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Background and Aims: Reports examine quinolone resistance mechanisms among Pseudomonas spp. are sporadic in the Kingdom
of Saudi Arabia (KSA). We previously examined the genetic bases of plasmid-mediated quinolone resistance among Pseudomonas
spp. clinical isolates. This study investigated chromosomally mediated quinolone resistance mechanisms via investigation of the
mutations in the gyr4 and parC genes.

Methods: The minimum inhibitory concentration (MIC) to different quinolones was determined. Twenty-nine quinolone resistant
Pseudomonas spp. clinical isolates were included. The gyr4 and parC genes were sequenced by Sanger capillary electrophoresis.
Multiple sequence alignment for the translated gyrA4 and parC genes was performed to identify mutation sites.

Results: Of the 29 isolates, 27 isolates were P. aeruginosa and two were P. putida. The cluster analysis of the quinolone susceptibility
pattern revealed seven susceptibility phenotypes (A-G) based on susceptibility patterns rather than the MIC values. Also, 22 different
susceptibility phenotypes were detected based on MIC values. All isolates exhibited a missense mutation at position 83 (S831/T/F) of
the gyrd gene in addition to six missense mutations at positions outside the QRDR of this gene. In addition, 82.8% (24/29) of the
isolates harbored a missense mutation in the parC gene at position 87 (S87L), along with six novel mutations outside the QRDR of the
parC gene. Haplotyping of the gyr4, parC, and the overall QRDR revealed six, 10, and 13 different haplotypes, respectively.
Conclusion: This study documents the incidence of the commonly reported mutations in the gyr4 and parC genes in addition to
novel mutations in these genes among Pseudomonas spp. clinical isolates recovered from KSA. Together with our previous
findings, these data provide an insight into the genetic background of quinolone resistance among Pseudomonas spp. clinical
isolates in KSA.
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Introduction

Pseudomonas aeruginosa (P. aeruginosa) is a widely distributed opportunistic pathogen causing infections in certain
high-risk patients, eg, those with immune suppression, cystic fibrosis, and severe burns.' Also, P. aeruginosa is
a frequent cause of healthcare-associated infections due to its intrinsic resistance to a wide range of antimicrobial agents

and its possession of many regulatory and metabolic pathways that deal with antibiotic pressure.**
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Quinolones are synthetic antibiotics that are frequently used to treat Pseudomonas infections. Unfortunately, due to
the irrational use of quinolones, resistance to this group has been increasing over the last years with the emergence of
multi-drug resistant (MDR) P. aeruginosa.’®

Quinolones work by inhibiting the bacterial DNA supercoiling and relaxation process, which are crucial for the replication
and transcription of DNA.” Quinolones exert their effect via non-covalent binding and inhibition of two target enzymes
namely, DNA gyrase and topoisomerase IV with some variations in the affinity of different quinolones to both enzymes.®

DNA gyrase and topoisomerase IV catalyze the bacterial DNA cleavage to allow negative supercoiling and re-ligation
in an ATP-dependent manner. This process is crucial for DNA condensation, replication, and transcription initiation.”

DNA gyrase is a tetramer enzyme, composed of two GyrA and two GyrB subunits. The GyrA subunit binds to the
bacterial DNA and cleaves its backbone while GyrB drives the ATP-dependent supercoiling process. Likewise, topoisome-
rase IV is composed of four subunits: two ParC and two ParE subunits, which have similar functions to GyrA and GyrB."”
Indeed, quinolones do not affect the DNA strand at the cleavage step but inhibit the re-ligation process, resulting in
a sustained cleaved DNA backbone that inhibits DNA replication. Thus, quinolones are generally considered as bacteriostatic
agents. However, their high dose can result in double-stranded DNA breaks with subsequent bactericidal effects.®

The resistance to quinolones may either be chromosomally or plasmid-mediated. Chromosomally mediated quinolone
resistance in P. aeruginosa may arise from (i) mutational alterations in the gyr4 and/or parC genes with subsequent
alteration in the binding affinity to GyrA and ParC proteins (target modification) that altogether forms the quinolone
resistance determining region (QRDR), (ii) efflux pumps overexpression, and (iii) downregulation of certain outer
membrane proteins (OMPs).'""'? These chromosomal mechanisms act separately or together leading to various degrees
of quinolone resistance that range from reduced susceptibility to complete resistance.'? In this regard, and due to the fact
that the pre-2019 Clinical Laboratory Standards Institute (CLSI) breakpoints for ciprofloxacin and levofloxacin against

P, aeruginosa were too high to detect low level quinolone resistance,'*!

these breakpoints were recently amended. Now,
the minimum inhibitory concentration (MIC) for ciprofloxacin, levofloxacin, norfloxacin, ofloxacin and gatifloxacin
against P. aeruginosa are <0.5, <I, <4, <2 and <2 pg/mL, respectively.'®

The QRDR is a hot spot for mutation that confer resistance to quinolones and fluoroquinolones. The QRDR of the GyrA
protein is defined as the region from alanine at position 67 to glutamine at position 106'” while that of GyrB is from aspartate
to lysine at positions 426 and 447, respectively (numbering is based on E. coli gyrase) as described.'® On the other hand, the
QRDR of ParC protein is defined as the region from alanine to glutamine at positions 64 and 103, respectively, while that of
ParE protein encompasses the area between aspartate and lysine at positions 420 and 441, respectively.'’

Plasmid-mediated quinolone resistance (PMQR) has been previously described and many genes carried on plasmids
were involved in that process, eg, gnrD, gnrS, and aac(6’)-Ib-cr.*° Chromosomally mediated quinolone resistance due to
mutation(s) in the QRDR results in reduction or abolishing the affinity of quinolones to DNA gyrase and/or
topoisomerase.'? These mutations are considered the major contributors to quinolone resistance in P, aeruginosa that
were first reported in 1988.%'

Previous studies showed that the most frequently reported mutation in the GyrA protein sequence variants was at
positions 83 (threonine replacement by isoleucine) and 87 (aspartate replacement by asparagine, tyrosine or glycine). For
ParC, the most reported sequence variations were at position 87, where serine is replaced by leucine.®

The target modification mediated resistance is usually accompanied by a high level of expression for efflux pumps
that extrude quinolones outside the bacterial cell. To this end, clinically resistant Pseudomonas isolates often have
multiple chromosomal mutations in gyr4 and parC genes.”>>*

In Saudi Arabia, few studies had investigated the quinolones resistance among Pseudomonas spp. in clinical settings,

particularly in the western region?’-*>°

with few mechanistic studies. We previously investigated PMQR among clinical
isolates of Pseudomonas spp.”® The main objective of the current study was to investigate the sites of mutations in the
QRDR among Saudi clinical isolates of quinolone-resistant Pseudomonas spp. that were previously®® confirmed to

harbor at least one of the PMQR encoding genes.
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Methods

Cases, Isolation, and Identification of the Clinical Isolates
A total of twenty-nine confirmed Pseudomonas spp. clinical isolates were retrieved from the laboratory culture collection

of the Microbiology laboratory at the College of Pharmacy, Taif University to investigate chromosomal mutations in the
QRDR. The 29 clinical isolates in this study were recovered from various clinical specimens including blood (n=1),
catheter tip (n=1), axillary swab (rn=1), sputum (n=15), bile (n=2), urine (n=6), and wound (n=3) infections. The clinical
isolates were characterized and identified as previously described.?® In this regard, all isolates were primarily identified
by Vitek2® system and API 20NE® (BioMérieux, France). The genus level was also molecularly confirmed via the
amplification of the algD GDP gene using primer pairs and conditions as previously described.’® Also, the genus was
confirmed and species level was identified via the amplification followed by sequencing of the two house keeping genes
namely gyrA and parC genes as described below. The study protocol was approved by Taif University ethical committee
(approval #38-35-0021), which is accredited by the National Committee for Bioethics (# HAO-02-T-105).

Antimicrobial Susceptibility Testing (AST)

Broth microdilution method was employed to investigate the susceptibility to the available generations of quinolones,
where seven quinolones (Sigma-Aldrich, USA) were tested as described.?’ The 1st generation quinolones was repre-
sented by nalidixic acid, while the 2nd generation quinolones was represented by ciprofloxacin, norfloxacin, and
ofloxacin. The 3rd generation quinolones was represented by levofloxacin. Gemifloxacin and moxifloxacin were the
representatives of the 4th generation quinolones. Escherichia coli (E.coli) ATCC 25922 and P. aeruginosa ATCC27853

I27

were used as control strains. The susceptibility data were interpreted based on the guidelines of the CLSI”" except for

gemifloxacin and moxifloxacin that were interpreted according to the two previous reports by Grillon et al and Stone

28,29

et al, respectively, as there are no available data in the CLSI or other international antimicrobial committees about the

MIC breakpoints for these two agents for Pseudomonas spp.

Cluster Analysis of Quinolone Susceptibility Profiles

The results of quinolone susceptibility were uploaded to the Bionumerics® 7.5 software (Applied Maths, Belgium) using
the antibiotic susceptibility application utilizing the categorical value to calculate the similarity coefficient and
unweighted pair group method with arithmetic mean (UPGMA) to perform cluster analysis. The results of cluster
analysis were performed utilizing both the antibiotic MIC sensitive-intermediate-resistant (SIR) experiment type mode

and the antibiotic MIC value experiment type mode.

Chromosomal DNA Extraction, PCR, Amplified Genes’ Extraction and Purification
Chromosomal DNA was extracted by InstaGene Matrix kit (Bio-Rad, USA) according to the manufacturer’s instructions.
The amount of DNA used in each PCR reaction was 20—100 ng/total reaction volume. The target gene-specific primer pairs
and cycling conditions are listed in Table 1 using Dr.MAX DNA Polymerase (Doctor protein INC, Korea) and DNA Engine
Tetrad 2 Peltier Thermal Cycler (Bio-Rad, USA). Two pL of each amplified PCR product were loaded on 1.5% agarose gel
and allowed to run for 20 min at 300V and 200A. The separated DNA bands of interest were excised from the agarose gel to
be purified using multiscreen® PCR96 (Millipore SAS, Molsheim, France) as PCR cleanup plates.

DNA Sequencing

The purified PCR products of the gyrd and parC genes were Sanger sequenced in one direction by capillary
electrophoresis sequencing (CES) utilizing the forward primer used in PCR amplification, the BigDye terminator
v3.1 sequencing kit, and the ABI PRISM® 3730XL automated sequencer (Applied Biosystems, Foster City, CA).
Nucleotide sequences were determined at the Macrogen sequencing facility (Macrogen Inc., Seoul, Korea).
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Table | Primer Sequences, Amplicon Size and PCR Conditions of the Target Genes

Primer Target Primer Sequence Amplicon Cycling Condition Reference
Gene Size (bp)
algD algD GDP | F: TTCCCTCGCAGAGAAAACATC 520 Initial denaturation at 95°C for 5 min, then 30 [20]
R: CCTGGTTGATCAGGTCGATCT cycles of 95°C for 5 min, 63.5°C for 30 sec min,

and 72°C for | min and one cycle of final

elongation at 72°C for 7 min.

Gia gyrA F: CTACAAGAAATCCGCCCGTG 247 Initial denaturation at 95°C for 5 min, then 35 This study
R: GTCGACGGTTTCCTTTTCCA cycles of 95°C for 30 sec, 63.5°C for 30 sec
min, and 72°C for | min and one cycle of final

elongation at 72°C for 7 min.

Psc parC F: CATCGTCTACGCCATGAG 267 Initial denaturation at 95°C for |5 min, then 30 [33]
R: AGCAGCACCTCGGAATAG cycles of 95°C for | min, 55°C for | min and
72°C for 5 min, and one cycle of final elongation
at 72°C.

Sequence Correction and Translation of the gyrA and parC Genes

All the gyrA4 and parC gene sequences were corrected using the molecular evolutionary genetic analysis (MEGA®™) 6

software®® (Bio design institute, Tempe) as previously described.®' The corrected DNA sequences were then uploaded to

the National Center for Biotechnology Information (NCBI)****
The corrected DNA sequences of the gyrd and parC genes were uploaded to the website of open reading frame

using the blastn service to identify the query sequence.

(ORF) finder in which the correct reading frame was the amino acid sequence that was obtained using the following
parameters; (i) minimal ORF length nucleotide (nt) of 150 and 75 for the gyr4 and parC genes, respectively; (ii) genetic
code was 11. Bacterial, Archaeal, and Plant plastid; (iii) ORF start codon to use was ATG only.

NCBI Database Search Criteria and Reference Sequence (RefSeq) Selection

The corresponding amino acids of the sequenced gyr4 and parC genes were subjected to blastp in the NCBI database
against POAES4.1 and BAA37152.1 RefSeq for DNA gyrase subunit A (GyrA protein) and topoisomerase IV subunit
(ParC protein), respectively.

|dentification of the Mutation Sites in the gyrA and parC Genes
Multiple sequence alignment (MSA) of the translated corrected sequences of the gyr4 and parC genes was performed as

previously described using the Jalview software,*® in which the fast Fourier transform (MAFFT) web service was applied.

GenBank Sequence Accession Numbers
All the DNA and the amino acid sequences of the investigated gyr4 and parC genes were submitted to the GenBank™>
via the online submission portal*® in which each gene has been assigned a specific GenBank accession number.

Multiple Sequence Alignment (MSA) and Phylogenetic Analysis of the Sequenced

Genes

The amino acids obtained from the sequenced genes were subjected to MSA to get the clonal relationship between the
sequenced genes and the selected RefSeq for each gene using the Jalview software utilizing MAFFT web service to
generate the dendrogram.>* All the aligned amino acid sequences for each of gyrd and parC genes were subjected to
phylogenetic analysis using the neighbor-joining method using % identity from MAFFT WS alignment of Cut&Paste

Input-FASTA function in Jalview software to generate the phylogenetic relatedness dendrogram.**
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Results

Isolation and Identification of Pseudomonas Species

The present study revealed that all the recovered isolates belonged to the genus Pseudomonas based on the data obtained
by API 20NE and Vitek2®systems. 93.1% (n=27) of the 29 isolates were P. aeruginosa, while 6.9% (two isolates) were
P. putida. Molecular confirmation of the phenotypically identified isolates via the amplification of the algD GDP gene
revealed that all isolates belonged to the genus Pseudomonas, where all isolates tested positive (Figure 1). Also, the
amplification and sequencing of gyr4 and parC genes confirmed these data (Figure 2).

Figure | PCR amplicons of algD GDP used in molecular confirmation of the genus Pseudomonas. MF66 to MF73 represent the isolate numbers.
Abbreviations: L, Ikp DNA ladder; NC, negative control; PC, positive control.

Figure 2 (A) PCR amplicons of the gyrA gene; (B) PCR amplicons of the parC gene. lanes MF66 to MF72 represent the isolate numbers.
Abbreviation: L, 100 bp DNA ladder.
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Antimicrobial Susceptibility Testing

This study revealed that all the investigated isolates were resistant to at least one of the tested quinolones, where 100% of
the isolates were resistant to nalidixic acid (Table 2, Figures 3 and 4). Among the tested quinolones, moxifloxacin was the
lowest effective to which 96.6% (28/29) of the isolates were resistant. On the other hand, gemifloxacin exhibited the best
activity among the tested quinolones, where only 69.0% of the isolates (20/29) were resistant. Concerning the other
tested quinolones, it was found that 86.2% of the isolates (25/29) were resistant to each of ciprofloxacin, norfloxacin,
ofloxacin, and levofloxacin. High-level quinolone resistance was observed among all the tested isolates, where the MICs
and MICy, of the tested fluoroquinolones ranged from 16 to 64 and 32 to >1024, respectively (Table 2).

Cluster Analysis of Quinolone Susceptibility Profile Based on SIR Interpretation and
MIC Values

The cluster analysis of the quinolone susceptibility pattern based on SIR classification (Figure 3) revealed seven
quinolone susceptibility phenotypes (A-G) distributed among two main clusters (cluster I and II) in which four isolates
belonged to cluster I, while the remaining 25 isolates belonged to cluster II. Cluster I was divided into two clades (A and
B). Cluster II was divided into five clades (C to G) in which clade G included 20 isolates that exhibited the same
resistance profile that was characterized by the resistance to all tested quinolones.

On the other hand, the cluster analysis of the quinolone susceptibility according to the MIC values revealed a complex
but more accurate, descriptive, and discriminatory profile where the 29 isolates exhibited 22 different susceptibility
phenotypes (Figure 4). Only 18 isolates exhibited single unique profile, while 11 isolates were distributed among four
different profiles (A-D), in which profile A and B included three and four isolates, respectively, while profiles C and
D included two isolates each. Profile A included isolates #MF70, MF73, and MF77, while the profile B included isolates
#MF69, MF75, MF80, and MF81. On the other hand, profile C included isolates #MF72 and MF91, and profile
D contained isolates #MF67 and MF84.

Detection of the Frequently Reported Missense Mutations Within the QRDR Frame
(Positions 83 and 87) of gyrA Gene

This study revealed that all isolates exhibited a missense mutation at position 83 of GyrA protein in which serine (S) was
substituted by either isoleucine (I), threonine (T), or phenylalanine (F). The most common missense mutation in the
current study was at position 83 (S83I) in which 82.8% (24/29) of the isolates tested positive (Figures 4 and 5).
The second frequent form of missense mutation in the current study was at position 83 (S83T) where 13.8% (4/29) of the
isolates exhibited such mutation. The last and the least frequent form of mutation was at position 83 (S83F) that was
detected in only one isolate. On the other hand, this study revealed that 13.8% (4/29) of the isolates exhibited the
previously reported missense mutation at position 87 that involved the substitution of aspartate (D) with asparagine (N):
(D87N).

Table 2 Quinolone Susceptibility Pattern Among Pseudomonas Spp. Clinical Isolates

Tested Susceptibility Pattern MIC pg/mL
Quinolone . R K
Sensitive Intermediate Resistant MIC;, MICy,
No. (%) No. (%) No. (%)
Nalidixic acid - - 29(100) >1024 >1024
Ciprofloxacin 4(13.8) 1(3.5) 24(82.8) 16 64
Norfloxacin 4(13.8) 1(3.5) 24(82.8) 64 >1024
Ofloxacin 4(13.8) - 25(86.2) 64 128
Genmifloxacin 9(31.0) - 20(69.0) 32 64
Levofloxacin 4(13.8) 2(6.9) 23(79.1) 32 32
Moxifloxacin 1(3.5) - 28(96.6) 64 256
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SIR quinolone resistance profile
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Figure 3 Cluster analysis of quinolone susceptibility profile based on Sensitive Intermediate-Resistant (SIR) interpretation.

Detection of Seven Different Novel Missense Mutations in the gyrA Gene Outside the
QRDR Frame
This study revealed that all isolates were found to harbor six missense mutations at positions 112, 116, 125, 127, 130, and
135 (Figures 4 and 5) in which isoleucine (I) was substituted by valine (V) at position 112 (I1112V), serine (S) was
substituted by histidine (H) at position 116 (S116H), or Aspragine (S116N), isoleucine (I) was substituted by valine (V)
at position 125 (I125V), leucine (L) was substituted by methionine (M) at position 127 (L127M), isoleucine (I) was
substituted by leucine (L) at position 130 (I130L), and methionine (M) was substituted by leucine (L) at position 135
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‘S83U112V/S116N/I125V/L12TM/I130LM13SL
‘S83UI112V/S116N/I25V/L127M/I130LM13SL
‘S83V1M12V/S116H/IM25V/L12TMI130LUM13SL
‘S8IF/I112V/S116N/I125V/L12TM/I130L/M135L
‘S83IDBTN/I12V/S116N/1125V/L127M/130L/MI35L
‘S83U112V/S116N/I125V/L127M/I130LUM135L
‘S83V112V/S116N/I25V/L127M/I130LM135L
‘S83U112V/S116N/I125V/L127M/I130LUM135L
‘S83UIM12V/S116N/I125V/L127M/I130LUM135L
‘S83U112V/S116N/I125V/L127M/I130LUM135L
‘S83U112V/S116N/I125V/L12TM/I130LM13SL
‘S83UIM12V/S116N/I25V/L127MI130LUM135L
‘S83IIDBTN/I12V/S116N/1125V/L127M/I130LMI35L
‘SBIT/IM12V/S118N/I125V/L12TM/I130L/M135L
‘S83T/I12V/S116N/I125V/L12TM/I130LM135L
‘S83DBTN/I12V/S116N/1125V/L127M/130L/M135L
‘S83U112V/S116N/I25V/L127M/I130LM13SL
‘S83U1M12V/S116N/I125V/L12TM/I130LUM135L
‘S83UI112V/S116N/I25V/L12TMI130LM13SL
‘S83V1M12V/S116N/I125V/L12TM/I130LM135L
YTTVIS83I/I112V/S116H/125VIL127M/I130UM135L
‘S83DBTN/I12V/S116N/1125V/L127M/130L/M135L
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S651/KB6Q/SBTL.

S651K66Q

S651/K86Q

S651/KB6QISBTL.
S65F/KB6Q/SBTLIVIIBGILIIAILI40A
S651KB6Q/SBTL.

S651/KB6QISBTL.

S65IKBBQISBTL.

S651/KB6QISBTL.

SB5F/KB6Q/SBTL

SB5IKB6QISBTL.

S651/KB6Q/SBTL.

S651/KB6Q/V138G/L13OA/L140A
S65IKB6QISBTL.
SB51KB6QISBTL.

Vi38E

parc Haplotype

C > > - IFP>PM>PFP>F 0P ODOFPF>TMO0O0>>> 0> > >

Combibned QRDR Haplotype

ZzmMmMEzrmmMI>MMMAOO0OOME0O0OEMM®~ Tmm

Figure 4 Cluster analysis of quinolone susceptibility profile based on MIC values with reference to the mutation sites in the gyrA and parC genes in addition to the
haplotyping of gyrA and parC genes corresponding to each isolate. The figures in blue font indicate the number of single unique susceptibility profile.
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Figure 5 Multiple sequence alignment for the amino acid sequence of the mutated GyrA protein among quinolone resistant Pseudomonas spp. clinical isolates demonstrating
the missense mutations at nine different positions at sites 77, 83,87, 112, 116, 125, 127, 130, and 135. The scale (80 to 150) above the reference protein sequence indicates
the position of the of each amino acid in GyrA protein.
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(M135L). Only one isolate (MF66) exhibited a missense mutation at position 77 in which tyrosine (Y) was substituted by
valine (V) (Figure 5).

Identification of the Mutation Sites in the parC Gene Within the QRDR Frame
(Positions 65, 66, and 87)

This study demonstrated that 82.8% (24/29) of the Pseudomonas spp. clinical isolates harbored the previously reported
missense mutation at position 87 (Figures 4 and 6) in which serine (S) was substituted for leucine (L); (S87L).
Importantly, this study showed two novel missense mutations at two different sites (65 and 66) in which the 1st novel
mutation was detected in two forms at position 65, where 82.8% (24/29) and 6.9% (2/29) of the isolates exhibited
a substitution of serine (S) with isoleucine (I); (S651) (the 1st form) and serine with phenylalanine (F); (S65F) (the 2nd
form). The 2nd novel mutation was observed at position 66 in which lysine (K) was substituted by glutamine (Q);
(K66Q) in 86.2% (25/29) of the isolates (Figures 4 and 6).

Detection of Four Novel Missense Mutations at Three Different Sites in the ParC
Protein Outside the QRDR Frame

This study demonstrated four novel mutations in 20.7% (5/29) of isolates at three different positions outside the QRDR
frame of the ParC protein at positions 138, 139, and 140 in which two forms of mutations at position 138 were detected,
the Ist form was substitution of valine (V) by glycine (V138G), the 2nd form was substitution of valine by glutamic acid
(E (V138E). The mutations at the other two sites were substitution of leucine (L) by alanine (A) at positions 139 and 140
(L139A and L140A).

Haplotyping of the Sequenced gyrA and parC Genes

The current study demonstrated six different haplotypes (A-F) for the gyrA4 gene in which the haplotype D (S831/1112V/
S116N/ 1125V/ L125M/ 1130L/M135L) was the most prevalent one that was detected in 62.1% (18/29) of the isolates
(Figures 4 and 5). Regarding the parC gene, ten different haplotypes (A-J) were detected with haplotype A (S651/(K66Q/
S87L) being the most prevalent; represented by 58.6% (17/29) of the isolates (Figures 4 and 6).
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Figure 6 Multiple sequence alignment for the amino acid sequence of the mutated ParC protein among quinolone resistant Pseudomonas spp. clinical isolates demonstrating
the missense mutations at different six positions at sites 65, 66, 87, 138, 139, and 140. The scale (70 to 140) above the reference protein sequence indicates the position of
the of each amino acid in ParC protein.

Combined QRDR Haplotypes for the gyrA and parC Genes

According to the identified mutation sites in both gyr4 and parC genes, 13 QRDR haplotypes (A-M) were detected
(Figure 4). QRDR genotype E (gyr4; S831, 1112V, S116N, 1125V, L127M, 1130L, M135L/parC; S65I, K66Q, S87L) was
the most prevalent, where 41.4% (12/29) of the isolates expressed such a haplotype. On the other hand, genotypes C and
D ranked the 2nd prevalent haplotypes (two isolates each). The other haplotypes (A-B and F-M) were equally distributed
(3.5%, one isolate each, Figure 4).

Phylogenetic Relatedness Between the Sequenced gyrA Genes

The phylogenetic analysis of the sequenced gyr4 genes revealed six different GyrA protein sequences that belonged to
two main clusters (cluster I and cluster II) involving six different clades (Figure 7). The GeneBank accession numbers
for the 29 sequenced gyrd gene samples are OL795503-OL795531 (https://www.ncbi.nlm.nih.gov/nuccore/
OL795503). It was found that 93.1% (27/29) of the gyrA gene sequences belonged to cluster I that was classified
into two main clades (A and B) with clade B having three subclades (B.1, B.2. and B.3). Subclade B.3 was the major
subclade within-cluster I with eighteen isolates that exhibited identical amino acid sequences (Figure 7). Also, four

sequences were clustered under clade B.1. exhibiting identical amino acid sequences. In addition, four sequences were
clustered under clade A. Only 6.9% (2/29) of the sequences belonged to cluster II that involved two clades (C and D;
Figure 7).

Phylogenetic Relatedness Between the Sequenced parC Genes

The cluster analysis of the sequenced parC genes revealed nine different ParC protein sequences distributed among two
main clusters (cluster I and cluster II) involving four main clades (A-D); two clades within each cluster (Figure 8). The
GeneBank accession numbers for the 29 sequenced parC gene samples are OL795886-0OL795914 (https://www.ncbi.nlm.
nih.gov/nuccore/OL795886). The current study demonstrated that 58.6% (17/29) of the ParC protein sequences
(Figure 8) were contained within subclade B.1. On the other hand, only three sequences (MF69, MF75, and MF79)
exhibited identical sequence profiles within subclade C.1 in cluster I (Figure 8).
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Figure 8 Phylogenetic relatedness between the sequenced parC genes and the BAA37152.1 reference sequence using the neighbor-joining method utilizing % identity from
MAFFTWS alignment.

Discussion

This study examined the genetic mutations in the QRDR of 29 quniolone-resistant Pseudomonas spp. isolates (27
P aeruginosa and two P. putida) that were recovered from clinical cases admitted or attended to a tertiary care hospital
located in Taif area, Saudi Arabia. These isolates were previously confirmed to have at least one of the PMQR genes.?’
The cluster analysis of the quinolone susceptibility pattern revealed seven quinolone susceptibility phenotypes (A-G)

classified into two main clusters (I and II). Also, 22 different susceptibility phenotypes were determined based on MIC
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values. All isolates exhibited a missense mutation at position 83 of gyrd gene (S83I/T/F) and harbored six additional
missense mutations outside the QRDR frame at positions 112, 116, 125, 127, 130, and 135. In addition, 82.8% (24/29) of
the isolates harbored the common mutation in the parC gene (S87L).

Six additional novel mutations outside the QRDR frame were found in the parC gene. Six, 10 and 13 different gyr4,
parC and combined QRDR haplotypes were found with haplotype D, A and E being the most prevalent, respectively.
This study concludes that the previously reported and novel QRDR mutaions are highly diverse in gyr4 and parC genes
among Pseudomonas spp. in Saudi Arabia. These findings together with our previous findings®® provide an insight into
the genetic makeup of quinolone resistance among Saudi Pseudomonas spp. clinical isolates at least in the western region
of the Kingdom.

To the best of our knowledge, there are no reports from Saudi Arabia that investigated the genetic mechanisms of
quinolone resistance among Pseudomonas isolates by examining the chromosoal mutations in both the gyr4 and parC
genes. Several aspects of these findings deserve further discussion.

Pseudomonas spp. resistance to fluoroquinolones is usually mediated by mutations in the amino acids located in the
QRDRs of gyrd, gyrB, parC and parE genes.”” The most commonly reported mutations in GyrA are S83I and D87N
while that in ParC is S87L.

According to the results of the current study, the sequencing of the gyr4 and parC genes confirmed the presence of
several mutations in the QRDRs in all the investigated isolates. These were represented by missense mutations at position
83 (S831/T/F) of the gyr4 gene in addition to the mutation in the parC gene (S87L), where 82.8% (24/29) of the isolates
harbored this mutation. Similar mutations in those positions of gyrd and parC, and QRDRs were reported among
Pseudomonas isolates in Tunisia,” Palestine,*® Estonia,” Iran,>****° South China,*' USA,* Germany,24 Japan,43 4 and
New Zealand.*’

It is to be noted that GyrA wild-type amino acid at position 83 of P. aeruginosa was reported as either serine or
threonine in several studies as most comparisons were done with E. coli GyrA.>'>4347

Regardless of whether threonine or serine is the wild type, we have isoleucine mutation in 24 (83%) of the isolates in
this study.

To the best of our knowledge, the following mutations in the GyrA protein are considered novel: Y77V, S83F, 1112V,
S116H, S116N, 1125V, L127M, 1130L and M135L. On the other hand, and also to the best of our knowledge, the
following mutations in the ParC protein are considered novel: S651, S65F, K66Q, V138G, V138E, L139A and L140A.

In this study, the correlation of quinolone resistance as determined by MIC and SIR values with the presence of
mutations in the QRDRs of the gyr4 and parC genes of the 29 clinical isolates, and the combination of both were
examined herein and their phylogenetic analysis is shown in Figures 4-8.

As shown, all the clinical isolates harbored several missense mutations in the gyr4, and parC genes. However, these
mutations did not necessarily lead to an increase in the MIC values especially for the fluoroquinolones but various
degrees of resistance. Similar findings were reported.'?

In contrast, combinations of mutations in the QRDRs of gyr4 and parC always resulted in a fluoroquinolone-resistant
phenotype. Similar findings were reported elsewhere.>***

As mentioned above, quinolones’ resistance is either chromosomally or plasmid-mediated through different
mechanisms.'"'? These mechanisms act separately or in combination leading to various degrees of quinolone resistance
that range from reduced susceptibility to complete resistance."

In this study, the S83F mutation in the gyr4 gene was greatly associated with fluoroquinolone resistance, where
isolate #MF89 exhibited full resistance to all the tested fluoroquinolones despite the absence of S§831 mutation suggesting
that the presence of S83F in this isolate along with the presence of S87L mutation in the parC gene may be the leading
cause of resistance (Figure 4).

We, also, found that S83T mutation in the gyrd4 gene was associated with the fluoroquinolone resistance. In this
regard, isolates #MF68 and MF91 exhibited complete resistance to all investigated quinolones despite the absence of
S831 and S87L mutations in the gyr4 and parC genes, respectively. In addition, S83T mutation in the gyr4 gene was
detected in isolates #MF85 and MF93 that exhibited resistance to two to five tested quinolones despite the absence of
S831 and S87L mutations in the gyr4 and parC genes, respectively.
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On the other hand, this study showed that all the following mutations including 1112V, S116N, 1125V, L125M, 1130L,
and M135L in the gyrd gene were not associated with the fluoroquinolone resistance, where isolate #MF89 exhibited
a complete sensitivity pattern to all the tested fluoroquinolones despite the presence of these mutations. However, this
isolate was resistant to nalidixic acid (Figure 4).

In addition, this study demonstrated that the S651 and K66Q mutations in the parC gene did not result in
fluoroquinolone resistance as isolate #MF89 was sensitive to all tested fluoroquinolones despite the presence of these
mutations along with the S831 mutation in the gyrA4 gene.

Moreover, in this study, the S831 and S87L mutations in the gyr4 and parC genes, respectively, were not a condition
for fluoroquinolone resistance but instead, they were associated with nalidixic acid resistance, where isolate #MF89 was
sensitive to all tested quinolones except nalidixic and was found to harbor these mutations. Taken together with our
previous findings,° these data show the diversity of quinolone resistance mechanisms among Pseudomonas isolates in
Saudi Arabia.

In the context of the significance of this study in disease biology, the findings of the current study strongly suppose
that the detected common and novel mutations in the current study in both gyrd4 and parC genes among the
Pseudomonas spp. clinical isolates may indirectly affect the disease biology by decreasing or abolishing susceptibility
of Pseudomonas spp. to either old or newer generations of fluoroquinolones which subsequently redirects the prescribing
clinician to the use of the other antibacterial agents on a large scale that may lead to the emergence of new resistant
strains to the newly prescribed antibiotics that may be preserved as a last resort for treatment of either multiple drug-
resistant (MDR) pan-drug resistant (PDR) isolates.

The previous hypothesis increases the antibiotic selective pressure via stimulation of other resistance mechanism
leading to the emergence of multiple MDR or even PDR Pseudomonas isolates that may circulate in the hospital
environment leading to either increased hospital stays with subsequent increased morbidity and mortality rates or
transmission of the newly evolved resistance mechanisms via horizontal gene transfer (HGT).

Conclusions

This study revealed the previously and frequently reported mutations in the QRDR and novel QRDR mutations in gyr4
and parC genes that are highly diverse among Pseudomonas spp. These data and our previous findings provide an
understanding of the genetic bases of quinolone resistance among Pseudomonas isolates for the first time from Saudi
Arabia.
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