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Abstract 

The spread of antibiotic resistance is recognised by the European Union (EU) and the World Health 

Organisation (WHO) as one of the most severe global health threats1.  

The danger is posed by multiresistant pathogens that are resilient to many of the commonly used 

antibiotics. Examples of these are carbapenem-resistant and β-lactamase-producing Enterobacteriaceae 

or the six pathogens that are summarised by the acronym ESKAPE: Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, 

and Enterobacter spp. These pathogens represent a major threat, particularly in the clinical field, e.g. 

during surgery, cancer therapy and for immunocompromised patients. It was estimated that up to 10 

million people would die from antibiotic-resistant pathogens per year by 20502.  

The use of antibiotics is excessive in agriculture and aquaculture; moreover, in human healthcare, they 

are often prescribed by physicians without suitable diagnostic procedures. The decision of whether to 

prescribe antibiotics is mostly made empirically. A key component in solving this problem is the 

development of fast and specific diagnostic methods, e.g. Point-of-Care-devices (POC), which could 

lead to an overall reduction in drug consumption.  

The aim of this thesis is the development of such a diagnostic system. This work refers to three 

publications that provide a significant contribution in this area.  

The publication Low-cost microarray platform to detect antibiotic resistance genes 

(publication 1) describes an alternative method for in-house labelling of DNA oligonucleotides. DNA 

oligonucleotides are used for signalling in DNA microarray assays; commercially labelled DNA 

oligonucleotides are associated with high costs. The alternative labelling method is based on a terminal 

deoxynucleotide transferase reaction. In this approach, the DNA oligonucleotides were labelled during 

an elongation step in the presence of biotin-conjugated nucleotides. This step was essential to adapt our 

DNA microarray assay into a high-throughput assay because they were required in large quantities. The 

self-labelled DNA detection oligonucleotides performed equally well in terms of sensitivity and 

specificity compared to commercially labelled detection oligonucleotides at only ten per cent of their 

costs3. 



 

ii 

The publication Crosslinking of PCR primers reduces unspecific amplification products in 

multiplex PCR (publication 2) deals with the problem of the multiplex polymerase chain reaction (PCR). 

PCR is essential for DNA-based diagnostic methods; in this case, multiplex PCRs are very attractive as 

they decrease the number of reactions. On the other hand, the multiplexing efficiency is impaired by 

primer interactions, e.g. dimer formation. In this publication, covalently crosslinked primers were used 

to avoid these undesired side effects. Besides the efficiency, the specificity of the primers could be 

increased by primer crosslinking in PCRs comprising up to 34 primer pairs targeting the most crucial 

antibiotic resistance genes in one multiplex reaction4.  

In our publication Full pathogen characterisation: Species identification including the detection 

of virulence factors and antibiotic resistance genes via multiplex DNA-assays (publication 3), we 

developed a DNA microarray-based assay that screens for the most critical sepsis-relevant 45 pathogenic 

species, 360 virulence factors, and 409 antibiotic resistance genes in parallel. The assay was evaluated 

with 14 multidrug-resistant strains, including all ESKAPE pathogens. The used platform was optimised 

regarding specificity and sensitivity.  
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Zusammenfassung 

Die Ausbreitung von Antibiotikaresistenzen wird von der Europäischen Union (EU) und der 

Weltgesundheitsorganisation (WHO) als eine der größten globalen Bedrohungen der Gesundheit 

angesehen1. 

Die größte Gefahr geht von multiresistenten Krankheitserregern aus, die gegen viele der häufig 

verwendeten Antibiotika resistent sind. Beispiele für diese sind Carbapenem-resistente und β‑Lactamase 

produzierende Enterobacteriaceae oder die sechs Krankenhauskeime, die unter dem Akronym ESKAPE 

zusammengefasst werden: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa und Enterobacter spp. Solche multiresistenten 

Krankheitserreger stellen im klinischen Bereich eine große Gefahr dar, z. B. während chirurgischer 

Eingriffe, der Krebstherapie und insbesondere für immungeschwächte Patienten. Schätzungen zufolge 

werden 2050 jährlich bis zu 10 Millionen Menschen an antibiotikaresistenten Krankheitserregern 

sterben1.  

Antibiotika werden in der Landwirtschaft im Überschuss eingesetzt, aber auch außerhalb der großen 

Kliniken von Medizinern ohne geeignete diagnostische Verfahren verschrieben. Die Entscheidung, ob 

Antibiotika verschrieben werden, wird zum Großteil empirisch getroffen. Ein zentraler Bestandteil der 

Lösung dieser Problematik ist die Entwicklung schneller und spezifischer Diagnosemethoden (Point-of-

Care-devices, POC). Dies könnte zu einer umfassenden Verringerung des Medikamentenkonsums 

führen und somit die weitere Ausbreitung der Antibiotikaresistenzen minimieren.  

Das Ziel dieser Arbeit ist die Entwicklung eines solchen Diagnoseverfahrens. Diese Arbeit bezieht sich 

dabei auf drei Publikationen, die einen wesentlichen Beitrag in diesem Bereich leisten.  

In der Publikation Low-cost microarray platform to detect antibiotic resistance genes 

(Publikation 1) behandeln wir eine alternative Methode zur hausinternen Markierung von DNA-

Oligonukleotiden, welche für die Signalgebung bei ligationsbasierten DNA-Microarray-Verfahren 

verwendet werden. Die alternative Markierung basiert auf einer terminalen 

Desoxynukleotidyltransferase-Reaktion, in welcher die DNA-Oligonukleotide in Gegenwart von 

Biotin-konjugierten Nukleotiden elongiert werden. Die hausinterne Markierung ermöglicht es, die 

hohen Kosten durch kommerziell markierte DNA-Oligonukleotide besonders im Fall von 

Hochdurchsatzverfahren zu reduzieren. Die selbstmarkierten Oligonukleotide zeigten hinsichtlich 

Empfindlichkeit und Spezifität eine vergleichbare Leistung zu kommerziell markierten DNA-

Oligonukleotiden, jedoch bei nur zehn Prozent der Kosten3.
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Die Publikation Crosslinking of PCR primers reduces unspecific amplification products in 

multiplex PCR (Publikation 2) behandelt die Problemstellung der Multiplex- Polymerasekettenreaktion 

(PCR). Die PCR ist für DNA-basierte Diagnosemethoden unerlässlich. Multiplex-PCRs sind besonders 

attraktiv, da sie die Anzahl der Einzelreaktionen reduzieren. Die Multiplexeffizienz wird jedoch durch 

Primer-Wechselwirkungen, wie zum Beispiel die Bildung von Primer-Dimeren, beeinträchtigt. In dieser 

Studie wurde eine kovalente Querverknüpfung von Primern über ihre 5'-Enden verwendet, um die 

unerwünschten Effekte zu vermeiden. Die Spezifität der Primer sowie die Effizienz der PCR konnten 

durch Primer-Querverknüpfung erhöht werden, was in PCRs mit bis zu 34 Primer-Paaren, abzielend auf 

die wichtigsten Antibiotika-Resistenzgene, im Vergleich zu nicht querverknüpften Primern 

nachgewiesen werden konnte4.  

In der Veröffentlichung Full pathogen characterisation: Species identification including the 

detection of virulence factors and antibiotic resistance genes via multiplex DNA-assays (Publikation 3) 

wurde ein DNA-basierter Microarray entwickelt, der parallel auf 45 Sepsis-relevanten pathogenen 

Spezies, 360 Virulenzfaktor- und 409 Antibiotika-Resistenzgene prüft. Der Assay wurde mit 14 

multiresistenten Stämmen evaluiert, darunter alle ESKAPE-Pathogene. Die verwendete Plattform wurde 

hinsichtlich Spezifität und Sensitivität optimiert.  
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1. Introduction 

The discovery of antibiotics was one of the greatest achievements in medicine, which made many of 

today’s standard therapies possible5. Due to the often unnecessary use of antibiotics, resistances can 

develop for a variety of reasons, such as misuse in agriculture and medical healthcare6. The greatest 

danger emerges from multiresistant pathogens, which are resistant to many of the commonly used 

antibiotics7. Examples for escalating resistance spreading are carbapenem-resistant and extended-

spectrum β-lactamase-producing Enterobacteriaceae8 or the six pathogens summarised by the 

acronym ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.), highlighted by the 

Infectious Diseases Society of America for being particularly critical in terms of antibiotic 

resistances9,10. Such multiresistant pathogens constitute a danger, mainly in the clinical area, mostly 

during surgical interventions, cancer therapy or in immunocompromised patients. It was estimated 

that by 2050, 10 million people would die per year due to antibiotic-resistant pathogens2,11,12. After 

the golden era of antibiotic treatment, we are heading towards a scenario, in which infectious diseases 

will again be at the top of the causes of 

death (Figure 1)11.  

Figure 1: Schematic representation of the estimated 

distribution of causes of death in 2050. The 

weighting is visualised by the size of the cake pieces 

in the diagram. Listed causes of death are cholera 

(100,000-120,000), measles (130,000), road traffic 

(1.2 million), diarrhoeal diseases (1.4 million), 

diabetes (1.5 million), cancer (8.2 million) and 

antimicrobial resistance (10 million)11.  

To restrain this trend and enable effective 

medication, as much information as 

possible must be obtained in the least 

possible time. However, the main problem 

with antibiotic therapy is not only the 

increasing resistance but also the 

simultaneous decline in the development of new drugs13 (Figure 2). From a commercial point of 

view, it is more profitable to invest in other pharmacological areas than in antibiotic research. All in 

all, the margin yield of antibiotically active ingredients is much lower compared to other active 

ingredient areas, e.g. chemotherapy14. Besides, new active components should serve as "backup". At 

the same time, pathogens rapidly develop resistances to new antibiotic substances, so that the time 

for countermeasures is additionally limited15. 

Antibiotics are not only misused in agriculture; a vast majority are prescribed outside the clinics by 

medical professionals without proper diagnostic tools. The decision of whether to prescribe antibiotic 

compounds is made “empirically”. A central part of the solution to this problem is the development 
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of rapid and specific point-of-care (POC) diagnostic systems, which could lead to an overall 

reduction of drug consumption16. All of the aforementioned events are illustrated in Figure 2.  

Even if an antibiotic prescription is needed, more precise medication will minimise the spread of 

resistances. To further develop diagnostic procedures, a good understanding of how antibiotic 

medications work, how resistances are created, and how these can be detected must be achieved. The 

consideration of alternative kinds of therapy, such as antibodies and bacteriophages, should not be 

neglected either. 

 

Figure 2: Relationship of the use of antibiotics and resistance development. Improper use of antibiotics is the leading cause of 

the development of resistance. This factor is aggravated by other factors, which are listed in this graphic. Possible 

countermeasures are also displayed (adapted from Barbosa and Levy 200017). 

1.1 Antibiotics and antibiotic resistance 

1.1.1 Definition  

S. A. Waksman defined the term antibiotic in 1947 as a “substance that is produced either in 

microorganisms or chemically and has the property either to inhibit the growth (bacteriostatic) or to 

kill bacteria (bactericidal) or other microorganisms entirely.”12,18,19 Many of the antibiotics used 

today are derivatives of molecules produced by microorganisms or by higher organisms such as 

plants or animals13,20,21. However, only a small percentage of these is suitable for the application in 

humans or animals22.  
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1.1.2 Classification of antibiotic resistance 

The failure of antibiotics in the therapy does not result exclusively from antibiotic resistance, but can 

also be attributed to suppressed immune function, poor/disadvantageous bioavailability of the drugs 

or an increased drug metabolism23. The persistence of microbes might indicate different types of 

resistance to antimicrobial agents; antibiotic resistance can be classified as primary or secondary23.  

Primary Resistance: Resistances of microbes that had no contact with the drug of interest in the host, 

also referred to as intrinsic resistance. 

Secondary Resistance: Resistances of microbes that have been exposed to the antibiotic agent, also 

referred to as acquired resistance. This extensive resistance is described as the capability to withstand 

the inhibitory effects of at least one or two antimicrobial drugs. This ability appears to occur in 

patients who have been treated with first-line medication23. With this distinction, the different 

resistance mechanisms can be viewed. 

1.1.3 Mechanisms of action 

The antibiotic effect includes a variety of mechanisms of action and depends on the type of 

bacterium, its habitat, and its metabolism. First, a distinction must be made between different 

anatomies of pathogens. Gram-positive bacteria have two borders to their surrounding: a cytoplasmic 

membrane, which is covered by a thick peptidoglycan cell wall. A smaller periplasmic space 

compared to Gram-negative bacteria is located between cytoplasmic membrane and cell wall. 

Gram-negative bacteria have a thinner cell wall covering their cytoplasmic membrane, but an 

additional outer cell wall equipped with lipopolysaccharides. The entire volume between inner and 

outer membrane constitutes the periplasmic space (Figure 3)24. The effect of β-lactam antibiotics on 

gram-negative bacteria serves as an example of intrinsic resistance. A β-lactam antibiotic, such as 

penicillin, which attacks the peptidoglycan synthesis in the cell walls, has no inhibitory effect on 

gram-negative bacteria. The main target for β-lactam is the penicillin-binding protein (PBP). It is 

hypothesised that the β-lactam ring mimics the D-alanyl-D-alanine section of the peptide chain that 

typically binds to the PBP.  
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The penicillin-binding protein is responsible for the crosslinking of the bacterium’s cell wall. 

 

This enzyme is active during cell division. Binding to this enzyme is irreversible and results in cell 

lysis during cell division25,26. Therefore, the β-lactam ring harms gram-positive bacteria24. Another 

cell wall active antibiotic drug is vancomycin25. It binds to the D-alanyl-D-alanine (D-Ala-D-Ala) at 

the C-terminus of the peptidoglycan pentapeptide precursor. This blocks the further addition of 

pentapeptide precursors to the resulting peptidoglycan chain and prevents the subsequent 

crosslinking catalysed by the transpeptidases and the carboxypeptidases27. 

Colistin (Polymyxin E), on the other hand, a small lipopeptide molecule (~ 1200 Da), is affecting 

gram-negative pathogens. It interacts with the lipid A portion of the lipopolysaccharide (LPS) 

structure in the outer membrane of gram-negative bacteria so that it restricts their permeability and 

thus has a bactericidal effect28. This antibiotic is not always well-tolerated and is generally considered 

to be a reserve antibiotic29,30.  

The most common mechanisms of action are summarised in Figure 4. A few examples are given 

below, which apply for both gram-positive and gram-negative bacteria. 

The protein biosynthesis is a rewarding target pool for antibiotics. One target mechanism is the 

transcription of DNA into mRNA; another is the protein biosynthesis in the ribosomes (translation). 

An example is the DNA-dependent RNA polymerase, which consists of 5 subunits: two α units 

(35 kDa), a β-unit (155 kDa), a β’-unit (165 kDa), and a σ-unit (70 kDa). The complex of ααββ’ is 

called the apoenzyme, which is involved in all steps of the transcription. The formation of the 

holoenzyme (apoenzyme and the regulating σ-unit) makes it possible to recognise promoter 

sequences of bacterial DNA and thus initiates the transcription31. Rifamycin, a key drug against 

tuberculosis, is an example of RNA synthesis inhibition: It binds to the DNA-dependent-RNA-

polymerase, more precisely to the β-subunit, and interferes with the elongation process in the cell32,33. 

The direct inhibition of the protein synthesis has different targets points in the 70S ribosomes; both 

subunits 50S and 30S are suitable as drug targets.  

Positive
Gram

Cell wall

Cell membrane

Periplasm

Periplasm

Outer membraneNegative
Gram

Figure 3 : Structure of the cell walls 

of Gram positive and negative 

bacteria. Left, the structure of the 

gram-positive cell wall with the 

cytoplasmic membrane (dark 

green), the peptidoglycan layer 

(grass green). Right, the outer cell 

structure of gram-negative bacteria. 

Additionally, the outer membrane is 

shown (light green). In between 

(purple) the periplasmic space is 

shown.  
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Tetracycline, for instance, is an antibiotic compound that effects gram-positive and gram-negative 

bacteria and is the preferable choice in case of a Mycobacterium infection, e.g. Mycobacterium 

tuberculosis or Mycobacterium leprae. Tetracycline inhibits the interaction of the 16S rRNA with 

the 30S subunit and inhibits the interaction with the tRNA26,34,35. Macrolide antibiotics, in contrast to 

tetracycline, target the protein synthase at the 50S subunit, where they block the “exit tunnel” of the 

ribosome and cause the protein synthesis to stand still36. Fluoroquinolones bind to the bacterial DNA 

gyrase/topoisomerase IV complex and prevent the religation of the DNA/enzyme complex during 

DNA replication, which ultimately leads to cell death26,37. The ATPase activity of this enzyme 

complex constitutes a possible target for antibiotic agents as well38. 

 

Figure 4: Overview of antibiotic modes of action and resistance mechanisms towards them. The targets are shown on the right 

(grey). The resistance mechanisms are shown on the left (yellow). An exemplary class of antibiotics is given for each target. 

In the case of resistance mechanisms, prominent representatives are also listed. 

1.1.4 Antibiotic resistance 

By using antibiotics, resistance development is inevitable. Resistances to antibiotic agents had 

already existed before humans started to use them systematically, e.g. the serine beta-lactamases. 

Antibiotic resistance is not necessarily a single mechanism; an interplay of many different 

mechanisms can reduce the sensitivity to antibiotic agents: (I) The pathogen can reduce the 

concentration of the harming substance by shuttering it out of the cell, e.g. efflux pumps, (II) it can 

inactivate or modify the substance, (III) the pathogen is able to alter the drug target, so it cannot be 
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harmed any longer, or (IV) it develops an alternative pathway for the cellular processes the target is 

responsible for39. 

A pathogen’s ability to achieve resistance to an antimicrobial agent can be the result of an 

intrinsic/neutral resistance, such as the expression of efflux pumps, which are able to transport 

substances out of the cell40 and play a key role in the formation of biofilms41–43. Efflux pumps are 

particularly crucial when they are overexpressed44,45. This occurs by means of mutations in the 

respective pump gene, in its regulation system or by the acquisition of new pump genes via mobile 

genetic elements, e.g. plasmids46. Five different efflux pump families are identified to date: 

Resistance-nodulation-division (RND), Major facilitator superfamily (MFS), Small multidrug 

resistance (SMR), Multidrug and toxic compound extrusion (MATE) and ATP-binding cassette 

(ABC) transporters39,47. The mechanisms and the molecules differ among the efflux pump families. 

Although not every detail has been fully clarified, it is well established that they contribute to the 

development of resistance to a high degree39,47. Another natural resistance is the reduction of harming 

substances in the cell by modifying the permeability of the shell. This is specifically true for Gram-

negative bacteria since they have an additional outer shell that acts as a barrier. Antibiotics enter the 

cell of gram-negative bacteria through purines, which are not selective towards the penetrating 

substance. A possible resistance mechanism is to reduce the expression of these purines, e.g. in the 

case of Pseudomonas aeruginosa, or to change their permeability or diameter39,48,49. Although Gram-

positive bacteria do not control the permeability of the outer shell to a greater extent, there are 

examples of cell wall-specific resistance mechanisms, such as the vancomycin-intermediate 

Staphylococcus aureus (VISA). Vancomycin, as explained above, prevents the incorporation of 

crosslinking precursors in the peptidoglycan layer50,51. Vancomycin-intermediate S. aureus, however, 

thickens its cell wall, so that an increased concentration of vancomycin must be applied to produce 

the desired cell lysis50,51. For vancomycin, there are alternative resistance mechanisms in S. aureus, 

such as alternative biosynthesis genes to alternate the C-terminus of the peptidoglycan precursor 

(vanA, vanB, vanD & vanC, vanE, vanG)27. 

A further resistance method is to inactivate or to modify the antibiotic substance, e.g. by an enzymatic 

reaction. A well-known example is the hydrolysis of the β-lactam ring of penicillin (Figure 5). 
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Figure 5: Reaction equation of the hydrolysis of a β -lactam ring by the β -lactamase. A water molecule serves as second educt 

for the enzyme. 

β-lactamases are categorised into four different classes, A, B, C & D (Table 1). A, C & D are serine-

β-lactamases; the members of the fourth group (B) are metallo-β-lactamases, which require a divalent 

zinc ion as cofactor for catalytic activity52,53 

Table 1: Different classes of β-lactamases and representatives of those52. 

Class Enzyme family Representative 

A serine-β-lactamases CTX-M, SHV, TEM, VEB, GES, KPC 

B metallo-β-lactamase VIM, IMP, NDM 

C serine-β-lactamases AmpC 

D serine-β-lactamases OXA 

β-lactamases are capable of hydrolysing cephalosporins and carbapenems of the third or fourth 

generation (extended-spectrum β-lactamases, ESBLs). Those antibiotic β-lactams were developed to 

combat the increasingly high number of bacteria resistant to penicillin and other early β-lactam 

compounds54,55. Another kind of modification is group transfer. It results in the alteration of the active 

substance and therefore weakens the binding to the target. Typical functional groups are acyl, 

nucleotidyl and phosphatidyl residues39. Well-known representatives of this type are the 

aminoglycoside-modifying enzymes. Aminoglycoside-modifying enzymes exchange amino and 

hydroxyl groups, which leads to a weaker binding to the ribosome (30S subunit) and results in a high 

level of resistance. The most common representatives of this enzyme class are N-acetyltransferases 

(AAC), which transfer an acetyl group using an acetyl-coenzyme A as donor to affect the amino 

functions, O-nucleotidyltransferases (ANT), and O-phosphotransferases (APH), which both use ATP 

as donor to affect hydroxyl functions by nucleotidylation and phosphorylation, respectively56. There 

are various further examples of resistances to antibiotics achieved by enzymatic degradation or 

modifications such as macrolide-esterases57, epoxidases31, etc., which are of great impact58. 

A detailed description is given by Wright. et. al58.  

In comparison to active substance modification, the substance’s target can be modified by the cell. 

For instance, the β-lactam ring can either be hydrolysed by the β-lactamases or its target, the 

penicillin-binding protein, can be modified. Both consequently lead to resistance towards the active 

β-lactamase -CO2
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substance. The alteration of the target molecule, in this case, the penicillin-binding protein (PBPs), 

can serve bacteria to survive treatment. Due to the weaker binding of the antibiotic to the modified 

protein, the antibiotic effect is reduced53. The target modifications can be achieved by mutations of 

the encoding gene or by enzymatic reactions after translation39. Quinolones, for instance, are broad-

spectrum antibiotics, which inhibit the DNA gyrase and topoisomerase IV (both belonging to the 

type II topoisomerases) in the bacterial cell. Type II topoisomerases are responsible for the relaxation 

of DNA supercoils during cell division (replication) and transcription38,59. These enzymes create a 

double-strand break within the twisted DNA strands, which has to be religated in the further 

process38. DNA gyrase and topoisomerase IV are heterotetrameric enzymes. DNA gyrase consists of 

two units of GyrA (97kDA) and two units of GyrB (90kDA). Topoisomerase IV consists of the two 

units ParC (84 kDa) and ParE (70 kDa)31. The subunits GyrA and ParC are responsible for the 

enzyme/DNA binding and the associated break/ligation activity. ATPase activity that enables these 

reactions are contained in the subunits GyrB and ParE31,60. Quinolones bind reversibly to the enzyme-

cleaved DNA complex and prevent the religation of the DNA. The effect is a high concentration of 

cleaved DNA, leading to cell death31,60. Quinolone resistance arises from the exchange of the two 

amino acids in the GyrA and ParC subunits in the quinolone resistance-determining region (QRDR). 

The mutations result in a reduced formation of substrate/target complex and thus in reduced 

sensitivity to quinolones60. Another example of target alteration is the aforementioned resistance to 

rifamycin. The alteration at the β-subunit (rpoB gene) is sufficient to weaken the antibiotic effect of 

rifamycin31,61. 

The methicillin‐resistant S. aureus (MRSA), conversely, developed resistance to β-lactams by using 

an alternative pathway for cell wall synthesis, mediated by the transpeptidase (PBP2A). This protein, 

encoded by the mecA gene, is not affected by β-lactams; it is a characteristic element of MRSA62. 

Many of the resistance mechanisms presented here can be traced back to chromosomally encoded or 

plasmid-encoded intrinsic mechanisms and can thus be passed on to other strains. 
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1.1.5 Transfer and acquisition of resistance 

The intrinsic resistance against antibiotic substances can have a variety of reasons. One can be the 

lack of substance integration into the target cell interior, or merely the absence of the target itself. 

P. aeruginosa serves as an example for low accumulation of antibiotic drugs due to a weak 

permeability of its cell wall. Mycoplasma, lacking a cell wall (target), is consequently inherently 

resistant to β-lactam antibiotics. Intrinsic resistance can also 

be due to chromosomally encoded mechanisms. Citrobacter, 

for example, expresses a chromosomally encoded 

cephalosporinase, AmpC, which makes it naturally resistant to 

some β-lactam antibiotics. This genetic resistance can be 

passed on to other bacteria. The transfer of genetic information 

is divided two different types: Vertical, in which a 

gene/genetic material is passed on from an individual to its 

offspring along the (vertical) lineage; the mutant strain might 

have a biological benefit that will favour its further 

colonisation (Figure 6). The speed of evolution is thereby 

increased by the fast succession of generations.  

When it comes to passing on resistance, the horizontal gene 

transfer is particularly important, especially in the case of 

hospital germs, and occurs employing mobile genetic 

elements. In this process, exogenous resistance mechanisms 

from different strains are exchanged. The origin of this resistance information must not be 

exclusively from bacteria63.  

There are three main horizontal gene transfer mechanisms: conjugation, transduction and 

transformation (Figure 7). During transformation (Figure 7c), naked DNA is taken from the 

environment of the bacterium; special proteins are involved in several steps of this process. This 

way of DNA uptake is adopted in the microbiology laboratory, e.g. forced by electroporation or heat 

shock using specially prepared competent cells64. Alternatively, new genetic information can be 

transferred from one organism to another utilizing transduction (Figure 7b), mediated by 

bacteriophages. The transmission of resistance genes by bacteriophages is much more widespread 

than previously considered65. Phages are used to integrate genes into host genomes in scientific 

laboratories as well. But the most significant part of the antibiotic resistance gene spread is the 

horizontal gene transfer via conjugation (Figure 7a). During conjugation, a direct contact between 

two cells, which is called pilus, is established, through which the genetic material is exchanged. The 

direct transmission of genetic material can be driven by low concentrations of antibiotic substances 

in the environment.  

Figure 6: Vertical evolution, by 

which a gene (mutation) is passed 

on from an individual to his 

offspring along the (vertical) 

lineage (schematic illustration is 

based on Sommer et.al )1. 
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The transfer of genetic information via conjugation occurs within or across bacterial genera and 

progressively increases the variety of acquired resistances62.  

  

Figure 7: Acquired resistance via horizontal gene transfer. (A) The exchange of genetic information by conjugation occurs via 

direct contact between two different bacteria. The donor and recipient cells mediate the acquisition of conjugative genetic 

elements. (B) Phage transduction: a bacteriophage attaches to a bacterial cell and injects its viral DNA, which is then integrated 

into the chromosome. (C) DNA transformation occurs when naked DNA is released by lysing donor cells and is taken up by 

another bacterial cell. The schematic illustration is based on Sommer et al.63. 

Mobile genetic elements are required for the conjugation exchange of information. These include 

plasmids, transposons, and integrons. 

Plasmids are non-chromosomal, circular DNA molecules in the range of hundreds to thousands of 

base pairs. They exhibit their own origin of replication and can thus be replicated autonomously and 

independent from cell division. Their circular shape entails protection from exonucleases. Plasmids 

are versatile instruments in genetic engineering to integrate genes in bacterial organisms, mostly 

including additionally tailored genetic building blocks to select transformants, express proteins, or 

even for downstream processes such as the purification of those expressed proteins.  

Transposons (jumping genes) are mobile genetic elements, which exhibit inverted repeat sequences 

that enable recognition to cut and insert gene segments into the DNA. This mechanism is coordinated 

via the enzyme transposase. The information for the transposase is encoded in the transposon itself. 

Dependent on the transposon type, they excise and relocate (not copying, conservative) or replicate 

and relocate (copying, replicative). Some transposable elements, the retrotransposons, use an RNA 

intermediate and a reverse transcriptase instead of the transposase; still, they copy themselves 

autonomously and integrate into other DNA loci. Transposons and retrotransposons exist on plasmids 
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and in the genome and are ubiquitous. A distinction is made between conjugative and non-

conjugative transposons. Conjugative transposons/retrotransposons carry the requirements for their 

own transfer (encoding a transposase/reverse transcriptase), non-conjugative transposons require 

external assistance, e.g. the presence of a conjugative transposable element that supplies the 

respective enzyme39,66. Besides the genes necessary to function, those mobile genetic elements can 

carry other genes in addition, such as antibiotic resistance genes. 

A further, very effective horizontal gene transfer mechanism is the exchange of gene cassettes, only 

carrying a gene (i.e. a simple open reading frame that usually does not include a promotor) and a 

recombination site, mediated by integrons. The integrons, comprising an integrase gene, a 

recombination site, and a promotor, ensure the integration and expression of the gene cassette-

encoded gene, which frequently constitutes an antibiotic resistance gene. Since the gene cassettes 

can exist as free circular DNA molecule, an exchange via transfection is easily feasible, then 

becoming incorporated via the recombination sites into integrons that can be transcribed67.  

The entity of these different strategies/mechanisms, alone and in all possible combinations, leads to 

accumulating acquired resistances in bacterial strains that had previously been susceptible to 

antibiotic therapy. It is a process by which bacteria constantly adapt to new conditions in their 

environment, accelerated by evolutionary pressure that is increased by the usage of antibiotics. On 

the other hand, this development is not always beneficial for the organisms. By acquiring resistance, 

reduced performance in metabolism or phage tolerance is also potentially acquired68,69.
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1.2 Alternative methods to fight pathogens and infection diseases 

Shortly after the discovery of penicillin, Alexander Fleming warned that the use of these drugs could 

lead to resistance to them70. The first reports on the development of resistant Mycobacterium 

tuberculosis have already existed in 194871, after antibiotics had become the drug of choice for 

infectious diseases. Despite the warning, no new classes had been developed since 198072–75. The 

development of antibiotic substances waned in the late 20th century. After the emergence of new 

resistances had reached an alarming level, at least a few new classes of antibiotics were approved in 

the last decades. Nevertheless, the development of alternative antibacterial therapies is of tremendous 

significance. The most prominent approaches are outlined in the following sections.  

1.2.1 Phage therapy 

The idea of using bacteriophages in antimicrobial therapy is not new (1915 Twort76 and 

1917 d’Hérelle F.77), but has gained new importance due to resistance formation. Bacteriophages 

(also referred to as phages) are viruses that occur in large abundance in nature and only target 

bacteria69,75,78,79. Phages infect bacteria and multiply within them. The first contact between 

bacterium and phage is generated by diffusion and results in an unspecific and reversible electrostatic 

bonding. Irreversible binding occurs between capsid proteins of the phage and the receptors on the 

bacterial surface. Bacterial receptors are usually glycoproteins, liposaccharides, or amino acids. After 

irreversible binding to the bacterial surface, the phage penetrates the host and either a part of it or the 

whole phage is introduced into the host cytoplasm, subsequently releasing the genetic material into 

the host cell. The following steps depend on the character of the phage, whether it is a lysogenic or, 

as depicted in Figure 8, a lytic phage78. Lytic phages (virulent phages) usually lead to rapid lysis of 

the host cell after capturing the metabolism of the bacterial cell and compelling it to synthesise phage 

components and assembling new viruses. Finally, this leads to cell lysis by enzymes (holins and 

lysin) encoded by the phage DNA. Bacterial lysis is essential for the release of the new phages. The 

genetic material of the phage is protected against digestion by endonucleases via methylation of the 

cytosine pyrimidine ring. Due to the presence of viral promoters, the phage DNA has a strong 

influence on the bacterial transcription apparatus and leads to a cascade that completely takes over 

the host cell metabolism. Phages that preferably remain in the lysogenic cycle are not of interest for 

phage therapy. The lysogenic phage’s DNA is integrated into the host genome and passed on to the 

daughter cells. At a later point in time only, the lysogenic phage might enter a lytic infection cycle, 

but only if caused by environmental or another physiological stressor. In antibacterial therapy, it is 

desired to kill the bacteria as soon as possible. 
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Figure 8: The lytic phage infection cycle begins 

with the recognition and binding of the virus to 

the receptor (protein/sugar) on the cell wall of 

the host bacterium. Thereupon, the phage 

delivers its genomic content into the cytoplasm. 

It takes over the bacterial machinery to 

replicate its own DNA. After expression of the 

capsid proteins and formation of virus particles, 

enzymes are produced (holins and lysins) that 

are responsible for cell lysis. This step leads to 

the release of the new phages and to the death 

of the host cell. Figure adapted from Kortright 

et al.75 

The use of lytic phages to treat 

infectious diseases is a promising 

strategy. Bacteria and phages exhibit co-evolution for millions of years, and their biodiversity is 

immense69. The outstanding advantage of phage therapy compared to chemical antibiotic drugs is 

their high specificity to a particular bacterial strain. That means they have less off-target effects, 

which is primarily beneficial regarding the commensal bioflora. Another reason is their low toxicity. 

Although phages are viruses, prokaryotic cells are their only target; they have been proven to be free 

of side effects in human patients. They can only exist as long as their host is still living. The use of 

phages is not only limited to therapy in humans80 but also to control of plant diseases81,82, to detect 

pathogens83,84, and in food safety85. Another advantage of using phages instead of chemical 

antibiotics is their lower resistance development86. By not only blocking specific parts of the bacterial 

metabolism but by taking over the cellular processes of DNA replication, transcription and 

translation completely, phage attacks are more difficult to circumvent for bacteria than antibiotic 

substances. Nevertheless, cases of bacterial resistance towards phages have been reported87.  

Phage resistance mechanisms in bacteria and the well-known strategies with which phages 

undermine these processes are, for instance, the recognition of the host-specific cell components, 

which represents the first step in the adsorption of phages87. There are three mechanisms to prevent 

the adsorption to the host cell: (I) the blocking/altering of phage receptors, (II) the production of an 

additional extracellular matrix, and (III) the production of inhibitors. Bacteria can change their 

surface structure, so that they are not recognised by specific phage receptors. The structural changes 

can also emerge due to a phage infection by itself. Phage T5, for instance, produces a lipoprotein that 

blocks its own receptor on the E. coli surface; this prevents a super infection of the host cell88. 

Another strategy of adsorption protection is the building of an additional extracellular matrix. This 

not only protects the bacterium from phage infections but can also improve the survival rate of the 

cell in which further ecological niches can be used. The disadvantage is that some phages have 

become specialists in precisely recognising these extracellular changes89. The development of 

competitive inhibitors is a different mechanism to prevent phage infection. Special proteins prevent 

the phage DNA from entering the intracellular space; these proteins have their origin in other phages, 

which means that, in the event of a further phage attack, the peptidoglycan layer is not perforated, 
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and the phage DNA is trapped in the periplasmatic space. This prevents further infection with related 

phages, i.e. superinfections87. If the phage DNA has made it into the intracellular space, there is an 

additional resistance mechanism, the digestion of unmethylated phage DNA. These are recognised 

and degraded by restriction enzymes. Phage DNA can also be recognised by the bacterial methylase 

and be methylated by it. The extent to which the phage attack is successful depends on the ratio of 

both enzymes. However, the restriction enzymes are frequently present. The host DNA is usually 

protected by methylation, and the methylases have a relatively high specificity to half-methylated 

DNA90. In order to defy this protection system, phages have developed different anti-repression 

strategies. One of them is the absence of endonuclease recognition sites87, induced by point 

mutations91, as exemplified by the Staphylococcus phage K83, or by cytosine alteration, for instance, 

observed at phage T4, which uses the base hydroxymethylcytosine (HMC) instead of cytosine87 to 

protect his DNA from degradation. The most prominent resistance mechanism is the CRISPR-Cas 

system, which recognises clustered regularly interspaced short palindromic repeats (CRISPR), 

remains of previous phage infections,59 by CRISPR-associated (Cas) proteins that, upon recognition, 

cleave DNA to prevent subsequent infections of similar phages92. CRISPR-Cas does not only occur 

in bacteria but had been found in archaea as well87. Thus, briefly, CRISPR/Cas is an immune 

response that targets foreign DNA93,94. The CRISPR-Cas9 mechanism offers various application 

possibilities in gene editing95. 

A detailed description of resistance mechanisms can be found in the publication by Labrie et. al.87 

The understanding of phage/host cell interactions and their resistance development is significant for 

phage therapy.  

Although highly specific, concerns about using phages as an antibacterial agent remain, as the high 

specificity of phages is one of their greatest disadvantages. Phage treatment requires a preceding 

accurate identification of the pathogen. The lack of rapid identification tools makes it necessary to 

apply a cocktail of bacteriophages75. The lysis of the pathogenic bacterial cells might entail the 

release of endotoxins, which can have severe consequences, e.g. causing a sepsis79. This and other 

factors, e.g. pH value, diffusion, longevity, etc., have an impact on the efficiency of phage therapy 

and must be examined further, so that supplementary animal models are necessary to generate safe 

therapy69,79,96. For additional aspects of phage therapy, the publications Pires et al., 2016, and 

Kortright et al., 2019, are recommended75,78. 
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1.2.2 Lysins and lysin therapy 

Lysins are enzymes of bacteriophages degrading the cell wall (peptidoglycan) by hydrolysing 

different covalent crosslinks of phage-infected bacteria and are thus part of the last phase of the lytic 

cycle. Lysins, applied therapeutically, are highly specific against gram-positive bacteria; small 

amounts show a high therapeutic efficacy69,75,79,97. Unlike antibiotic chemicals, phage lysin treatment 

is selective and can be used to treat certain bacterial strains, while commensals are not affected by 

this therapy69. Therapeutically active lysins are divided into five groups based on their endolysin 

target site/catalytic activity, which are endo-N-acetylglucosaminidases, N-acetylmuramoyl-l-alanine 

amidases (also referred to as NAM-amidases), N-acetylmuramidases (known as muramidases or 

lysozymes), endopeptidases (with the slightly different l-alanoyl-d-glutamate endopeptidase that cuts 

elsewhere), lytic transglycosylases96. The most common lysins synthesised by phages are amidases 

and muramidases69. The therapeutic effect of lysin has been demonstrated in several studies dealing 

with pneumonia98, abscesses99, endocarditis100 and meningitis101, and infections with methicillin-

resistant S. aureus (MRSA) with lysine CF-30197. Lysins have also been used as preventive 

medication accompanying surgery to prevent infections with Enterococcus faecalis, Enterococcus 

faecium. The antibiotic effect of lysine is not only promising in medicine or veterinary medicine but 

also used in the food industry, e.g. against Clostridium perfringes69. In mice vastly colonised by 

streptococci, no such bacteria have been found within 2 hours after lysin treatment102. In summary, 

the advantages of lysins therapy can be listed as follows: Lysins are very selective, and even small 

quantities have an antibiotic effect. So far, no bacterial resistance mechanism has been identified; 

moreover, a synergy between common antibiotics and lysins has been observed97. Bacteriophages 

are very abundant; therefore, a large repertoire of different lysin derivatives is considerable. 

Regarding the disadvantages, it has already been mentioned that lysins can only be applied directly 

to the infected area and affects only gram-positive pathogens. In comparison to chemical antibiotics, 

lysin peptides trigger an immune response leading to the production of antibodies in the host, 

therefore reducing the lysin activity69. Thus, lysin therapy seems to be a potent alternative to chemical 

antibiotic substances or as co-medication. 

1.2.3 Anti-bacterial monoclonal antibodies 

The immune response to the intrusion of pathogens is the production of antibodies. Antibodies are 

proteins that identify specific components of pathogens and neutralize them with the help of the 

natural immune response, i.e. macrophages79. Therefore, they are a promising alternative to chemical 

antibiotics. The origin of this form of therapy came from serum therapy and was practised until 

1940103. It is still used in extraordinary cases as an anti-tetanus medication104. Today it is possible to 

completely generate pathogen-specific monoclonal antibodies (mAbs)105. Further, they can be 

generated as human mAbs to avoid causing an immune response themselves, as it could be the case 

if murine or other antibodies are used. The particularities of the mAbs are that they are not merely 
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designed to identify specific pathogen markers, but also for the neutralization of the pathogen, 

bacterial toxins or virulence factors79. The use of antibodies has become established, for example, in 

cancer therapy106. A large number of studies established the use of specific monoclonal antibodies as 

an antimicrobial agent against bacterial infections107–111. One of the disadvantages of antibody 

research is that manufacturing and processing are associated with high costs. Furthermore, they lose 

their effect because they cannot adapt to new bacterial surface properties69. The field of mAbs is 

advancing as researchers try to find effective targets and to gain a deeper understanding to enable 

technological advances in the development and screening of mAbs. There are indications that 

mAbs – most commonly used in cancer and autoimmune therapy – are suitable as therapy against 

multiresistant pathogens, too.  

Other research approaches, such as antimicrobial peptides, bacteriocins, or vaccines might be 

mentioned, but are beyond the scope of this thesis.  
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1.3 Detection methods 

Further spread of antibiotic resistant (AMR) can be limited by a better and faster identification and 

characterisation of pathogens. This can be achieved by the further development of diagnostic 

techniques, i.e. point-of-care devices (POC). POC information promises a more efficient drug 

medication and therefore a decline in unnecessary antibiotics consumption. Development of 

diagnostic procedures should be followed primarily to the criteria; cost-efficient, accurate, fast and 

if possible directly from the clinical samples112. Clinical samples have many pitfalls and are of 

different matrixes, e.g. blood, urine, faeces, etc. Most of the nosocomial infections are caused by the 

ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter species) strains. These strains have the 

capability to develop resistance against antibiotic substances. Other pathogens that create a potential 

hazard are Clostridium difficile, carbapenem-resistant Enterobacteriaceae, which have developed a 

wide range of resistances. Rapid and accurate identification and characterisation would make a 

significant impact on therapy. Due to the increased awareness of this problem, different grants have 

emerged in recent years, e.g. the Longitude Prize113. To investigate this multitude of mechanisms, 

there is a large repertoire of molecular diagnostics technologies nowadays, which already made their 

way to clinical everyday routine, as e.g. polymerase chain reaction (PCR) and real-time (RT-)PCR-

based detection, matrix-assisted laser desorption/ionization-time of flight mass spectrometry 

(MALDI-TOF MS), whole genome sequencing (WGS), and the microarray technique. The number 

of biological examination on a molecular basis increases; nevertheless, most data rely on phenotypic 

observations112,114. 

1.3.1 Bacterial culture 

The first question that arises is whether it is a bacterial infection or not. When a bacterial infection is 

recognised, the genus (e.g. Staphylococcus or Streptococcus) must be identified by assigned 

morphological features (e.g. colony size and colour), microscopy (e.g. Gram stain) and biochemical 

tests (e.g. for catalase and/or oxidase activity). Nevertheless, in clinical microbiology, bacterial 

culturing is the primary identification method for most of the bacterial pathogens. Depending on the 

type of sample, the medium must be differentiating and selective. The applied sample is usually 

grown on an agar-based medium that supports the growth of a wide range of bacteria. For the 

identification of certain pathogens, the use of a specific culture media is essential. It must have the 

property to distinguish between the individual pathogens by specific medium properties, which are 

based on the different metabolic assets of the bacteria. A differentiating medium targets other 

metabolic properties of particular pathogens by utilising biochemical indicator systems (e.g. sugar 

incorporation, pH indicator, etc.) to detect the presence of certain pathogens. Culture media should 

also be selective. This can be achieved by incorporating antimicrobial agents (e.g. certain antibiotics). 

This serves to reduce the amount of commensal flora growing and thereby increase the probability 
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of isolating a specific target pathogen. An example is a faeces sample applied for the detection of 

Salmonella species; the chosen culture medium must be selective as well as differentiated. The 

medium must reduce the growth of bacteria that are part of normal intestinal flora (selective) and at 

the same time enable the identification of Salmonellas (differentiating), e.g. by hydrogen sulphide-

specific enzymes. Biochemical indicators, which are used to determine the species or genus are, for 

instance, pH value, fermentation or enzyme activity decarboxylases, deaminases, and 

tryptophanases. The detection can also be carried out using chromogenic medium; a dye is released 

through a certain enzymatic processes112. An alternative are fluorescence or luminescence dyes since 

these can be detected with much higher sensitivity. However, the identification of pathogens based 

on bacterial culture has some disadvantages. It is not only very time-consuming; not all pathogens 

can be cultivated under laboratory conditions. Therefore, there are other microbiological diagnostic 

tools that are more rapid and exhibit higher selectivity112. 

1.3.2 Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) is a technique that was developed by Kary Mullis in 1980 and 

has since revolutionised the microbiological laboratory115. The target DNA can provide information 

regarding identification (e.g. 16s RNA DNA) or characterisation (ABR-genes or Virulence factors). 

It can be used to amplify specific bacteria gene segments in the presence of other organisms116,117. 

The PCR requires DNA primers, nucleotides, and a polymerase enzyme, and depending on the 

enzyme, a thermocycler is usually used in molecular laboratories. This method receives its specificity 

through the design of the DNA primers; consequently, the genetic target must either be known 

beforehand or universal primers must be used targeting conserved gene areas. PCR products are 

visualised on an electrophoresis agarose gel by a DNA intercalating fluorescence dye. Depending on 

the experiment planning and source, 4-10 hours are estimated for this method114. Compared to 

conventional PCR, RT-PCR offers higher sensitivity and is less time-consuming. The PCR products 

are observed during the amplification process through an unspecific intercalating dye or a specific 

DNA sequences, such as a molecular beacon probe (Figure 9)118–121.  
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Figure 9: The molecular beacon is a hairpin shape DNA probe, consisting of a 5-'end a fluorescent quencher and a 3’-fluorescent 

dye. Due to the spatial proximity, no light signal is emitted (FRET). As soon as the molecular beacon hybridizes to the target 

DNA sequence, quencher and fluorescent dye are sufficiently far away that a signal is visible.  

Further examples of DNA amplification methods, including isothermal amplification, are loop-

mediated isothermal amplification (LAMP) and recombinase polymerase amplification (RPA). 

Isothermal methods differ from PCR or RT-PCR in the matter that they do not require a temperature 

cycle, i.e. the entire amplification takes place at one temperature121.  

Multiplex PCR, which targets numerous DNA sequences at the same time, is of great interest for 

clinical everyday life and is usually performed either with conventional or with RT-PCR. In one 

multiplex PCR reaction, several antibiotic resistance genes can be amplified with different primers 

in a single assay mix122. The amplification products can be visualised by size, or by specific DNA 

probes, i.e. molecular beacon (Figure 9). Due to the simultaneous reaction, this type of PCR is very 

time-saving123. However, the robustness of this detection method relies on multiple factors, such as 

the gene copy number of the respective gene of interest, optimal primer design, and the GC content 

of the amplification product. The gene copy number of the respective gene of interest, however, 

represented in the genome or plasmid, differs not only for different genes but can also vary for the 

same gene between different species, e.g. the ribosomal repetitions in different populations120,124–126. 

The sensitivity is hence dependent on the copy number of the gene of interest, serving as template 

DNA in the PCR reaction. The risk of false-negative results furthermore depends on the primer 

design. Single-stranded DNA can form secondary structures with itself, which in turn adversely 

affects the annealing to the target DNA and thus reduces the sensitivity of the assay. In multiplex 

PCRs, interactions between the individual primers are further complicated. Primers require a high 

identity coverage to the target DNA but must be able to include possible inaccuracies, such as single 

nucleotide polymorphisms (SNPs), at the same time. Therefore, when designing the primers, the 

genetic position of the target DNA is crucial. For this information, several databases are of great 

importance, such as the virulence factor of pathogenic bacteria database127, the Comprehensive 

Antibiotic Resistance Database (CARD)127,128. Nevertheless, only in silico evaluation is not sufficient 

for primer assay design. In general, there are several online tools that are dedicated to the specific 

and sensitive design of primers and include the existing problems. Another limitation of (RT-)PCR 

is the restriction of the number of target genes that can be processed at a time, for it is usually based 

on colorimetric detection, and the spectrum of differentiable fluorescence dyes is limited. 



Introduction 

20 

Nonetheless, PCR is a quick, inexpensive and straightforward method for the characterisation of 

pathogens in the clinical everyday live129.  

Another very robust and promising method is the matrix-assisted laser desorption/ionisation 

time-of-fly mass spectroscopy (MALDI-TOF MS) 

1.3.3 Matrix-assisted laser desorption/ionisation time-of-fly mass spectroscopy 

(MALDI-TOF MS) 

MALDI-TOF MS is the primary tool for pathogen identification in the clinical laboratory. Since it is 

easy to use, rapid, accurate and economical, in comparison to phenotypic methods130–133,109. The 

detection principle is based on evaporation and ionisation behaviour, determining the time the 

resulting ions requires to reach the detection This flying time is characteristic for the respective 

pathogen and can hence be used to identify the organism by means of its mass/charge ratio (m/z 

value) calculated from the peak focus. The spectral fingerprints vary enough to differentiate genera, 

as long as they exhibit the same growth conditions134–137. MALDI-TOF MS enables the direct sample 

identification of proteins, lipids and carbohydrates and thus made the identification of pathogens and 

their further characterisation possible. Although MALDI-TOF MS is a sensitive detection method, 

the uncultivated blood sample requires a bacterial concentration of 107 CFU/ml138. Nevertheless, the 

same information level can be achieved by culture-based identification. Still, MALDI-TOF MS 

generates the results much more rapidly, which is beneficial for sepsis patients outcome, showed by 

Kumar et al139,140. Although the identification of pathogens is an integral part of MALDI-TOF MS, 

their characterisation by means of antibiotic resistance or virulence factors is still part of research. 

Antibiotic resistance detection is established with MALDI-TOF MS using three main approaches: 

(I) The determination of antibiotic resistance by the detection of antibiotic modifications due to 

enzymatic activity, (II) the analysis of peak patterns of bacteria profiles and (III) the quantification 

of bacterial growth in the presence of an antibiotic substance141. Each of these approaches has their 

advantages and disadvantages. The most common resistance method is the enzymatic alteration of 

the antibiotic structure. Such resistances to antibiotics are mediated by proteins and often result in 

proteolytic fragments of antibiotic compounds. These degradation products of antibiotics are 

detectable by MALDI-TOF MS via the molecular mass change compared to the starting molecule, 

which can be observed in the mass spectrometer peak141. First, the structure of the antibiotic and the 

reaction metabolites must be determined precisely. Degradation products and antibiotics are usually 

analysed in the mass range between 100 and 1,000 Da141. For instance, hydrolysis of β-lactams leads 

to different fragments, yielding compounds of different molecular weights and therefore mass peak 

patterns that are unique to each antibiotic. So, this β-lactamase activity can be evidenced with the 

MALDI-TOF MS device142,143, as well as other antibiotics144. A disadvantage of MALDI-TOF MS 

is that it depends on factors such as protein expression; not yet expressed proteins cannot be detected 
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at all. The expression of antibiotic-degrading enzymes is often induced by the presence of the 

respective antibiotic112,134, which prevents resistance detection prior to the medication.  

In order to identify possible antibiotic resistances, the mass peak profiles of bacteria of the same 

species with and without antibiotic resistance are compared with each other141. Some mass peak 

profiles are associated with a particular resistance pattern due to the expression of a specific 

protein130. For example, Josten et al. identified a peptide called phenol-soluble modulin (PSM-mec), 

which is encoded on the staphylococcal cassette chromosome mec (SCCmec), element cassette type 

II, III and VIII, and is found in the genomes of MRSA strains145. This protein is produced by agr-

positive strains and its presence can be detected by MALDI-TOF MS130. This can be used for further 

characterisation, but still needs to be reproduced and validated in a clinical setting. In a study by Lau 

et al. about real-time analysis of infection outbreaks by carbapenemase-producing 

Enterobacteriaceae, a specific peak patter caused by the protein (p019) was observed. This protein 

is located on the pKpQIL plasmid and was used as a biomarker to identify KPC-producing Klebsiella 

pneumoniae. 

In part, the growth pattern differs for strains by the addition of antibiotics. The resistant ones show 

a changed growth compared to non-resistant ones; this difference can be easily distinguished based 

on a quantitative spectrum141. Despite the advantages of MALDI-TOF MS, this method is vulnerable 

to mistakes, especially regarding species differentiation, for example between Streptococcus 

pneumoniae and Streptococcus mitis, which might entail severe consequences134.  

The major disadvantage is the need of a high bacterial load, which precludes the use of this technique 

with clinical samples except from those with high bacterial burdens, such as positive blood cultures 

and urine samples, and the lack of commercially available kits. 

Irrespective of that, the usage of MALDI-TOF MS contributes well to the patients’ outcome rate, 

which is partially due to the little time required for the identification139,144 and partially to the detailed 

characterisation possibilities regarding pathogen146,147. 

To integrate this technology in the clinical everyday routine, further studies concerning the detection 

of antibiotic resistances and pathogen virulence factors are required.  

1.3.4 Whole genome sequencing (WGS) 

In recent decades, whole genome sequencing (WGS) has become a promising technique in clinical 

microbiology. A special feature of WGS is the coverage of many different targets and different gene 

variants at the same time. WGS is, in comparison to Sanger sequencing, much more sophisticated 

and produce a greater amount of data. Today’s common high-throughput platforms are, for instance, 

Illumina or Ion Torrent devices, which belong to the second generation of sequencing systems, also 

referred to as next-generation sequencing. The readout of these machines are relatively short 

(100-400 bp) and is shorter than the gene of interested. For single reads, the error rate of random and 
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method-based sequencing from next-generation sequencing technology is relatively high in 

comparison with conventional Sanger sequencing. This problem is solved by generating a large 

excess of short-read data for each genome and using it to correct the error by majority call. The 

overlapping reads can be mapped to known references (reference assembly) or used to create larger 

fragments (de novo assembly) of sequence data (so-called contigs) that are combined to form the 

genome design of the isolate114,148. For the detection of the relevant gene, quality and quantity of the 

short reads are important to ensure that the gene is correctly detected by subsequent analysis and 

thereby avoid false-negative results148.  

WGS provides the following information: (I) pathogen identification, (II) characterisation (e.g. 

resistance and virulence genes) (III) outbreak detection (IV) recognition of universal sequences for 

the primers and probes design and (V) the design of specific probes and primers112.  

16S rRNA DNA gene sequences are used to identify pathogens and can also be used to determine 

phylogenetic relationships (Figure 10). The advantage of using these gene sequences is that (a) they 

are present in all bacteria, (b) the sequences are highly conserved, so that spontaneous mutations are 

rare, (c) 16S rRNA gene sequences are only approximately 1500 bp long and therefore suits 

bioinformatic purposes well149. WGS provides a characterisation of the pathogens beyond the 

phenotypic performance and is therefore essential for further clarification150,151. In order to identify 

the spread of nosocomial infections, their detection with WGS is essential. Close genetic similarity 

between the isolates supports the likelihood of mutual transmission or a common source. In contrast, 

the lack of genetic similarity indicates an unrelated, sporadic occurrence of a certain phenotype or 

infection151,152. The increased sequence information of bacteria has led to an improvement in the 

diagnostic methods, which makes the design of primers or microarray probes possible. For example, 

the mecC gene, a homologue of the macA gene, which plays a role in methicillin-resistant MRSA, 

was identified by WGS, so that, suitable primers were designed to identify resistance62. One of the 

main advantages of WGS is the identification of new target sequences and add them to existing 

databases to enable in silico analysis114. 
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Figure 10: Phylogenetic tree. The phylogenetic distances of the investigated species is illustrated, calculated according to the 

All-Species Living Tree project using 16S rRNA genes (Yarza et al. 2008153; Yarza et al. 2010154). 

Regarding the content of information, WGS is superior to all other described clinical diagnostic 

methods, theoretically revealing the entireness of present phylogenetic marker genes, ABR genes, 

and VF genes on a chromosomal level and on mobile genetic elements. Since the invention of 

sequencing, there have been many and rapid developments in this field. WGS must deliver results 

from a sample with different flora in a few hours, which correlate with the phenotypic results in order 

to be used in routine diagnostic settings. When using WGS directly on a clinical sample, the reduced 

required time would improve the diagnosis procedure and thus therapy. Hasman et al.155 

demonstrated that based on a urine samples identification from direct samples is possible. It should 

be emphasised that a urine sample is the simplest matrix form since it contains limited human DNA 

contamination but a high number of bacterial cells155. The resulting reduced analytic duration 

ultimately has a positive outcome for the patient; in critical cases, the most limiting criterion might 

indeed be the time needed to analyse a genome. Nevertheless, WGS still does not only require a lot 

of pre-processing – and therefore time – to obtain the contiguous sequence and thus desired 

information out of the raw sequence snips, but also a robust bioinformatic expertise that exceeds the 

demands addressed to the commonly employed executive personnel by far. Trained experts, in turn, 

increase the costs again, after having been saved in terms of the sequencing reaction.  
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1.3.5 Microarray 

Another alternative for the identification and characterisation of pathogens is nucleic acid microarray 

analysis (DNA microarray). There are also protein or antibody-based microarrays, which are beyond 

the scope of this work and are thus only mentioned here for the sake of completeness.  

The concept of microarray was first introduced by Chang 1983156 as an antibody matrix. During the 

1990s, the DNA microarray technology emerged and provided the possibility to screen for specific 

DNA sequence in a large-scale157 A DNA microarray chip represents a functionalised two-

dimensional surface, usually glass slides, plastic, or paper, to immobilise synthetic DNA 

oligonucleotide probes. The immobilisation of probes to the carrying object has a crucial influence 

on the array performance regarding sensitivity and specificity158, which is why a high number of 

studies are dealing with immobilisation issues159. Different methods are being pursued, such as 

electrostatic interactions160, 

affinity reactions161, passive 

immobilisation through 

adsorption forces162 and 

covalent bonding159. Covalent 

bonding for attachment, 

however, is the first choice, 

especially as it enables good 

stability, high binding strength 

and control over orientation 

and concentration of the 

probe158. Covalent bonds are 

usually generated by click 

chemistry using thiols, amines 

or hydroxyls that are esterified 

with maleimides, aldehydes or epoxides159.  

The DNA microarray takes advantage of the hybridisation property of two complementary DNA 

strands163,164 (Figure 11). The probe, a short synthetic produced single-stranded nucleic acid 

sequence, is hybridised to the target, a short tagged single-stranded nucleic acid sequence165. The 

target DNA is usually a PCR product166. The fact that the sequences of the target gene must be known 

in advance is one disadvantages of DNA microarray compared to WGS. Nevertheless, DNA 

microarrays are a good link between the PCR and WGS167. DNA microarray analysis is not suitable 

for the identification of new specific gene sequences in comparison to WGS; however, the high 

number of publicly available sequence databases fill those gaps and enables the specific microarray 

analysis127,154,168,169. DNA microarrays permit the screening of up to 1000 specific gene sequences 

Figure 11: Presentation of the hybridization principal of DNA microarrays. Green 

is the specific DNA probe that is immobilised on a functionalised surface (grey). 

The gene of inters (purple) was previously generated by PCR amplification and 

fluorescence labelled (star). Due to compliant base pair binding, the two DNA 

strains bound throw hybridisation to one another, and the florescence signal can be 

read at the precisely defined position on the microarray chip. 
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simultaneously170. This analysis is preceded by an amplification step, in which some of the 

deoxyribonucleoside triphosphates are carrying a fluorescent dye label, which can be visualised by 

a fluorescence scanner. Since the individual specific gene sequences are located at a precisely defined 

location on the functionalised surface, the fluorescence signal can be assigned to a specific gene of 

interest. This permits the statement about the presence or absence of certain genes in the cell; in 

addition, the analysis of RNA or cDNA can provide information about the expression levels of certain 

genes165. Many strain-specific DNA characters can be analysed by DNA microarrays, so that an 

accurate identification and characterisation of pathogens are possible. The differentiation of closely 

related strains is even more specific compared to MALDI-TOF MS171.  

To date, a multitude of microarray multiplex platforms has been developed that automatically extract, 

amplify, and hybridise DNA from a sample and even offer endpoint melting point analyses in one 

device112. FilmArray© from Biomérieux provides a platform that can be used to identify 25 different 

pathogens and four possible resistant genes within one hour172. Further comparative studies have 

shown that the microarray platform has a high potential to screen for a large number of genes with a 

high degree of specificity and sensitivity173. One drawback of DNA microarray analysis is the need 

for an upstream amplification step, which is as well associated with PCR-related bias, such as primer 

interactions, and false-negative amplification166. It must be emphasised that the downstream 

microarray detection is of no use if the upstream sampling and processing is contaminated, false or 

biased. Furthermore, pathogen quantification with DNA has its limitations. Wu et al.174 demonstrated 

this by quantifying certain bacteria in complex communities. The challenge was to differentiate 

between target frequency and hybridisation efficiency. That means that a gene with a low quantity, 

but with a high binding affinity to the DNA probe, may generate the same signal strength as a gene 

sequence with greater quantity but less binding affinity to the probe166. Another obstacle in assay 

design is the sensitivity of DNA microarrays. The sensitivity is negatively influenced by the probe 

density on the given area175. Furthermore, a sequence similarity of 85-90 % is usually sufficient for 

the hybridisation of the target sequence to its complementary immobilised DNA probe. This impairs 

the specificity of the hybridisation-based detection method, as it can lead to false-positive results. 

But false-negative events can also occur. If, for example, the similarity falls below the 

aforementioned value, which happens mainly due to systematic or random mutations within the gene 

section, the probability is increased that the probe-target DNA complex will not be formed although 

it is supposed to166. In addition, the formation of the probe-target complex is dependent on the 

mismatch position, their number and distribution, their GC content, etc. These and further points 

make the microarray design challenging.  

Nevertheless, the microarray method is superior compared to the detection methods mentioned above 

in many regards. First, it is possible to evaluate a higher number of samples simultaneously compared 

to mere PCR detection, since the number of target positions is less restricted than the number of 

differentiable dye wavelengths, melting temperatures, or band positions on a gel. The advantage of 
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the DNA microarray detection method in comparison to MALDI TOF MS is that it is expression 

independent. In terms of resistances, MALDI TOF MS can only identify expressed proteins or mass 

changes of them. A limiting factor is that the DNA sequence must be known in advance. This is the 

advantage of WGS. But even if the information content resulting from WGS is more substantial, the 

application, the handling, and foremost the evaluation of DNA microarrays is much easier. Therefore, 

DNA microarrays constitute a link between PCR and WGS167. Altogether, DNA microarray systems 

are a good basis for the development and implementation of automated identification and 

characterisation systems as soon as challenges such as cross-hybridisation and interferences during 

upstream amplification are managed. 

Barišić et al. have overcome cross-hybridisation and impeding surface-related interactions by 

introducing the ligation-dependent linear nucleotide chain (LNC) microarray plattform176. This form 

of DNA microarray makes use of a ligase and its proofreading function to achieve 100 % specificity. 

Moreover, the specific probe is immobilised in a way that mimics free DNA oligonucleotides in 

solution.  

This specific method of DNA microarray was used as a detection method in this work. A detailed 

description of the LNC concept, including its advantages, is given in the Thesis aim section. 
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2. Thesis aim 

The development of antibiotic substances led to a decrease in deaths caused by infectious diseases. 

A main problem that still needs to be overcome is the wide variety of antibiotic resistances. 

Resistance genes arise and spread quickly within bacterial strains, especially due to careless use of 

antibiotics, e.g. in agriculture, small clinics, and private physicians. The development of new 

antibiotics declined due to the large number of existing ones. Effective and careful treatment with 

available antibiotics, however, requires the identification and characterisation of the infectious 

bacterial strain regarding its resistance and virulence factor genes. The identification of contagious 

bacteria is still done using cell culture-based methods. Besides being time-consuming and error-

prone, there are several pathogens that cannot be cultivated under laboratory conditions. For the 

effective use of antibiotics in order to keep them functional over a longer period of time, it is 

necessary to use techniques that enable quick and reliable identification of both the causal pathogen 

and its resistance and virulence profile.  

2.1 Theoretical solution 

The focus of this thesis is the evaluation of a DNA-based microarray detection system for the 

identification and characterisation of pathogens with regard to their resistance and virulence factor 

genes. The development of a rapid and reliable solid-supported detection system could be achieved 

with multiplex detection techniques. In addition, the format should not be limited to bacteria, but 

also includes viruses, fungus, and protozoa.  

For this reason, identification and characterisation using DNA is particularly suitable. DNA 

structures and their storage, processing, and functionalisation differ significantly between different 

organisms, but the simple mechanism of base pairing and the translation via the genetic code is 

identical in almost all living organisms and viruses. Viruses, however, that cannot live outside of 

their host organism and therefore are not subject to cell culture approaches. Another major advantage 

is that the presence of a gene is independent from its expression. It can be detected using a genetic 

approach as long as its sequence is known. The latter is often the case, being available in publicly 

accessible databases, e.g. the virulence factors database127 and the antibiotic resistance database168. 

Finally, DNA preparation requires little time and is easily manageable due to commercially available 

high-performance extraction kits. In parallel, solid-support based nucleic acid detection methods are 

well established, being versatile tools for research projects such as next-generation sequencing, as 

well as for high-throughput detection applications, i.e. DNA microarrays. The analysis of hundreds 

or even thousands of samples in parallel is crucial for such medical diagnostic use. Theoretically, the 

desired sequences can be synthetically prepared and subsequently immobilised in large numbers on 

a microarray. With the help of DNA extraction, complementary sequences – if present in the 

respective pathogen – will bind via base pairing to the immobilised sequences of interest. In 
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combination with a marker technique, high numbers of pathogens and resistance genes could be 

detected simultaneously. In practice, this theoretical solution is accompanied by several challenges. 

 

Figure 12: Hybridisation principle. (A) A DNA oligonucleotide, referred to as linear nuclear chain (LNC-) A (black), is 

covalently linked to a functionalised glass slide (transparent blue) utilising a 5’-terminal maleimide. Via base pair hydrogen 

bonds, two further oligonucleotides, LNC-B (blue) and LNC-C (solid red) are non-covalently attached. The protruding end of 

LNC-C is designed to be complementary to one end of the respective target DNA. (B) Binding of the target DNA (dashed red 

and green) by base pair hydrogen bonds. The overcoming part of the target DNA (dashed green) is again complementary to a 

detection oligonucleotide that carries a biotin label (solid green). After binding of the detection oligonucleotide, the nick is 

ligated by a DNA ampligase. This approach was formerly used by Barišić et al., 2015176 to increase the specificity towards the 

target DNA. Picture and text are taken from a recent deliverable by the thesis author. 

A significant limitation of a purely hybridisation-based DNA microarray is that it is prone to errors. 

The limitation occurs by non-specific hybridisation of the dissolved DNA to the immobilised probes 

on the microarray surface. Koltai & Wiengarten-Baror discussed this issue in detail175. 

For this reason, the detection platform by Barišić et al.176 was adopted. The solid-phase DNA 

microarray detection system allows multiplex detection of hundreds of target DNA simultaneously 

with a specificity high enough to recognise single nucleotide polymorphisms (SNP). This method is 

based on covalently immobilised DNA oligonucleotides in combination with a ligation step. The 

high specificity is achieved by the altered probe concept structure compared to conventional 

microarray probes (Figure 12). The LNC-A probe (linear nucleotide chain) is a thiol-modified 

detection probe (black), which connects to two further DNA oligonucleotide probes via hydrogen 

bonds (LNC-B, blue, and LNC-C, orange). The hybridisation regions have a high GC-content so that 

the melting temperature is higher than 85 °C, leading to a high thermostability of the LNC probe 

concept. The LNC-C probe carries a specific detection sequence of the gene of interest. The LNC 

probes are immobilised on glass slides surface using a microarray spotter. The detection 

oligonucleotide (green) is a (labelled) specific sequence as well; together with a section of the LNC-C 
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probe, they correspond entirely to the target DNA (dashed orange/dashed green), being a part of the 

gene of interest. Since the mere hybridisation is quite error-prone (cross-hybridisation, i.e. 

hybridisation of strands with a certain similarity, which is, however, not the perfectly matching 

target)175, the LNC-3 method uses the proofreading function of the ampligase, which is a 

thermostable ligase, as a further advantage. The proofreading function of the used ligase is more 

sophisticated than the Taq-DNA polymerase’s one. This ensures that only exactly matching target 

DNA triggers the ligation of immobilised probes and detection oligonucleotide. The ligation is 

followed by a washing step at 70 °C, reducing the generation of false-positive signals by denaturation 

of non-ligated (cross-hybridised) detection oligonucleotides to a remarkably high degree.  

2.2 Thesis tasks 

The upstream PCR is a decisive factor regarding the specificity and sensitivity of DNA microarrays. 

As previously mentioned, multiplex PCR, which is essential for a high throughput device, suffers 

from many obstacles. With regard to that, the upstream PCR must be designed accordingly to 

overcome problems such as biases and primer dimerization. One aim of the thesis was to reduce 

primer interactions during the upstream PCR, which was finally conducted by attaching the primers 

to crosslinker molecules. The crosslinking of primers is described in publication 1. 

Furthermore, the costs of the signalling needed to be reduced by far in order to render high-

throughput screening affordable for commercial use. Different signalling systems were tested for this 

purpose. By using a transferase enzyme, the efficiency of the signalling in terms of sensitivity and 

specificity could be preserved, while the costs were significantly reduced. The labelling of detection 

oligonucleotides using a transferase is given in publication 2. 

The main aim of this doctoral thesis was the further development of the LNC-3 detection method to 

enables the complete identification and characterisation of pathogens. Even though the basic 

framework of this method was published by Barišić et al.176, many attempts and further developments 

regarding primer design, spotting conditions, etc., were required in order to adapt this technique into 

a high-throughput method. These further developments are presented and discussed in publication 3.
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3. Scientific publications and manuscripts 

Altogether, two publications and one submitted manuscript are added in the thesis. Data that were 

not included or presented as poster are attached in the appendix.  

3.1 Publication 1: Low-cost microarray platform to detect antibiotic resistance genes 

Noa Wolff, Michaela Hendling, Silvia Schönthaler, Andreas F. Geiss, Ivan Barišić 

Published: Sensing and Bio-Sensing Research 23 (2019) 10226.  

https://doi.org/10.1016/j.sbsr.2019.100266 

 

Contribution to the publication: 

• Experimental design 

• Performance of all experiments 

• Data analysis 

• Manuscript drafting 

 

The Supplementary Information, consisting of primer sequence tables, is not given here. It can be 

accessed via the journal homepage. 
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3.2 Publication 2: Crosslinking of PCR primers reduces unspecific amplification 

products in multiplex PCR 

Noa Wolff, Andreas F. Geiss, Ivan Barišić 

Published: Journal of Microbiological Methods 178  (2020) 106051. 

https://doi.org/10.1016/j.mimet.2020.106051 

 

Contribution to the publication: 

• Experimental design 

• Performance of all experiments 

• Data analysis 

• Manuscript drafting 

 

The Supplementary Information, consisting of primer sequence tables, is not given here. It can be 

accessed via the journal homepage. 
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3.3 Publication 3: Full pathogen characterisation: Species identification including the 

detection of virulence factors and antibiotic resistance genes via multiplex DNA-assays 

Noa Wolff, Michaela Hendling, Fabian Schroeder, Silvia Schönthaler, Andreas F. Geiss, Branka 

Bedenic, Ivan Barišić 

Submitted to:  Journal of Infectious Diseases and Therapy. 

 

Contribution to the publication: 

• Experimental design 

• Main experimental work 

• Data analysis 

• Manuscript drafting 

 

The Supplementary Information is given without primer sequence tables. It can be accessed via personal 

communication. 
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4. Discussion 

The molecular identification of pathogens and their characterisation regarding antibiotic resistance 

genes (ABR) and virulence factors (VF) is of great importance. To investigate the spread of infectious 

diseases and antibiotic resistances, an experimental setting with high precision is required. A variety 

of diagnostic methods are currently being used, yet most of the data is based on phenotypic 

observations112,114. As mentioned in the introduction (1.1 Antibiotics and antibiotic resistance), 

pathogens use a variety of mechanisms to protect themselves from antibiotic stress177,178. To identify 

and characterise these mechanisms, a large repertoire of molecular diagnostic technologies are 

already available and have found their way into everyday clinical live, including polymerase chain 

reaction (PCR) and real-time (RT-)PCR, matrix-assisted laser desorption/ionisation time of flight 

mass spectrometry (MALDI-TOF MS), sequencing of the entire genome (WGS), and microarray 

technology179. 

 

PCR is used to identify highly conserved bacterial ribosomal RNA genes116,117. This method is 

multitudinous, e.g. conventional PCR, RT-PCR, isothermal PCR, loop-mediated isothermal 

amplification, or recombinase polymerase amplification (RPA). Conventional and RT-PCR are most 

common in clinical diagnostics. In RT-PCR, non-specific intercalating fluorescent dyes or specific 

DNA sequences are used to generate a fluorescent signal after hybridisation with the amplicon, which 

makes it possible to observe the amplification in real-time118,121. PCR detection is highly sensitive 

and specific180, but is dependent on a number of aspects, such as the gene copy number or the locus 

of the gene of interest, e.g. genomic or on a plasmid120. Additionally, the gene copy number does not 

only vary for different genes but can also differ for the same gene between different species, e.g. the 

ribosomal repeats in different bacterial populations119,124. Furthermore, repetitive sequences are often 

preserved between different species125,181; therefore, they have to be chosen wisely to suit the 

primer/array design126. Another limitation of (RT)-PCR is the number of target genes that can be 

processed at the same time, since (RT)-PCR is based on band patterns on a restricted gel area or 

colorimetric detection, for which the range of fluorescent dyes whose emission spectra do not overlap 

critically is limited. 

Matrix-assisted laser desorption/ionisation time-of-fly mass spectroscopy (MALDI-TOF MS) is 

another state-of-the-art diagnostic tool used to identify pathogens133. The spectral fingerprint 

generated by MALDI-TOF MS varies to an extent that it enables the discrimination of genera; 

however, this only applies as long as they had the same growing conditions134. The majority of 

bacterial molecules observed by MALDI-TOF MS are ribosomal proteins112. One of the challenges 

of this method is the differentiation between taxonomically related species, e.g. pathogenic Shigella 

species to commensal Escherichia coli112. For instance, mistaking Streptococcus pneumoniae and 

Streptococcus mitis can have severe consequences in patient treatment and outcome. This related 

species result in similar spectra, which makes their differentiation difficult134,137,182. 
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Despite the challenges, the use of MALDI-TOF MS contributes well to the patient’s outcome rate, 

which is partly due to the short time required for identification139,144. Since the identification with 

MALDI-TOF MS can also be employed for protein targets, additional characterisation options are 

possible, especially with regard to antibiotic resistances (ABR), but it still requires further 

research142–144,146,147. Moreover, it has to be considered that not yet expressed antibiotic resistance 

genes, potentially induced by the antibiotic, cannot be detected112,134. Virulence factors (VF) are not 

necessarily (expressed) proteins, and MALDI-TOF MS is not capable of detecting them in this case.  

Another diagnostic method is whole genome sequencing (WGS), which might be considered superior 

to the previously mentioned methods. Their superiority arises from the fact that WGS theoretically 

reveals the entire genome and therefore the most information content. One drawback of WGS is that 

it is time-consuming and that a strong bioinformatics expertise is required183.  

 

The DNA microarray method represents a logical intersection between PCR and WGS167, combining 

their advantages and making it possible to screen up to thousands of genes simultaneously.  

The DNA microarray platform is capable of analysing gene expression, gene mutations or the 

absence or presence of specific genes170. The conventional DNA microarray is based on a 

hybridisation reaction between labelled target DNA and immobilised microarray probes. Based on 

this principle, the challenge of unspecific cross-hybridisations arises, influencing the 

specificity163,164,175. Another challenge of DNA microarray technology is its reproducibility184–187. An 

additional issue is that the DNA microarray platform is partly dependent on an upstream reaction, 

e.g. PCR, which can also have a negative impact on the DNA microarray results. 

To overcome the microarray-associated issues, of which unspecific binding constitutes one of the 

biggest obstacles, the LNC-3 concept was developed176,188. In the publication Full pathogen 

characterisation: Species identification including the detection of virulence factors and antibiotic 

resistance genes via multiplex DNA-assays, a DNA microarray-based detection tool is developed to 

identify 45 sepsis-relevant pathogenic strains, 409 ABR genes, and 360 VF genes in parallel. To 

evaluate our assay, 14 multidrug-resistant strains were tested, including all pathogens recently 

abbreviated by the acronym ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter ssp.). 

Preliminary tests were carried out in advance to determine the performance of the LNC-3 DNA 

microarray platform. This includes (I) evaluation of every individual probe in order to rule out 

false-negative or false-positive signals by inadequate probe design, (II) comparison with the 

conventional DNA microarray platform in terms of specificity, (III) determination of the limit of 

detection, and (IV) reproducibility tests. 

814 oligonucleotides were designed in silico. The primer, LNC probe, and detection oligonucleotide 

sequences were designed with the Oli2go software189. This software was used to avoid critical 
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interactions during the PCR step as well as during the detection itself. Nevertheless, the probes were 

tested individually to rule out false-negative or false-positive signals by poor probe design. 

 

For the experimental (I) evaluation of every individual probe, synthetic target DNA was utilised, 

being 100 % complementary, single-stranded, and not dependent on any other factors, such as the 

upstream PCR amplification; therefore, it represented the simplest case. 

In summary, the probes (16S rRNA genes, constituting phylogenetic markers, ABR genes, and VF 

genes) have shown sufficient sensitivity and specificity. 97.7 % produced satisfactory signals 

(> tenfold standard deviation), while 2.2 % were lower in response than the tenfold standard 

deviation. Nevertheless, those signals still contrasted clearly from the background noise. 

Next, the (II) LNC-3 approach was compared to the conventional DNA microarray. In order to 

identify pathogens, the products of several 16S rRNA DNA PCRs (Enterococcus faecium, Klebsiella 

pneumoniae, Streptococcus pseudopneumoniae, Proteus penneri, Citrobacter freundii, and 

Bacteroides fragilis) were applied to two different DNA microarray surfaces (hybridisation-based 

DNA microarray and LNC-3 microarray platform). The identification of the pathogens with the 

LNC-3 method was superior in comparison to the conventional method. The commonly used 

technique resulted in signals at loci of related species (false-positive signals), which partly exceeded 

the correct signal in terms of signal intensity. These signals are presumably generated by 

cross-hybridisation. Also, random detection signals were observed with the merely 

hybridisation-based DNA microarray that cannot be explained with phylogenetic proximity (Figure 

10). Hybridisation by itself has no high specificity and is even employed to produce mismatches175, 

e.g. in primer-based mutagenesis PCR, where it is utilised that 100 % complementarity is not 

required.  

In comparison, the LNC-3 method provided a highly specific identification of the pathogens based 

on their 16S rRNA DNA. This technique uses hybridisation to generate the first contact between the 

involved DNA sequences (immobilised probe, detection oligonucleotide, and target DNA), which 

needs to be ligated in a subsequent step. The proofreading function of the ampligase (thermostable 

ligase) is capable of recognising polymorphisms of individual nucleotides; therefore, this method 

exhibited a high specificity176. By a washing step at 70 °C, merely hybridised target DNA and 

detection oligonucleotides are removed to avoid the generation of false-positive signals. 

Another feature that defines the LNC-3 method is the distance between the glass surface and the 

ligation site. Due to this distance, the ligase proofreading capability is further facilitated since 

liquid-phase conditions are emulated190. 

The LNC-3 concept was shown to be the more precise detection method. It requires additional 

reaction steps, which suggested that the specificity gain is accompanied by a loss of sensitivity. To 

exclude this and to define the (III) limit of detection, a target DNA dilution series (10 ng – 0.1 pg) of 

the 16S rRNA DNA of Staphylococcus aureus and Enterococcus faecalis were applied on the LNC-3 
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microarray chip to evaluate its sensitivity. The signal intensity caused by 10 pg of target DNA, which 

corresponds to 10³ cells, led to a significant signal compared to the background and therefore resulted 

in a positive identification of Staphylococcus aureus as the pathogen of interest. The sensitivity 

measurements done with Enterococcus faecalis indicated a limit of detection of 100 pg, 

corresponding to 104 cells. Anyhow, both detection limits were comparable to current detection 

methods166,191. In general, LNC-3 probes were designed to represent the non-coding strand, so that 

mRNA can bind as well if not degraded in the meantime. 

Another question that arose in terms of this method was the (IV) reproducibility of the LNC-3 

detection method. The reproducibility is a known problem of microarray technology184–187. Three 

repetitions of an ABR gene set detection of Enterococcus faecium were performed. Keeping in mind 

that the absolute intensities of the individual measurements might vary because of the non-automated 

in-house slide coating, all repetitions produced correct responses that were significant towards their 

backgrounds.  

 

After those four prerequisites had been fulfilled, the primary task could be tackled: The full 

characterisation (identification, resistance behaviour, and virulence) of a large set of pathogens, 

requiring an unusually high number of target genes. Designed for 45 pathogens, 409 ABR genes, and 

360 VF genes, the amplification products of 14 pathogenic species, including the six ESKAPE 

pathogens, were applied to LNC-3 microarrays. In Table 2, the results are listed in detail. Genes that 

did not produce significant signal intensities are written in bold letters. Additionally identified ones 

are highlighted in italics. 
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Table 2: Characterisation of bacterial isolates. 

Pathogen / gene type Phylogenetic marker genes Antibiotic resistance genes Virulence factor genes 

  Sequenced LNC-3 Sequenced LNC-3 

Acinetobacter baumannii Acinetobacter baumannii aadA, OXA-66, SulI, Mbl abeS, 

adeC, adeJ, adeS, adeB, adeA, 

adeK, adeG, ADC-2, BlaA1, 
adeF, adeR, adeI, adeN, Zn-

dependent hydrolase, AAC(3)-Ia, 

OXA-72, BlaA2 

OXA-66, SulI, Mbl abeS, 

adeC, adeJ, adeS, adeB, 

adeA, adeK, adeG, ADC-2, 
BlaA1, adeF, adeR, adeI, 

adeN, Zn-dependent 

hydrolase, OXA-72, BlaA2 

  

Bacteroides fragilis Bacteroides fragilis tetX, ErmF, cfiA7 tetX, ErmF, cfiA7   

Escherichia coli Multispecies probe, Escherichia coli acrB, acrD, acre, bacA, baeR, 
baeS, CRP, emrB, emrR, evgA, 

H-NS, leuO, mdtD, mdtF, mdtL, 

mdtN, msbA, 
Penicillin_Binding_Protein_Ecoli, 

PmrF, tolC, acrA_Escherichia, 

acrF, acrS, AmpC2_Ecoli, arnA, 
emrA, emrD, emrY, evgS, gadE, 

gadW, gadX, marA, mdfA, mdtA, 

mdtB, mdtE, mdtG, mdtH, mdtM, 

mdtO, mdtP, mfd, PmrC, PmrE, 
emrK 

acrB, acrD, acre, bacA, 
baeR, baeS, , emrB, evgA, 

H-NS, leuO, mdtD, mdtF, 

msbA, 
Penicillin_Binding_Protein_

Ecoli, PmrF, 

acrA_Escherichia, acrF, 
acrS, AmpC2_Ecoli, arnA, 

emrA, emrD, emrY, evgS, 

gadE, gadW,  marA, mdfA, 

mdtA, mdtE, mdtG, mdtH, 

mdtM, mdtO, mdtP, mfd, 
PmrC, emrK 

yagZ/ecpA, yagY/ecpB, 
yagX/ecpC, yagW/ecpD, 
yagV/ecpE, ykgK/ecpR 

yagZ/ecpA, yagY/ecpB, 
yagX/ecpC, yagW/ecpD, 
yagV/ecpE, ykgK/ecpR 

Enterobacter aerogenes Multispecies probe, Klebsiella pneumoniae,  

Enterobacter aerogenes 

TEM-116, Aac6-Ib, StrB, SulII, 

CTX-M-15, catB3, QnrB19, 
AAC(3)-IIa, OXA-1, DfrA14, 
AmpC 

TEM-116, Aac6-Ib, StrB, 

SulII, CTX-M-15, catB3, 
QnrB19, AAC(3)-IIa, OXA-
1, DfrA14 

  

Enterobacter cloacae Enterobacter cloacae ramA, SulII, robA ramA, SulII, robA   

Enterococcus faecium Enterococcus faecium, Enterococcus subspecies AAC(6')-Ii, msrC, efmA AAC(6')-Ii, msrC, efmA, 

DfrG, VanA-A VanH-A, 
vanRA, vanYA 

acm acm 

Haemophilus influenzae Haemophilus influenzae hmrM hmrM hmw1B, rfaD, licD, lic2A, 
rfaE, kdtA, licA, licB, 
hmw1C 

rfaD, licD, lic2A, kdtA 

Klebsiella pneumoniae Klebsiella pneumoniae oqxA, FosA5, vgaC acrA 
Klebsiella, oqxB 

oqxA, acrA Klebsiella, 
oqxB 

yagZ/ecpA, east1_astA yagZ/ecpA 

Prevotella bivia Multispecies probe, Prevotella bivia CfxA2 CfxA2   
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Proteus mirabilis Multispecies probe, Proteus mirabilis TEM-116, aadA, Aac6-Ib, SulI, 

CatA1, StrB, SulII, CMY-2, Sat-

2A, MsrE, mphD, APH(3')-Ia, 
DfrA12, TetR, AAC(3)-Ia, armA, 
DfrA1, TetA 

TEM-116, aadA, SulI, 

CatA1, StrB, SulII, CMY-2, 

Sat-2A, MsrE, mphD, 
APH(3')-Ia, DfrA12, TetR, 
AAC(3)-Ia, armA, DfrA1 

CatA2, CatA3, SulII 

  

Pseudomonas aeruginosa Multispecies probe, Pseudomonas aeruginosa PDC-1, amrA, amrB Aph3-IIb, 
arnA, basS, CatB7, CpxR, MexA, 

MexB, MexD, MexE, MexF, 

mexG, mexI, mexJ, mexK, mexL, 

mexP, mexQ, mexV, mexW, 

MuxB, MuxC, OpmB, opmD, 

opmE, OpmH, OprJ, OprM, 
OXA-50, TriB, TriC, OprN, 

mexH, FosA, MuxA, mexM, 
MexC, TriA 

amrA, amrB, arnA, basS, 
CpxR, MexB, MexD, mexG, 

mexI, mexJ, mexK, mexL, 

mexP, mexQ, mexV, OpmB, 

opmE, OpmH, OprJ, OprM, 

OXA-50, TriB, TriC, mexH, 
FosA, MuxA, mexM,  

xcpA/pilD, algB, algQ, algZ, 
algU, alg8, alg44, algE, algX, 

algL, algF, algA, mucC, 

waaG, waaC, aprA, lasA, 

lasB, rhlI, lasI, plcH, xcpZ, 

xcpV, xcpT, xcpS, xcpP, 

xcpQ, pilY2, pilS, pilR, pilP, 
pilM, pilT, pilU, pilG, pilH, 

pilI, chpB, chpC, flgD, flgG, 

flgH, flgI, flgJ, fleQ, fleR, 
fliE, fliG, fliI, fliJ, fliM, fliN, 
fliP, fliQ, flhB, flhA 

xcpA/pilD, algB, algQ, algZ, 
algU, alg8, alg44, algE, algX, 

algL, algF, algA, mucC, waaG, 

waaC, aprA, lasA, lasB, rhlI, 

lasI, plcH, xcpZ, xcpV,  xcpS, 

xcpP, xcpQ, pilY2, pilR, pilP, 

pilT, pilU, pilG, pilI, chpB, 
chpC, flgD, flgG, flgH, flgI, 

flgJ, fleQ, fleR, , fliI, fliJ, fliM, 
fliN, fliP, fliQ, flhB,  

Salmonella enterica Multispecies probe, Klebsiella pneumoniae 

Salmonella enterica 

sdiA, golS, Aac6-Iaa, mdsA, 
mdsC, mdsB 

sdiA, golS, Aac6-Iaa, mdsA, 
mdsC, mdsB 

fimI, fimC, fimD, fimF, 

csgB, csgA, csgC, csgE, 

csgF, csgG, sinH, lpfE, lpfD, 
lpfA, lpfC, lpfB, misL, ratB 

fimI, fimC, fimD, csgB, csgC, 

csgF, csgG, sinH, lpfE, lpfD, 
lpfA, lpfC, lpfB, misL 

Staphylococcus aureus Staphylococcus aureus Aac3-Ik, arlR, arlS, DHA-1, 
ErmA, FosB, MECA, mepA, 

mepR, mgrA, norA, sav1866, 

Spc, Tet-38, Aph3-III, qacA, 
mecR1 

Aac3-Ik, arlR, ErmA, FosB, 
MECA, mepA, mepR, 

mgrA, norA, sav1866, Spc, 

Tet-38, Aph3-III, qacA, 
mecR1, ACC-1 

hlgC, hlgB, ebp, sdrC, icaD, 
icaC, hld, hly/hla, sspC, 

sspB, hysA, geh, sak, hlb, 

adsA, scn, sdrD, sdrE, clfA, 
map, sea, sspA, icaA, fnbA, 
icaR, icaB, clfB, aur 

hlgC, hlgB, ebp, sdrC, icaD, 
icaC, hld, hly/hla, sspC, sspB, 

hysA, geh, sak, hlb, adsA, scn, 

sdrD, sdrE, clfA, map, sea, 
sspA, icaA, fnbA, icaR, icaB, 
clfB, aur 

Streptococcus 
pseudopneumoniae 

Streptococcus pseudopneumoniae patB, RlmA(II), pmrA, tetM, 
MefA, mel 

RlmA(II), pmrA, MefA, mel pce, ply, lytB, pavA, pfbA, 

nanA 

lytB 
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85 % of the ABR genes and 83 % of the VF genes could be detected correctly. Being the vast majority 

on the one hand, it implied, on the other hand, that there were genes that could not be detected and 

ones that were detected in addition. 

The latter ones might just be false-positives; however, acquired vancomycin resistance in 

Enterococcus faecium, for example, is well documented in literature192. Further, their presence on 

transposable elements, such as gene cassettes, was reported193,194. If spread by transposition, the 

respective genes are flanked by direct repeats, which complicates the contiguous motif (contig) 

assembly of DNA sections and might entail incorrect in silico assembly during WGS sequencing 

evaluation. So, if resistances were additionally detected that are reported in literature for this 

particular pathogen, as the vancomycin resistance for E. faecium, it might well be that rather the 

sequencing data were erroneous. 

 

Regarding the genes that could not be detected, a few similarities could be observed. In opposite to 

ABR genes that encode enzymes to cleave antibiotic substances, which are mostly located on 

plasmids and are thus usually represented multiply, genes such as efflux pumps might be represented 

only once in the genome. Further, they might belong to the cell facilities and anyhow constitute 

resistance mechanisms by regulation only. The majority of non-detected genes belonged to the latter 

group. A possible reason was their single copy status that might have constituted too little template 

DNA in the upstream PCR reaction. In combination with lower-performing probes, it may explain 

why not all of the single copy genes escaped detection. Three different strategies were conceived to 

circumvent this issue. The most straightforward one would be a two-step PCR. In the first step, target 

genes classified as critical could be amplified to increase their template share in the following main 

PCR. Since the polymerase is inhibited by too much DNA, this would be preferable towards 

increasing the entire template DNA. 

 

Further, most of the non-recognised genes were parts of operons regulated by one promotor and/or 

the encoded proteins were parts of large protein complexes, such as efflux pumps, pili or filaments, 

for example the MuxABC-OpmB operon195,196 or the flagellar proteins fliE, fliG, fliI, fliJ, fliM, and 

fliN197. In the discussed publication, more examples and case discussions are given. Assuming their 

presence as functional units, the genetic presence of many genes could be deduced upon the detection 

of others. That offered the ideas of (I) combined loci, addressing the different genes of an operon/a 

functional protein at the same spot (or using consensus sequences), and (II) smart chip evaluation. 

The first approach would use this clusters to increase the amount of target DNA per spot and therefore 

reach detectable signal levels; the second one would deduce all genes that must be present if only 

one of them was detected (and most important the encoded protein/component that mediates 

antibiotic resistance or virulence). However, not all of them belonged to that group, and unrelated 

genes as AmpC of E. aerogenes need to be detected in any case. 
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Albeit not perfect, a significant gain of specificity without loss of sensitivity could be observed in 

comparison to conventional hybridisation-based microarrays, which was attributed to the highly 

specific ligase reaction, facilitated by a certain distance to the microarray surface. The number of 

genes screened in parallel was increased to 814, reasonably chosen to receive a bigger picture of 

infections with regard to the most critical pathogens and their resistance and virulence profile. The 

Oli2go software turned out to be indispensable to avoid critical interactions in upstream amplification 

reactions. By two-step PCR, operon-based detection or smart evaluation, the detection of genome-

encoded single copy genes must be improved further to receive the full information.  

Then, clinical studies are required to test the assay's feasibility in the diagnostic everyday life. An 

expansion regarding the gene set towards fungi, protozoa, and viruses is conceivable. An intersecting 

medical field might be the identification of resistance mechanisms in cancer cells that hinders an 

effective chemotherapy, e.g. human efflux pumps198, or the detection of known cancer-related gene 

mutations, e.g. the BRCA-1 gene199. 

 

While working on the full identification and characterisation assay, two major drawbacks became 

clear. One is that plenty of detection oligonucleotides are required to detect the all the genes of 

interest with the LNC-3 platform. Commercially labelled DNA oligonucleotides, so far used for the 

signalling, are of high costs. An alternative method was therefore conceived to lower the cost factor 

of such a high-throughput method. A cost reduction was achieved by replacing the commercial 

detection oligonucleotides by self-labelled oligonucleotides, which resulted from random elongation 

with dNTP mixtures containing biotinylated dUTPs using a terminal deoxynucleotidyl transferase 

(TDT) reaction. Those biotin residues were labelled with Alexa-647-conjugated streptavidin that is, 

as the biotin-dUTPs, much less expensive than commercial labels3. In the publication Low-cost 

microarray platform to detect antibiotic resistance genes, the functionality in terms of specificity 

and signal intensity of commercially available and self-labelled detection oligonucleotides were 

compared. The respective probe panel functionality was assessed by applying synthetic target DNA 

as described for all panels in the publication Full pathogen characterisation: Species identification 

including the detection of virulence factors and antibiotic resistance genes via multiplex DNA-

assays. Afterwards, amplification products of 47-plex PCRs of ABR genes using bacterial cell lysates 

of A. baumannii, E. cloacae, K. pneumoniae, K. ascorbate, C. freundii and three different E. coli 

strains as template DNA were detected using both labelling strategies. The results of the different 

approaches were compared. Again, in order to correctly evaluate the microarray results, the genetic 

context of the bacterial isolates was analysed by sequencing the entire genome, followed by 

evaluation using the ResFinder tool200. No significant differences were observed regarding the 

specificity of the self-labelled oligonucleotides. With some DNA sequences, even higher signal 

intensities could be observed3,175. 
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Eventually, both detection systems produced satisfactory signal-to-noise ratios and were of 

comparable performance. The use of the self-produced detection oligonucleotides led to a tenfold 

decrease in costs in comparison to the commercial detection oligonucleotides3.  

Further improvements might be achieved regarding the biotin-dUTP to dNTP ratio. A higher amount 

of biotin-dUTP could increase the sensitivity, as long as length or composition of the detection 

oligonucleotides do not restrict the overall performance. The in-house labelling was used in 

following characterisation experiments and is not necessarily restricted to microarray technology.  

 

The other major drawback of detection systems that include an upstream PCR amplification is that 

they are dependent on the PCR performance. As discussed before, the PCR is dependent on many 

factors itself, such as the gene copy number, the loci of the genes of interest, etc. A main limiting 

factor, however, is primer interactions, such as dimer formation, which reduces the efficiency of the 

PCR and thus the sensitivity of the subsequent detection. This issue increases with the degree of 

multiplexing. 

In the study Crosslinking of PCR primers reduces unspecific amplification products in multiplex 

PCR, covalent crosslinking of primers via their 5’-ends was used to avoid those undesired effects. 

The crosslinked primer took advantage of steric hindrance because primer dimers cannot be 

processed in the active site of a conventional DNA polymerase (Figure 13). 

 

Figure 13: Crosslinked primers and their dimeric structure. (A) Structure of the trifunctional succinimidyl crosslinker and 

amino-modified primer. (B) Product of the first reaction between crosslinker and primer. (C) Completely reacted crosslinker 

molecule with three primers attached. (D) Primer dimer. (E) Correct elongation of crosslinked primer by the DNA polymerase. 

It was considered not possible for the DNA polymerase to elongate primer dimers if the primers have 

been crosslinked before because they could not pass through its active site pocket. Besides the mere 

resource savings, it was assumed that the steric hindrance entails better sequence match requirements 

and thus an increases in specificity. 

A proof-of-principle reaction was conducted using genomic DNA from Klebsiella pneumoniae and 

Escherichia coli strains as template DNA to be amplified by crosslinked and non-crosslinked 

primers, respectively, searching for 11 and 34 clinically important beta-lactamase genes, 
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respectively. In both multiplex PCRs, a difference in band patterns between crosslinked and non-

crosslinked primers was observed. In the 11-plex PCR comprising crosslinked primers, the expected 

bands could be amplified without any non-specific bands except from known, systematically 

occurring artefacts related to the screened genes (which, strictly speaking, are hence not unspecific). 

Further, almost no primer dimer clouds could be noticed. The conventional multiplex PCR did not 

generate the expected amplification products only but generated additional bands corresponding to 

non-specific amplification products. Primer clouds were slightly stronger emphasised, suggesting 

that the formation itself might be complicated if crosslinked. 

As with the 11-plex PCR, the 34-plex PCR differed with crosslinked and non-crosslinked primers. 

The desired amplicons could be generated in both PCR methods, but in contrast to the crosslinked 

primers, the non-crosslinked primers produced a large number of unintended amplification products, 

complicating an easy identification of correct bands. In order to examine all possible interactions of 

the additional components in the PCR more precisely, another PCR was carried out. This PCR 

contained three different primer states: crosslinked, the amino-modified non-crosslinked primers 

without crosslinker, and non-crosslinked primers containing Tris-HCl-reacted crosslinker. The four 

expected bands were observed in the multiplex reaction with crosslinked primers. In contrast, the 

band pattern of the non-crosslinked primers resulted in several unspecific amplification products. 

The band pattern of the PCR of the amino-modified non-crosslinked primers without crosslinker and 

non-crosslinked primers containing Tris-HCl-reacted crosslinker are similar in the band pattern but 

differ in their intensity. A possible reason could be that the concentration change of Tris-HCl, an 

ingredient in the polymerase buffer, influenced the amplification performance. All PCR reactions 

showed slight, but rather negligible primer dimer clouds. 

Overall, the multiplex PCR comprising crosslinked primers showed a substantial reduction of 

unspecific bands and primer dimer clouds. Consequently, the crosslinking of PCR primers resulted 

in more reliable band patterns to detect antibiotic resistance genes. Due to the steric hindrance effect, 

the accessibility of the primers to the active centre of the DNA polymerase could be limited, which 

resulted in an inhibition of the primer dimer elongation and the resulting unspecific products. 

Statements about the sensitivity were more difficult to deduce, since on the one hand, only in case of 

the crosslinked primers all intended products could be generated, while on the other hand, some of 

the ones generated by both attempts were more emphasised with the classical approach. However, 

by having been able to produce all expected bands and no others with the crosslinked primers, a clear 

advantage over the conventional primer usage could be evidenced.  

The concept of crosslinked primers was considered suitable for other methods that rely on an 

upstream PCR as well, not only for DNA microarray-based detection176. Further steps would be to 

expand the multiplex degree of the PCR and to evaluate the performance of those reactions regarding 

their sensitivity. The influence of the individual buffer components, e.g. Tris-HCl, must be 

understood more in detail as well.
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