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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 threats?.

The danger is posed by multiresistant pathogens that are resilient to many of the commonly used
antibiotics. Examples of these are carbapenem-resistant and B-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

costs®.



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 reaction®,

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.



Zusammenfassung

Die Ausbreitung von Antibiotikaresistenzen wird von der Europdischen Union (EU) und der
Weltgesundheitsorganisation (WHO) als eine der groBten globalen Bedrohungen der Gesundheit
angesehen?.

Die grolte Gefahr geht von multiresistenten Krankheitserregern aus, die gegen viele der haufig
verwendeten Antibiotika resistent sind. Beispiele fur diese sind Carbapenem-resistente und p-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 grofle Gefahr dar, z. B. wahrend chirurgischer
Eingriffe, der Krebstherapie und insbesondere flr immungeschwéchte Patienten. Schatzungen zufolge
werden 2050 jahrlich bis zu 10 Millionen Menschen an antibiotikaresistenten Krankheitserregern
sterben®.

Antibiotika werden in der Landwirtschaft im Uberschuss eingesetzt, aber auch auRerhalb der groRen
Kliniken von Medizinern ohne geeignete diagnostische Verfahren verschrieben. Die Entscheidung, ob
Antibiotika verschrieben werden, wird zum GroBteil empirisch getroffen. Ein zentraler Bestandteil der
Ldsung dieser Problematik ist die Entwicklung schneller und spezifischer Diagnosemethoden (Point-of-
Care-devices, POC). Dies konnte zu einer umfassenden Verringerung des Medikamentenkonsums

fiihren 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 fur 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 ermdglicht es, die
hohen Kosten durch kommerziell markierte DNA-Oligonukleotide besonders im Fall von
Hochdurchsatzverfahren zu reduzieren. Die selbstmarkierten Oligonukleotide zeigten hinsichtlich
Empfindlichkeit und Spezifitat eine vergleichbare Leistung zu kommerziell markierten DNA-

Oligonukleotiden, jedoch bei nur zehn Prozent der Kosten?®,



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 fiir DNA-basierte Diagnosemethoden unerlasslich. 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, beeintrachtigt. In dieser
Studie wurde eine kovalente Querverknupfung von Primern Uber ihre 5'-Enden verwendet, um die
unerwiinschten Effekte zu vermeiden. Die Spezifitat der Primer sowie die Effizienz der PCR konnten
durch Primer-Querverknlpfung erhéht werden, was in PCRs mit bis zu 34 Primer-Paaren, abzielend auf
die wichtigsten Antibiotika-Resistenzgene, im Vergleich zu nicht querverknipften Primern

nachgewiesen werden konnte?.

In der Veroffentlichung 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 prift. Der Assay wurde mit 14
multiresistenten Stammen evaluiert, darunter alle ESKAPE-Pathogene. Die verwendete Plattform wurde

hinsichtlich Spezifitat und Sensitivitét optimiert.



Introduction

1.

Introduction

The discovery of antibiotics was one of the greatest achievements in medicine, which made many of
today’s standard therapies possible®. Due to the often unnecessary use of antibiotics, resistances can
develop for a variety of reasons, such as misuse in agriculture and medical healthcare®. The greatest
danger emerges from multiresistant pathogens, which are resistant to many of the commonly used
antibiotics’. Examples for escalating resistance spreading are carbapenem-resistant and extended-
spectrum B-lactamase-producing Enterobacteriaceae® 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
resistances®%. 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 pathogens®%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),
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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)**.

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 drugs'® (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. chemotherapy*. 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 limited?®.

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 consumption®®. 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.

Inappropriate prescribing

Overuse Extensive agricultural use

Antibiotic Use Antibiotic Resistance

Better diagnostics Antimicrobial resistance surveillance

Infection control measures Development of new Antibiotics

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 2000%7).

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.”*>181° Many of the antibiotics used
today are derivatives of molecules produced by microorganisms or by higher organisms such as
plants or animals'®*2°2t, However, only a small percentage of these is suitable for the application in

humans or animals?.



Introduction

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 metabolism?. The persistence of microbes might indicate different types of
resistance to antimicrobial agents; antibiotic resistance can be classified as primary or secondary?,
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 medication®. 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)?. The effect of B-lactam antibiotics on
gram-negative bacteria serves as an example of intrinsic resistance. A p-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 B-lactam is the penicillin-binding protein (PBP). It is
hypothesised that the B-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.

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

Periplasm

Cell membrane

Gram
Positive

Gram
Negative

Outer membrane

(purple) the periplasmic space is
shown.

Cell wall Periplasm

This enzyme is active during cell division. Binding to this enzyme is irreversible and results in cell
lysis during cell division?>?, Therefore, the p-lactam ring harms gram-positive bacteria®*. Another
cell wall active antibiotic drug is vancomycin?. 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 carboxypeptidases?’.

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 effect?. This antibiotic is not always well-tolerated and is generally considered

to be a reserve antibiotic?®,

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 o units
(35 kDa), a B-unit (155 kDa), a p’-unit (165 kDa), and a c-unit (70 kDa). The complex of aof}p’ is
called the apoenzyme, which is involved in all steps of the transcription. The formation of the
holoenzyme (apoenzyme and the regulating o-unit) makes it possible to recognise promoter
sequences of bacterial DNA and thus initiates the transcription®. 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 B-subunit, and interferes with the elongation process in the cell®233,
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.
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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 tRNAZ26:3435_ 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 still*®. 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 death?®®’. The ATPase activity of this enzyme

complex constitutes a possible target for antibiotic agents as well®,

Antibiotic targets Resistance mechanisms

Cytoplasmic membrane:
Polymyxine

Inhibition of the
protein synthesis:
Tetracycline

RNA
polymerase
mhibition:
Rifampicim

Cell modifications:
Penicillin binding ©
protein, DNA gyrase

Inhibition of the

DNA synthesis:
Fluoroquinolone Inactivation
% by enzymes:
Dg‘ B-lactamase
Cell wall: g
Penicillin .
Antibiotic

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, (I1) it can

inactivate or modify the substance, (111) the pathogen is able to alter the drug target, so it cannot be
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harmed any longer, or (1V) it develops an alternative pathway for the cellular processes the target is

responsible for°.

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 cell*® and play a key role in the formation of biofilms**3, Efflux pumps are
particularly crucial when they are overexpressed***°. 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. plasmids*. 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) transporters®*#’. 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 degree®*#’. 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 diameter®484°, 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 layer®®®. Vancomycin-intermediate S. aureus, however,
thickens its cell wall, so that an increased concentration of vancomycin must be applied to produce
the desired cell lysis®®5t, 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)?’.

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 -lactam ring of penicillin (Figure 5).
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Figure 5: Reaction equation of the hydrolysis of a g -lactam ring by the g -lactamase. A water molecule serves as second educt
for the enzyme.

[B-lactamases are categorised into four different classes, A, B, C & D (Table 1). A, C & D are serine-
B-lactamases; the members of the fourth group (B) are metallo-p-lactamases, which require a divalent

zinc ion as cofactor for catalytic activity®>*®

Table 1: Different classes of p-lactamases and representatives of those®2.

Class Enzyme family Representative

A serine-p-lactamases CTX-M, SHV, TEM, VEB, GES, KPC
B metallo-B-lactamase VIM, IMP, NDM

Cc serine-B-lactamases AmpC

D serine-B-lactamases OXA

B-lactamases are capable of hydrolysing cephalosporins and carbapenems of the third or fourth
generation (extended-spectrum B-lactamases, ESBLS). Those antibiotic p-lactams were developed to
combat the increasingly high number of bacteria resistant to penicillin and other early p-lactam
compounds®*°, 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 residues®*. 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, respectively®. There
are various further examples of resistances to antibiotics achieved by enzymatic degradation or
modifications such as macrolide-esterases®, epoxidases®, etc., which are of great impact®.

A detailed description is given by Wright. et. al®®.

In comparison to active substance modification, the substance’s target can be modified by the cell.
For instance, the B-lactam ring can either be hydrolysed by the B-lactamases or its target, the

penicillin-binding protein, can be modified. Both consequently lead to resistance towards the active
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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 reduced®. The target modifications can be achieved by mutations of
the encoding gene or by enzymatic reactions after translation®. Quinolones, for instance, are broad-
spectrum antibiotics, which inhibit the DNA gyrase and topoisomerase 1V (both belonging to the
type Il topoisomerases) in the bacterial cell. Type Il topoisomerases are responsible for the relaxation
of DNA supercoils during cell division (replication) and transcription3°, These enzymes create a
double-strand break within the twisted DNA strands, which has to be religated in the further
process®. DNA gyrase and topoisomerase IV are heterotetrameric enzymes. DNA gyrase consists of
two units of GyrA (97kDA) and two units of GyrB (90kDA). Topoisomerase 1V consists of the two
units ParC (84 kDa) and ParE (70 kDa)®. 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 ParE*1€°, 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 death®%, 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 quinolones®. Another example of target alteration is the aforementioned resistance to
rifamycin. The alteration at the B-subunit (rpoB gene) is sufficient to weaken the antibiotic effect of

rifamycin3.6L,

The methicillin-resistant S. aureus (MRSA), conversely, developed resistance to p-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 B-lactams; it is a characteristic element of MRSA®?,

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.



Introduction

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

4 > Chmmosomc!
is divided two different types: Vertical, in which a
gene/genetic material is passed on from an individual to its g g
offspring along the (vertical) lineage; the mutant strain might s g
have a biological benefit that will favour its further s g

resistant to B-lactam antibiotics. Intrinsic resistance can also

be due to chromosomally encoded mechanisms. Citrobacter,  muation
for example, expresses a chromosomally encoded
cephalosporinase, AmpC, which makes it naturally resistant to
some [B-lactam antibiotics. This genetic resistance can be

passed on to other bacteria. The transfer of genetic information

colonisation (Figure 6). The speed of evolution is thereby
increased by the fast succession of generations.

Figure 6: Vertical evolution, by

When it comes to passing on resistance, the horizontal gene which a gene (mutation) is passed
. . . . . on from an individual to his
transfer is particularly important, especially in the case of offspring along the (vertical)

lineage (schematic illustration is

hospital germs, and occurs employing mobile genetic based on Sommer et.al ).

elements. In this process, exogenous resistance mechanisms
from different strains are exchanged. The origin of this resistance information must not be

exclusively from bacteria®,

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 cells®. 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 considered®. 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.
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The transfer of genetic information via conjugation occurs within or across bacterial genera and

progressively increases the variety of acquired resistances®?.
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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.®,

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 enzyme®®. 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 transcribed®’.

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 acquired®°.

11
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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 them™. The first reports on the development of resistant Mycobacterium
tuberculosis have already existed in 1948, after antibiotics had become the drug of choice for
infectious diseases. Despite the warning, no new classes had been developed since 19807275, 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

12

The idea of using bacteriophages in antimicrobial therapy is not new (1915 Twort’® and
1917 d’Hérelle F.7"), 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
bacteria®® 587 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 phage’. 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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infectious diseases is a promising
strategy. Bacteria and phages exhibit co-evolution for millions of years, and their biodiversity is
immense®®. 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 humans® but also to control of plant diseases®®?, to detect
pathogens®8, and in food safety®®. Another advantage of using phages instead of chemical
antibiotics is their lower resistance development®. 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 reported®’.

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 phages®’. There are three mechanisms to prevent
the adsorption to the host cell: (1) the blocking/altering of phage receptors, (11) the production of an
additional extracellular matrix, and (I11) 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 cell®.
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 changes®. 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,

13
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and the phage DNA is trapped in the periplasmatic space. This prevents further infection with related
phages, i.e. superinfections®”. 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
DNA®. In order to defy this protection system, phages have developed different anti-repression
strategies. One of them is the absence of endonuclease recognition sites®”, induced by point
mutations®?, 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 cytosine®’ 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,*® by CRISPR-associated (Cas) proteins that, upon recognition,
cleave DNA to prevent subsequent infections of similar phages®. CRISPR-Cas does not only occur
in bacteria but had been found in archaea as well®. Thus, briefly, CRISPR/Cas is an immune
response that targets foreign DNA%%, The CRISPR-Cas9 mechanism offers various application
possibilities in gene editing®.

A detailed description of resistance mechanisms can be found in the publication by Labrie et. al.®’
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 bacteriophages™. The lysis of the pathogenic bacterial cells might entail the
release of endotoxins, which can have severe consequences, e.g. causing a sepsis’. 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
therapy® 9%, For additional aspects of phage therapy, the publications Pires et al., 2016, and

Kortright et al., 2019, are recommended™ 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 efficacy® 7%, Unlike antibiotic chemicals, phage lysin treatment
is selective and can be used to treat certain bacterial strains, while commensals are not affected by
this therapy®. Therapeutically active lysins are divided into five groups based on their endolysin
target site/catalytic activity, which are endo-N-acetylglucosaminidases, N-acetylmuramoyl-I-alanine
amidases (also referred to as NAM-amidases), N-acetylmuramidases (known as muramidases or
lysozymes), endopeptidases (with the slightly different I-alanoyl-d-glutamate endopeptidase that cuts
elsewhere), lytic transglycosylases®. The most common lysins synthesised by phages are amidases
and muramidases®. The therapeutic effect of lysin has been demonstrated in several studies dealing
with pneumonia®, abscesses®, endocarditis!® and meningitis®t, and infections with methicillin-
resistant S. aureus (MRSA) with lysine CF-301%. 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 perfringes®. In mice vastly colonised by
streptococci, no such bacteria have been found within 2 hours after lysin treatment°2, In summary,
the advantages of lysins therapy can be listed as follows: Lysins are very selective, and even small
guantities have an antibiotic effect. So far, no bacterial resistance mechanism has been identified;
moreover, a synergy between common antibiotics and lysins has been observed®’. 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 activity®. 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. macrophages’. Therefore, they are a promising alternative to chemical
antibiotics. The origin of this form of therapy came from serum therapy and was practised until
194019, It is still used in extraordinary cases as an anti-tetanus medication®. Today it is possible to
completely generate pathogen-specific monoclonal antibodies (mAbs)®. Further, they can be
generated as human mADbs 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 factors’. The use of antibodies has become established, for example, in
cancer therapy®. A large number of studies established the use of specific monoclonal antibodies as
an antimicrobial agent against bacterial infections!®-11, 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 properties®. 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 samples!2. 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 Prize!*3, 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

observations't2114,
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 processes!'?. 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 selectivity'2.

1.3.2 Polymerase chain reaction (PCR)

18

The polymerase chain reaction (PCR) is a technique that was developed by Kary Mullis in 1980 and
has since revolutionised the microbiological laboratory!®®. 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 organisms*617,
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 method'*. 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)8-12,
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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 temperature!?.

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 mix*?2. 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-saving*?®. 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 populations20-124-126,
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 database!?’, the Comprehensive
Antibiotic Resistance Database (CARD)*?"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.
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Nonetheless, PCR is a quick, inexpensive and straightforward method for the characterisation of

pathogens in the clinical everyday live!?,

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

20

(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 methods'*®1331%, 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 conditions**+*¥", 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/mI**, 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 al®**1%°_ 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, (I1) the analysis of peak patterns of bacteria profiles and (I11) the quantification
of bacterial growth in the presence of an antibiotic substance!*!. 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 peak!#!. 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 Da**. For instance, hydrolysis of B-lactams leads
to different fragments, yielding compounds of different molecular weights and therefore mass peak
patterns that are unique to each antibiotic. So, this B-lactamase activity can be evidenced with the
MALDI-TOF MS device!*24 as well as other antibiotics'*4. 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 antibiotic!'21** 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 other'#:. Some mass peak
profiles are associated with a particular resistance pattern due to the expression of a specific
protein'®. 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
I1, 11l and VI, and is found in the genomes of MRSA strains*. This protein is produced by agr-
positive strains and its presence can be detected by MALDI-TOF MS™, 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 spectrum#!, 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 consequences™*.

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 identification!3%44 and partially to the detailed

characterisation possibilities regarding pathogen46-14,

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 lon 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 isolate!'*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 results!*,

WGS provides the following information: (I) pathogen identification, (II) characterisation (e.g.
resistance and virulence genes) (I111) outbreak detection (1V) recognition of universal sequences for
the primers and probes design and (V) the design of specific probes and primers*!2,

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) 16SrRNA gene sequences are only approximately 1500 bp long and therefore suits
bioinformatic purposes well**®. WGS provides a characterisation of the pathogens beyond the
phenotypic performance and is therefore essential for further clarification®*%%, 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
infection®®11%2, 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 resistance®?. One of the
main advantages of WGS is the identification of new target sequences and add them to existing

databases to enable in silico analysis!*.
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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. 2008%3; Yarza et al. 2010%%%).

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.!®®
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 cells'®®. 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.

23



Introduction

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 1983 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-scale’® 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 specificity®®, which is why a high number of
studies are dealing with immobilisation issues. Different methods are being pursued, such as
electrostatic ~ interactions®°,

* affinity reactions'®!, passive

immobilisation through

* adsorption  forces®?  and

covalent bonding®®. Covalent
bonding for attachment,
however, is the first choice,
especially as it enables good
stability, high binding strength

S S S and control over orientation

and concentration of the

Figure 11: Presentation of the hybridization principal of DNA microarrays. Green probe158. Covalent bonds are
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 usually generated by click
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 Chemistry using thiols, amines
read at the precisely defined position on the microarray chip. or hydroxyls that are esterified

with maleimides, aldehydes or epoxides®®.

The DNA microarray takes advantage of the hybridisation property of two complementary DNA
strands'®®1%* (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 sequence'®®. The
target DNA is usually a PCR product®®®. 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 WGS*®”. 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

analysis!?"154168.169 DNA microarrays permit the screening of up to 1000 specific gene sequences
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simultaneously'™. 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
genes?®. 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 MS"L,

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
device!®2, FilmArray® from Biomérieux provides a platform that can be used to identify 25 different
pathogens and four possible resistant genes within one hour’2. 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 sensitivity'’®. 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 amplification®®, 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.}’* 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 probe!®®. Another obstacle in assay
design is the sensitivity of DNA microarrays. The sensitivity is negatively influenced by the probe
density on the given area'’®. 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 to'®. 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 WGS'%’. 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.

Barisi¢ et al. have overcome cross-hybridisation and impeding surface-related interactions by
introducing the ligation-dependent linear nucleotide chain (LNC) microarray plattform*’¢, 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 database!?’ and the antibiotic resistance database!®.
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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A

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.

B

Detection Oligonucleotides

Ligation site Target DNA

LNC-C

LNC-B

LNC-A

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 Barigi¢ et al., 201576 to increase the specificity towards the
target DNA. Picture and text are taken from a recent deliverable by the thesis author.

28

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 detail™.

For this reason, the detection platform by Barisi¢ et al.}’® 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)’®, 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 Tag-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 Barisi¢ et al.}’®, 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 Schonthaler, Andreas F. Geiss, [van Barisi¢

Published: Sensing and Bio-Sensing Research 23 (2019) 10226.
https://doi.org/10.1016/j.sbsr.2019.100266

Contribution to the publication:

e  Experimental design
e  Performance of all experiments
o Data analysis

e  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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ARTICLE INFO ABSTRACT

Keywords:

Antiblotic resistance
High-throughput detection
DNA microarray
Multiplex detection
Transferase reaction

Versatile DNA-based approaches for the detection of pathogens and antibiotic resistance genes have been in-
troduced to facilitate faster diagnostic test. This requires a notable amount of cost-intensive commercially la-
belled DMA oligonucleotides in high-throughput assays. Here, we introduce an alternative method that utilizes a
terminal deoxynucleotidyl transferase reaction to significantly reduce expenses of oligonucleotides. Antibiotic
resistance genes that are of high clinical relevance were used as relevant application. The alternative labelling

was based on an elongation step in the presence of biotin-conjugated nucleotides. Fluorescence-labelled strep-
tavidin was bound to biotin-conjugated nucleotides and detected via a standard high-throughput microarray
scanner. The self-labelled detection oligonucleotides performed equally well regarding sensitivity and specificity
compared to commercially labelled ones, but at only 10% of their cost.

1. Introduction

An increasing emergence of antibiotic resistances accompanied the
usage of antibiotics within the last decades, leading to concerns in
healthcare facilities [6,14]. This boost of resistant bacterial species is
promoted by the frequent location of resistance genes on interchange-
able genetical elements such as plasmids [7]. In addition, the careless
application of antibiotics exposed bacteria to a significant evolutionary
pressure [15]. Today, more than 1000 antibiotic resistance mechanisms
were described [10,22]. Hence, the number of resistant genera is
growing, and the resistance development actually correlates with the
overall use, as shown e.g. for Streptococcus pneumoniae and Streptococcus
progenes [1]. Besides the consequences for patient health, the clinical
failures caused by antibiotic resistances (ABRs) result in soaring
downstream expenses [9]. Therefore, a fast and reliable determination
of acquired antibiotic resistances is essential to treat patients appro-
priately and to avoid the unnecessary use of antibiotics.

The gold standard in clinical microbial diagnostics is based on the
cultivation of bacteria and their phenotypical characterisation. The
outstanding advantages of this approach are low-cost, high sensitivity,
established diagnostic tests and well-trained personnel. In combination
with additional techniques such as MALDI-TOF, most bacteria can be
characterised within two working days [22,35]. Limitations of culti-
vation-based tests are that some pathogens are poorly cultivable or that
false-negative results are possible if patients have already been treated
with antibiotics [28,20]. Resistance determinations via minimum

= Corresponding author.
E-mail address: ivan. barisici@ait.ac.at (1. Barié).

https: //doi.org/10.1016/j.5bsr.2019.100266

inhibitory concentration (MIC) approaches have been critically dis-
cussed as well [17]. However, the most problematic application sce-
nario of cultivation-based diagnostic techniques represents the analysis
of samples from sepsis patients. The mortality rate of these patients
increases dramatically over time if no effective treatment is provided.
While cultivation-based techniques can take several days to char-
acterise a pathogen and its antibiotic resistance profile, molecular tests
are able to provide such information within hours.

For this reason, DNA-based identification methods are of nascent
interest, Especially assays that target phylogenetic marker genes such as
the rBNA zenes were developed [24]. The pathogenic nature in terms of
virulence factors and resistance mechanism can be also identified by
DNA-based assays. They were used to identify food-borne pathogens
[26], to assess the water guality [5], and to determine ABR genes
[4,11,33]. Several commercially available diagnostic tests were already
developed for the characterisation of pathogens in blood samples
[8,21]. However, further technological improvements are required to
overcome major limitations such as high cost, poor sensitivity and a
small number of genetic targets that can be detected per test. Ap-
proaches to overcome this last point include solid-support based tech-
niques such as microarrays that allow the analyses of thousands of
genes simultaneously [24]. A huge number of platforms with different
solid-supports (e.g. glass, beads, hydrogels, silicon, ete.) and detection
principles (flugrescence [35], enzymatic [35], electro-chemical [26],
plasmonic [23], etc.) were developed in the last decades. A major re-
striction of these high-throughput technigues are the high cosis

Received 24 October 2018; Received in revised form 19 February 2019; Accepted 21 February 2019
2214-1804/ & 2019 The Authors, Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY /4.0/).
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Fig. 1. (a). Elongation of oligonucleotides by the TDT. Detection oligonucleotides, comprising a 3-terminal 3T spacer, were elongated by the TDT, thereby in-
corporating biotin-labelled dUTP nucleotides. The colours are magenta for the DNA backbone, green for thymidine, red for adenine, blue for guanine, yellow for
cytosine, light magenta for uracil, and light blue for the TDT. Other components are coloured by element (TDT: pdb file: 1JMS [16], accessed from the RCSB protein
database]. (b) Hybridization principle complemented by the reported alternative detection. A DNA oligonucleatide, referred to as LNC-A probe (orange), is covalently
linked to a functionalized glass slide (transparent blue) utilising a 5-terminal maleimide residue. Via base pair hydrogen bonds, LNC-B (blue) and LNC-C (green) are
bound to LNC-A. The terminal ends of the LNC-C probe and the detection oligonuclectide (magenta) are complementary to the target DNA (yellow). After hy-
bridisation, an enzymatic ligation reaction connects the immobilised LNC-3 strand and the biotin-conjugated detection oligonuclectides covalently. Upon a stringent
washing step, only the detection oligonucleotides remain bound that were covalently linked to the immobilised LNC-3 probes. The visualisation occurs via fluor-

escence-labelled streptavidin that binds to biotin residues with high affinity.

associated with the de novo development of large microarrays. Espe-
cially, chemically-modified oligonucleotides that are attached to the
support are the costliest components. Recently, a novel microarray
probe concept was developed that uses only a single chemically-mod-
ified, universal oligonucleotide covalently attached to the solid support,
and thus, significantly reduces the oligonucleotide costs [3]. Here, we
present a further improvement of this concept for the detection of ABR
genes. It is based on the terminal deoxynucleotidyl transferase (TDT)
reaction that enables cost-efficient in-house labelling of the required
detection oligonucleotides (Fig. 1). The TDT is a DNA polymerase that
is naturally occurring within the maturation process of stem cells to B-
and T-lymphocytes. It has the ability to elongate single-stranded DNA
without a template [29] and has attracted interest in applied molecular
biology [27]. As proof-of-concept, we designed a microarray targeting
47 clinically relevant ABR genes to demonstrate this alternative label-
ling technique.

2. Materials and methods
2.1, Bacterial cells and DNA purification

Clinical isolates from Acinetobaceer baumannii (strain 5 M), Enterobacter
cloacae (strain 2099), Cirobacter freundii (5CF) and Escherichia coli (24E)
were provided by the University Hospital Centre Zagreb. Escherichio coli
(strain 10/134) was obtained from the University Hospital of Graz
Klebsiella pneumonice (strain NCTC 13420) and Escherichia coli (NCTC
13462) were purchased from the National Collection of Type Cultures of
Public Health England. Khiyvera ascorbate (DSM 4611) was purchased

from the DSMZ- Leibniz Institute DSMZ-German Collection of
Microorganims and Cell Cultures. To evaluate the microarray detection
results, strains obtained from clinical partners were sequenced using the
PGM lon Torrent sequencer (lon Personal Genome Machine™ (PGM™)
System, Thermo Fischer Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. The genomic sequences of K pneumomniae
(strain NCTC 13429), E coli (NCTC 13462) and K. ascorbate (DSM 4611)
are publicly available. The strains were incubated overnight in lysogeny
broth (LE) medium (10 g tryptone, 5 g yeast extract, 10 g NaCl) at 37 °C. A
total of 5mL of each cell culture was centrifuged at 6000g for 2min and
washed twice in phosphate-buffered saline (PBS) buffer (1.05mM
EH,PD,, 15517mM Nall, 297mM MNa,HPD, - 7H,0, pH=7.4).
Afterwards, the pellet was re-suspended in 1 mL PBS buffer. The cells were
disrupted using the MagNA Lyser Instrument (Roche, Bassl, Switzerland)
for 30s at 6500rpm. The fragmentation was followed by Smin of in-
cubation at room temperature (RT) and a second fragmentation step.
Finally, the suspensions were incubated at 95°C for 10min and cen-
trifuged at 16,100g for 10 min. The supermnatants were used for the sub-
sequent experiments.

2.2, Oligonucleotide design

All oligonucleotides such as the synthetic target DNA, LNC probes
and detection oligonucleotides were designed using the Oli2Zgo software
that calculates the ideal thermodynamic conditions for multiplex ap-
plications [19]. The calculated oligonucleotide properties are shown in
Table 1 and Table S1. All oligonucleotides were purchased from In-
tegrated DNA Technologies (Coralville, lowa, USA).

Table 1

Microarray probe sequences and modification.
Probe name E'-mod. Sequence 53 Length
LNC-A& Thial TTTCGCTECCCACCCTGCGCOGTRGOC 27bp
LNCE COCOGGCACCOCAGCOCACGCTCCTTTTTTGCCCACCECRCAGRETCGECAGOR 5dbp
LNC-C GCAGCGTGGEGCTOGCETGCCGGGETTTTTTNNNNNNNNNNN = 44 bp
Detection oligonuclectide NNNNNNNNNNNNNTTT = 23bp
Hybridisation contral CCCOGGCACCCCAGCOCACGCTCCTTTITTGCCCACGECRCAGGETCGRCAGDE Cy3 S4bp
Spotting contral Thial TTTCGCTECOCACCCTRCGCOETGGOC Ty 27bp
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2.3, DNA amplification

The bacterial cell lysates were used as template DNA at a con-
centration of 10 ng per reaction in a single 47-plex PCR comprising all
47 primer pairs listed in Table S1. For this, the HotStartTag DNA
polymerase kit (Qlagen, Hilden, Germany) was used according to the
manufacturer's instructions with a total primer concentration of 10 pM.
We used 3mM of MgCl; according to the manufactures instructions.
Thermal cycling was conducted with the Applied Biosystems GeneAmp
PCR System 2700 (Thermo Fischer Scientific, Waltham, MA, USA).
After an initial denaturation step at 95°C for 15 min, 40 cycles of each
denaturation at 95 °C for 20 s, annealing at 55 °C for 20 s and elongation
at 72°C for 30 s were performed. An additional downstream elongation
step was conducted at 72 °C for 10 min. The PCR products were stored
at 4°C. Afterwards, the PCR products were purified using the Stratec
Invisorb Fragment Clean Up kit (Stratec Molecular GmbH, Berlin,
Germany) following their protocol. After purification, the amplification
products were sonicated for 3 min (VWR Ulirasenic Cleaner USC-TH,
PE, USA). The PCR products were used as target DNA in the subsequent
ligation and detection reactions.

2.4, Glass slide functionalisation

The slide functicnalisation was performed as previously described
[38]. First, the unmodified glass slides were cleaned by sonication for
Smin in ddH,C, 100% EtOH, and acetone each. Afterwards, the slides
were sonicated for 10min in 1M NaOH and immersed in 1M HC1
overnight. On the following day, the slides were washed twice for 5 min
in ddH,0, then rinsed with 100% EtOH and air-dried.

Following, the slides were functionalized with 3-aminopropyl-tri-
methoxysilane (ATS, Sigma-Aldrich, MO, USA). For this purpose, the slides
were immersed in a 5% ATS solution in dry acetone for one hour.
Afterwards, the slides were washed three times for 5 min with acetone and
rinsed with 100% EtOH. Subsequently, the slides were baked for 50 min at
90°C. A sulfo-m-maleimidobenzoy]l-N-hydroxysulfosuccinimide ester (s-
MBS) was applied. The surface of the slides was wetted with 300 pL of a
2 mM s-MBS solution in PES buffer and incubated overnight in a humid
environment. Afterwards, the slides were rinsed with PBS, washed twice
with ddH,0, immersed in 100% EtOH, and finally air-dried overnight.

2.5. Spouting of the microaray probes

The OmniGrid Contact Microarrayer (GenMachines, San Carlos, CA,
USA) and Stealth Micro Spetting Pins (Arraylt, Microarray Technology,
Sunnyvale, CA, USA) were used for spotting the oligonucleotides onto
the microarray. For this purpose, the oligopnucleotides LNC-A, LNC-B
and one specific INC-C were pooled together in sterile-filtrated 2 x
NaP, spotting buffer (1« NaP: 0.1 M NazHPOy4, 0.15 M NaCl, pH = 6.5)
to a final concentration of 5uM each. During spotting, the humidity in
the spotting chamber was kept at 60%. The spotted slides remained in
the spotter for 5h at RT. The humidity was kept constant until the end
of incubation. Afterwards, the slides were washed by repeatedly sub-
merging into 1 x NaP, buffer for 5 min. The slides were incubated in
1 NaP, containing 10 mM B-mercaptoethanol for 1 h to deactivate the
reactive groups on the surface. Afterwards, the slides were washed
azain with 1x NaP, for 5min to get rid of the B-mercaptoethanol.
Unbound oligonuclestides were precipitated by incubation in saline
buffer (1.5 M NaCl, 0.01 M Na,HPO,, pH = 7) for 10 min. After that,
the slides were washed in 5% saline sodium citrate {S5C) buffer (1 =
S5C buffer: 150 mM NaCl, 15mM sodium citrate, pH = 7.0, obtained
from Biorad, Hercules, California, USA) comprising 0.1% Tween-20
(Sigma-Aldrich, MO, USA) for 5 min and then in 5= 55C buffer without
Tween-20 for 1 min. Subsequently, the slides were rinsed with ddH,0
twice and centrifuged to dry. The dried slides were stored at —20°C.
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2.6. Elongation of the detection oligonucleotides by the TDT

The TDT was used to integrate biotin-conjugated deoxyuridine tri-
phosphate (biotin-dUTP) nucleotides into the detection oligonucleotide
strands. The biotin tag binds with high affinity to streptavidin, of which
several affordable conjugates with standardly applied fluorescence la-
bels exist. In this work, an Alexa-647 conjugate was identified as ideal
combination.

The oligonucleotides were phosphorylated using the T4 poly-
nucleotide kinase (PNK, Thermo Fischer Scientific, Waltham, MA,
USA). In the reaction mixture, 47 different detection oligonucleotides
were included at a final concentration of 1.78 pM each, 400 pM ade-
nosine triphosphate (ATP, Thermo Fischer Scientific, Waltham, MA,
USA), and 50 U/reaction of PNK. The phosphorylation reaction took
place at 37°C overnight in a thermoshaker (Peglab TS-100, VWR,
Erlangen, Germany), followed by an inhibition step of 10 min at 75°C.
Subsequently, the detection oligonucleotides were elongated at the 3*-
end in the presence of biotin-11-dUTPs (Jena Bioscience GmbH, Jena,
Germany) by the terminal deoxynucleotidyl transferase (TDT, Thermo
Fischer Scientific, Waltham, MA, USA). The catalytic reaction mixture
contained the previously phosphorylated detection olizgonucleotides at
a final concentration of 1pM each, 320 uM dNTPs (Thermo Fischer
Scientific, Waltham, MA, USA), 160 pM bictin-11-dUTP, and 75 U TDT/
reaction. The reaction occurred at 37 °C for 12h and was inhibited by
heating up the samples to 70 °C for 10 min.

2.7. Ligation

The ligation was implemented in four array gasket hybridisation
chambers with a capacity of 100 pL each (Agilent, Santa Clara, CA,
USA). The ligation solution was pipetted, onto the hybridisation
chamber, comprising 5 U/reaction ampligase (Epicentre, Madison, WI,
USA), Spg bovine serum albumin (BSA, New England BioLabs), the
enzymatically modified detection oligonucleotides at a final con-
centration of 1.68 pM and 200 nM of synthetic target DNA in ampligase
buffer (20mM Tris-HCL, 25 mM KCI, 10mM MgCl,, 0.5mM nicotina-
mide adenine dinucleotide (NAD), 0.01% Triton X-100, pH = 8.3). In
case of the PCR-amplified target DNA, 20pL of the respective PCR
product were added instead of synthetic DNA. PCR products were de-
natured at 95°C for Smin and chilled on ice before pipetted to the
hybridisation chambers.

The ligation took place in a hybridisation oven (Microarray
Hybridisation Chambers, Agilent, Santa Clara, CA, USA)at 55°C for 1 h.
Afterwards, the slides were washed for 5 min with 2x S5C including
0.1% SDS. Subseguently, the slides were washed once with 0.2x SSC
for 2 min and finally twice with ddH;O for 1 min. Another washing step
was applied with ddH O for 10min at 70°C to reduce false-positive
signals originating from unspecific hybridisation products and non-li-
gated detection probes. The biotin-modified samples were labelled with
a Sweptavidin-Alexa-647  conjugate  (Jackson  ImmunoResearch
Laboratories Inc., West Grove, PA, USA), diluted 1:1000 in PBS buffer
with 0.1% Tween. The slides were cenirifuged to dry and scanned with
a Tecan PowerScanner (Mannedorf, Switzerland). To check the effi-
clency of the slide coating and the spotting, every array contained
fluorescence-labelled hybridisation and spotting controls, which were
spotted at the same concentration as the probes (Table 1). The hy-
bridisation controls are measured at 532nm, spotting controls and
samples at 625nm. The data were analysed with GenePix Pro 6.0
(Molecular Devices, Sunnyvale, CA, USA). Using GenePix Pro 6.0, the
median values of the spotted areas were calculated. The background,
averaged over the residual area, was subtracted. The data were ex-
ported and the median values of four repetitions of each measurement
was calculated via Microsoft Excel 2010 (Microsoft Corporation, Red-
mont, WA, USA). Plotting was done with Origin Lab 8.5 (OriginLab
Corporation, Northampton, MA, USA).
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3. Results

‘We compared the functionality of self-labelled and commercially
available detection oligonucleotides regarding specificity and signal
intensity. For this purpose, the presence of ABR genes was evidenced by
applying both labelling methods in parallel. First, synthetic target DNA
was applied to the microarray chip to test the functionality of the
probes. Then, amplification products from 47-plex PCRs using bacterial
cell lysates as templates were analysed with our microarrays. In order
to evaluate the microarray results correctly, the genetic context of the
bacterial isclates was analysed by whole genome sequencing (WGS) and
the ResFinder tool [40].

3.1. Evaluastion of microarray with synthetic iemplates

Synthetic DNA corresponding to representative ABR genes was
subjected to the microarray containing 47 LNC probes designed to
target different ABR genes. The heatmap summarizing 47 individual
microarray detection experiments illustrates that highly specific signals
were obtained with our self-labelled detection oligonucleotide in
combination with synthetic DNA targets (Fig. 2a). Also, the approach
with commercially labelled detection oligonucleotides did not produce
any false positive signals (data not shown). The intensity of the back-
ground noise was negligible. The synthetic DNA targets led to fluores-
cence signals in a range of - 1000 to 34,000 fluorescence intensity
counts (FIC) after subtracting the background noise at the expected
positions on the microarray. A total of 50% ABR genes were detected
with higher intensities if commercially available labels were used,
while in the other cases higher signal intensities were generated by the
self-labelling approach (Fig. 2b). In summary, the elongation of the
detection oligonucleotides did not significantly impair their perfor-
mance.
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3.2, Characeerisation of bacterial isolotes

The performance of the new labelling technology was evaluated
with cell lysates of A. baumannii, E. cloacae, K. pneumoniae, K. ascorbate,
. freundii and three different E. coli strains. Six different species with
varying ABR profiles were used. The PCR-amplified DNA of the bac-
terial cell lysates was applied to the chip surface and both detection
oligonucleotide concepts were compared. In general, the self-labelling
technology did not result in significantly more non-specific microarray
signals than the experiments comprising commercially labelled detec-
tion oligonucleotides (Fig. 3). The detection of blaoxs.7=z in the A. bau-
mannii isolate resulted in a correct response in both cases with signal
intensities of 600 FIC and 672 FIC for the commercially labelled and the
self-labelled detection olizonucleotides, respectively (Fig. 3a). In the E
coli strain 10,134, the commercially labelled surpassed the self-labelled
oligonucleotides clearly in the case of the blapg. ; zene (6721 FIC to
3184 FIC), while the self-labelled oligonucleotides led to higher signals
for the arr3 gene (286 FIC to 885 FIC). In the E cloacae and K. pnen-
moniae strains, the specificity of the signals was also identical but de-
viating signal intensities for several gene targets were observed. The
probes for acrA (1687 FIC from commercially-labelled versus 1639 FIC
of the self-labelled oligonuclectides) and etd (1151 FIC to 1372) re-
sulted in similar fluorescence intensity values. The probes targeting the
dfrAl gene resulted in higher signals using the self-labelling protocol
(4713 FIC to B089 FIC). The LNC3 probes corresponding to the genes
dfrAl4 (1978 FIC to 484 FIC) and gnr-51 (6162 to 3967 FIC) generated
significantly higher signals with commercially labelled detection oli-
goenucleotides. In the further experiments analysing additional bacterial
strains (K. ascorbate, C. freundii and E. coli 24E and E. coli NCTC 1362)
the expected microarray signals using self-labelled detection oligonu-
cleotides could be confirmed (data not shown). In summary, all of the
LNC2 probes tested with bacterial genomic DNA identified the same
ABR genes independent of the labelling approach. The self-labelled
detection oligonucleotides resulted in cne false-positive and no false
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2 E]
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= & K’F T 'y L] \fj
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Immobilised LNC-3 probes
ABR genes:
1= act-1 8: cat 15: dfiAl4 22 fexA 29: murA 36:qacA 43 tetD
2 ant(6)-Ta  9: catB9 16: dfiAl 23: ges-7 30: norA 37:qur-S1  44: vanB
3: aphd-Ta 10: cepA 17: blapgy, 24: blapgp.y  31:okp-A-8 38 rosA 45: vanX-B
4 armR 11: cmeA 18: Entercb.acrA 25 blapp o 32: blagga o 3% 10sB 46: vatF
8 a3 12: emeR 19: ereA2 26: blapgpas 33 blagy,., 40:sullll  47:y56
6 blms 13: emeC 20: ermF 27 lnuB 34: blagg, g 41: tetA
Trearb-22 14 yereage 21 emnT 28: mph 35 blaggs 7y 42 tetC

Fig. 2. (a) Heatmap of fluorescence signals from 47 microarray experiments using synthetic DNA as target and self-labelled detection oligonucleotides. The mi-
croarray probes on the vertical axis are named to their corresponding ABR target gene, while the synthetic DNAs are applied in horizontal direction. The shown
signals are median values of four repetitions. (b) Comparison of the fluorescence signals obtained from self-labelled (grey) and commercially labelled detection
oligonucleotides (black). Seven ABR genes, encoded by synthetic DNA, were applied separately to microarrays. Only the positive signals are illustrated in the graph.
On the horizontal axis, the immobilised LNC-3 probes are indicated, named after their corresponding ABR target gene. The median values of four repetitions are

illustrated.
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Fig. 3. Comparison of the fluorescence signals obtained by self-labelled oligonucleotides (grey) with commercially labelled ones (black) using a multiplex PCR
comprising a primer mix targeting 47 ABR genes to amplify the DNA from A. baumannii (), E coli (b), K. pneumoniae (c), and E. cloacae (d) cell lysates. The shown
fluorescence intensity counts are median values of four repetitions.
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negative signals. The signals intensities were in 50% higher with
commercially labelled detection oligonucleotides and in 50% with self-
labelled ones.

4. Discussion

The DNA microarray format is still highly attractive in clinical la-
boratories due to its capability to simultanecusly detect large numbers
of different genes such as phylogenetic markers, resistance genes and
virulence factors. However, the classical microarray technology is
limited by non-specific cross-hybridisations that massively affect the
specificity [18,39]. Thus, advances in the microarray technology are
required to develop an assay that targets all ca. 400 human pathogens,
1000 antibiotic resistance genes, and 1000 clinically relevant virulence
factors [13,22]. For analysing such a large number of possible target
sequences, DNA microarrays are more beneficial compared to conven-
tional PCR and real time (RT-)PCR, which are restricted in the number
of genes to detect, since the products still need to be distinguishable in
size via gel electrophoreses, or, in case of RT-PCR, by differently co-
loured fluorescence labels. The currently most popular technology in
clinical microbiology to characterise pathogens is based on MALDI-TOF
which is cultivation-based but very cost-effective. However, refine-
ments need to be applied in terms of ABR detection [12,20,31]. The
MALDI-TOF typing is mostly based on resistance-related proteins,
which might not be expressed before any treatment occurred, or on
degradation products, for which the same restrictions apply and which
additionally do not cover any resistance mechanism that is not asso-
ciated with degradation products [2]. To overcome the above-men-
tioned limitations, WGS would be suitable. However, while DNA-based
detection methods appeal with their simple execution procedure in
primary clinical use as soon as a standard array is conceived, the ap-
plication of WGS requires higher costs, longer run times and bioinfor-
matic expertise for the evaluation [27].

One of the major concerns regarding molecular diagnostics in
clinical routine are the rather high costs. Thus, the LNC3 concept is an
interesting option because it requires cnly a single chemically-modified
oligonucleotide. Additionally, the technology has solved the problem of
non-specific cross-hybridisations in microarrays and is able to distin-
guish SNPs without significant background signals [3]. In this work, we
achieved a further reduction in costs by replacing commercial detection
oligonucleotides by seli-labelled ones. These detection oligonucleotides
were prepared in-house by random elongation via a TDT reaction,
during which inexpensive biotin-conjugated dUTPs were integrated and
subsequently visualised with Alexa-647-modified streptavidin. The self-
labelled detection cligonucleotides were compared to commercial de-
tection oligonucleotides that were used before in our research group.
‘While the labelling based on the commercial detection oligonucleotides
amounted to ca. 1500 Euro for this 47-plex ABR gene set, the corre-
sponding internal process totalled 151 Euro resulting in a tenfold re-
duction of the expenses. The alternative labelling can take place in
advance to create reasonable stocks of detection oligonucleotides,
leading to no prolongation of the sample analysis workflow by the al-
ternative approach. Interestingly, no significant change in specificity
was observed with the self-labelled and randomly elengated detection
oligonucleotides (Fig. 3). Even more surprising was the observation that
in 41% and 50% of the experiments the signal intensities increased
using the elongated cligonucleotides with synthetic and genomic DNA,
respectively. It was previously shown that not only the sequences of the
microarray probes and targets have an impact on the DNA hybridisation
but that also neighbouring regions affect the binding events [25]. Thus,
further research is required to develop protocols that take advantage of
such beneficial effects.

5. Conclusion

In conclusion, we present a very cost-effective micrearray platform
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designed for the identification of antibiotic resistance {ABR) genes. The
self-labelled and commercially labelled detection ocligonucleotides
turned out - besides both being adequate to use for the detection of ABR
genes with a satisfactory signal-to-noise ratio - to be of comparable
performance. The presented alternative can be implemented to reduce
costs in microarray-based high-throughput assays, refining the micro-
array technique further towards their advent in clinical everyday rou-
tine. A fine tuning of the biotin-dUTP to dNTP ratio and the reaction
parameters towards longer oligonucleotides could result in an increased
sensitivity. Increasing the number of labels towards a maximum at
which they do not restrict the specificity is expected to generate higher
signal intensities. The intreduced reaction is not confined to the pur-
pose reported here, but might serve also in other DNA-based detection
systems with high numbers of different targets such as the pathogen
identification via phylogensetic markers (e.g. 165 rRNA genes).
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ARTICLE INFO ABSTRACT

Feyworts:
DNA-based diagnostics, antiblotic resistance

The polymerase chain reaction is not only essential for many DNA-based diagnostic methods but is also exploited
in other molecular methods that require an upstream amplification step. Multiplex PCRs are especially attractive

GENES as they reduce the number of individual reactions. However, the multiplexing efficiency is impaired by primer

High-throughput detection
Multiplex PCR
Primer secondary structures

interactions such as the formation of primer dimers. In this study, covalent crosslinking of primers via their 5
ends was used to avoid those undesired effects. The specificity of the primers as well as the efficiency of the PCR

could be increased upon primer crosslinking in reactions containing up to 34 primer pairs targeting the most
important antibiotic resistance genes in a single multiplex reaction.

1. Introduction

The polymerase chain reaction (PCR) is an indispensable technique
in molecular diagnosties, either in the direct gene detection via specific
amplification products or as upstream amplification step prior to so-
phisticated detection reactions, e.g. via microarray chips (Barisic et al.,
2015, Anjum et al., 2017). Despite its importance, technological ad-
vances concerning the parallel amplification of many gene targets in
single reaction are scarce. Important applications such as the identifi-
cation of antibietic resistance mechanisms or bacterial virulence factors
encoded by hundreds of different genes require a high degree of mul-
tiplexing. To efficiently and quickly identify the most favourable
treatment, multiplex PCRs need to be conducted comprising the primer
pairs that target all relevant genes (Bhanothu and Venkatesan, 2019).
High degrees of multiplexing, however, increase the possibilities of
primer interactions, e.g. dimer formation. Various issues emerge from
that: if primer dimers form, the involved primers are not available for
the intended annealing and elongation reaction (Alanio and Bretagne,
2017). Moreover, those rather unspecifically hybridised double-
stranded dimers can be elongated, which reduces the availability of
DNA polymerases as well as the concentration of available dNTPs. If
such primer dimers are enzymatically elongated, these products are
perfectly matching the involved primers, making the primer/artefact
hybridisation more likely to happen in the next amplification cycle.
Consequently, the available primer concentrations are further reduced
due to this unintended side reaction with a negative effect on the

= Corresponding authors.
E-muil address: Noawolffi@outlook.de (N. Wolff).
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sensitivity. Even more problematic is that elongated primer dimers
feature new, unpredictable sequences that subseguently lead to un-
expected amplification products. This unintended process is a main
limiting factor for multiplex PCRs. Here, we introduce crosslinked pri-
mers (Fig. 1) designed to limit the elongation of primer dimers. This
new concept takes advantage of steric hindrance and the idea that the
crosslinked primer dimers (Fig. Ic) cannot be processed in the active
site of a conventional DNA polymerase. Thus, the specificity is thought
to be improved. In this work, we investigated the specificity and sen-
sitivity of the crosslinked primers in multiplex PCRs detecting 11 and
34 antibiotic resistance genes, respectively.

2. Materials and methods
2.1. Baceerial cells and DNA purification

The reported strains 32M Klebsiells pneumonizge and 24E of
Escherichin coli, which hold clinically important beta-lactamase genes
that were targeted in the following PCR reactions, were obtained as
clinical isolates from the university hospitals of Zagreb and Graz. The
strains were incubated overnight in a lysogeny broth (LB) medium at
37 "C. A total of 5 mL of each cell culture was centrifuged at 6000g for
2 min and washed twice in phosphate-buffered saline (PBS) buffer
(1.05 mM KH PO, 155.17 mM NaCl, 2.97 mM Na H,PO, - 7H,0,
PH = 7.4). Afterwards, the pellet was resuspended in 1 mL PBS. The
cells were disrupted using the MagNA Lyser instrument (Roche, Basel,
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Fig. 1. Schematic depiction of primer crosslinking. (a) equation of the described reaction (b) An amino-modified primer reacts with a trifunctional succinimidyl
crosslinker, i.e. a tris-succinimidyl aminotriacetate, to an ester bond. (¢} Three primers are connected by a crosslinker at their 5-ends. (d) Nustration of & crosslinked

primer dimer.

Switzerland) for 30 s at 6500 rpm. The fragmentation was followed by
5 min of incubation at room temperature (RT) and a second fragmen-
tation step. Finally, the suspensions were heated for 10 min at 95 °C and
centrifuged at 16,000¢ for 10 min. The supernatants were used for the
following experiments.

2.2, Primer crosslinking

The used primers were purchased from IDT (Integrated DNA
Technologies, Inc., Coralville, 1A, USA) with an amino modification
(modification code: SAmMCSH; aminohexyl residue that is attached to
the terminal backbone phosphate) on their 5~ end and dissolved at a
concentration of 100 pM. These primers were made using the rudi-
mentary version of Oli2go. Oli2go is a completely automated tool
capable of designing primers and hybridisation oligonucleotides for
multiplex applications with included specificity and dimer formation
analysis (Hendling et al., 2018). The primer set was designed to check
for antibiotic resistance genes that clinically relevant strains might have
acquired or not. Hence, the expected number of bands depends on the
investigated strain and was revealed by whole genome sequencing be-
forehand.

The sequences are given in the Tables 51 and S2. The trifunctional
crosslinker tris-succinimidyl aminotriacetate (TSAT) was purchased
from Thermo Fisher Scientific (Waltham, MA, USA). The crosslinking
reagent was dissolved in 1 ml of 100% dimethyl sulfoxide (DMSO,
Sigma-Aldrich, MO, USA) at a concentration of 16 mM. This stock so-
lution was diluted to a concenfration of (.16 mM with the reaction
buffer (0.1 M sodium phosphate, 0.15 M NaCl, pH = 7.2). The stock
solution was prepared freshly whenever used. The primers were added
into 96 well plates to a final concentration of 50 pM/well. All primers

were crosslinked individually (for both forward and reverse primers) by
adding TSAT crosslinker to a final conecentration of 16 pM/well. The
reaction was allowed to proceed at room temperature for two days.
Finally, all primers were pooled and combined together for the multi-
plex PCR for a total primer concentration of 50 pM. As a control re-
action, TSAT was deactivated by adding Tris-HCl (at a final con-
centration of 500 M) before the crosslinking reaction with the primers.
The subsequent reaction was carried out as for the samples. All samples
were run in parallel.

2.3. PCR reacdon and agarose gel elecorophoresis

The PCR Kit 165 Basic of Molzym (Bremen, Germany) was used
according to the manufacturer’s instructions. Since the primer set is
used to screen for clinically important antibiotic resistance genes that
are not necessarily species-specific, the use of this DNA-free Tag poly-
merase was necessary to avoid the detection of the antibiotic resistance
genes of the polymerase-producing bacteria. The total primer con-
centration was 2.5 pM (1.25 pM forward primers, 1.25 pM reverse
primers), corresponding to 208 and 74 nM per primer pair if 11 and 34
primer pairs were used, respectively. The thermocycler settings com-
prised an initial denaturation step at 95 "C for 5 min, 40 cycles with
denaturation at 95 °C for 20 s, annealing at 9 different temperatures
from 53.2 to 63.8 "C for 20 s and elongation at 72 °C for 20 s, a final
elongation step at 72 °C for 10 min, and cooling to 4 °C until the
samples were collected.

The PCR products were applied to a 20; agarose gel containing a
thousandth volume of SYBR Safe DNA Gel Stain from Thermo Fisher
Scientific (Coralville, lowa, USA). Then, separation occurred at 180 ¥
for 2 h. The gels were photographed while UV-excited.
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3. Results and discussion

The effect of primer crosslinking was investigated by comparing
PCR amplification products obtained via crosslinked and non-cross-
linked primers on a 2% agarose gel. Genomic DNA from multidrug-
resistant Klebsiella pnewmoniae and Escherichia coli strains was used for
the proof of principle. Since different primers exhibit different an-
nealing temperatures, temperature gradient PCRs were conducted.

In Fig. 2a, an agarose gel of a gradient PCHs with crosslinked (left)
and non-crosslinked (right) primers using 10 ng DNA from a K. pneu-
moniae isolate as target is illustrated. Fig. 2b represent the negative
control where no target DNA was added.

Revealed by whole genome sequencing beforehand, five amplifica-
tion products of eleven possible ones were expected in the gradient
PCR: bl 5 (837 bp), bligyy zs (802 bp), Blagry g5 (626 bp), blagys ;
(500 bp), and blacrxas (400 bp). The products corresponding to
bl gy And Blag, 2. were, due to their similar product size, expected
in the same band. However, the amplification products generated with
the crosslinked primers are larger due to the overhangs and are thus
expected to migrate slower in the agarose gel in comparison to the
conventional amplification products. In the 11-plex temperature gra-
dient PCR, a change of the band pattern for both crosslinked and not
crosslinked primers was observed. Furthermore, in the reactions com-
prising crosslinked primers almost no dimer clouds (50-150 bp) were
generated (Fig. 2). This difference was even more emphasized in the
negative control without target DNA (Fig. 2b).

In the temperature range from 54.5 °C to 60.9 "C, the crosslinked
primer PCE clearly generated the expected four bands corresponding to
the amplification products of blaygy ; (837 bp) and blagyy 25 (802 bp),
too similar in size to be distinguished, blacrays (626 bp), bligys ;
(500 bp), and by (400 bp). The intensity of the bands of the
amplification products of bldaxs_; and bld.rx s Was higher than that of
Bl /Bl gyy 25 and Blay g g5 From 54.5 °C to 60.9 “C annealing
temperature, the intensity of the band cormresponding to by pa.15 iN-
creased, while the band intensity of hlagy, ; decreased. Since the band
intensity correlates with the amount of PCR products, the efficiency of
the individual PCR reactions could be deduced. It was interesting to
observe that with increasing annealing temperatures the amplification
efficiency of some genes decreased, while it, in contrast, increased for
others (Fig. Za). Based on these results, the annealing temperature of
50,3 "C was identified as optimum for this reaction because all expected
antibiotic resistance genes were amplified. Hence, it was shown that an
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Fig. 2. Images of 2% agarose gels displaying 11-plex gradient PCRs. (a) Amplification products using template DNA from the K pneumonige izolate 32 M with
crosslinked amino-modified (left) and non-crosslinked primers (right), respectively. (b) Megative controls of the reactions described in (a).

annealing temperature evaluation was indispensable regarding speci-
ficity and sensitivity.

To rule out effects of the crosslinking chemistry on the amplification
(e.g. interactions of the crosslinkers with amino residues of the DNA
polymerase), the trifunctional crosslinker tris-succinimidylamino-
triacetate (TSAT) and DMSO were used in the PCRs with crosslinked
and non-crosslinked primers. In the non-crosslinked samples, however,
the functional groups of the crosslinker were previously blocked with
Tris-HCl. Therefore, the reaction of the crosslinker with the amino
group of the primer was prevented.

In contrast to the 11-plex PCR with crosslinked primers, the con-
ventional multiplex PCR did not generate the expected amplification
products but additional bands corresponding to non-specific amplifi-
cation products although comprising the same primers. On the other
hand, expected bands were missing. Altogether, the non-crosslinked
primer samples did not result in a meaningful detection pattern at any
tested temperature.

To evaluate the potential of this new concept, a 34-plex PCR tar-
geting clinically relevant beta-lactamase resistance genes was designed
to further increase the complexity of the multiplexing and the number
of potential primer interactions. The primer sequences were taken from
the work of Barisi¢ et al., 2013 (Table S1).

A gradient PCR analogous to the previous one was performed using
genomic DNA of K. pneumonioe as target (Fig. 2).

Four bands corresponding to four beta-lactamase genes that are
present in the selected strain could be observed across the complete
temperature range: bligyy.s (523 bp), blagxs.; (421 bp), bliepxaeis
(315 bp), and blayey , (244 bp).

An annealing temperature-dependent change of the band pattern
was observed for crosslinked and non-crosslinked primers. Two addi-
tional amplification products were generated (blagy, artefacts 150 bp
and 750 bp). Previous in silico analysis with whole genome data using
the Primeval analyses tool (Conzemius et al., 2019) revealed that these
two bands were an expected by-product of the blagy, ,-primers in
combination with the used target DNA.

The amplification product pattern obtained with the non-cross-
linked primers (Fig. 3b) greatly differed from the one with crosslinked
primers (Fig. 2a). As in the non-crosslinked PCR. with 11 primer pairs,
there were products that resulted from non-target annealing of the
primers to the target DNA in addition to the expected specific DNA
amplification products. In the 34-plex experiments with the non-
crosslinked primers, more non-specific primer interactions led to more
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6: Aminomodified primer: 3 pM;
crosslinker treated with Tris Negative control

Fig. 4. Image of a 2% agarose gel illustrating the amplification products of a 34-plex PCR using genomic DNA from the E. coli isolate 24E as template. Comparison of
samples with crosslinked primers (1), amino-modified primers (2), Tris-HCl-treated crosslinkers (3), and the respective negative controls (4-6) at total primer

concentrations of 3 pM.

unintended amplification products, complicating an easy identification
of correct bands. Also, in this case, the non-crosslinked bla,y, primers
generated the two artefacts.

To shed light on the impact of the crosslinker and the primer
modifications on the amplification by the polymerase, we performed
further analyses. A 34-plex PCR (Fig. 4) was conducted comprising
three different primer states: crosslinked, the amino modified non-
crosslinked primers without crosslinker, and non-crosslinked primers
containing Tris-HCI reacted crosslinker. Tris-HCl is an ingredient in the
polymerase buffer and an increased concentration could have an effect
on the amplification performance.

‘The genomic DNA of the E. coli strain 24E served as target DNA with
expected bands for blagy, ; (421 bp) and blayx y ;5 (860, 329, and

315 bp). In the case of the multiplex reaction with crosslinked primers,
the four expected bands were observed. In contrast, the multiplex PCRs
with the non-crosslinked primers resulted in several non-target ampli-
fication products (i.e. the additional bands between 400 and 800 bp).
With the deactivated crosslinker, the intensities of the non-specific
product bands were reduced, but they could still be observed leading to
a similar band pattern as observed with the non-crosslinked primers.
The slight difference between the two non-crosslinked PCRs might be
caused by the additional Tris molecules or entailed changes of pH. All
samples showed slight, but rather negligible primer dimer clouds. As
demonstrated in the previous multiplex PCRs, not only non-specific
bands could be strongly reduced using crosslinked primers but also all
expected bands could be generated.
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4. Conclusions

The crosslinking of PCR primers resulted in more reliable band
patterns allowing a more precise detection of antibiotic resistance
genes. A steric hindrance effect was used to limit the accessibility of
crosslinked primers to the active site of the DNA polymerase. This in-
hibited the elongation of primer dimers and further favoured the
binding of perfectly matching primers. The potential of the new conecept
is not restricted to direct PCR-based detection methods, but important
for all methods that rely on an upstream PCR to amplify the target
genes, such as microarray-based detection. Next steps are to further
increase the multiplexing and to evaluate different crosslinking systems
and their impact on the amplification efficiency. Moreover, the influ-
ence of unreacted crosslinkers, Tris, and DMS0 must be further ana-

Iysed.
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Abstract

Antibiotic resistances progressively cause treatment failures. and their spreading dynamics reached an alarming
level. Some strains have already been classified as highly erfical. e.g. the ones summarised by the acronym
ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsielln pnewmoniae, Acinetobacter baumannii.
Psendomonas aeruginesa and Enterobacter spp.). To restrain this trend and enable effective medication, as much
information as possible must be obfained m the least possible fume. Here, we present a DINA microarray-based
assay that screens for the most important sepsis-relevant 45 pathogenic species, 360 virulence factors, and 409
antibiotic resistance genes in parallel. The assay was evalvated with 14 multidrog resistant strains. including all
ESKAPE pathogens, mainly obtained from clinical isolates. We used a cost-efficient hgatmn—based detection
platform designed to enmlate the highly specific mulfiplex detection of padlock probes.

Keywords: Antibiotic resistance; Pathogen identification; High-throughput defection; DNA microarray; Multiplex
detection

Introduction

Challenges associated to antibiotic treatment, indispensable in medicine, have been forecasted repeatedly in terms
of antimicrobial resistances during the last two decades!=. Potentially resistant pathogens limit the number of
suitable measures and moreover retard treatment decisions, which cannot be longer made empirically*. Known
examples for escalating resistance spreading are the extended spectrum p-lactamases and carbapenemases”, or the
six pathogens summarised by the acronym ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae. Acinetobacter baumarmii, Pseudomonas aeruginosa and Enterobacter spp.). tnghllghted by the
Infectious Diseases Society of America for being particularly critical in terms of antibiotic resistances®’. A precise
antibiotic treatment is thus essential fo confain the further spread of anfibiotic resistance mechanisms. The
identification of the causative pathogen and their acquired antibiotic resistance (ABR) genes is of utmost
importance ®

The gold standard in diagnostic microbiology is based on cultivation-dependent methods that are cost-effective.
well established in the routine practice and diagnostically conclusive regarding the antibiotic suscepfibility. Major
drawbacks are that the cultivation of some pathogens is challenging and can last several weeks®. In addition, a
previous treatment with antibiotics or the presence of bacteriophages can cause false-negative results'!!. To
overcome these limitations. a wide variety of molecular diagnostic tests has been developed and is used for the
pathogen identification.

Nevertheless, further technological advances are required to meet the clinical requirements'*" A lot of
mechanisms enable pathogens to protect themselves from antibiotic substances, including acquired antibiotic
resistances as well as infrinsic resistance mechanisms'*'®. To investigate this multitude of mechanisms without
relying on phenotypic observations, there s a large repertoire of molecular diagnostics technologies nowadays that
already made their way to clinical evervday routine, as e g polymerase chain reaction (PCR)- and real tume (RT)-
PCR-based detection. matrix-assisted laser desorptionionisation-time of flight mass spectrometry
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(MALDI-TOF MS), whole genome sequencing (WGS), and the microarray technique addressed here. The
currently most popular and clinically used tests are based on real-time polvmerase chain reactions (PCRs) due to
their relatively good sensitivity, specificity and speed.!”*® PCR constitutes a sensitive method to identify bacteria
via their highly conserved ribosomal RNA genes'®?. The application as well as the variability of PCR are
nmmltitudinous, offering RT-PCR. isothermal PCR. loop-mediated isothermal amplification. or the recombinase
polymerase amplification (RPA). The most important in clinical diagnostics are the conventional and the real-time
PCR. The RT-PCR_ which allows to observe the amplification live using unspecifically infercalating fluorescence
dyes or specific DNA sequences which give rise to a fluorescence signal only after hybridizing to the amplicon™-2.
However, these tests can only identify a low mumber of targets because of the limited availability of differentiable
fluorescence dyes. In addition, with an increasing degree of multiplexing, the sensitivity and specificity of PCRs
is reduced due to vnintended amplification products and primer dimer formation-#%,

A further tool in clinical microbiology is MALDI-TOF MS. This is usually employed for pathogen identification®®.
The defection principle is based on the evaporafion and iomsation behaviour. respectively, defermining the tume
the resulting ions require to reach the detection”. This time is characteristic for the respective pathogen and can
hence be used fo 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
conditions®®. Despite all of this. the method is vulnerable fo errors. especially regarding species differentiation. for

example between Strepiococcus preumoniae and Streptococcus mitis, which might entail severe consequences™
31

Irrespective of that, the usage of MATDI-TOF MS confributes well to the patients” outcome rate, which is partially
owed to the little time required for the identification®. partially to the further characterisation possibilities,
especialty regarding the antibiotic resistances?*. For instance, p-lactamase activity could be evidenced with the
help of MALDI-TOF MS*¥%, as well as other anfibiotics’. However. MALDI-TOF MS identification is
expression-dependent: not yet expressed proteins, induced by the antibiotic if present, cannot be detected at all’>2.
In case of VFs, not all of them constitute expressed proteins. To inteprate this technology in the clinical evervday
routine, further studies concerning the detection of antibiotic resistances and virulence factors owned by the
pathogen are required.

Repgarding the content of information. WGS is superior to all other described methods, theoretically revealing the
entireness of present phylogenefic marker genes. antibiotic resistance (ABR) genes. and virulence (VF) genes.
Since the invention of sequencing, there have been many and rapid developments in this field. The WGS costs.
once the main limiting criterion, decreased dramatically within the 1ast decade After the sequence is obtained, no
further detection setup is required; all the information 1s already contained by the sequence itself. Nevertheless. 1t
still does not only require a lof of processing — and therefore time — to obtain the contiguous sequence and thereof
the desired information out of the raw sequence smips, but also a strong bioinformatic expertise that exceeds the
demands addressed to the commonly emploved executive personnel by far. Trained experts, in furn. increase the
costs again._ after having been saved in terms of the sequencing reaction. In critical cases. the most limiting criterion
might indeed be the time needed to analyse a genome.

An alternative method to identify and characterise pathogens that enable the detection of thousands of targets in
parallel combmes PCR with solid support-based detection systems, such as DNA microarrays and microbeads.
While next generation sequencing platforms are currently replacing these hybridisafion-based detection platforms
in research facilities, they still remain attractive in clinical environments because of their relatively low price, short
experimental run-times and manageable bioinformatic procedures’ % In a sense, the microarray fills the gap
between WGS and PCR*. Once conceived for a comprehensive gene set, can be made available ready-to-use with
a standard procedure that easily fits m the clinical everyday routine. Time, effort. and required skills are reduced
compared to WGS, while the number of genes that can be detected simultaneously is scarcely limited in opposite
to PCR-based detection. A mumber of diagnostic assays using such platforms was already designed'#*+.

The classical DNA microarray method is based on a hybridisation reaction between labelled target DNA and
immobilised microarray probes®*. A significant limitation of the microarray technology is the non-specific cross-
hybridisation of amplification products to non-target microarray probes that massively impair the specificity*34226.
One reason for this is that the varable regions of different species might exhibit only one single nucleotide
polymorphizm (SNP). Interestingly. the thermodynamic stability of the DNA double helix is less dependent on the
base-pairing but rather on the base-stacking effects, making it difficult to avoid cross-hybridisations during a
sequence-driven probe design process®’. Also, the covalent linker of the microarray probe to the surface has an
effect on the hvbridisation interactions*®. The vet poorly understood anomalous DNA behaviour can result even in
thermodynamically more favourable intermediates comprising non-perfectly matching sequences in comparison
to perfect-matching duplexes®.
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As a consequence of this phenomenon, microamray defection protocols involving enzymes with proof-reading
capability were developed to minimise cross-hybridisation effects. In addition. probe immobilisation concepts
have been reported that focus on the emulation of the liquid phase DNA hybridisation behaviour to minimise
surface-related effects ® Combining those advantages, we introduced the linear nucleotide chain (LNC) concept,
which uses immobilised trimeric oligonucleotides in combination with a ligase reaction fo provide a specificity
sufficient to be impaired by single nuclear polymorphisms (SNPs)*'. The concept is depicted schematically in Fig.
1. It was recently complemented by a protocol for cost-saving self-labelling of the required defection
oligonucleotides™. Further, for hundreds of samples, the upstream amplification is as well associated with PCR-
related issues, such as primer interactions. A combination with a tool for multiplex application primer design that
checks on dimer formation and specificify issues automatically was required, formerly developed by our group™.
In this study, we do not aim fo separately identify etther the pathogenic species or its ABR. genes, but to fully
characterise pathogens using microarray chips that screen for 45 pathogens, 360 virulence factor (VF) genes
(virnlence factors are directly involved in pathogenesis, being e g bacterial toxins, enzymes, or cell surface
components, such as membrane proteins and polysaccharides™), and 409 ABR genes at the same time to provide
all information needed for a reasonable and effective treatment. This analysis 1s performed with 14 clinically
relevant pathogenic strains including the initially mentioned ESKAPE pathogens.

a b c
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Figure 1: {a) Chip surface: Schematic representation of the 3 amay chambers with the linear nucleotide chain (LNC-3) concept: To mimic
liquid phase DA hybridisation, three olizonuclectides, specified as LNC-A (orange). LNC-B (blue), and INC-C (zreen). are immobilized on
a functionahzed glass smface (grey), the first one covalently, the others by hybridization. The LNC-C terminz] region 1z complementary to cne
part of the target DMNA (yellow). The other part is complementary to the detection ohgonuclectides (magentz), which are biotinylated and can
be stamned by fluorescence-labelled streptavidin (red). Once comnected via the target DNA, LNC-C and detection cligonucleotide are hzated,
thereby covalently linking the detection olizonucleotide to the immaohbilized probe. By washing at 70 °C, non-ligated detection cligonucleotides
are removed. (b) Phylogenetic tree: The phylogenstic distances of the mveshizated species is ilustrated, calculated according to the All-
Species Living Tree project using 165 tRMA genes™ . (c) Comparizon: Identification via conventional, hybndisation-based detection (left)
and LNC-3 technelogy (right).
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Materials and Methods

Briefly summarised, all strains were cultivated and lysed, followed by DNA purification and PCR-based 45-plex
amplification. The amplification products were applied fo nucroarray chips that had been functionalised with DNA
complementary to the genes of interest and complementary to their related mRNA (therefore constituting the base
sequence of the non-coding strand). Fluorescence-labelled detection oligonucleotides. complementary to the
adjacent region of the target DNA, were connected to the probes by the target DNA — if present —via hybridisation.
If perfectly matching, the defection oligonucleotides were ligated to the immobilised DNA oligomucleotides. Non-
ligated oligomucleotides, merely bound by hybridisation were washed out. The chip readout occurred by means
of a standard fluorescence-based microarray scanner. A conventional microarray platform comprising the identical
detection sequences was used to showcase the specificity improvements realised by our detection concept.

Bacterial cells and DNA purification

All reported strains were incubated at their opfimal growth conditions overnight. A detailed description of media.
growth conditions. and origin is given in Table S1. A total of 5 mL of each bacterial culfure were washed in
phosphate-buffered saline (PBS) buffer (1.05 mM KH,PO;, 155.17 mM NacCl, 2.97 mM Na,HPO; 7 H,0. pH=7.4)
twice by spinning down (6,000 g, 2 min) and resuspension, then finally resuspended in 1 mL of PBS buffer. Lysis
was performed mechanically by a MagNa Lyser Instroment (Roche, Basel) at 6.500 rpm for 0.5 mun. A second
treatment was performed after 5 nin of incubation at room temperature (RT), followed by 10 min of incubation at
05 *C. After centrifnging at 16,000 g for 10 min_ the supernatants were collected and used further.

To validate the microarray detection results, all strains were sequenced with the PGM Ion Torrent sequencer (TIon
Personal Genome Machine™ System, Thermo Fisher Scientific, Waltham, MA, USA) as advised by the supplier.

DNA amplification

After lysis and cenfrifugation the supematants were used directly as template DNA in a multi-primer PCR
confaining the primer pairs corresponding to all the genes screened for in case of ABR and VF genes. while for
the 165 rRINA genes, a universal primer pair was designed covering approximately the whole gene. All primers
are listed in the Supplementary Information, Tables 3-20. The PCR was conducted using the HotStartTag DNA
polymerase kit (Qiagen Hilden Germany) at final concentrations of 10 ng of template DNA, 5 uM of primer pairs
(forward and reverse), and 3 mM of MgCl: following the manufacturer’s instructions. The thermal cycling settings
were: mifial denaturation: 95 °C, 15 mun; number of cycles: 40, compnsing denaturation: 95 °C, 30 s; annealing:
55 °C, 30 5; elongation: 72 °C, 30 s; final elongation: 72 °C, 10 min: storage: 4 °C (Applied Biosystems GeneAmp
PCR System 2700, Thermo Fischer Scientific, Waltham, MA, USA). Punification of the amplification products
was done with the Stratec Invisorb Fragment Clean Up kit (Stratec Molecular GmbH. Berlin. Germany) following
the manufacturer’s mstructions, followed by 3 mun of sonication (VWE. Ultrasomic Cleaner USC-TH. PE, USA).
The resulting amplified oligonucleotides served as target DNA for the detection reaction using the LNC-3
technology.

DNA labelling for the conventional microarray

For the conventional microarray detection. 6 pL of the amplified DNA originating from the aforementioned PCR.
were labelled with Atto 532-labelled dCTP. The labelling reaction was conducted using 2 umits of the Vent
(exo-)DNA Polymerase kit (New England BioLabs, Ipswich, MA  USA), as it has no 3' — 5'-proofreading
exomuclease activify, and thus, facilitates the incorporation of the labelled dCTPs into the target DNA. To obtain
the strand that was complementary to the immeobilised probe only, an asymmetric PCR with the forward primer
was implemented. The master mix of this PCR mcluded 0.025 pM labelled dCTPs, 0.175 dNTPs mux, 0.9 uM
forward primer and 1 mM MgSO,. The thermal cycling settings were: inifial denaturation: @5 °C. 3 min; number
of cycles: 25, compnsing denaturation: 95 °C, 20 s; anmealing: 55 °C. 20s; elongation: 72 °C, 20s; final
elongation: 72 °C, 3 min: storage: 4 °C (Applied Biosystems GeneAmp PCR System 2700, Thermo Fischer
Scientific. Waltham, MA_TUSA).

Oligonucleotide design

All oligonueleotides were designed with the Oli2go software, which uses thermodynamic calculations to facilitate
multiplex detection applications™. The structure of the LNC oligonucleotides is summarised in Table 1 and listed
completely in the Supplementary Information, Tables 3-20. The resulting oligomicleotides were obtamed from
Integrated DNA Technologies (Coralville, Iowa, USA), inchuding Cy5-labelled LNC-A and Cy3-labelled LNC-B
oligonucleotides serving as spotting and hybridisation conrols.
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Table 1: Microarray probe sequences and modifications.

Probe name 5’-mod. Sequence 5°-37 Length
LNC-A Thiol TTTCGCTGCCGACCCTGCGLCGTGGCC 27bp
LNC-B CCCCGGCACGUGAGCCCACGCTGCTTITTTTIGGCCACGGC S4bp

GCAGGGTCGGCAGCG
LNC-C GCAGCGTGGGCTCGUGTGCCGGGGTIT ~44bp
Detection

- . NNNNNNNNNNNNNTTT =
oligonucleotide Bbp
Hybridisation CCCCGGCACGCGAGCCCACGCTGCTTITTITIGGCCACGGC 54 bp
control GCAGGGTCGGCAGCG/ICy3
Spotting control Thiol TTTCGCTGCCGACCCTGCGCCGTGGLC/Cys 27 bp

Glass slide finctionalisation

The glass slides intended for the LNC-3 probes were first cleaned by sonication in ddH20, 100 % ethanol, acetone.
and 1 M NaOH for 10 min each, then finally immersed in 1 M HCI overnight. The next day, the slides were cleaned
with ddHzO for 10 mun twice, rinsed with 100 % ethanol. and centrifuged to dry. The cleaned glass slides were
immersed in 5 % 3-aminopropyl-trimethoxysilane (ATS, Sigma-Aldrich, MO, USA) in dry acefone for 1 h to
generate free amino groups on the top of the surface. Residual ATS was removed by washing with acetone three
times for 5 min each, rinsing with 100 % ethanol. and centrifuging to dry. Prior to succinimide finctionalisation
the slides were baked at 90 °C for 50 min. Subsequently, 300 pL of 2 mM sulfo-m-maleimidobenzoyl-N-
hydroxysulfosuccinimide (s-MBS. Thermo Fischer Scientific, Waltham MA USA) m PBS buffer was applied to
the amino-functionalised surface. The reaction occurred in a humid surrounding overnight. The procedure was
taken over from®’.

Spotting af the microarray probes

The LNC-3 probes were immobilised on the chip surface using an OnmiGrid Contact Microarrayer (GenMachimes,
San Carlos, CA, USA) equipped with Stealth Micro Spotting Pins (ArrayIt, Microarray Technology, Sunnyvale,
CA_ USA). The spotting solution contained 5 pM of LNC-A, LNC-B, and LNC-C oligonucleotides each in sterile-
filtered 2x NaPi spotting buffer (1x NaPi: 0.1 M Na:HPO4, 0.15 M NaCl. pH=6.3). Cy-5-labelled LNC-A
oligonucleotides were used as spotting controls, Cy3-labelled LNC-B oligonucleofides as hybnidisation controls.
After spotting, the microarray chips remained in the spotting chamber overmght. The humidity was set to 60 %
during the entire process. The slides were immersed into 1x NaP; buffer repeatedly for 5 min to wash, then
incubated mn the same buffer addifionally contaning 10 mM B-mercaptoethanol for 1h to inactivate residual
reactive groups on the glass surface. To remove the f-mercaptoethanol, the NaP; buffer washing step was repeated.
To precipitate unbound LNC oligonucleotides, the slides were mcubated in saline buffer (1.5 M NaCl, 0.01 M
Na,HPO,, pH=T) for 10 min Another two washing steps were implemented with 5x saline sodium citrate (S5C)
buffer (1x SSC buffer: 150 mM NaCl. 15 mM sodium citrate, pH=7.0, obtained from Biorad. Hercules. California.
USA) for five minutes each, the first with 0.1 % Tween-20 (Sigma-Aldrich, MO, USA) and the second without.
Finally, the slides were repeatedly rinsed with ddH:0, centrifuged to dry, and stored at -20 °C.

Spetting and blocking of the aldehyde-fimctionalized slides

The conventional microarray detection was carried out using aldehyde-modified slides (PolyAn, Berlin Germany).
The spotting was conducted analogously to the LNC-3 procedure with the same mstruments but a spofting buffer
comprising 3 M befaine und 6x S5C buffer. The slides were immersed mto a blocking solufion containng 3 M
urea and 0.1 % SDS for 30 min  Afterwards, the slides were washed with PBS buffer containing 0.1% Tween-20
for 5 mun. Finally. the slides were repeatedly ninsed with ddH:O. centnfuged fo dry. and stored at -20 °C.

Detection oligonucleotide preparation

The biotin-modified detection oligonucleotides were ordered from Integrated DNA Technologies (Coralville.
Iowa, USA) and then phosphorylated using the T4 polymicleotide kinase (Thermo Fischer Scienfific, Waltham,
MA USA). For that, 50 Ulreaction of the enzyme, 45 detection oligonucleotides at a concentration of 1.78 pM
each, and 400 uM adenosine triphosphate (ATP) were allowed to react in a thermoshaker (Peglab TS-100. VIWR.
Erlangen Germany) at 37 °C overnight. The reacfion was ended by 10min of incubation at 75 °C. After
establishing a protocol to save costs by self-biotinylating the detection oligomucleotides, a ternunal
deoxynucleotidyl transferase was used to elongate the detection oligonucleotides with biotinylated
deoxynucleotide trisphosphates (dCTPs) without impairing their performance, which were subsequently bound by
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fluorescence-labelled, ie. Alexa-647-conjugated, streptavidin. The procedure 15 outlined in detail in a recent
study™.

Solid-support-based ligation and datection

The ligation reaction. providing the required specificity. took place in gasket hybridisation chambers of a volume
of 100 pL each (Agilent, Santa Clara, CA, USA). The ligation solution, comprising 5 U/reaction ampligase
(Epicentre, Madison, WL TUSA), 1.68 uM of each detection oligonucleotide, 100 oM of synthetic target DNA or
20 pL of PCR product, and 2 pg bovine serum albumin (BSA, New England BioLabs, Ipswich, MA USA) in
ampligase buffer (20 mM Tns-HCL, 25 mM KCI, 10 mM MgClz, 0.5 mM nicotinamide adenine dinucleotide
(NAD), 0.01 % Triton X-100, pH=8.3), was applied to the chamber. If PCR products were used, the mixture was
heated up to 95 °C for 5 min followed by cooling down on ice prior to its application onto the microarray.

The ligation reaction was performed in a hybridisation oven (Microarray Hybridisation Chambers, Agilent. Santa
Clara, CA USA) at 55 °C for 1 b The slides were subsequently washed repeatedly, first with 2x SSC buffer
containing 0.1 % sodium dodecyl sulphate (SDS) for 5 min, second with 0.2x SSC buffer for 2 min. third with
ddHxO for 1 nun. and finally with 70 *C ddH2O for 10 min to remove non-ligated hybridisation products. The
slides were dried by centrifogation. Afterwards, the streptavidin-Alexa-647 conjugate (Jackson ImmunoResearch
Laboratories Inc., West Grove, PA. USA) was diluted 1:1000 in sterile-filtered PBS buffer containing 0.1 %
Tween-20, applied to the slides, and incubated for 1 h at room temperature inside the hybridisation oven. Finally.
the slides were washed with PBS buffer comprising 0.1 % Tween-20 for 5 min then fwice with ddH:0. Again
the slides were centrifuged to dry.

Conventional microarray detection

The conventional microarray hybridisation was performed in gasket hybridisation chambers of a volume of 100 pl
each (Agilent, Santa Clara, CA, USA). The hybridisation mixture. comprising 20 pL of the fluorescence labelled
amplification product. 40 uL hybridisation buffer (Roche Diagnostics GmbH, Rotkreuz, Switzerland), and 40 pL
ddH.0. was applied to the hybridisation chambers. The reaction occurred in a hybridisation oven (Microarray
Hybridisation Chambers, Agilent, Santa Clara. CA. USA) at 55 °C for 1 h. The slides were subsequently washed
repeatedly, first with 2x SSC buffer contaiming 0.1 % sodium dodecyl sulphate (SDS) for 5 min, second with 0.2x
SSC buffer for 2 min, and third with ddH;O for 1 min. The slides were dried by cenirifuging.

Measurements and data evaluation

The slides were scanned with a Tecan PowerScanner (Minnedorf, Switzerland). Slide coating and spotting
efficiency were checked by Cy5-labelled LNC-A oligonucleotides, serving as spotfing controls, and Cy3-labelled
LNC-B oligonucleotides, serving as hybridisafion controls, both spotted along with the probes at the same
concentrations. The detection oligonucleotides carried biotin-modifications that allowed binding fo Alexa-647-
labelled streptavidin. The hvbridisation controls were measured at 532 nm_ all other samples at 647 nm. GenePix
Pro 6.0 (Molecular Devices. Sunnyvale, CA. TUSA) was used for data analyses, including readout of fluorescence
infensity counts (FIC), subtraction of the background (average FIC over the unspotted area), and median value
calculation of the spofted areas. The graphs were compiled with Origin Lab 85 (Onginlab Corporation
Northampton, MA. USA). For statistical considerations. an R script (R Core Team, 2013: R- A language and
environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria) was written to
assess the significance of the positive signals over all other ones. The results were depicted as boxplot diagrams.
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Results and discussion

In this wortk. we developed a DNA mucroarray-based assay that is capable of genetically identifyng and
characterising pathogens. The focus was put on the detection of the 45 most important sepsis-relevant bacterial
pathogens and thewr ABR. and VF genes. Our assay was compared to a conventional DNA-based microarray and
its specificity was assessed analysing 14 sequenced reference strains of the 45 species. The main focus of this work
is on the 6 ESKAPE species; all other strains are summed up in the Supplementary Information (Table 52).

Evaluation of the probe performance

Upon the in silico design of the 814 oligonucleotides, they were first experimentally evaluated with synthetic target
DNA to identify non-finctional probes (Fig 2a-c). The synthetic DNA was 100 % complementary. single-stranded.
and not dependent on any other factors, such as the upstream PCR amplification, therefore it represented the
simplest case. The LNC-3 probes that generated weak fluorescence signals were subject to more detailed in silico
secondary structure analyses and reordered fo exclude shoricomings during the chemueal synthesis. Along with,
the detection oligonucleotides were scrutinised.

Figure 2a-c show exemplary results of the microarray probes corresponding to 165 rRINA genes (Figure 2a), ABR
genes (Figure 2b), and VF genes (Figure 2c¢), summarised in boxplot diagrams displaying the median values of
four repetitions. The complete set of measurements is given in the Supplementary Information (Fig. 59-521). The
data were normalised to be comparable between different experiments. This was due to different individual factors.
such as the in-house slide coating. Briefly, the postiive signals, detected at the respective correct spots, are clearly
confrasting from the non-matching probe signals, even without statistical evaluation. Having a look af the stafistical
boxplot analysis, a threshold can easily be drawn to separate positive values (red) from the counts emerging at
non-matching spots (grey). All in all, the probes representing phylogenetic 165 rRNA-based markers, ABR genes
and VF genes were shown to work well; the probes were sufficiently specific. Including the residual sets of
phylogenetic markers, ABR genes, and VF factors, shown in Fig. 59-525. 977 % of the designed LNC-3 probes
vielded acceptable signals (= 10-fold standard dewviation). A total of 2.2 % of the probes produced fluorescence
infensifies that were lower than the 10-fold standard deviation: however, they were still distinguishable from the
background noise.

Comparison between different microarray technologies

The LNC-3 approach was compared to a conventional DNA microarray method. The conventional method
consisted of an immobilised oligonucleotide carrying a sequence complementary to the target DNA hybridising to
the immobilised probe. In our alternative approach, the same sequence was split in two parts encoded on the LNC-
3 probe and the detection oligonucleotide. so that the target DNA binds the detection oligomuclectide and
immobilised probe wvia hybridisation Only if subsequently ligated by a proofreading ligase, the defection
oligonucleotides were not removed by stringent washing. The performance of those two methods was determined
by 1dentifying sox different clinically relevant pathogens via therr 16S fRNA genes. The results of two
representative detection reactions targeting E. foecium and K pneumoniae are shown in Figure 2d and 2e. The
residual results are given in the Supplementary Information (Fig. 57).

While the LNC-3-based microarray chip exhibited a single significant signal only in case of the E. frecium probe.
the conventional chip surface presented positive signals (at least 50 % of the maximmm value) also in the case of
Enferococcus subsp. {consensus sequence for Emferococcus species/strains), Clostridium subsp., Moravella
subsp., and Smeptococcus subspecies probes (Fig. 2d). The background was in both cases negligible (smaller than
10 % of the maximum signal). The nmltispecies probe showed a slightly higher signal in the LNC-3 assay. This
LNC-C probe 1s perfectly matching to the 165 tENA gene sequences of Morganella morganii, K pneumoniae.
Citrobacter. freundii, Enterobacter cloacae, Enterobacter aerogenes, E. faecium, Escherichia coli, P. aeruginosa
and Proteus subspecies (explained in detail m Fig. $6). Since these strains are closely related (Fig. S1 and 52), the
165 tRNA sequences overlap widely. Such a consensus sequence was used for the multispecies probe. The
identification 1s thus successful through the multiple species probe and the specific probe. The signal mtensities
of the individual signals differ due to thermodynamic differences between species-specific probe/target DNA and
multiple species probe/target DINA interactions, strictly speaking the multiple species probe resulted in a lower
AG value. This was used by implementing this probe to achieve a putative higher sensifivity in detecting the
presence of one of them compared to the single species probes.

Targeting Klebsiella pneumnoniae (Fig. 2e), the conventional microarray analysis showed many unspecific signals.
while the LNC-3 methed clearly identified the spectes (X pneumoniae and the nmltispecies probe, comprising the
first). It was not possible to identify a phylogenetic correlation in the false positive signals created by the
conventional microarray techmque.
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Attempting the identification of Straprococcus pseudapneumoniae (Fig. ST). probed together with 5. preumoniae
at one spot because of the very high similarity, the conventional microarray resulted in one specific and three non-
specific signals that were higher than 50 % of the maxinmm value, namely at the correct 5. pneumoniae and the
related 5. subsp. spot, but also at the loci of Moravella subsp. and the multispecies probe (not containing 5.
pseudopnenmoniae). Another three produced a significant signal, albeit lower than 50 % of the maxinmm value
(Clostridium subsp.. Listeria monocyfogenes, and Streptococcus mitis). In the LNC-3-based array. only the
perfectly matching probe of 5. pneumoniae was detected, while all others did not exceed 10 % of the maximum
value. A special case was the detection of Protfeus penneri, for which no perfectly matching probe besides the
nmiltispecies probe was presented on the microarray chip. Indeed, the maxinmm signal was obtained at the
multispecies probe. while relative signals of 20-30 % were measured for the three related species P. mirabilis.
P. subsp.. and P. vulgaris. giving information about the signal attenuation by minor sequence differences of closely
related species using the LNC-3 concept. The conventional microarray signals at those loci were higher than 80 %.
Besides, the conventional microarray produced signals relative to the highest one at the multispecies probe of more
than 50 % at the Closiridium subsp, the Moraxella subsp.. and the Serratia marcescens probes as well, which are.
however, not very related. The other two identifications. which generated an equivalent outcome, are not discussed
here in detail but shown in Fig. 57, too.

Altogether. the convenfional microarray produced a high number of false-positive signals, while the LNC-3
detection method was significantly more specific and cofrect in any case.

Reproducibility

The reproducibility of the microarray system was evaluated with this experiment as well The reproducibility is a
known problem with microarray technology’®®.. In confrast to scientific research, there are no repetitions
performed in clinical diagnostics usually. For that reason. the correct signals must be obtamed reliably. nof i the
average of repeated measurements. In Fig. 2f three repetitions of an ABR pgene set detection of E. faecium is
shown. Although the absolute intensities of the individual measurements differ greatly from one another due to
the m-house slide coating. they exhibited significant signals fowards fherr individual backgrounds and
consequently generated a uniform statement about the resistance genes of the strain.

Sensitivity test of the LNC-3 microarray technology

The higher complexity of the emploved reaction, comprising several additional steps. suggests that this gain of
specificity could be accompanied by a loss of sensitivity. The total fluorescence signal intensity was found to be
lower with the LNC-3 method than with the conventional microarray. For that reason. the sensitivity of the LNC-
3-based mucroarray was determined using a target DNA dilution seties (0.1 pg — 10ng) of 5. aureus in the
amplification reaction. The resultng PCR. products were applied to the chip (Fig. 2g). 1 ng DNA corresponds to
107 bacterial cells per mL (e g. of blood). With 0.1 pg and 1 pg of target DNA. no signal differentiable from the
background noise was obtained. 10 pg. comresponding to 10° cells, led to a significant signal compared to the
background. 0.1, 1. and 10 ng resulted in higher signals. Hence, thousand pathogen cells could be detected.
enabling the LNC-3 technology to compete with other pathogen detection formats®™®. The threshold of 10 pg
DNA was achieved with other target DNA sources as well. such as E. faecalis. In two cases, the sensitivity was
determined fo be 100 pg. comesponding to 10* cells perml. The results are shown in the Supplementary
Information (Fig. S8).
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Figure 2: Performance of the LNC-3 probes: A set of 45 LNC-3-probes (and detection oligonucleotides) was tested i terms of specificity
byapplymgcomplemenhrysymhehcmgetD\!Ahoﬂuchlpmﬁu the latter camrying all 45 specific parts of 16S rRNA genes serving as

(), 1 (ABR) genes (b), and virulence factor (VF) genes (c). All comrect signals (red) were evaluated
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values of the probes that did not match the gene fragment of interest, the red ones illustrate the posifive signals. Identification via conventional,
hybridisation-based detection (black) and INC-3 technology (red) of E. faecium (d) and Klebsislla pneumoniae (). Reproducibility of the
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Full characterisation of bacterial isolates

The LNC-3 microarray platform was verified by characterisations of the six pathogens abbreviated with ESKAPE
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa and Enterobacter cloacae). Those species have been particularly highlighted by the Infectious
Diseases Society of America for being especially problematic in terms of antibiotic resistances®’. To validate the
results, the genomes of the used ESKAPE strains were, if publicly not available, sequenced and bioinformatically
assessed beforehand The results are summarised in Table 1. In total, 14 pathogenic strains were characterised.
Figure 3 shows the characterisations of clinical isolates from E. faecium (a), 4. baumannii (b), E. cloacae (c), and
5. aureus (d). Those data and the charactenisation data of the two remaining ESKAPE pathogens K pneumoniae
and P. geruginosa are additionally listed in Table 2. Expected genes whose corresponding probes did not exhibit
sufficient signal intensities are highlighted in bold letters. Additionally identified ones are marked in italics. The
residual characterisations are given in the Supplementary Information (Table 52).
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Fizure 3: Full characterization of Enterococcus faecium (a), Acinerobacter b i (b}, Ei cl (), and Staphylococcus
anrens (d) isolates, compnsing identification (black) wvia 165 rBENA genes and characterization n ferms of ABR genes
(red/blue/zreen’orange) and virulence factors (magenta and related colors). The DMA of a clinical 1solate canying the specified pathogen was
punfied and amplified by mmltiplex PCRs including the primer pawrs of all mvestzated genes. The amplification products were applied to the
microanay chips aleng with detection oligonucleotides. If matehing, the detection oligonuclectides could be ligated to the probes and
subsequently detected by a standard flucrescence-based microamay scanner.

During the identification of E. faecium, two positive signals were generated, one at the probe corresponding to
E. faecium and one at the probe corresponding to Enterococcus subspecies with a lower fluorescence signal (Figure
3a: black). Furthermore, the characterisation revealed the presence of the anfibiotic resistance genes A4C(6)-Ii,
msrC, efind, DfrG, Vand-4 VanH-A, vanRA, van¥4, TriB, and aad(6) (Fig. 3a: red, blue and green) and the
virulence factor gene acm (Fig. 3a: magenta). These results were compared with the shotgun sequencing data. It
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turned out that with the genes DG, Vand-4 VanH-4, vanRA, van¥d, TriB, aad(6) had been identified in addition
using the LNC-3 method. To ensure that the additional hits of ABR. gens are not a result of measurement outliers.
the measurement was repeated three times with the ABR gene panel comprising G and the vancomycin-related
resistance genes (shown in Fig. 2f and discussed in detail there) to exclude that Those additional antibiotic
resistance genes were detected repeatedly. A number of possible explanations can be thought of. such as the
binding of similar target DNA However, Enferococcus species are known to frequently carry vancomycin
resistance genes. A detection of the latter was hence not surpnsing. A conceivable mechanism of the vancomycin-
related resistance genes escaping notice in whole genome shotgun sequencing data is their spread on transposable
elements™® The assembly of larger sequence parts from contiguous motifs (contigs) may suffer from the direct
repeats transposable elements and mtegrons are enclosed with. leading fo sequences that are not assembled in silico
correctly. In cases such as the vancomycin resistances, it was hence assumed that rather the WGS shotgun data
were incomplete. Nevertheless, all genes revealed by WGS were found using the LNC-3 technique.

Table I: Charactensation of bactenal 1selates using LNC-3 probes targeting antibiofic resistance genes and vurulence factor genes. LNC-3-
denived signals are compared with whole genome sequencing data. Genes found in sequence data but without LNC-3 response are mndicated in
bold letters, LINC-3 responses that were net found via sequencing are wnitten m itzlhies.

Pathogen/gene | Phylogene | Antibiotic resistance genes Virulence factor genes
type tic marker
genes
Sequenced LNC-3 Sequenced LNC-3
Acinstobacter Arcinetobacter aadA, OMA-66, Sull OHA-66, Sull, Mbl
baumanmii baumanmii Wbl abel, adeC, adel, | abeS, adeC, adel,
ade$, adeB, adel, ade$, adeB, adel,
ade ade, ADC-2, adek adeG, ADC-2,
Bladl, adeF, adeR, BlzAl, adeF, adeR.
adel adel, Zn- adel adelM, Zn-
dependent bydrolase, dependent hydrolase,
AAC(3Ha, OXA-T2, | OXA-T2 BlaA2
Blad2
Enterobacter Enterobactsr ramé, Sulll robd ramé& Sulll robA,
cloacas cloacas arnd
Enterococeus Enterecoceus AAC(EY)-D, o, AAC(E)-h, msrC, arm acm
faecium fascium, efmd efmd DG, Famd-A,
Enterococeus FanH-A, vanRA,
subspeciss van¥d, TriB. aad(d)
Klebsiella Klebsiella oquh, FosAS, vgalC oguA, acrd Klebsiella, | vagZlecph, vagLlecpA
pneumieniae Eneumonias acrfh Klebsiella, ogxB | ogxB eastl_astA
Preudomenas Multispeeies PDC-1, amrd | anwB amrd anrB. amd xepAipilD, al=B, xepA/pilD, algB.
Asruginosa probe, Aph3-ITh, amd bas5, | basS, CpxR. MexB, alg(). al=Z. algU, alg(Q), aleZ, 2z,
Preudomenas CatB7, CoxF. MexA | MexD) mexG, mexl alz8, algdd alzE, alg8, alz44, algE.
ASTHZINGIA MexB, MexD AMexF, | mex] mexE mexl alg¥l alsl, algF, alg™l algl, algF,
MexF, menG, mex] mexP, mexl(), mexV, algd mmeC, waal, | algA mmeC, waaG,
mex], mexk mexl COpmB, opmE, OpmH, | waaC, aprd. lasd, waall, aprd lasA
mexP, mex(]) mexV, O], Oprhd, OXA-50, | lasB, vhil lasI pleH. | lasB, rhil la=I pleH
mexW, MuxB, TnB, TrC, mexH, xepZ, xepV, xepT, xepZ, xepV, xcpS,
MuxC, OpmB, opmD, | FosA Muxd mexM, xepS, xepP, xepQ), xepP, xep(), mIY2,
opmE, OpmH, Oprd, T2, pilS, palR pilE_ pilP, palT,
Crprhd, O A-50, TrB, pulP, pailML plT, pilU, pil G, pall,
TnC, OprN, mexH, pill, pilG, pilH, chpB, chpC, figD,
FozA Muxd mexM, pill, chpB, chpC, fleG, fzH. flg1, iz,
MexC, Trid £2D, 120G, flgH, fleQ, fleF , AT, 1,
£z1 gl fleQ), fleR | AN N, P, 0iQ),
fiE, G, il flT, flkB,
£iM. N, fiP, fiQ,
£hB_ flhA
Staphylococcus Staphylococens | Aac3-Ik, alF. arls, Aaci-Ik, arlF. DHA-L, | higC, kigB, ebp, hlzC, hlgB, ebp.
aureus aureus DHA-1, ErmA FosB, Emd FosB, MECA, sdrlC 1eal}, 1ealC, sdiC, ieaD), 1ealC,
MECA mepA mepF. | mepA mepR mzd hid, hly/hla =5pC, hld hiy'hla, s5pC,
mgrd nord savl366, | norA sav1866, Spe, 55pB, hysA, geh, 55pB, hysA, zeh,
Spe, Tet-38, Aph3-TI, | Tet-38, Aph3-II, sak hlb. adsA sen szk, hlb, ad=A sem,
gach mecR1 qacA mecR1 ACC-] sdrD), sdrE, elfd, sdrD, sdrE, clfA
map. sea, :5pA, map. sea, s5pd,
1wead fmbA seaR 1ead, fmbA iR
icaB, elfB, aur 1caB, oIfB, aur
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A baumannii was clearly identified as well (Fig. 3b). The sequence data revealed 22 different ABR genes (aad4,
blagxsss, sull, mbl, abeS, adeC, adeJ, adeS, adeB, aded, adek, adeG adc-2, bladl, adeF, adeR, adel, adeN, Zn-
dependent Iydrolase, aac(3)-Ia, blaoys7, blad?) and no VF genes. The signal infensifies of the genes aadd and
aac(3)-Ia were not strong enough for an unequivecal response. All others were successfully detected. Regarding
the VF genes, no false-positive signals were measured. An emerging pattern of non-detected ABR genes is
discussed along with the P. aeruginosa results.

Enterobacter cloacae was detected with a signal significant towards the background, and via the mmltispecies
probe comprising M. morganii, Klebsiella subspecies, C. freundii, E. cloacae, E. aerogenes, P. aeruginosa and
Proteus subspecies (Fig. 3c). E. cloacae lacked VF genes completely; the three ABR genes (ramd, Sulll robd)
were detected along with an additional one (armnd).

In the case of the idenfification and characterisation of 5. aurens (Fig. 3d). only the matching probe produced a
signal As mentioned before, the absolute signal strength was comparable only among the probes at one panel. not
between different panels. Indeed, the signal of the phylogenetic probe detecting S. aursus was significant compared
to the background, as if can be deduced from Fig. 2d as well. There, it was shown that the sensitivity was actually
high encugh down fo a bacterial concenfration comparable to other detection methods. According to the
sequencing data, this strain carried 17 ABR. genes and 28 VF genes. Only one antibiofic resistance gene could not
be detected with a significant signal strength: arlS. Although there was no straightforward reason that this single
ABR gene was not detected, there are a number of possible explanations as well as strategies to prevent detection
failures given in the P. aeruginosa section along with a more detailed discussion of (operon-)related genes.

A similar bigger picture emerged for K prneumoniae (Table 2). K pneumoniae was unequivocally identified, with
several ABR and VT genes detected. However. of five ABR genes (ogid, vgaC, fosd5, acrd Klebsiella & ogaB)
and two VF genes (yagZiecpd & east]_astd) present according fo the sequencing data, the signal intensities for
the genes fosd3, veaC, and east] _astd were not sufficient to be considered a positive signal.

For P. neruginosa (Table 2). an approximately three-fold signal intensity at the P. aeruginosa, P. subspecies, and
the nmiltispecies probe loci indicated their presence. Regarding ABR genes, 40 ABR were revealed by sequencing,
while only 24 were detected on the LNC-3 chip. 48 of 55 VF factors could be detected.

The non-detected ABR genes showed some sinularities, indicating that their absence was not hinting to random
weaknesses in the detection svstem but rather to a certain mechanism that mediates escape of detection so far. The
large majority encoded efflux pumps. A main difference of efflux pump genes towards, for example, beta-
lactamase genes, is that they are encoded in the genome. not on plasmids®. Having that closer look, most of the
missing genes that do not encode efflux pumps are genome-encoded as well, which — in both cases — influences
the copy number. The detection via LNC-3 technology is still amplification-dependent. Hence, false negative
might be related to the multiplex PCR amplification. Since it represents the lowest amount of target DNA to
amplify. a single-copy gene is the hardest to detect. Plasnuds are usually present in multiple copies per cell (e.g.
dependent on their origin of replication), which increases the amount of target DNA substantially and is moreover
easier accessible. Some genomically encoded genes are present in large numbers as well, such as the fRNA genes,
used for the identification, facilitating the detection of those in general. Solutions to overcome this issue — since
mereasing the template DNA cannot trivially be done by increasing the overall target DNA amount, because too
nmch DNA inhibits the PCR - could be employing a two-step PCR. In the first step, the farget DINA could be
amplified in a limited number of cycles, improving the target DNA/non-target DNA ratio, and the product could
constifute the femplate DNA for the second (above-named) PCR. comprising the same overall template DNA
amount, vef containing more target DNA.

Besides, primer interactions could also be causative; still, this would not explain the accumulation of genome-
encoded genes. A suggestion to reduce such, using steric hindrance effects, was published recently by our group.

Most of those genes, especially efflux pumps, are frequently encoded in operons, e g the Mex AB-OprM operon,
the MuxABC-OpmB. meaning that they are governed by a single promotor regulating their expression one after
the other at a time®~"". Those genes are not only connected on the genetic level. but offen encode related proteins
that build, for instance, a single effux pump. Hence, it suffices to detect one gene per operon, since they never
occur alone (and are not necessarily functional alone). Having detected mexA and optM in case of P. aeruginosa
suffices to deduce the presence of mexB as well. Besides, this particular efflux pump transports special antibiotics
mside-out, which then needs to be rejected from the choice of antibiofics, no matter if all efflux pump genes could
be detected or not (which holds not true for, e g, the vancomyein resistance genes discussed before, of which a
pathogen might have acquired only once and thus, they need fo be detectable each and every one).

While the MexAB-OprM operon could therefore be deduced without detecting mexB, all single genes of the
MexEF-OprN operon™ lacked detection. A strategy to reveal such operons that were failed to detect on basis of
every single representative (each individually suffering from the presence as genomically-encoded single copy
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gene) could be a microarrav-based clustering. With consensus sequences of those interrelated genes, detected at
only one locus per operon, the target DNA could be increased manifold and thus facilitate the detection. The single
genes contained in these operons can then be deduced easily (and not necessarily must be, since the final outcome
information is not the encoded protein complex but the antibiotics towards which they mediate resistance). It would
decrease possible primer interactions, foo, by decreasing the number of primers needed. Another example was
mentioned in the course of the 5. aureus detection. The not detected arlS was found to be located at the arlR-arlS
locus, encoding a regulatory system of two elements. Further, a component regulated by ariS is the norA
promoter™”_ Both. norA and arlR_ were detected successfully. Consequently. it represents a further example that
would benefit from a more sophisticated way of evaluation and chip design.

A similar picture emerged for the virulence factors. The not detected ones were mainly single parts of multidomain
flagellar and pili proteins, as for example. discussing the P. aerugimosa results, pillf being part of type IV pili
among a lot others, such as pilT and pilP that were detected™, or pilf being comprised by an operon along with
pilG, pill, and pilJ ™. The same applies for the flagellar proteins fIiE, fliG, flil, f1iJ, fliM, fliN and more’®. Hence.
most of the virulence factors that escaped detection could be covered by sophisticated operon and multidomain
protein-related evaluation.

In summary. 85 % of all ABR genes and 83 % of the VF genes were idenfified. Those which have not been
identified were mainly chromosomal encoded antibiotic resistance penes (mostly efflux pumps) or virulence factor
genes in low copy number (or even single copy), for which two strategies of cumulative defection or deductive
evaluation were presented.
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Conclusion

It was shown that the LNC-3 concept 15 supenor fowards comventional mucroamay techmiques regarding its
specificity by using a laghly specific lizase reaction mstead of relving on hybridisation bonds that often lead to
non-spectfic cross-hybndisation. By screening for 43 pathogens, 360 vuulence factor (VF) genes and 409 ABR
genes at the same time, the number of genes that can be detected simultanecusly could be remendously mcreased,
whech 15 also owed to the combinanon wath the Oh2zo software, avoiding entical interachons in upstream
amplification rezctions. The INC-3 microanay technique was further employed to fully characterize 14 pathogens,
so that the most effective treatment can be chosen without rehving on empineal data, which become more and more
uncertain due to the ramd dissenunation of ABR genes, e g. via honzontal gene transfer. Improvements need to be
settled regarding single-copy genes, such as effluwe pumps, which mught be cansed by lower template DIA rafios.
Measures such as operon-based probes, combming several related genes at one probe, were suggested.
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Strains and cultivation of bacterial cells

Supplementary Table 1: A detailed description of media, conditions, and origin of the detected pathogens.

No. | Species Strain Medium Condition
1 Acmetobacter baumannii A baumannii5M TSB 37°C, shaking
2 Bacteroides fragilis B _fragihs M 7021 TSB 37°C, shaking
3 Enterobacter aerogenes E_aerogenes Pula 122664 TSB 37°C, shaking
4 Enterobacter cloacae DSM30034 TSB 37°C, shaking
5 Enterococeus fasciom ATCCT00221 TSB 37°C, shaking
6 Escherichia coli DSM30083 TSB 37°C. shaking
7 Haemophilus mfluenzae DSM4690 BA 37°C
micreaerophilic
3 Klebsiella pneumoniae DSM30104 TSB 37°C, shaking
9 Prevotella bivia DSM20514 CDC Anaerobe agar | 37°C, anaerobe
10 | Proteus mirabilis P_mirabalis P 1 TSB 37°C, shaking
11 | Psendomonas aemgmosa DSM30071 TSB 37°C, shaking
12 | Salmonella enterica sv. typhi DsM354 TSB 37°C, shaking
13 | Staphylococcus aureus MRSA_18242 TSB 37°C, shaking
14 | Streptococcus pseudopneumoniae DSM18670 TSBY 3TC
mucreaerophilic
CDC anaerobe agar: BD CDC Anaercbe Agar with 5% Sheep Bleood, Cat. No. 256506
BA: BD Columbia Agar with 5% Sheep Blood, Cat. No. 254003
TSB: Tryptic Soy Broth, Cat. No. 1.05459.0500, Merck KGaA
TSBY: Tryptic Soy Broth, 3 g/L yeast extract
2
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‘The All-Species Living Tree’ Project (ARB-SILVA)
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Hsemopiu, iafisame

Supplementary Figure 1: “The All-Species Living Tree’ Project (ARB-SILVA): Overview. The surrounded parts
are magnified in the following figures.
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Supplementary Figure 2: ‘The All-Species Living Tree’ Project (ARB-SILVA): Insert Enterobacteriaceae
(Gammaproteobacteria).
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Supplementary Figure 3: “The All-Species Living Tree’ Project (ARB-SILVA): Insert Gammaproteobacteria.
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Staphylococcus aureus
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Supplementary Figure 4: ‘The All-Species Living Tree’ Project (ARB-SILVA): Insert Staphylococcus (Bacilli).
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Supplementary Figure 5: ‘The All-Species Living Tree’ Project (ARB-SILVA) insert Streptococcus (Bacilli).

68



Scientific publications and manuscripts

Multispecies probe
Ferveand prisner
165 RN A DA —
Multispecies - —
Pk’ ! LNCL Borverse praner
Musrgaveils Marganils narga
wargamy
LR
Ferwand pruner FraST—
165 (RN A Tk — —
Erverapharter naragens — R?
[Me Everee praier
Enrevolecier aerape
.. LNCaC
Ferward prunes Mo gl o g
165 rRNA DA
Praews s = —_—
e e [ m——
Proswr g,
Demsction sliparicieotdes Dretsmon shaeak benide
Ewernbarier perogenes Targs DNA [—_— —_ TwgmDNA
N Ewmrroharter asrogeves £ Prodews i
A (
Dhbieticom ofggonia s bociche “3 (_ b
Morgemeile woegaail b TapaDMA -
Q_( Mgl sep ) _
4 . 7
¥ < &
i NG = LNCE L .
L7 Muiispeeins 7 Muliiperics Py [T

. a"l peabe . L.~ probe . L4 prose

Supplementary Figure 6: Schematic depiction of the loop formation enabling several detection oligonucleotides to
bind to the M. morganii probe. Top: A specific region of the 165 rfRNA DNA was amplified by PCR using
consensus sequences for the primers (grey). The amplicon (light green for M. morganii, yellow for E. asrogenes,
turquoise for Proteus ssp.) carried species-specific parts (green for M. morganii, orange for E. aerogenes, blue for
Proteus ssp.), of which the complementary sequence was chosen for the LNC-C probe (sclid line) and the
following section (dashed line) for the detection oligonucleotides. For example, the LNC-C part of M. morganii
was also present at the other amplicons (not the detection oligonucleotide complementary sequence, so this was
net influencing the probe testing using synthetic DNA). Bottom: For the given examples, it is shown how loop
formaticn enables the detection oligomucleotides of all three to the M. morganii probe (even simplified by a lower
AG value for the non-desired combinations). On the other hand, Enterobactfer aerogenes and Profeus ssp. could
bind to the respective other probes, making the latter a multispecies probe. The especially low AG value should be
used to detect these bacteria with high sensitivity.
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Comparison between the conventual
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Supplementary Figure 7: Comparison between the conventual microarray technique and the INC-3 microarray
technology for the strains C. freundii, B. fragilis, Proteus penneri, and Streptococcus pseudopneumoniae.
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10 ng DNA correspond to 10° bacterial cells. The analysed strains were E. coli, Enterococcus faecalis and

Supplementary Figure 8: Different amounts of target DNA were applied to the LNC-3-functionalized microarrays.
Enterococcus faecium.
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Evaluation of the probe performance

Antibiotic Resistance Gene (ABR) set 2 with 45 ABR genes
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Supplementary Figure 9: Performance of the LNC-3 probes (ABR gene set 2): On the left. a heatmap displays
all measurements line by line. Each displayed value 15 the median value of four repetitions. On the nght, all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey).
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Antibiotic Resistance Gene (ABR) set 3 with 45 ABR genes
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Supplementary Figure 10: Performance of the LNC-3 probes (ABR gene set 3): On the left. a heatmap displays
all measurements line by line. Each displayed value is the median value of four repetitions. On the right. all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey)

Antibiotic Resistance Gene (ABR) set 4 with 45 ABR genes
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Supplementary Figure 11: Performance of the LNC-3 probes (ABR gene set 4): On the left. a heatmap displays
all measurements line by line. Each displayed value is the median value of four repetitions. On the right, all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey)
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Antibiotic Resistance Gene (ABR) set 5 with 47 ABR genes
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Supplementary Figure 12: Performance of the LNC-3 probes (ABR gene set 5): On the left. a heatmap displays
all measurements line by line. Each displayed value is the median value of four repetitions. On the right. all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey)

Antibiotic Resistance Gene (ABR) set 6 with 47 ABR genes
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Supplementary Figure 13: Performance of the LNC-3 probes (ABR gene set 6): On the left. a heatmap displays
all measurements line by line. Each displayed value is the median value of four repetitions. On the right, all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey)
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Antibiotic Resistance Gene (ABR) set 7 with 45 ABR genes
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Supplementary Figure 14: Performance of the LNC-3 probes (ABR gene set 7): On the left. a heatmap displays
all measurements line by line. Each displayed value is the median value of four repetitions. On the right. all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey).

Antibiotic Resistance Gene (ABR) set 8 with 45 ABR genes
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Supplementary Figure 15: Performance of the LNC-3 probes (ABR gene set 8): On the left, a heatmap displays
all measurements line by line. Each displayed value is the median value of four repetitions. On the right. all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey)
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Antibiotic Resistance Gene (ABR) set 9 with 45 ABR genes

Synthetic DN/
-
v
.
-
'
.
.
-
'
-
.
'
. -
3 .
X '
£ at
- s
.
.
¥ .
.
T .
% -
»
E :
& '
E .
3 .
= -
.
.
.
.
.
'
.
.
-
.
[pres T— A 13 e 19 ksl W gEVOL bk, 34w "
2 aada - an 4 sl I8 b 19 merh 2w 35 mef 41 vaeT a4k
3 b . A » A 12 i 19 b 10 34 b . ha . 38 sipA 13 3 mel 9 el &2 ven 4 i

Supplementary Figure 16: Performance of the LNC-3 probes (ABR gene set 9): On the left. a heatmap displays
all measurements line by line. Each displayed value is the median value of four repetitions. On the right. all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey)

Virulence factors (VF) set 2with 45 VF genes
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Supplementary Figure 17: Performance of the LNC-3 probes (VF gene set 2): On the left. a heatmap displays
all measurements line by line. Each displayed value is the median value of four repetitions. On the right. all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey)
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Virulence factors (VF) set 3 with 45 VF genes
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Supplementary Figure 18: Performance of the LNC-3 probes (VF gene set 3): On the left, a heatmap displays
all measurements line by line. Each displayed value is the median value of four repetitions. On the night, all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey)

Virulence factors (VF) set 4 with 45 VF genes
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Supplementary Figure 19: Performance of the LNC-3 probes (VF gene set 4): On the left. a heatmap displays
all measurements line by line. Each displayed value 1s the median value of four repetitions. On the right. all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey)
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Virulence factors (VF) set 5 with 45 VF genes
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Supplementary Figure 20: Performance of the LNC-3 probes (VF gene set 5): On the left. a heatmap displays

\meper

-

all measurements line by line. Each displayed value is the median value of four repetitions. On the right. all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey).
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Supplementary Figure 21: Performance of the LNC-3 probes (VF gene set 6): On the left. a heatmap displays
all measurements line by line. Each displayed value is the median value of four repetitions. On the right. all correct

signals (red) were evaluated statistically against the signals of all non-matching probes (grey).
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Characterisation of bacterial isolates

Supplementary Table 2: Characterisation of bacterial isolates.

Pathogen / gene type

Phylogenetic marker genes

Amntibiotic resistance genes

Virulence factor genes

errd enwl) emerY, eveS, gadE
zadW, gadX, mard mdfd mded
mdtB, wdtF, mdt, mdtH mdih
mdt0, mdtP. mfd PooC, PurE,

el

acrS, AnpC2 Eeoli, amd
emrd enwD), enwY, eveS,
zadE, gadW, mard, mdfi
mdtd mdtE mdtG, mdidl
mdh mdtQ, mdtP, mfd
Pou(C, e

Sequenced LNC-3 Sequenced LNC-3
Acinetobacter baumanmii Acinetobacter baumanrii aadAd, OMCA-66, Sull, Mbl abeS, | OMA66, Sull Mbl abeS,
adeC, ade], adel, adeB, aded | adel, adel, ade5, adeB,
adeFl ade(y, ADC-2 BlaAl adeF, | aded adell adeG, ADC-2,
adeF. adel, adelM, Zn-dependent | Bla&l, adeF, adeR. adel
bydrolase, AAC(3)-Ia, OHA-TZ | ade] Zn-dependent
BlaA bydrolase, OFA-T2 BlaA?
Eacteroides fragiliz Bacteroides fragilis tet™ FrmF, «AAT tet’, ExmF cBA7
Escherichia coli Multispecies probe, Eschevichia coli 2crB, zerl), acre. bach baeF actB, acD, zere, bacd | vazZlecpA yag¥lecpB, | yazZlecpl. yag ¥lecpB,
baeS, CRP, enwB_ emrE. evgd baeP baelS, | emnB. evgd | vazillec(, yvazgWieepD, | yagillecpl, yagWiecpD,
H-NE, lenQ, mdtD) mtF, mnctl,, | H-NS, leuD D) mdtF, | yvazViecpE, vkeKleepR yvazVlecpE, vheKlecpR
md i, msh A mshA
Penicilin Bindmg Protein Eeoli, | Pemicillin Bmdmgz Protem
PrwF, t0lC, zerA_Escherichia, Ecoli, PonF,
aorF, aerS, Amp(C2 Feoll amd acrA Escherichia, aerf,

Enterobacter asrogenss

Multispecies probe

TEM-116, Azcf-lb, SoB, Sulll

TEM-116, Aactlb, S4B,

rfaFE,
w1 C

kdtd  LeA,  LicB.

Flebsiell . CTHM-15,  catB3, QuBl9, | Sulll, CTHM-13, catB3,
A prewmanias AAC(3Ia, ONA-1, DREAL4, | QuBl9. AAC(H-I= ONA-
Enterobactsr asrogenes AmpC 1, DALY
Enterobacter cleacas Enterobacter cloacas ramf. Salll robd ramA Solll bl
Enterocecens fascium Enterococcus fascium, Enterococens subspeciss AACHEYE, maC, efimf AACKEYE mal, efmd | acm acm
DfG  Tand-d  TemHod
vemfld, vem¥d
Haemophilus influsnzas Haemophilus influsnzas horhd b h lnwlB, rfal), heD. he2A | ofzD) heD) hied A kdtd
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Catil, S6B, Sulll, CMY-2, Sat-
24, MaE ophD, APHG)I
DfeAl2, TetR, AAC(E)Ta, armA,
DAl Tetd

CatAl, SoB, Sull, CMY-2,
Sat2A,  MaE, nphD,
APH(3}a, DEAL2, Tetf.
AACE)Ta, armA, DEAL

Card2, Card3, Sulll

Elebsiella preumomias Bebsella pneumonias oged,  FosAS, vgal  acd | oged aced Elebaella ogeB | yazZlecpA eastl_astd yagZlecph
Elebaells, ogxB

Prevorsila bivia Multispecies probe, Prevotella bivia CheA2 Chef2

FProteus mirabiliz Multispecies probe, Proteus mirabiliz TEM-116, azdd Ascé-Ib, Sull | TEM-116, =zadi  Sull

FPseudomonas asmginesa

Multizpecies probe, Preudomenar asruginoza

PDC-1, annd anwB Aphd-TIh,
amd basS, CatBT, CpnR Mexd
MexB, MaxD MexFE, AlexF,
mees, mex], mew], mesk mexl
mewlP, me), mexV, mexT
MuxB, MuxC, OpwB, opmD,
opwE, Opraf, Oprl, OpehL OFA-
30, TrB, TrC, OprN, mexH
Foudt, Mued meedd, AlexC,
TriA

amrd amnB, amA  bash,
CpucP_ MaxB, MexD), menG,
mex] mexl mexk mexl.
e miesl(), mexV, OpmB,
opmE, OpmH, Ope], OpML
OMA-30, TrB, TrC, mexH
FozA WA mexhd

=pA/pilD), aleB, alg(), algZ
algll, algh, alzdd, alzF, als™
algl, algF. alzd mmel
waals, waal, aprd a4
lazB, ohil lasT pleH, xepZ,
xepW, xepT, =xepS, xecpP,
xepQ), pil Y2, pils, iR palP,
pilAL pal T, palU, palG, pilH,
pill, chpB. chpC, gD, fl=G,
fzH, flzl =], 8eQ, flaF
fiiE, fiC, Ml fal, L AN,
&P i), kB, kA

zepAplD, agB, alg(), agF
algll, algl, algd algE &l
algl, algF, algd mmelC, was,
waal, aprd lasA lasB, chil
Lzl pleH xepZ, xepV, xepS,
xepP, xepQ), plY2, pilf. pilP,
pilT, pilU, piG, pill, chpB,
chpC, 12D, fizG, flzH, flel
flg], fleQ, flaF_ | AT T, N
A, fiP, fiQ), LB,

Salmonella entevica

Multispecies probe, Elebsiclla pneumoniae
Salmonella enterica

sdift  zolS, AzcfJaa, mdsd
md=C. md=B

sdhd polS, Asch-laa mdsA
medsC, =B

eszB. esgA esgl, esgE,
esgF, esg(, sinH, IpfE, IpfD,
lpfA IpfC, IpfB. mi=l. ratB

fiml, fimC, fimD), esgB, es2C,
esgF, esgG, snHl IpfE, pfD,
Ipfd, IpfC. IpfB, sl

Staphylococows aureus

Staphylococons aurens

Azcik, alR arls, DHA-L
Emd, FosB, MECA, mepi
mepF_ merd nord savl1866, Spe,
Tet-38, Aph3-IIL gacd, mecRl

Azc3-Ik, arlF, Ernmd FosB,
MECA, mepA mepR merd,
nord, sav1866, Spe, Tet-38,
Apk3-IIT  gacd, mecRl,

ACC-I

higC, higB, ebp, sdi, ieall,
1eaC, hid bhyhla sspC, sspB,
bysA geh =3k, Blb, adsd
sen, sdrD), sdrE, elfA map,
sea, sspd, wadl, fabA icafl
1eaB, clf, aur

bleC, hlgB, ebp, s&C. icaD),
1caC, hid hlyhla sspC. spB,
bysA geh sak, hib, adsA, sen
D), sdrE, olfA map, sea,
sspd 1cal fobA cafl icaB,
clff, aur

Strepiococcus
peeudepmenmenias

Streptococcus preudopmeumonias

patB,
MefA mel

FlmAQD), pood, tehl

Floo (), pror, Meflh mel

pee, phy. B, pavA, pfbA,
mand

B
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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
observations''2114, As mentioned in the introduction (1.1 Antibiotics and antibiotic resistance),
pathogens use a variety of mechanisms to protect themselves from antibiotic stress*’"18, 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

technology*”®.

PCR is used to identify highly conserved bacterial ribosomal RNA genes'!®!Y. 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-time!8!2, PCR detection is highly sensitive
and specific!®, 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 plasmid*?. 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 populations'!®!24, Furthermore, repetitive sequences are often
preserved between different species!?8!; therefore, they have to be chosen wisely to suit the
primer/array designi?. 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 pathogens'®. 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 conditions'®**. The majority of
bacterial molecules observed by MALDI-TOF MS are ribosomal proteins!!2. One of the challenges
of this method is the differentiation between taxonomically related species, e.g. pathogenic Shigella
species to commensal Escherichia coli*2. 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 difficult!34137.182,
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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 identification!*®44, 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
researchl42-144.146.147 “Moreover, it has to be considered that not yet expressed antibiotic resistance
genes, potentially induced by the antibiotic, cannot be detected!*234, 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 required*2.

The DNA microarray method represents a logical intersection between PCR and WGS**®’, 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 genes'’®. 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
specificity!®3164175 Another challenge of DNA microarray technology is its reproducibility*+-87, 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 developed'’®®, 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, (111) 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 software!®. 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 (I1) 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 mismatches!”,
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 specificity!”®. 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 emulated*°.

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 (111) 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 10* cells. Anyhow, both detection limits were comparable to current detection
methods®®®%t, 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 technology®**¥’. 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.



Discussion

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, Sull, Mbl abeS,
adeC, adeJ, adeS, adeB, adeA,
adekK, adeG, ADC-2, BlaAl,
adeF, adeR, adel, adeN, Zn-
dependent hydrolase, AAC(3)-1a,
OXA-72, BlaA2

OXA-66, Sull, Mbl abes,
adeC, adeJ, adeS, adeB,
adeA, adeK, adeG, ADC-2,
BlaAl, adeF, adeR, adel,
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, evgsS, 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, Sulll,
CTX-M-15, catB3, QnrB19,
AAC(3)-1la, OXA-1, DfrA14,
AmpC

TEM-116, Aac6-Ib, StrB,
Sulll, CTX-M-15, catB3,
QnrB19, AAC(3)-lla, OXA-
1, DfrAl4

Enterobacter cloacae

Enterobacter cloacae

ramA, Sulll, robA

ramA, Sulll, robA

Enterococcus faecium

Enterococcus faecium, Enterococcus subspecies

AAC(6')-1i, msrC, efmA

AAC(6')-1i, msrC, efmA,
DfrG, VanA-A VanH-A,
vanRA, vanYA

acm

acm

Haemophilus influenzae

Haemophilus influenzae

hmrM

hmrM

hmw1B, rfaD, licD, lic2A,
rfak, kdtA, licA, licB,
hmwlC

rfaD, licD, lic2A, kdtA

Klebsiella pneumoniae

Klebsiella pneumoniae

0gxA, FosA5, vgaC acrA
Klebsiella, ogxB

0gXA, acrA Klebsiella,
ogxB

yagZ/ecpA, eastl_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, Sull,
CatAl, StrB, Sulll, CMY-2, Sat-
2A, MsrE, mphD, APH(3')-la,
DfrA12, TetR, AAC(3)-la, armA,
DfrAl, TetA

TEM-116, aadA, Sull,
CatAl, StrB, Sulll, CMY-2,
Sat-2A, MsrE, mphD,
APH(3)-1a, DfrA12, TetR,
AAC(3)-la, armA, DfrAl

CatA2, CatA3, Sulll

Pseudomonas aeruginosa

Multispecies probe, Pseudomonas aeruginosa

PDC-1, amrA, amrB Aph3-llb,
arnA, basS, CatB7, CpxR, MexA,
MexB, MexD, MexE, MexF,
mexG, mex|, 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,
mexl, 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, rhll, lasl, plcH, xcpZ,
xcpV, xcpT, xcpS, XcpP,
xcpQ, pilY2, pilS, pilR, pilP,
pilM, pilT, pilU, pilG, pilH,
pill, chpB, chpC, flgD, flgG,
flgH, flgl, figJ, fleQ, fleR,
fliE, fliG, flil, fliJ, fliM, fliN,
fliP, fliQ, fIhB, flIhA

xcpA/pilD, algB, algQ, algZ,
algu, alg8, alg44, algE, algX,
algL, algF, algA, mucC, waaG,
waaC, aprA, lasA, lasB, rhll,
lasl, plcH, xcpZ, xcpV, xcpS,
XcpP, xcpQ, pilY2, pilR, pilP,
pilT, pilU, pilG, pill, chpB,
chpC, flgD, flgG, flgH, figl,
flgJ, fleQ, fleRr, , flil, fliJ, fliM,
fliN, fliP, fliQ, flhB,

Salmonella enterica

Multispecies probe, Klebsiella pneumoniae
Salmonella enterica

sdiA, golS, Aac6-laa, mdsA,
mdsC, mdsB

sdiA, golS, Aac6-laa, mdsA,
mdsC, mdsB

fiml, fimC, fimD, fimF,
csgB, csgA, csgC, csgE,
csgF, ¢sgG, sinH, IpfE, IpfD,
IpfA, IpfC, IpfB, misL, ratB

fiml, fimC, fimD, csgB, csgC,
csgF, ¢sgG, sinH, IpfE, IpfD,
IpfA, IpfC, IpfB, misL

Staphylococcus aureus

Staphylococcus aureus

Aac3-Ik, arlR, arlS, DHA-1,
ErmA, FosB, MECA, mepA,
mepR, mgrA, norA, sav1866,
Spc, Tet-38, Aph3-111, gacA,
mecR1

Aac3-lk, arlR, ErmA, FosB,
MECA, mepA, mepR,
mgrA, norA, sav1866, Spc,
Tet-38, Aph3-111, gacA,
mecR1, ACC-1

hlgC, higB, 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, cIfB, aur

hlgC, higB, ebp, sdrC, icaD,
icaC, hld, hly/hla, sspC, sspB,
hysA, geh, sak, hlb, adsA, scn,
sdrD, sdrE, cIfA, map, sea,
sspA, icaA, fnbA, icaR, icaB,
clfB, aur

Streptococcus
pseudopneumoniae

Streptococcus pseudopneumoniae

patB, RImA(II), pmrA, tetM,
MefA, mel

RImA(II), pmrA, MefA, mel

pce, ply, IytB, pavA, pfbA,
nanA

ytB
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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 literature!®. Further, their presence on
transposable elements, such as gene cassettes, was reported'®*1%, 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 operon®>1% or the flagellar proteins fliE, fliG, flil, fliJ, fliM, and
fliN'®7. 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 (1) 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 pumps?®, or the detection of known cancer-related gene
mutations, e.g. the BRCA-1 gene!®.

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 labels®. 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 tool®®. No significant differences were observed regarding the
specificity of the self-labelled oligonucleotides. With some DNA sequences, even higher signal

intensities could be observed®1™,
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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 oligonucleotides®.

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).
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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-HCI-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-HCI-reacted crosslinker are similar in the band pattern but
differ in their intensity. A possible reason could be that the concentration change of Tris-HCI, 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 detection'’®. 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-HCI, must be

understood more in detail as well.
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Chapter 15

Highly Specific Ligation-dependent Microarray Detection
of Single Nucleotide Polymorphisms

Noa Wolff and Ivan Barisic

Abstract

The fast detection and characterization of pathogens are essential for an efficient treatment of infectious
discases. However, the development of improved and reliable diagnostic methods is still an ongoing process
because not only pathogens but also their antiblotic resistances have to be 1dentfied. The gold standard
today 15, however, a cultivation-based charactenzation approach, which takes days untl results can be
evaluated. In paticnts with, for example, severe sepsis, the diagnostic test duration is a very critcal parameter
because a delay of treatment optimization increases the mortality rate significantly. In contrast, DNA-based
molecular techniques can obtain results within a few hours. A further challenge in diagnostc laboratones
1s that patient samples have to be screened for hundreds of potential pathogens, antibiotic resistance genes,
and virulence factors, which is achieved by using a number of specialized tests at the moment. Microarrays
arc outstandingly good for the simultancous analysis of thousands of different genes and have become a
popular tool in biological studies. Nevertheless, further optimizations of the microarray technology are
required due to the obligatory DNA labeling and /or amplification steps and the effects of nonspecific
DNA hybridization. Here, we describe a fast and highly specific solid-support-based DINA characterization
method for pathogens and antibiotic resistance genes.

Key words Molecular biology, Gene charactenizaton, SNP, DNA microarray, Multiplex detection,
Solid support-based detection

1 Introduction

The DNA microarray has emerged as a powerful tool in functional
genome analysis and clinical diagnostics. It provides detailed infor-
mation on the gene cxpression of an organism and allows the
simultancous detection of up to 100,000 target genes. The out-
standing features of this high-throughput rescarch technology
have resulted in a wide range of applications and, as in our case, in
the development of a specics characterization microarray bascd on
phylogenctic marker and antibiotic resistance genes including
SNPs [1]. One of the limiting factors of this technique are the
non-specific DNA hybridization events causing  false-positive
results [2, 3]. Various approaches to improve the sensitivity and

Kimberly A. Bishop-Lilly (ed.), Diagnastic Bacteriology: Methods and Protocols, Mathods in Molecular Biology, vol. 1616,
DOl 10.1007/978-1-4030-7037-7_15, @ Springer Science+Businass Madia LLC 2017
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specificity of the microarray technology by using different spacers
or surface chemistries, for example, were limited [4]. However,
several experimental parameters could be identified that have an
impact on the performance of microarrays. Specifically, the sensi-
tivity and the specificity corrclate with the length of the oligonu-
cleotide probes [5]. Additionally, it was demonstrated by Chou
ct al. that the probe sensitivity is related to the length and the
accessibility of the probe. Further effort to increase the specificity
of the microarray technology resulted in the integration of a varicty
of enzymatic steps [6, 7.

Here, we demonstrate an improved multiplex detection and
characterization method based on covalently immobilized DNA
oligonucleotides combined with a ligation step. What is excep-
tional about our method is the short duration time and the speci-
ficity that is achieved by a novel type of immobilized probes, the
lincar chain (LNC) probes. This probe concept has already been
uscd to identify clinically relevant pathogens [8]. The LNC probe
is a thiol-modificd detection probe that comprises three DNA oli-
gonucleotides, LNC-A, LNC-B, and LNC-C (Fig. 1). The three
oligonucleotides are connected via hydrogen bridge bonds. The
GC-rich hybridization regions that link the three probes together
have melting temperatures above 85 °C to facilitate a high LNC
probe stability. Only LNC-C has a specific detection sequence for

A B C D
L
L]
L] i‘:(\ [ ] il:\?\ [ ] fR
Detection o 2 ]
oligenucleatide . 3

L ]
L]
L] y 1 o &
. 2 (".) Ligation site ’. :
L]
L ]

L] L] ] L]
TR 5 2 2% 2 :,
'. .. ° .. ‘ ..
® LNC-E [ . .
. Hybridisation - Ligation 3 Washing .
*s — s —— % —— *s
LNC-A » . . .
L J L ] L ] L ]

Fig. 1 Schematic illustration of the LNC probe and the reaction mechanism. (a) The LNC-A probe is linked
covalently to a glass surface. LNC-A, B, and G are incubated together prior to spotting and immobilized in the
hybridized state. A ligation mixture comprising fluorescently labeled detection oligonucleotides and the target
DNA is applied to the slide. (b) The detection oligonucleotide binds in the presence of a target DNA to the LNC
probe. (¢) The ligation takes place if the target DNA is perfectly matching the LNC and the detection probe.
(d) After the stringent washing step, only the ligated detection oligonucleotides remain on the surface while the
non-ligated probes are washed away
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the gene of interest. The LNC probes are immobilized to glass
slides using a microarray spotter. In this protocol, we used bacterial
pathogens and antibiotic resistance genes to illustrate the specific-
ity of this method.

2 Materials

2.1 Washing Buffer

2.2 Sllanization

All buffers were prepared with deionized and micro-filtered water.
The preparation and storage took place at room temperature. First,
all glass trays and hybridization chambers were cleaned using
DNA-Exitus (AppliChem, Germany) in order to be DNA free
{see Note 1). The glass-slides were cleaned scparatcly. The oligo-
nucleotides were designed as follows:

LNC-A was modified at its 5 -end with a thiol group. The
3'-end of the detection oligonucleotides was modified with a Cy3-
fluorophore. In addition, the 5-end of the detection oligonucle-
otide has to be phosphorylated to ligate the oligonucleotide to
the LNC-C probe. All oligonucleotides were purified by HPLC.
The melting temperature for the target recognition region of the
detection oligonucleotide and the LNC-C probe was about 50 °C.
The sequences of the LNC oligonucleotides are shown in Table 1.
The oligonucleotides were purchased from Integrated DNA
Technologies (IDT, TA, USA).

1. Foral M HCl solution, add 83 ml 37% HCl in 600 ml 4,4H,O
and subscquently water to a total volume of 1 L (see Note 2).

2. Fora 1 M NaOH solution, use 40 g NaOH and resolve them
in 1 L water (see Note 2).

1. (3-Aminopropyl)trimethoxysilane ATS (Sigma-Aldrich, MO,

of Glass Shide USA): 0.5% solution in dry acctone (see Note 3). ATS forms
an aminopropyl derivate on glass and is used as a first surface
modifier.
2. Prepare PBS (0.1 M NaH,PO,, 0.15 M NaCl, pH 7.2).
Table 1
Structure and sequence of the LNC probes
Probe name 5°-Mod Sequence 5'-3' Length (bp)
LNCA Thiol IMTCGCTGCCGACCCTGCGCCGTGGCC 27
LNCB CCCCGGCACGCGAGCCCACGCTGCTTTTTTGGCCAC 54

LNCC

GGOGCAGGGTCGGCAGCG

GCAGCGTGGGCTCGCGTGCCGGGETTTTTTNNNNN 45

NNNNNNNNNN

The sequence region with the multiple Ns indicates a variable region specific for the gene of interest. Ideally, it is
approximately 15 base pairs (bp) long and has a melting temperature berween 45 and 55 °C
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2.3 Spotting

24 Ligation
and Detection

. Water-soluble heterobifunctional cross-linker:  sulfonated

analogs of m-malecimidobenzoyl- N-hydroxysulfosuccinimide
ester (s-MBS) were purchased from ProtcoChem (IL, USA)
and prepared as 2 mM solution in PBS (see Note 3).

. 1x NaPli buffer: 0.1 M NaH,PO,, 0.15 M NaCl, pH 6.5

(ree Note 4.

. The oligonucleotides LNC-A, B, and C were pooled in a final

concentration of 5 pM cach in sterile filtered 1x NaPi buffer.

. The LNC probes were spotted using the OmniGrid contact

arrayer (GeneMachines, CA, USA) and SMP 3 pins ( TeleChem,
CA, USA).

. p-Mercaptocthanol ( Sigma-Aldrich): 10 mM

p-mercaptocthanol in 1x NaPi-Buffer (see Note 3).

. Saline buffer: 1.5 M NaCl, 10 mM NaH,PO,, pH 7.
6. 20x Salinc sodium citrate (SSC) buffer, pH 7 (Invitrogen, CA,

USA).

. 5% 8SC buffer comprising 0.1% Tween-20, pH 7.
. 5% 8SC buffer, pH 7.
9. Heracus Megafuge 1.0 (Thermo Fisher Scientific) for slide

centrifugation.

. First, prepare a stock mixture comprising all detection oligo-

nucleotides with a final concentration of 100 pM. The end
concentration of cach oligonucleotide depends on the amount
of the total number of oligonucleotides (see Note 5). Make
sure that the 5-cnds of the detection oligonucleotides are
phosphorylated. Oligonucleotides can be ordered cither
comprising the 5'-phosporylation or the modification can be
introduced by the operator using, c.g., T4 polynucleotide
kinasc (Thermo Fisher Scientific) that is more cconomic in
high-multiplex assays.

. Prepare a master mixture containing the detection oligonucle-

otides with a final concentration of 300 nM for cach detection
oligonucleotide (see Note 6).

. The ligation rcaction was conducted in a frame-scal incubation

chamber with a 25 pl capacity (Bio-Rad, CA, USA).

. Bovine scrum albumin (BSA, New England Biology, MA,

USA}: 2 I.l.g,/l.ll in ddHIO'

. Ampligase buffer: 20 mmol/L Tris-HCI, 25 mmol/T. KCl,

10 mmol /L MgCl,, 0.5 mmol /L nicotinamide adenine dinu-
cleotide (NAD) and 0.01% Triton® X-100, pH 8.3 (Epicentre,
WI, USA).

. 20% sodium dodecyl sulfate (SDS): 20 g SDS dissolved in

100 ml 1zH;0 (see Note 7).
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7.

8.

9.

10.

2x SSC with 0.1% SDS washing buffer: 500 ml 20x SSC stock
solution and 25 ml SDS 20% in 5 L ,,H,0.

0.2x SSC wash buffer: 50 ml 20x S8C stock solution in 5 L
waH20.

The MJ Rescarch PTC-200 Pelticr Thermal cycler (Bio-Rad)

was used for thermal incubation of the glass slides.

Slides were scanned using the Tecan PowerScanner (Tecan,
Switzerland). Be aware that different microarray scanners have
different limits of detection. Some scanners are not able to
detect weak fluorescence signals. For analyzing the data, we
used GenePix Pro 6.0 (Molecular Devices, CA, USA) and
Excel 2007 ( Microsoft, WA, USA).

3 Methods

3.1 Cleaning
of Glass Slides

3.2 Silanization
of Glass Slides

Perform all steps at room temperature unless otherwise specified.

1.

Clean glass slides with H,O followed by 100% EtOH (see
Note 8).

. Sonicate the slides for 10 min in acctonc; subscquently wash

twice with 4sH;O (see Note 8).

. Afterward, sonicate the slides in 1 M NaOH for another

10 min and immerse in 1 M HCI overnight.

. On the following day, wash the slides twice for 5 min in .:H, O,

subsequently rinse with 100% EtOH and allow to air dry.

. Immerse the dried and cleaned slides for 1 h in a 0.5% ATS

solution in dry acctone (see Notes 3 and 9).

. Afterward, wash the slides three times for 5 min with acetone

and rinse them with 100% EtOH.

. Subsequently, bake the slides for 50 min at 90 °C.
. Wet the surface of the slides with 300 pl of the s-MBS solution

in PBS buffer with a pH 7.4 for 5 h in a humid environment
(see Note 10). The moist atmosphere can be obtained from an
incubation chamber which is filled with water (see Note 11).
This will counteract evaporation of your s-MBS solution.

. While the cross-linker is incubated (see Fig. 2 for a schematic

of the cross-linking reaction), the pipetting plate should be
prepared for spotting, comprising NaPi buffer, the 5"-end
thiol-modified oligonucleotide LNC-A, LNC-B and the
target-specific LNC-C oligonucleotides ( see Note 12). Dilute
the LNC probes to a concentration of 5 pM cach in 0.5x
NaPi buffer. In addition, add two spotting controls to moni-
tor the spotting efficiency and the LNC probe stability. The first
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Fig. 2 Schematic illustration of the crosslinking reaction and the chemical attachment of the modified nucleic
acid. This Is a two-step reaction. First, the methoxy-group of the ATS reacts with the OH groups of the glass
surface. Then, the s-MBS reacts with the amino group of ATS

control is a 5" thiol-modifed oligonucleotide with a fluores-
cently labeled 3'-end. The sccond control comprises the
thiol-modined LNC-A and a fluorescently labeled LNC-B oli-
gonucleotide hybridized to cach other.

6. Aficer the incubation with the s-MBS solution, rinse the slides
with PBS.

7. Remove excess salts by washing twice with 44H,O.

8. Immerse the slides in 100% EtOH and allow to air dry
overnight.

9. Spot the LNC probes on the glass slides by using the OmniGrid
contact arrayer at an adjusted air humidity of 60% (e Note 13).
Incubate the oligonucleotides for 5 h in a humid incubation
chamber. The subsequent washing steps should be conducted
in the dark.

10. Wash the slides in 1x Nal'i buffer for 5 min.

11. To deactivate the reactive groups on the surface, incubate
the slides with 10 mM p-mercaptocthanol in 1x NaPifor 1 h
(see Note 14).

12. Afterward, wash the slides again in 1x NaPi buffer for 5 min.

13. Precipitate unbound oligonucleotides in saline buffer for
10 min.

14. Then, wash the slides in 5x SSC buffer comprising 0.1% Tween
for 5 min.

15. Wash the slides in 5x SSC buffer for 1 min.

16. Finally, wash the slides ing:H>0O twice and centrifuge them to
dry (see Note 15).

17. Store the slides at —20 °C.

111



Highly Specific Ligation-dependent Microarray Detection of Single Nucleotide. .. 237

3.3 Ligation
and Detection

1.

After warming the slides to room temperature, apply the
frame-scal incubation chambers to the slides (see Note 16).

. Prepare the reaction mixture comprising the ampligase buffer,

6 pg of BSA, 7.5 U of ampligase and detection oligonucle-
otides (300 nM cach) in a total volume of 30 pl (see Note 17).
One microliter of target DNA must be added scparately to
cach individual reaction.

. Pipette the reaction mixture into the reaction chamber and

cover the chamber with the provided foils.

. Perform the ligation in the slide cycler for 1 h at 55 °C.
. After the ligation, wash the slides with 2x SSC bufter (0.1%

SDS) for 5 min.

. Subsequently, wash the slides in 0.2x SSC buffer for 2 min.
. Finally, wash the slides in 34H;0 for 1 min (see Note 18).

Optional: To cfficiently differentiate SNTs, a stringent
washing step in .oHO at 70 °C for 5-10 min has to be con-
ducted. The non-ligated detection oligonucleotides  that
hybridize via mismatching target DNA to the LNC probe are
removed in this step. In contrast, the detection oligonucle-
otides that are ligated to the LNC-C probe are covalently
attached to the LNC probe and can withstand stringent washing
steps of 70 °C and higher (Fig. 3).

. Dry the slides by centrifugation for 1 min at 900 rpm (see

Note 19).

. Scan the slides with a microarray scanner and analyze.

4 Notes

. If you are using DNA-Exitus make sure you remove it well

with plenty of water. It will not only destroy your probes and
enzymes but also change the pH-value of your buffers.

2. Having watcr first in the flask prevents super heating.

. This solution should be prepared cach time afresh. s-MBS,

such as most cross-linkers, is moisture-sensitive. Additionally,
avoid contamination with primary amines that compete with
vour actual reactant, the amine of the ATS group.

. pH 6.5 is necessary to limit disulfide bond formation between

thiol-modified oligonucleotides (LNC-A probes).

. Fluorophores are light sensitive; handle them in the dark. If vou

are using a PCR hood with UV light, be aware that ozone
generated by UV light destroys fluorescence molecules as well.

. Prepare these steps in a clean PCR hood to aveid DNA

contaminations.
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Fig. 3 Microarray results from a 25-multiplex experiment illustrating the SNP detection specificity [8].
Microarray images of the slides (a) before the stringent washing step and (b) after the stringent washing step.
The brightness and the contrast values were set to the same levels in both images. (c) Chart showing the
microarray fluorescence intensities before and after the washing step

N

. SDS is hard to dissolve but prcheating the water (37 °C)
facilitates the process together with a stir bar (Caution: SDS
powder is hazardous). Weigh and prepare the solution in a
ventilated fume hood or usc a dust mask. SDS precipitates at
temperatures below 15 °C.

8. Make surc that you carcfully wash the slides. They have to be

DNA free to avoid contaminations.

9. Make sure that the slides and the reaction chamber in which

you process the ATS incubation arc water free. Water molecules

inhibit the modification of your glass surfaces. You may centri-
fuge the slides until they are dry or by blowing off the liquid
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

before modifving the surface. However, air drying is the best
solution in order to avoid DNA contaminations.

We use a sandwich sctup with two slides for the incubation
with s-MBS. We apply 300 pl of the s-MBS solution to one
slide and put a second slide on top of it. To provide a reaction
space between the slides, we use parafilm stripes as spacers on
the edges of the slides. If you apply the s-MBS solution to the
slides, take care that no foam is pipetted. When adding the top
slide, take care that no air bubbles enter the inter-slide arca.

If you have to move the humidity chamber make sure that
the water that you use to create a humid atmosphere is not
splashing on your slides. To avoid this, use tissue; it absorbs
the water but still releases moisture.

Use a 396-well spotting plate. Conduct the liquid manipulation
steps in a PCR hood to prevent contaminations. You can use
this plate multiple times. Make sure to avoid evaporation.

Use one dummy slide for spotting. This serves to highlight
the spotting arca on your slides and will help you to stick the
rcaction chamber properly at your slides.

The glass slides were incubated in p-mercaptoethanol to cap
residual maleimide active moieties. B-Mercaptocthanol is toxic
and smelly; therefore, we strongly recommend using it only
under the hood.

If you centrifuge your glass slides do not use a speed above 900 g.
Higher speed may destroy your slides and your centrifuge.

Pay closc attention how you stick the reaction chambers to the
slides. By misapplication vou can destroy the spots.

Fluorophores are very light sensitive. They have to be handled
in the dark. Also be aware that ozone also destroys them. PCR
hoods with an UV-light filter generate ozone that is still present
cven after switching off the UV-light in workplace arca.

Leftover salts can incrcase the background fluorescence
signals of the slides. An additional washing step in 4, H,O
can be introduced if problems with high background fluores-

cence occur.
Be aware that water can destroy your scan equipment. Make

sure that your slides are dry when you analyze them with a
microarray scanncr.
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MOTIVATION
Infectious diseases have the highest lity rate ide. Fast identification and isation of germs is ial for an adi of infecti
diseases and sepsis. It is essential to identify the pathogen, as well as their resistant-gen, quickly and accurately. Today's gold h . is a cultivation-based

charactenisation approach, which is slow. Furthermore, there are a number of paﬂwgens which cannot be cultivated. We developed a DNA.-based high throughput
characterisation systemand ultraplex deﬁechon system that can gnise not only the p gen but also the resistant genes within one hour. As an example, we used
three genes of the P B4 {ESBL) gene family. containing 41 dnﬂerem single nucieotide polymorphisms (SNPs).
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Before the application of the thiol-modified oligonucleotides, the glass surface were activated. Afterwards, the nucleo(ides were covalently attached to the modified
glass shdes. The prepared glass slides were loaded with the reaction mixture that contains | leotides, which are tagged with Cy3-
fluorophore, and the target DNA. The slides were incubated at 55 ° C for 1 h. Afterwards the shdes were dned scanned and analysed usSing 3 MICTOATay SCINNEr.
Subsequently, the slides were washed at 70 ° C and analysed agan.
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ULTRAPLEX DNA-BASED IDENTIFICATION AND CHARACTERISATION OF

HUMAN PATHOGENS ON A LIGASE-DEPENDENT MICROARRAY CHIP

Introduction

Increasing numbers of deaths caused by multi-drug resistant
pathogens have been forecasted. It is hence crucial to apply the
existing antibiotics with care. A proper treatment requires information
of the pathogen, the presence of certain virulence factors (VF) and
antibiotic resistance (ABR) genes. The identification of those by
means of cell culture or immunological assay is established but time-
consuming. DNA-based methods, such as the microarray, are
supposed to overcome those limitations by detecting the respective
genes. Based on a novel ligation-based array conceptl'?, a
screening for 809 of the above-mentioned ABR, VF and
phylogenetic marker genes is introduced, thereby covering the
clinically most relevant representatives.
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ﬂ” ABR Genes

Evaluation with synthetic DNA

Synthetic DNA was used to evaluate the
functionality of our probes, especially
concerning their specificity.

The probes were designed with Oli2go®!

On the left, all tested probes are shown by
18 heatmaps, divided in 9 that display ABR
genes, 8 representing VF genes and 1 for
the phylogenetic markers (16S rRNA
genes). No false positive signals were
observed.
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16 5 Escherichia coli Identifi

For the proper use of antibiotics it is
important to identify the pathogen in
the first step.

By means of the LNC-3 concept, we
can distinguish clearly between
different species.

Isimobilised LNC-3 probes

VF Escherichia coli VF chare sation

Since many species comprise
pathogenic as well as non-
pathogenic strains, it is important to
determine the pathogenicity via
virulence factors. Otherwise, the
detected species might just part the
microbiome.

Immobilised LNC-3 probes

R characteris

tion

ABR Escherichia coli

Eventually, the determination of the
acquired ABR genes serves to treat
the patient properly and to restrict
the further dissemination of ABR
resistance genes.

Immobilised LNC-3 probes

Results & Conclusion

Here, a clinical isolate was examined. The pathogen was identified as E. coli via
the 16S rRNA gene. The virulence factor analysis indicated the E. coli strain as
pathogenic. Finally, the ABR gene chip revealed several clinically relevant ABR
genes, which eliminates the corresponding antibiotics for treatment. Beforehand,
we sequenced the E. coli genome by whole genome sequencing to validate the
results of our microarray chip.
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