 

decline in detections along the years in which multidrug resistant isolates were scanned 

for the presence of carbapenemase-encoding genes, in 2019 we witness a striking 

increase. Three carbapenemase-encoding isolates were detected in blood cultures and 

one in a tissue sample.  

Testing was now performed every day from Monday to Friday and occasionally on 

Saturdays, too. As soon as a suspiciously looking isolate emerged through the antibiotic 

susceptibility testing the isolate was now tested on the same day. This reduced the time 

period from the day the sample was taken to the moment the genes encoding for 

carbapenemases were detected to less than five (4.86) days. Comparing 2019 to the 

first year in which molecular carbapenemase-testing was routinely performed, 2015, the 

time to detection halved from 10 to 5 days (see Fig. 4). 
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Fig. 4: Average amount of days passed between the day of sample collection and the 
day of carbapenemase-detection in the years 2015 to 2019. 

 

Examining the months of the year in which carbapenemase-encoding bacteria were 

detected, we see that during some months there were more cases than during others 

(see Tab. 4). In 2015 and 2016 we have a higher prevalence of detections during the 

warmer months (May, June, July, September) and generally in the 5 year period, 

detections were lowest in February. 

 

Tab. 4: Number of CEB-detections each month in the years 2015 to 2019 and in total. 
Larger numbers during the years are highlighted in darker shades. 

 J F M A M J J A S O N D 

2015 5 7 5 9 12 15 10 6 11 5 5 5 

2016 6 2 9 13 8 11 8 10 3 4 4 4 

2017 4 4 3 2 3 9 2 6 13 8 7 4 

2018 6 5 4 1 4 4 2 6 2 7 5 10 

2019 10 4 2 4 4 3 2 12 5 20 7 5 

Total 31 22 23 29 31 42 24 40 34 44 28 28 

 

Detected species and encoded carbapenemases are displayed in Tab. 5. Two hundred 

and fifty-three patients carried a single CEB species and 64 patients carried multiple 

CEB species. Of these 64 patients, 51, 11, 1 and 1 patients carried respectively 2, 3, 4 

and 5 different CEB, 144 species in total.  

2015 2016 2017 2018 2019

Days to Detection 9,84 8,19 7,97 7,36 4,86
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Tab. 5: Number and type of carbapenemases the most prevalent CEB species encoded. 

 

Among patients colonized by only 1 CEB, P. aeruginosa made up 26 % (66/253) of all. 

Among patients that were detected to carry 2 or more CEB, P. aeruginosa made up only 

8 % (11/142) p < .01), and Enterobacteriaceae made up more.  

The number of KPC, VIM, NDM, OXA-23, and OXA-48 like carbapenemases that had 

been detected as colonizers fluctuated each year between 2015 and 2019 (see Fig. 5). 

The majority of the KPC enzymes were detected in 2019 between June and August, due 

to an outbreak. The source of the outbreak had been timely traced, and no patients 

developed clinical CEB infections. The outbreak was mainly characterized by a 

monoclonal Enterobacter cloacae complex. In contrast, all KPC-encoding bacterial 

isolates detected between 2015 and 2018 were K. pneumoniae isolates and were 

detected only sporadically. Of all KPC-encoding isolates, 84 % (26/31) were detected in 

screening and surveillance samples.  

Of VIM-encoding isolates, 31 % (36/116) belonged to oncological and 35 % (40/116) to 

ICU patients, making them the most frequently detected carbapenemases in both patient 

populations.  

The number of NDM carbapenemases grew steadily until 2018. ICU patients carried 26 

% (18/67) of the isolates and oncological patients carried 29 % (20/67).  

Numbers of OXA-23 carbapenemases showed only minimal variations, and only 22 % 

(10/46) of the OXA-23-encoding bacterial strains belonged to female patients.  
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K. pneumoniae made up 61 % (85/140) of OXA-48-encoding isolates.  Of interest was 

that, every 10th patient colonized by an OXA-48-encoding isolate was colonized by at 

least two different OXA-48-encoding species, all belonging to the family of 

Enterobacteriaceae.  

Sixteen isolates, including 14 K. pneumoniae isolates, encoded OXA-48-like 

carbapenemases in addition to other carbapenemases. 14 % (19/140) of the OXA-48-

encoding isolates belonged to oncological, and 24 % (34/140) to ICU patients. 

 

Fig. 5: Number of detected carbapenemases each year between 2015 and 2019 
highlighting the overall trend. 

 

3.2 Clinical Specimens 

The relative and absolute quantities of carbapenemase-encoding species that were 

isolated from the respective type of clinical specimen are depicted in Fig. 6. Urine 

samples made up the majority (104) of all the specimen types in which CEB isolates 

were detected, followed by inguinal swabs (77), anal swabs (77), stool samples (53), 

wound swabs (49), throat swabs (41), tracheal secretions (36), and blood cultures (14). 

Less were found in other clinical specimens like genital swabs, tissue, bile, skin and 

nose swabs.  
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One isolate was detected in a urethral swab, one in a sputum sample, one in a 

prosthetic-joint sonication and one in a bronco-alveolar lavage. Nearly half (46 %, 

183/397) of all CEB were detected in screening and surveillance samples.  

 

Fig. 6: Relative (above) and absolute (below) quantities of carbapenemase-encoding 
species that were isolated from the respective type of clinical specimen. 

 

More than 22 thousand urine samples reached the microbiology laboratory each year 

between 2015 and 2017, more than 25 thousand in 2018 and more than 28 thousand in 

2019. Of these approximately 120-thousand samples that arrived since 2015 

approximately 330 have been further tested for the presence of a carbapenemase-

producing gram-negative organism. Of these 98 tested positive, and only 34 belonged to 

female patients. 

The bacterial species that made up most of the ones detected to carry a 

carbapenemase-encoding gene was K. pneumoniae (36) followed by P. aeruginosa (24) 
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and the most commonly found carbapenemase was OXA-48 (42), followed by 

carbapenemases of the VIM (31) and NDM type (24).  

Anal swabs and stool samples make up a large amount of clinical specimens in which 

gram negative bacteria with high-resistance profiles are detected. Since the introduction 

of the molecular test scanning for genes encoding for important carbapenemases 

slightly more than 400 anal swabs and nearly 200 stool samples have been tested at the 

molecular level for the presence of bacteria encoding these. Fig. 6 displays an 

unexpectedly differing spectrum of CEB detected in anal swabs and stool specimens.  

Screening materials reach the microbiology laboratory in very large numbers. Beside the 

previously discussed anal swabs that account for approximately 10 % screening 

samples consist in throat, nose and inguinal swabs and in a much smaller amount in 

unspecified swabs or such labeled as skin swabs. More than 70 000 screening 

specimens are sent to the microbiology lab each year.  

Of the specimens that were further tested, approximately 150 were throat swabs, 330 

inguinal swabs, 20 skin swabs and 10 nose swabs. Carbapenemases were found in 

approximately every 4th to 5th sample. In the 330 inguinal swabs 77 carbapenemase-

encoding strains were found, in the 150 throat swabs 41, in the 20 skin swabs four and 

in the 10 nose swabs two. 3.2.4 Tracheal Secretions and Wound Swabs 

Since carbapenemase-testing started in the end of 2014, slightly more than 200 tracheal 

secretions were scanned for the presence of genes encoding for carbapenemases. 36 

tracheal secretions were detected to contain carbapenemase-producing bacteria. The 

bacterial species most frequently found was P. aeruginosa (12), all but one carrying a 

VIM carbapenemase. All A. baumannii (8), but one carried an OXA-23 carbapenemase. 

All K. pneumoniae (8), all but one carried an OXA-48 enzyme. The remaining 8 strains 

were other Enterobacterales. 

Of the slightly more than 120 wound swabs scanned for carbapenemase-producing 

bacteria, 49 were proven to contain some, more than one out of three. 

Multidrug-resistant gram-negative bacteria are most commonly found in the clinical 

specimens we previously discussed, be it because those materials often have the 
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purpose to detect them or be it because of the large quantities they arrive in. 

Occasionally however, CEB are as well detected in other clinical specimens. 

14 CEB isolates have been found in blood cultures since testing began, every year at 

least one, except in 2017. K. pneumonia was the most important pathogen isolated in 

these circumstances, mainly carrying an OXA-48 enzyme or additionally an NDM 

enzyme. Four VIM enzymes were detected; three of them were encoded by P. 

aeruginosa. The remaining isolates were E. coli carrying an NDM enzyme and A. 

baumannii carrying an OXA-23 enzyme. 

Carbapenemase-producing bacteria were as well detected in five tissue samples that 

belonged to five male patients. Two isolates were OXA-48-encoding K. pneumoniae, two 

were VIM-encoding P. aeruginosa and one was an OXA-23-encoding A. baumannii. 

Five more carbapenemases were detected in genital swabs among which only one was 

male. Three OXA-48 encoding K. pneumoniae strains were detected in bile. 

One Acinetobacter with an OXA-23 carbapenemase was detected in a prosthetic joint 

sonication and one P. aeruginosa carrying a VIM enzyme was detected in a bronco-

alveolar lavage and another one in a sputum sample.  

 

3.3 Age, Gender and Co-colonization with other Resistant Bacteria 

In the year of 2015 two infants below the age of one year were detected to carry 

carbapenemase-encoding gram-negative bacterial strains. In 2016 one infant below the 

age of one year was shown to carry three different Enterobacteriaceae encoding the 

same OXA-48 carbapenemase.  In 2019 a one year old child was found to carry two 

NDM-encoding Enterobacteriaceae.  

Four more different carbapenemases were detected in children below the age of ten 

years, all but one in 2019. One of the clinical samples was a blood culture. Another four 

were found in clinical specimens of four young patients aged between ten and 18. 
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Fig. 7: Relative (left) and absolute (right) quantities of the most clinically relevant 
species (above) and carbapenemases (below) detected among patients of different age 
groups. 

 

The  total  and  relative  frequency  with  which  certain  carbapenemases  and  species  

were detected across different age groups is shown in Fig. 7. More than 83 % (265/323) 

of the patients colonized by CEB were aged 40 or older, 51 % (163/323) were 60 or 

older.  No carbapenemase-encoding P. aeruginosa isolates were detected in patients 
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below the age of 25 (n=25).   Among  patients  aged  25-29 years,  including  4  

oncological patients,  a  disproportionately  high  number  (n=8/19)  was  found.    

While there are no gender differences in the average age, we found significant 

differences in the occurrence of CEB isolates in male and female patients.  As the 

results of the multivariate regressions in Tables B1-B4 show, VIM carbapenemases 

(p<.05*) and Citrobacter isolates (p<.05*) were significantly more common in female 

patients. 

Thirty-four and 67 patients were co-colonized with methicillin-resistant Staphylococcus 

aureus (MRSA) and vancomycin-resistant Enterococcus (VRE), respectively, and 5 of 

these patients with both.  There were significantly less women co-colonized with MRSA, 

5/34 (14.7 %) (Vs male, p= .04), compared to co-colonization with VRE, 22/67 (32.8 %) 

(Vs male p= .61). 

 

3.4 The Role of Residency and Ethnicity 

3.4.1 Country of Residency 

Two groups were considered for residence, patients residing in Germany (G-residents), 

and patients residing in the Arabian Peninsula (AP-residents) (See Tab. 3). AP-residents 

colonized with CEB were substantially younger (average age, 39 yrs) compared to G-

residents (average age, 61 yrs) (t = 7.62, p < .01).  

Forty-four percent (14/32) of AP-residents were detected to carry CEB on admission, 

compared to only 23 % (48/209) G-residents (p = .01). The relative frequencies of 

species and carbapenemases among the two groups are displayed in Fig. 8. The 

indicated p-values derive from the multivariate regressions shown in Tables 8-19 in the 

Appendix.  

Enterobacter isolates (p < .05*) and VIM enzymes (p < .01*) were more frequent among 

G-residents, while KPC enzymes were solely detected in patients in this group. In 

contrast, A. baumannii isolates (p < .05*) and OXA-23 carbapenemases (p < .05*) were 

more frequent among AP-residents. 
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Fig. 8:  Species and carbapenemases patients resident in Germany (G) and on the 
Arabian Peninsula (AP) were detected with. 

 

3.4.2 Ethnicity 

The classification of people into ethnic groups is an essential part of studies in a wide 

range of areas. A common denominator for the vast majority of these studies is the 

absence of any direct information about the racial or ethnicity of the individual and the 

need to derive this information from other, readily available parameters. The ethnicity of 

patients has been retrieved, as explained in Section 2 (see Tab. 3).  

Figure 9 shows the relative frequencies of species and carbapenemases for each group. 

Again, p-values derive from the multivariate analysis. Although we report the uncovered 

differences among all ethnic groups in our sample, only German and Arabic ethnicity 



42 
 

have a sufficiently high number of observations. Hence, results for the other groups 

should be red cautiously.  

Controlling for all differential characteristics among groups, as age, sex, hospital stay 

etc., patients of German ethnicity were less frequently colonized by A. baumannii than 

patients of Arabic ethnicity (p < .05*), and by K. pneumoniae than patients of Punjabi 

ethnicity (p < .05*). Conversely, they were more frequently colonized by Enterobacter 

isolates than patients of Arabic ethnicity (p < .01*). VIM enzymes were more frequently 

detected among patients of German ethnicity rather than among patients of Arabic (p < 

.05*), Somali (p < .05*), and Turkish ethnicity (p < .05*). On the other hand, patients of 

German ethnicity were less frequently colonized with bacteria harboring OXA-23 

carbapenemases than patients of Arabic (p < .01*) and Turkish ethnicity (p < .01*) and 

by bacteria harboring NDM carbapenemases than patients of Somali ethnicity (p < .01*). 

3.4.3 Residence vs. Ethnicity 

We performed two further analyses. Firstly, we compared isolates of patients of German 

ethnicity residing in Germany with isolates of patients of Arabic, Somali, Turkish, 

Punjabi, or Kashmiri ethnicity residing in Germany (Tab. 18-19 in the Appendix). 

Secondly, we compared isolates of patients of Arabic ethnicity residing in Germany with 

isolates of patients of Arabic ethnicity residing on the Arabian Peninsula (Tab. 15 in the 

Appendix).  

German ethnicity patients residing in Germany were less frequently colonized by OXA-

23-encoding isolates compared to Turkish (p < .05*) and Arabic ethnicity patients 

residing in Germany (p < .05*), by OXA-48-encoding isolates compared to Somali 

ethnicity patients residing in Germany (p < .05*) and by VIM-encoding isolates compared 

to Kashmiri ethnicity patients. At the same time, they were detected more frequently with 

VIM enzymes than patients of Turkish ethnicity residing in Germany (p < .05*).  

Patients of Arabic ethnicity residing in Germany were more frequently detected with 

carbapenemase-encoding E. coli isolates compared to patients of Arabic ethnicity 

residing in the Arabian Peninsula (p < .05*).  
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Fig. 9: Summary of patient ethnicity and frequency of species and carbapenemases. 
 

3.5 Introduced vs. Hospital-Acquired 

In order to get a picture of which CEB are frequently introduced into the hospital and 

which ones are more likely hospital-acquired, we studied CEB detection and the length 

of stay in the hospital (LOS). Fig. 10 displays that carbapenemase-encoding A. 
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baumannii isolates were more frequently detected in patients on hospital admission. 

Carbapenemase-encoding P. aeruginosa isolates on the other hand were more 

frequently detected with longer LOS. In more than half of the cases P. aeruginosa was 

detected after more than four weeks LOS.  

The results of the multivariate analysis confirm the existence of a statistically significant 

and negative relationship between the LOS and P. aeruginosa, Proteus, Serratia, 

Klebsiella oxytoca, and Klebsiella aerogenes as well as with OXA-48-like enzymes. P. 

aeruginosa was the most frequently isolated CEB from oncological and ICU patients. 

Especially oncological patients were colonized significantly more frequently by 

carbapenemase-encoding P. aeruginosa than by A. baumannii (p < .01). 

 

Fig. 10: Total (below) and relative (above) amounts of species by Length of hospital-
stay (LOS). 

 

3.6 Outbreak Analysis 

Whole genome sequencing is the process of determining the complete DNA sequence 

of an organism's genome.  The sequencing of the entire genome can provide the raw 

nucleotide sequence of the DNA of a single organism. For this work ten clinical KPC-

encoding Enterobacter cloacae complex isolates and four clinical OXA-48 encoding K. 
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pneumoniae isolates from 2019 were whole-genome sequenced by NGS methods. The 

MLST and OXA Variant data of eight additional OXA-48 encoding K. pneumoniae strains 

from 2019 were available from previous projects in our institute. All tested isolates had 

an average coverage rate of over 30. Altogether, WGS data of 12 K. pneumoniae 

isolates and 10 Enterobacter cloacae complex isolates from 2019 was available.  

3.6.1 KPC-encoding Enterobacter cloacae complex 

The ten Enterobacter cloacae complex genomes were scanned with Resfinder (Bortolaia 

et al. 2020) for known acquired resistance genes. A large number of resistance genes 

for each isolate was revealed, listed are nevertheless only detected beta-lactamases 

(see Tab. 6). MLST matching was also performed for the isolates (Larsen et al. 2012). 

We see that nine of the ten tested isolates are directly related. Four clinical samples in 

which the KPC-encoding Enterobacter cloacae complex isolates were detected came 

from the same ward (D) and within two weeks. The other five patients had stayed on that 

ward before being moved to other wards (B,C,E, and F) from which the respective 

clinical samples came. This is an example of a monoclonal outbreak.  

3.6.2 OXA-48-encoding Klebsiella pneumoniae 

The Four Klebsiella pneumoniae genomes were analyzed in regard to their MLST type 

and their OXA Variant. Additionally genomes were analyzed with Resfinder for known 

acquired resistance genes. Common to all four genomes were genes encoding for OXA 

and TEM beta-lactamases. On three genomes SHV enzymes were encoded. One 

genome encoded an NDM enzyme. Three isolates carried the OXA-48 variant, one the 

OXA-232 variant. Additionally three OXA-1 and one OXA-9 enzymes were encoded. 

Tab. 7 shows all OXA-48-encoding K. pneumoniae isolates between January and 

October 2019, their MLST type, their OXA variant and the wards the clinical samples 

were collected at.  
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Tab. 6: Table summarizing sample date, MLS-type, ward and acquired resistance genes 
conferring decreased susceptibility against beta-lactam class antibiotics of sequenced 
KPC-encoding Enterobacter cloacae complex isolates. 

Isolate 
Sample 

Date 
MLST Ward BLRG 

Enterobacter 

cloacae complex 
15.05.2019 165 A 

blaTEM-1A ; blaMIR-1, -5, -6 ;  

blaOXA-9, -10; blaKPC-2 

Enterobacter 

cloacae complex 
26.06.2019 419 B 

blaCTX-M-9 ; blaTEM-1B ; 

blaOXA-1 ; blaKPC-2 

Enterobacter 

cloacae complex 
30.06.2019 419 C 

blaCTX-M-9 ; blaTEM-1B ; 

blaOXA-1 ; blaKPC-2 

Enterobacter 

cloacae complex 
06.07.2019 419 D 

blaCTX-M-9 ; blaTEM-1B ; 

blaACT-14 ; blaOXA-1 ; blaKPC-2  

Enterobacter 

cloacae complex 
12.07.2019 419 D 

blaCTX-M-9 ; blaTEM-1B ; 

blaACT-14 ; blaOXA-1 ; blaKPC-2 

Enterobacter 

cloacae complex 
14.07.2019 419 B 

blaCTX-M-9 ; blaTEM-1B ; blaDHA-12 

blaACT-14 ; blaOXA-1 ; blaKPC-2 

Enterobacter 

cloacae complex 
20.07.2019 419 E 

blaCTX-M-9 ; blaTEM-1B ; 

blaACT-14 ; blaOXA-1 ; blaKPC-2 

Enterobacter 

cloacae complex 
21.07.2019 419 D 

blaCTX-M-9 ; blaTEM-1B ; 

blaACT-14 ; blaOXA-1 ; blaKPC-2 

Enterobacter 

cloacae complex 
21.07.2019 419 D 

blaCTX-M-9 ; blaTEM-1B ; 

blaACT-14 ; blaOXA-1 ; blaKPC-2 

Enterobacter 

cloacae complex 
01.08.2019 419 F 

blaCTX-M-9 ; blaTEM-1B ; 

blaACT-14 ; blaOXA-1 ; blaKPC-2 
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Tab. 7: Table summarizing sample date, MLS-type, ward and OXA variant of sequenced 
OXA-48-like encoding Klebsiella pneumoniae isolates. 

Isolate Sample Date MLST OXA Variant Ward 

Klebsiella pneumoniae 02.01.2019 466 48 G 

Klebsiella pneumoniae 25.01.2019 101 181/32 H 

Klebsiella pneumoniae 25.01.2019 395 48 I 

Klebsiella pneumoniae 28.01.2019 16 181/32 J 

Klebsiella pneumoniae 20.02.2019 16 181/32 K 

Klebsiella pneumoniae 27.02.2019 1198 48 L 

Klebsiella pneumoniae 15.04.2019 16 48 M 

Klebsiella pneumoniae 13.05.2019 78 48 O 

Klebsiella pneumoniae 16.07.2019 48 48 D 

Klebsiella pneumoniae 17.08.2019 14 48 P 

Klebsiella pneumoniae 16.10.2019 3440 48 B 

Klebsiella pneumoniae 25.10.2019 2096 232 L 

 

 

3.7 Evaluation of Routine-Sensitivity 

Lastly we wanted to address the question of the sensitivity of our step-by-step diagnostic 

approach when screening for carbapenemase-encoding bacteria. Between September 

2014 and December 31st, 2019 397 CEB were detected. The question at this point was 

how many might have been missed.  

3.7.1 Routine Diagnostic Workflow for CEB Detection 

To evaluate the sensitivity of our step-by-step diagnostic approach in differentiating 

carbapenemase-encoding gram negative bacteria from gram negative bacteria that do 
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not carry such genes we designed an experimental setup. Our standard diagnostic 

workflow is displayed in Fig. 11.  

 

Fig. 11: Routine diagnostic microbiological laboratory workflow in regard to CEB 
detection. 

 

Screening samples are inoculated onto selective media. Selective media for gram 

negative bacteria are ESBL type media. If growth occurs, for each morphologically 

distinct colony, identification by mass spectrometry is carried out, as well as a 

phenotypical susceptibility profile is determined by biochemical means. If identification 

reveals bacteria capable of carrying carbapenemase-encoding genes and susceptibility 
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testing reveals a decreased susceptibility to carbapenems that cannot be traced back to 

intrinsic resistances, the bacterial culture is brought to the molecular laboratory unit in 

which genotypic testing occurs. Excluded from molecular testing are also suspiciously 

looking isolates from patients in which the same species has recently already been 

detected to carry a carbapenemase. 

The molecular assays scan the bacterial genome for the most commonly encountered 

acquired resistance genes conferring resistance co carbapenems. Hence, the molecular 

assay is used to differentiate between bacteria that are resistant to carbapenems due to 

acquired resistance genes, frequently carried on plasmids, and others. Other frequently 

encountered resistance mechanisms in gram-negative bacteria are the up- or 

downregulation of certain cell-membrane transporters or porins. 

3.7.2 Experimental Setup for CEB Detection 

Information we lack is on the sensitivity of our routine diagnostic workflow in detecting 

CEB. The main question is how many CEB might have been missed during the five year 

period because of the selection process bacterial isolates undergo before being selected 

for genotyping. Hence, for the length of one week we collected and genotyped all 

isolates from screening and urine samples that would otherwise have been excluded 

from testing. 

Weekly approximately 300-400 potential CEB isolates from screening and urine 

specimens are excluded from molecular testing and only 5-15 included. The bacterial 

isolates that we collected and genotyped during the course of one week were 359 (see 

Fig. 12). These would all have been excluded by the routine stepwise approach (see 

Fig. 11). Five isolates instead would have been included according to the same. Of 

these five isolates, one isolate turned out to encode an NDM carbapenemase. 

The 359 isolates divided as follows: 301 were Enterobacterales, 38 P. aeruginosa, one 

A. baumannii and 19 other Pseudomonas or Acinetobacter species. None of these 

isolates was detected to carry a carbapenemase-encoding gene. One Acinetobacter 

pittii isolate at first tested VIM-positive, but further analyses showed the bacterial culture 

to be contaminated with an already known VIM-encoding P. aeruginosa belonging to the 

same patient.  
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Fig. 12: Experimental workflow designed to maximize sensitivity in regard to CEB 
detection. 
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4. Discussion 

4.1 The Gender Imbalance 

The demographic and clinical summary information for patients with detected CEB (see 

Table X) gives the impression that male patients (69.72 %; 221/317) are more than twice 

as likely to be colonized with clinically-relevant CEB compared to female patients (30.28 

%; 96/317), based on the assumption that there is no gender imbalance regarding the 

overall amount of specimens received by our diagnostic unit. We find confirmation on 

this hypothesis in other studies on multidrug-resistant gram-negative bacteria (GNB) 

(Nicolas-Chanoine et al. 2019; Kaase et al. 2016).  

Methicillin-resistant Staphylococcus aureus (MRSA), but not vancomycin-resistant 

Enterococcus (VRE), more frequently colonizes male patients (Markwart et al. 2019; 

Humphreys et al. 2015).  The higher incidence of each, CEB and MRSA, in male 

patients explains the intensified gender imbalance in patients co-colonized by both. 

Higher MRSA-prevalence among men has been postulated to be linked to hand-hygiene 

and other behavioral factors as well as to immunological and endocrinological 

differences (Humphreys et al. 2015).  If the same mechanisms apply for the higher 

occurrence of multidrug resistant gram-negative bacteria in males, too, remains 

uncertain. 

 

4.2 Age and Length of Hospital-Stay as Risk Factors 

Infections with antibiotic-resistant bacteria affect all age groups. Their burden however is 

significantly higher among infants than in any other age group (Cassini et al. 2019). 

Among adults, the burden and relative frequency increases with age. The apparent 

decline in occurrence of CEB after the age of 70 observed in our study (see Fig. 7) is 

solely due to the decreasing number of people in that age group. Colonization with 

multidrug-resistant bacteria is generally antibiotic- and healthcare associated (Segagni 

Lusignani et al. 2020; Nicolas-Chanoine et al. 2019; Logan & Weinstein 2017) and 

hence more prevalent among the older population. 
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Nearly one third of CEB detected was detected on hospital admission and can hence 

safely be assumed to have been introduced to the hospital by patients. Another third 

was detected within one month of hospital stay and another third after more than a 

month of hospital stay. In order to get a picture of which CEB are frequently introduced 

into the hospital and which ones are more likely hospital-acquired, we studied CEB 

detection and the length of stay in the hospital (LOS). 

A. baumannii has been documented to swiftly spread within hospital environments if 

effective preventive measures are inadequate (Teare et al. 2019). A. baumannii mainly 

being detected in patients on hospital admission, we assume hospital-acquired cases in 

our study to be low due to effective screening, hygiene and isolation measures 

(Luebbert et al. 2013). P. aeruginosa is documented to predominantly infect critically ill 

as well as immunosuppressed patients (Tsao et al. 2018, Aloush et al. 2006) and its 

infection risk increases with longer LOS. Our study confirms these findings. Given its 

frequent presence in hospital-wastewater, hotspots such as the drains, traps, sinks, 

faucets and toilets have undergone extensive remodeling. Nevertheless, our results and 

previous findings of the biofilms in the wastewater networks (Sib et al. 2019) further 

highlight the need to continuously rethink hospital-built environments for safety (Hopman 

et al. 2019; Kizny Gordon et al. 2017). 

 

4.3 The Role of Residency, Ethnicity and the Microbiome 

The human microbiome is very individual and has been correlated with factors such as 

ethnicity and geography (Reinheimer et al. 2019; Brooks et al. 2018; Gaulke & Sharpton 

2018). Hence, we investigated the presence of certain types of CEB in particular groups 

within our sample, identified by their ethnicity and country of residency. Our data 

suggests that besides the place of residence, ethnicity plays a role in terms of frequency 

with which certain CEB are detected in patients.  

Even tough statistically significant in our study, confirmation by further studies is 

required due to the possibility of bias with smaller sample sizes. If confirmed, global 

distribution patterns of carbapenemases should be considered with these new insights. 

A higher likelihood of certain CEB in certain patient groups would offer the possibility to 
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further tailor screening and diagnostic approaches as well as patient care, aiming for 

personalized and efficient precision medicine. On the other hand there might currently 

be patients disadvantaged in healthcare settings because of their ethnicity, OXA-

enzymes being the most challenging carbapenemases to detect with routine screening 

processes (Koroska et al. 2017). 

Regarding the differences related to age and CEB colonization between the two 

residency-groups: Patients resident in foreign countries in need of medical attention 

coming to Germany for treatment likely more frequently have a long history of hospital 

stays and antimicrobial therapies which explains the higher amount of patients already 

colonized with CEB at hospital admission among AP-residents compared to G-residents, 

even though endemicity might as well play a role to a certain degree (van der Bij & 

Pitout 2012). The age difference between the two groups may be linked to the more than 

15 years higher life expectancy in Germany compared to several countries on the 

Arabian Peninsula. 

 

4.4 CEB detection 

To address the question of how many CEB might have been missed along the years due 

to the selection process bacterial isolates undergo before being selected for genotyping, 

we designed an experimental alternative workflow in order to increase sensitivity. In 

laboratory routine following our step-by-step diagnostic workflow only very small 

minorities of bacterial isolates that grow from clinical samples are finally tested for 

acquired resistance-genes to carbapenems. Detection of plasmid-encoded resistance 

mechanisms is fundamentally important for the containment of multidrug-resistant 

bacteria, since these resistance mechanism belong to the most easily transferred ones.  

The routine workflow in this regard is designed to avoid testing an isolate if the 

probability of it to carry such genes is not over a certain threshold. This is advantageous 

under financial aspects and to avoid unnecessary testing. Looking at the numbers of the 

last five years we see that one isolate in five that reached molecular testing turned out to 

be a CEB. Hence, probability of an isolate to be a CEB once it reaches molecular testing 

can on average be assumed to be around 20 % with this workflow in place.   
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The experimental setup and the altogether 364 tested isolates spoke in favor of the 

stepwise approach. Keeping costs and workload at a minimum, the only CEB that could 

have been detected that week was in fact detected. This study would of course have 

benefited to be continued over courses longer than a week, to paint a brighter picture on 

the sensitivity of routine diagnostics in detecting CEB. Costs associated to testing and 

the workload of testing such numerous amounts of isolates however restricted the study 

length to one week. 

Limiting factors are also the carbapenemase-genes the molecular assays scan for. 

These only include the clinically most important and the most frequent carbapenemase-

genes, while many more exist. Also we only collected samples from screening and urine 

samples and ignored other specimen types that constitute a much smaller fraction of 

samples CEB are detected in. Further, decision on which isolates are chosen for 

molecular examination is generally up to the laboratory physician specialized or 

specializing in microbiology or similarly trained staff. While there are some general 

guidelines on when to scan or when not to scan an isolate for carriage of a 

carbapenemase-encoding gene, often there are no categorical imperatives. This of 

course is a factor that can potentially bias detections along the years since medical staff 

frequently rotates into and out of the laboratory.  

While concluding that we do not have missed any CEB between September 2014 and 

December 31st, 2019 would probably be wrong, we assume to have detected the vast 

majority of isolates with common and clinically important carbapenemases. Our Study, 

hence, gives a good estimation of CEB in the UHB and some surrounding clinics in 

mentioned period. 

Comparing 2019 to the first year in which molecular carbapenemase-testing was 

routinely performed, 2015, the time to detection halved from 10 to 5 days. A timely 

detection is desirable but in most instances not crucial. Evidence of carbapenemase-

production only in rare occasions leads to a change in antibiotic regimen and isolation 

precautions. The reason for this is that antibiotic therapy is generally dictated by the 

phenotypical susceptibilities and isolation precautions are taken as soon as 

phenotypically multi-resistant bacterial isolates are detected. Only in a small minority of 

cases pathogens are phenotypically susceptible to carbapenems but carry a 
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carbapenemase. In even less cases patients are really switched to another substance 

after carbapenemase-detection.  

These cases however exist and for those carbapenemase-testing remains of great 

importance. The same is valid for isolation precautions. Even though in the majority of 

cases patients shown to carry a carbapenemase-encoding strain are already isolated in 

the few cases in which they are not carbapenemase-testing is highly relevant for 

preventing dissemination. Independent from timely detection, carbapenemase-testing 

remains vitally important from a research and epidemiological point of view.  

 

4.5 Seasonality, Outbreaks and Trends 

That February has fewer days than the other months might bias the observation that 

during this month detections are lowest on average, but cannot account for the 

difference by itself. Another potentially biasing parameter is that medical tourists, which 

are main drivers of the global spread of carbapenemases (Frost 2019; Kracalik et al. 

2019; Kaul & Chhina 2010; So et al. 2010) might be more prone to visit Germany for 

treatment outside of the cold season. 

This 5 year period does, nevertheless, not give us a clear clue if infections or 

colonization with mentioned organisms are generally more likely during certain times of 

the year. In our case, clusters more likely represented small outbreaks as was the case 

in October 2019 with KPC-encoding bacteria. This KPC outbreak highlights how 

explosively KPC-encoded resistance genes can spread in hospital settings despite 

surveillance and preventive measures.  

Understanding the transmission of pathogens by genotyping methods is an important 

tool for outbreak management. We confirmed the KPC-encoding Enterobacter cloacae 

complex outbreak in 2019 to be of monoclonal origin. Thanks to regular surveillance and 

thorough microbiological diagnostics the outbreak was timely detected. It was traced 

back to a sponge with which patients were washed. What facilitated the spread was 

improper implementation of hospital hygiene regulations in the ward by many new still 

untrained health personnel. Hygiene schooling and outbreak management quickly 
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solved the problem and contained the outbreak. No patient developed an infection 

succeeding colonization by the KPC-encoding Enterobacter cloacae complex. 

Regarding OXA-48-encoding K. pneumoniae isolates in 2019, the large spread of MLST 

types (10 MLST types with 12 isolates) instead indicates that these infections are not 

directly related and suggests effective hygiene management in the spread-prevention. A 

large number of samples within a short period of time with the same MLST type would 

indicate that these infections are directly related, as was the case with the analyzed 

KPC-encoding Enterobacter isolates. 

In our study OXA-48-like and VIM carbapenemases were the first and second most 

prevalent carbapenemases. However in 2018 NDM-carbapenemases were firstly 

detected more commonly than VIM-enzymes. The steadily growing number of NDM 

carbapenemases follows a countrywide trend (RKI 2019). The interchangeable and 

compatible nature of OXA-48-like enzymes has been reported before (Hamprecht et al. 

2019; Pulss et al. 2018). In our study these enzymes were encoded by many 

Enterobacterales and even by P. aeruginosa.   

K. pneumoniae confirmed its versatility in taking up resistance genes (Navon-Venezia et 

al. 2017). That P. aeruginosa is more frequently the only carbapenemase-encoding 

species carried by patients compared to Enterobacteriaceae, might be caused by the 

fact that the plasmid-subtypes generally carried by P. aeruginosa are less conjugative to 

other species, whereas plasmid-subtypes encoded by Enterobacteriaceae are more 

readily transferable to other Enterobacteriaceae (Sawa et al. 2020; Hamprecht et al. 

2019; Pulss et al. 2018).  

 

4.6 CEB Spectrum across Different Specimen Types 

The frequency, with which CEB carrying species were detected, differed substantially 

with specimen type. In our setting, inguinal swabs were the most efficient specimen for 

detecting carbapenemase-encoding A. baumannii, which is most frequently carried at 

hospital admission. P. aeruginosa was more evenly found in the various specimen 

types, the least efficient recovery was in anal and inguinal swabs. P. aeruginosa was 
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most prominently found in humid specimens like urine, stool and tracheal secretions. 

The large number of P. aeruginosa in stool samples and urine can be biased by a few 

factors like the way stool and urine samples are collected, that is mostly from the 

bedpan, the toilet, or plastic cups stored in the bathrooms.  

We hypothesize several factors for the different spectrum of CEB detected in anal swabs 

and stool specimen. In our experience, anal swabs are frequently erroneously collected 

only swabbing the superficial area surrounding the anal sphincter.  Such samples are 

less representative of the bacterial colonization in the terminal part of the gastrointestinal 

tract but rather of the skin surrounding the anal sphincter. As such they would be more 

similar to inguinal swabs in terms of detected species, which very well matches our 

results; we have a higher relative amount of A. baumannii isolates and a higher relative 

amount of K. pneumoniae isolates in comparison to other Enterobacteriaceae on the 

one hand and a much smaller relative amount of P. aeruginosa isolates on the other 

hand.  

Secondly and most importantly stool samples are not routinely screened for bacteria that 

potentially carry carbapenemases but rather those that cause symptoms of 

gastroenteritis. The only stool samples that are routinely inoculated on growth media on 

which carbapenemase-encoding organisms reliably grow are stool samples belonging to 

patients lying on oncological wards. More than 80 % of the stool samples in which 

carbapenemase-encoding bacteria were detected, belonged to oncological patients. 

Worth underlining at this point seems to be the seemingly low sensitivity of stool 

samples for detecting A. baumannii and the seemingly low sensitivity of anal swabs for 

detecting P. aeruginosa. It might therefore be advisable when patient samples are 

collected for screening purposes that a stool sample and an inguinal swab are collected 

and sent to the microbiology lab rather than a stool sample alone or the combination of 

an anal and inguinal swab which is frequently done.  

Among all clinical specimens that we received, inguinal swabs were the best for 

detecting carbapenemase-encoding A. baumannii. The amount of A. baumannii strains 

among inguinal swabs was 22 %, among all other samples taken together it was less 

than 13 %.  



58 
 

Tracheal secretions are obtained by the aspiration of secretion from deep sections of the 

bronchial tree using a sterile catheter, if possible after changing the tracheal tube. The 

indication is generally the suspicion of pneumonia in ventilated patients. This specimen 

is therefore mostly collected in patients with a reduced health condition. Wound swabs 

are sent in for testing to the microbiology laboratory if a wound infection is suspected or 

to rule it out. In Germany, superficial bacteriological smears taken for screening 

examinations in patients with chronic wounds are often taken in daily routine, especially 

for the detection of multi-resistant pathogens. As in the case of tracheal secretions, 

wound swabs usually belong to patients with a reduced general condition. CEB 

detections in these materials are therefore often of even greater significance. Even more 

significant are CEB detections in blood cultures. The quantity of CEB detected in 

screening and surveillance samples highlights the importance of screening and 

surveillance practices (Lübbert et al. 2013) to prevent and contain outbreaks. 
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5. Summary 

We analyzed 397 carbapenemase-encoding isolates that were detected between 2014 

and 2019 in our laboratory with the associated demographic and clinical patient 

information. Two bacterial clusters were whole-genome sequenced to establish 

pathogen-clonality and analyze the spread-dynamics. Further we designed and tested 

an experimental workflow to evaluate conclusiveness and validity in transferability of our 

dataset. 

We confirmed a significantly higher prevalence of CEB among men and discovered 

evidence on a role for both, residency and ethnicity in the type of CEB colonization 

patients were more likely to be detected with. Residency on the Arabian Peninsula was 

associated with a higher likelihood of carrying OXA-23-encoding A. baumannii, whereas 

living in Germany rather predisposed to colonization with other CEB- types such as VIM-

encoding Enterobacter cloacae complex. Ethnicity was a determinant variable even 

among patients within the same area of residency. The way global distribution patterns 

of carbapenemases are seen and studied may be substantially influenced if further 

studies confirm ethnicity to be a variable in this regard. Screening patients from 

countries with a higher prevalence of A. baumannii with more sensitive than routinely 

used culture-media, and very importantly, with the correct specimen, given that A. 

baumannii is more readily detected for example in inguinal swabs, may be appropriate. 

The important role of P. aeruginosa among complications of prolonged hospital stays 

was confirmed. Patients that were colonized by VIM-encoding P. aeruginosa largely 

contracted it during their hospital stay; oncological patients were particularly at risk. 

Our diagnostic step-by-step workflow was found to be sensitive and effective in 

detecting CEB. The Outbreak Analysis has highlighted two different common spread 

patterns and the importance of timely diagnostics and hospital-hygiene intervention. 

Nevertheless, our study has also shown that even when extensive safety precautions 

are in place, not all hospital-acquired pathogens can be equally well contained, which 

prompts to continuously rethink hospital-built environments such as the sinks, faucets 

and wastewater-network and further optimize all precautions according to risk factors 

and the spectrum of expected pathogens. 
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