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1. INTRODUCTION

Antibiotic resistance (AR) turned into a ,,silent” parallel pandemic in the
wake of COVID-19 as it is reponsible for the death of 1.27 million patients
per year. Furthermore, if this process continues at this rate, based on
calculations it may become the most frequent cause of death with an estimated
10 million deaths by 2050. Defined by One Health Approach, as a
multifaceted threat (including circulation of resistance genes linked to mobile
genetic elements like plasmids or integrons as well as clonal expansion of
pathogens) it is currently one of the most important clinical challenges.

In view of this urgent situation, the World Health Organization (WHO)
released a priority list about the most common threatening causative agents
of difficult-to-treat infections called as ESKAPE-pathogens. In ,critical”
category  carbapenem-resistant  Paeruginosa and  third-generation
cefalosporin-resistant Enterobacteriales are also listed. Accordingly, in the
last few years huge efforts have been done in order to find novel antimicrobial
agents to combat multidrug-resistant (MDR) bacteria, such as cefiderocol,
plazomycin or next-generation fluoroquinolones (FQs).

The earlier generations of FQs have been widely used in the last decades,
due to their favourable features like broad antibacterial spectrum as well as
excellent pharmacokinetics. Their main targets are gyrase and topoisomerase
IV enzymes those are inhibited with different efficacy in Gram-positive and
Gram-negative bacteria. In contrast, as a novel development, delafloxacin
owns a unique anionic structure that provides extended activity in special
circumstances, like anaerobic or acidic milieu (abscesses, stomach region or

skin and soft tissue). Its anionic feature also contributes in the wide-spectrum
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concentration-dependent bactericidal effect by dual inhibition of target
enzymes both in Gram-positives and Gram-negatives. Compared to other
FQs, it also has a favourable side effect profile. Moreover, AR against
delafloxacin has been scarcely reported among pathogens.

On the other hand, AR to earlier FQs is based on mutational and plasmid-
mediated mechanisms as well. Of them, the most frequent way is the
escalation of chromosomal alterations of the targets’ encoding genes (gyr4,
gyrB, parC and parE), called as quinolone-resistance determining region
(QRDR). These mutations are generally linked to the evolution of MDR
international high risk clones, such as E.coli ST131 or ST1193. Interestingly,
low level FQ resistance, also known as plasmid-mediated quinolone
resistance (PMQR), contributes in mutational resistance, as it may increase
mutation rate even to hundredfold. However, these genes are often carried by
integrons as well. The most commonly reported PMQRs are expression of
gyrase and topoisomerase-protecting quinolone resistance genes (subtypes of
gnr, like gnrd, B, C, D, E, S and VC), efflux pumps (variants of gepA and
0gxAB) and enzymatic inactivation by a bifunctional aminoglycoside

acetyltransferase (aac(6’)- Ib-cr).

2. OBJECTIVES

The main objectives of this PhD thesis are detection and analysis of FQ
resistance in E. coli and P. aeruginosa strains. This scientific work has three

parts.



2.1. Analysis of fluoroquinolone resistance in plasmid-carrier E.coli
control strains
e Investigation of time- and concentration-dependence in FQ
resistance mediated by chromosomal and plasmid-encoded
determinants: The aim of our first study was to analyze time- and
concentration-dependence of ciprofloxacin resistance based on gnr

gene expression levels in PMQR-carrier E. coli TG1 control strains.

e Role of plasmids, PMQRs and chromosomal mutations after FQ
exposition: During our first work we also compared the possible roles
of gnr gene expression, plasmid copy number and mutations of

QRDR after adaptation to ciprofloxacin.

2.2. Detection of gnrV'CI and of blaxpy.1in MDR Paeruginosa

The second study analyzed contribution of gnrV’'C1, a PMQR determinant
as well as blanpm-1 in MDR P. aeruginosa PS1 strain isolated from urine

clinical sample.

e Resistance profiling: Our first aim was to observe antibiotic
susceptibility to clinically approved antimicrobial agents.

e Molecular characterization: determination of the strain’s ST and
resistance markers based on whole genome sequencing (WGS). We
also aimed to analyze gnrVCI and blanpm.1 gene expression by

quantitative PCR (qPCR).



2.1. Investigation of delafloxacin resistance among E.coli clinical
strains

e Determination of prevalence of delafloxacin resistance: During the
third part of our work we studied 47 E. coli strains from various
clinical samples, including hemoculture and urine.

e Molecular characterization of two delafloxacin-resistant MDR FE.coli
strains by WGS in order to detect their resistance pattern

e Comparison of antibacterial efficacy of delafloxacin and earlier FQs

3. METHODS

3.1. Investigations of plasmid copy number and gene expression of gnr
determinants

In this section we involved artificially transformed E. coli TG1 control
strains, that were provided by Prof. Giuseppe Cornaglia (Universita degli
Studi di Verona, Verona, Italy). These strains were modified by plasmids,
which separately carried gnr determinants namely, gnrdl, gnrBl1, gnrCI or
gnrD1. We performed broth microdilution method to determine ciprofloxacin
MIC values based on the latest European Committee on Antimicrobial
Susceptibility Testing (EUCAST) protocol.

At first we performed short-term study as we detected time-dependence
of plasmid copy number and Qnr protective protein expression. 0.5
McFarland solutions of each gnr-carrier strain was exposed to 0.5 mg/L
ciprofloxacin in the period from 30 minutes to 24 hours. We cultured these
treated strains and at given timepoints samples were taken for RNA
extraction. After the strains adapted to ciprofloxacin, we accomplished long-
term study in order to observe concentration-dependence of FQ resistance
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development. We adjusted the treated strains from short-term study to 0.5
McFarland and then they were kept in coherently rising 1, 2, 4 and 8 mg/L
ciprofloxacin concentration. In this phase samples were also taken for RNA
extraction.at given timepoints. Total RNA of exposed strains was isolated and
then expression rates of gnrA 1, gnrB1, gnrCl, gnrD1 and the carrier plasmids
were quantified by gPCR according to formula 2722¢T, where AACT = (CTgene
of interest— CTinternal control)studied strain — (CTgene of interest — C Tinternal control)control strain..
Housekeeping chromosomal gene icd was chosen as internal control.

The role of mutations in chromosomally encoded QRDR in our model
was investigated by PCR and nucleic acid sequencing. PCR amplicons were

purified and we sent our samples to be sequenced by BIOMI Kft, Godollo.

3.2. Structural and functional analysis of gnrV'CI and blanpm-1

In this work a MDR P, aeruginosa PS1 strain, that was isolated from urine
clinical sample was studied. Antimicrobial susceptibility testing was
performed by microdilution method in Mueller—Hinton broth in 96-well
microplates. We determined MIC vaules for piperacillin-tazobactam,
ceftazidime, imipenem, meropenem, ciprofloxacin, levofloxacin, tobramycin
and colistin. These results were interpreted based on the latest EUCAST
documents. Paeruginosa ATCC27853 was used as control strain.

Whole genome sequence of PS1 strain was investigated by the Illumina
MiSeq system that uses MiSeq reagent kit v2 generating 250 bp paired-end
reads in order to analyze its resistome. Gene expression rates of the identified
gnrVCI determinant and blanpm-1 metallo-beta-lactamase were investigated

by qPCR. Expression rates of gnrVC1 and blanpm-1 were calculated with the



fOHOWlIlg SChemaZ 27ACT, Where ACT: (CT gene of interest ~ CTinternal control)- We

used rpsL housekeeping gene as internal control.

3.3. Determination of delafloxacin resistance

A total of 47 non-repetitive E. coli strains were collected between
September and December 2022 at South-Pest Central Hospital, National
Institute of Hematology and Infectious Diseases, from diverse clinical
samples, such as hemoculture and urine. All isolates were identified by
matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF). Inclusion criteria of E. coli strains in our study were non-
susceptibility to ciprofloxacin and/or resistance to third-generation
cefalosporins or ESBL-production, that was confirmed by double-disk
synergy test.

Antibiotic susceptibility testing was carried out for delafloxacin,
ciprofloxacin, levofloxacin, moxifloxacin, ceftazidime, cefotaxime, and
imipenem. MIC values were determined by broth microdilution method. The
MIC results were interpreted according to the latest EUCAST protocol,
accessed on 10 January 2023.We used E. coli ATCC 25922 as control strain.

WGS was performed by Illumina MiSeq system in Eurofins BIOMI Kft
(Godolls, Hungary) on two selected MDR E. coli strains (ECO-SEOMI-LKH
920/1 and 951/2) as they exhibited the highest FQ MIC values together with

ESBL production in our collection.



4. RESULTS

4.1. Role of plasmid copy number and gnr gene expression of E. coli
strains

During short-term study we detected the following results. In the period
from 30 minutes to 24 h gnrA1 and gnrD1 demonstrated similar, 1.0-1.2 and
1.2-1.47 level expressions and gnrC1 displayed an almost 12.5-fold rise. As
a comparison, in the same period gnrBI performed 3.22—-80.63 expression. In
case of plasmid copy numbers we detected analogue results, as by gnrA I- and
gnrDI-carrier plasmids 1.0-1.4-folds were found and a 4-fold value was
exhibited in case of gnrB1 plasmid. Briefly, the highest plasmid copy number
was performed by gnrCI-positive plasmid from period 30 min to 120 min,
although this result was similar to gnrBI-positive plasmid as it stayed
relatively low in the last period of time (nearly 4.5). Results of time-

dependence study are detailed on

Results of short-term study. The highest gnr expression and

plasmid copy number are indicated in red in each time period.

Tested Plasmid copy Plasmid copy
gnr expression gnr expression
plasmid number number
30 min - 120 min 120 min-24h .
(strains) 30 min- 120 120 min-24 h

qnrAl

qgnrB1

qnrC1

qnrD1




All in all, the most significant increase of gene expression was introduced
by gnrBl, data are shown by Figure 1. Here we found that the significant
gene expression rate was not associated to a relevant plasmid expression level,
it reached altogether 4.13-fold value. Nevertheless, the detected expression
rates are lower after 24 h than that of at 120 min, but they remained still
remarkable. Interestingly, expression of gnrCl also showed an increasing
tendency during short-term study, but it could not reach the constantly high

rates of gnrB-variant. (Table 1.)

920 -
80.63
80 -
69.39
70
§ o 1 = .
]
7]
¢ 50
Q M qnrB expression
d 40 -
Plasmid copy number
30
20
i : " 413
o _Mim j ; !
30 min 120 min 24h
Time

Figure 1. Results of short-term study in case of gnrB1. Diagram shows the
rates of gnr gene expression and plasmid copy number after ciprofloxacin

exposition.

After the strains adapted to ciprofloxacin, we accomplished long-term

study in order to observe concentration-dependence of FQ resistance. In this
8



phase we performed the same steps as it was mentioned by short-term study
to quantify gene expression. According to our model, a resistant strain was
selected only in gnrBI carrier E. coli. The gnrAl, gnrC1 and gnrDI-carrier
strains died after short-term study, we could not perform further selection.

In long-term study remarkably high gnrBI expression levels were
detected by 4 and 8 mg/L ciprofloxacin-concentrations, respectively. Data are
shown on In contrast, plasmid copy number of gnrBI-carrier

plasmid reached only a 4-fold increase.
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Results of long-term study in case of gnrB1

Finally, besides the role of PMQRs in selection of resistant bacteria we
also analysed the presence of chromosomal mutations in QRDRs, namely,
gyrA and parC. In the course of our study no mutations in these genes were

identified.



4.2. Contribution of gnrVCI and blaxpm-1in P. aeruginosa

In our work a MDR P, aeruginosa strain, referred to PS1, isolated from
urine clinical sample was investigated. In the course of antimicrobial
susceptibility testing we detected resistance to piperacillin-tazobactam,
ceftazidime, imipenem, meropenem, ciprofloxacin, levofloxacin and
tobramycin and it was sensitive only to colistin. MIC-values and the latest

EUCAST-breakpoints are summarized on Table 2.

Table 2. MIC-results of PS1 strain and EUCAST breakpoints.

Resistance values are highlighted in red.

Antibiotic EUCAST
MIC breakpoints

Result of
susceptibility
(mg/L)

Ciprofloxacin

Levofloxacin

Meropenem

Imipenem

Ceftazidime

Piperacillin-

tazobactam

Tobramycin

Colistin

During WGS analysis of the tested strain a 6815803 bp genome was

identified. According to its characteristic housekeeping genes (acs, aro, gua,
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mut, nuo, pps and trp), PS1 was identified as MDR Paeruginosa ST773
international high-risk clone. It was built up by 148 contigs harbouring several
different resistance determinants, including aph(3')-1lb, rmtB, fosA, sull,
qnrVCl, tet(G), blaoxa-so-ike, blarao, blaxpm-1 and catB7. We deposited
sequence data of our strain in NCBI database under accession number
RHDU00000000.

Based on the identified high-level FQ resistance, we performed nucleic
acid sequence analysis by NCBI Blast, that identified aminoacid alterations
by certain positions of QRDRs, namely Thr83Leu of gyrase and Ser87Leu of
topoisomerase.

Nevertheless, we determined separate gene expressions of gnrVCI and

blanpm-1 with qPCR. Results are shown on Figure 3.

4.0

2.26
m gnrVC1

blaNDM-1

Figure 3. Expression rates of gnrVC1 and blanpm-1
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Based on sequence analysis, gnrVCI was incorporated in a class I
superintegron with 1346 bp, that carried gene cassette mobilization elements,
namely gnrVC core, inverse core and aafc site. Associated to V.
parahaemolyticus repeat (VPR) site, coding region of this Qnr protective
protein had its own functional promoter sequence as well. Compared to
available data, the flanking region including recombination sites of gnrV'C1
was identical to that of were found in V. cholerae O1 strain in Brazil. We
uploaded sequences of gnrV’Ci-integron in NCBI Genbank under accession
number MH782277. Additionally, with IS finder we analysed the flanking
region of blanpm.1 as well. In this case further resistance markers were
identified, such as microsomal dipeptidase and bleomycin resistance gene
referred to blemsL (accession number: MK109012). Structure of gnrVC1 gene

cassette and genetic environment of blanpwm-1 is presented by

Contlgs (5=148) 11 14 16 25 8 4 51 54 61

blgusspsee| | Dlonso || oonisab - qneVcl | | catB7 mt8 tet(G) blayyy

Resistance genes

Class I-integron

1346 bp
#Core site” uInverse core site”
inth1 Own promoter-sequence N attC
[T ey 1111
Poston 6332011bp- 633240bp- §332557bp- 6333228 bp- i
o 6332204bp 632M6bp 6333213bp 6333357bp Genetic environment
genome.
Superintegron VPR
Microsomal
ol "
blaypy. bleys,
Posten. egtaszs bp- 6814642bp- 6815458 bp-
gonome 6814583bp 6814454 bp 6815803bp

Flanking regions of gnrVC1 and blaxpwm-1
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4.3. Delafloxacin-resistant E.coli high-risk clones

The investigated 47 E. coli clinical strains performed a wide range of FQ
MIC distribution. Altogether, 20 of them were susceptible and further 18
showed resistance to all tested FQs. (Figure 5.) Furthermore, in our collection
ceftazidime MIC values demonstrated a range of 0.5-128 mg/L and
cefotaxime MIC values were in the range of 0.125-128 mg/L. Altogether, 46
E. coli strains were verified as ESBL-producer. Among the studied strains, 43

out of 47 E. coli showed imipenem MIC values between 1 and 4 pg/mL.

25

20

15 Resista
nce to all tested FQs m Ciprofloxacin

10 m Levofloxacin

Number of strains

= Moxifloxacin
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L
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Figure 5. Distribution of FQ MIC values of the 47 E. coli strains in our study.
Arrows indicate EUCAST breakpoints for each FQ, namely, D: delafloxacin, C:

ciprofloxacin, M: moxifloxacin, and L: levofloxacin.

Altogether, 25 out of 47 E. coli strains showed susceptiblity to
delafloxacin, and a single strain was sensitive only to delafloxacin but

developed resistance to all other FQs. Delafloxacin resistance rate was 47%
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(22/47), ciprofloxacin resistance was 51% (24/47), moxifloxacin resistance
was 51% (24/47), and levofloxacin resistance was 38% (18/47). We also
determined MIC50 and MIC90 values in the course of our work. They
indicate the MIC value of 50% and 90% of the tested strains, respectively.

In our study, MIC50 value was 0.125 mg/L for delafloxacin and all other
FQs had 0.25 mg/L. MIC90 values for delafloxacin, ciprofloxacin,
moxifloxacin, and levofloxacin were 64 mg/L, 64 mg/L, 32 mg/L, and 16
mg/L, respectively. 20 E. coli strains of our collection were delafloxacin-
susceptible however they performed ciprofloxacin resistance and an ESBL
phenotype. The strains, which displayed ciprofloxacin MIC value above 1
mg/L were resistant to delafloxacin. Moreover, the strains exhibiting 4 and 8
mg/L delafloxacin MIC values were moxifloxacin-resistant.

On the other hand, we also found unusual phenotypes as levofloxacin
MIC values did not significantly correlate with the other FQs. Two E. coli
strains were levofloxacin-susceptible but resistant to all other tested FQs and
further two strains showed sensitivity to levofloxacin and delafloxacin, but
were resistant to other FQs. A single E. coli strain was levofloxacin- and
moxifloxacin-susceptible, but resistant to other observed FQs. Moreover, an
another strain was ciprofloxacin- and levofloxacin-susceptible, but resistant
to other FQs. Finally, two strains were resistant only to ciprofloxacin, but were

susceptible to all other FQs ( ).
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Number of strains

Ciprofloxacin | Levofloxacin | Moxifloxacin | Delafloxacin

Figure 6. FQ resistance patterns of the 47 E. coli strains.

R refers to resistance and S indicates susceptibility.

Based on our results of antibiotic susceptibility testing, we chose two
MDR E. coli strains, namely, ECO-SEOMI-LKH 920/1 and 951/2 for WGS

analysis. MIC results of theirs are presented on Table 3.

Table 3. MIC values of the two E. coli strains selected for WGS

Antibacterial

agents Ciprofloxacin  Levofloxacin | Moxifloxacin |Delafloxacin Imipenem Ceftazidime Cefotaxime

920/1

951/2

WGS confirmed that both strains belonged to E. coli ST43 international
high-risk clone and both of them carried varied resistance genes, including
ESBLs, namely, blactx-m-1, blactx-m-15. In case 0f 920/1 strain, five aminoacid

alterations were identified in multiple positions of QRDR, namely, gyr4
15



S83L, D87N, parC S801, E84V and parE 1529. E. coli 951/2 was also marked
by similar multiple mutations of these chromosomal sequences; such as gyr4
S83L, D87N and parC S80I,E84V. Moreover, in this strain a PMQR
determinant, aac(6')-Ib-cr was detected as well.

The assembled genomes of the two MDR strains were submitted to NCBI
Genbank at Bioproject PRINA971108; SRA identifiers: SAMN35019574
(ECO-SEOMI-LKH 920/1 strain) and SAMN35019575 (ECO-SEOMI-LKH
951/2 strain).

5. CONCLUSIONS

The main aspects of my PhD thesis were detection and analysis of FQ
resistance development in E. coli and P. aeruginosa strains. This scientific
work was divided into three sections.

In our first study model a FQ-resistant gnrB-positive E.coli strain was
selected out after 0.5-8 mg/L ciprofloxacin exposition. This range of
antibiotic concentration may be present in human body in case of a per os
therapy. We detected a significantly high expression rate in case of QnrB1
(183-fold during short-term study and 212-fold in the course of long-term
study), but it was not connected to any chromosomal alterations of QRDR or
other PMQRs. During time-dependence analysis we also found rising
dynamics of gnrC1 expression, but apart from gnrBI-bearer E.coli all of the
challenged strains died after the first phase, therefore further selection was
not possible. In addition, copy number changes of these gnr-carrier plasmids
played only a minor role in development of FQ resistance (it ranged from 1.4

to 4.43-fold expression rate).
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In the second phase of our work we identified and analysed the resistance
pattern of MDR P. aeruginosa ST773 international high-risk clone, that was
isolated from urine clinical sample. We deposited WGS data of this strain in
NCBI database under accession number RHDU00000000. We also reported
the co-existence of a transferable quinolone resistance determinant, namely
gnrVC1 and blanpm-1 carbapenemase, both of them were described for the first
time in P. aeruginosa ST773 clone. Sequences of gnrVCl-integron and
genetic environment of blanpm-1 were also uploaded in NCBI Genbank under
accession numbers MH782277 and MK109012, respectively.

Harboured by a class I superintegron, flanking region of gnrVCI was
identical to that of found in V.cholerae from Brazil. In addition, following the
earlier published data of Paeruginosa international high-risk clones,
appearence of these novel resistance genes indicates the potential evolutional
changes and further possible spread among even different genera in
waterborne and nosocomial environments. Our gene expression results also
perform that gnrVC1 determinant displayed an additional protective role even
after mutations of QRDR, namely GyrA and ParC.

Despite of the fact, that delafloxacin is not yet available in our country,
in the third session of our scientific work we detected a significant 47%
prevalence of delafloxacin resistance among 47 E.coli strains, which were
isolated from clinical samples (e.g., hemoculture and urine). Our results
revealed that delafloxacin resistance of E.coli is caused by multiple mutations
of QRDR. To the best of our knowledge, our study was the first observation
of delafloxacin resistance in Enterobacterales.

Furthermore, based on MIC distribution we found a correlation between
the different generations of FQs as E.coli strains with ciprofloxacin MIC
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values above 1 mg/L were resistant to delafloxacin and the strains exhibiting
4 and 8 mg/L delafloxacin MIC values were moxifloxacin-resistant.
Interestingly, levofloxacin showed an unusual resistance phenotype, as it
seemed independent from delafloxacin during our work.

Two MDR strains of our collection (ECO-SEOMI-LKH 920/1 and 951/2)
were chosen for WGS as they performed the highest FQ MIC values
combined with ESBL-production. Both of them were identified as ST43
E.coli international high-risk clones. Their assembled genomes were
uploaded to NCBI Genbank, sequence read archive (SRA) identifiers:
SAMN35019574 (ECO-SEOMI-LKH 920/1 strain) and SAMN35019575
(ECO-SEOMI-LKH 951/2 strain). In these two strains double Ser alterations
of QRDR determinants were detected as main causes of FQ resistance and for
stabilisation during evolutional changes. Furthermore, a blactx-m-1-producer
E.coli ST43 clone was reported for the first time. Finally, we also found an
association between CTX-M-1, CTX-M-15 ESBL production and

delafloxacin resistance.
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