Veterinary Microbiology 292 (2024) 110063

Contents lists available at ScienceDirect

Veterinary Microbiology

FI. SEVIER

journal homepage: www.elsevier.com/locate/vetmic

Phenotypic and genotypic characterization of resistance and virulence in
Pseudomonas aeruginosa isolated from poultry farms in Egypt using whole
genome sequencing

Amira M. Rizk “, Marwa M. Elsayed °, Ashraf A. Abd El Tawab “, Fatma I. Elhofy“,
Enas A. Soliman °, Tamara Kozytska b Hanka Brangsch °, Lisa D. Sprague ”, Heinrich Neubauer
Gamal Wareth %"

b

b

& Department of Bacteriology, Immunology, and Mycology, Faculty of Veterinary Medicine, Benha University, Toukh 13736, Moshtohor, Egypt
Y Institute of Bacterial Infections and Zoonoses, Friedrich-Loeffler-Institut, Jena 07743, Germany
¢ Institute of Infectious Diseases and Infection Control, Jena University Hospital, Jena 07747, Germany

ARTICLE INFO

Keywords:

Pseudomonas aeruginosa
Poultry

WGS

Resistomes

Virulomes

Egypt

ABSTRACT

Pseudomonas aeruginosa (P. aeruginosa) is an ESKAPE pathogen that can quickly develop resistance to most an-
tibiotics. This bacterium is a zoonotic pathogen that can be found in humans, animals, foods, and environmental
samples, making it a One-Health concern. P. aeruginosa threatens the poultry industry in Egypt, leading to sig-
nificant economic losses. However, the investigation of this bacterium using NGS technology is nearly non-
existent in Egypt. In this study, 38 isolates obtained from broiler farms of the Delta region were phenotypi-
cally investigated, and their genomes were characterized using whole genome sequencing (WGS). The study
found that 100% of the isolates were resistant to fosfomycin and harbored the fosA gene. They were also resistant
to trimethoprim/sulfamethoxazole, although only one isolate harbored the sull gene. Non-susceptibility (resis-
tant, susceptible with increased dose) of colistin was observed in all isolates. WGS analysis revealed a high level
of diversity between isolates, and MLST analysis allocated the 38 P. aeruginosa isolates into 11 distinct sequence
types. The most predominant sequence type was ST267, found in 13 isolates, followed by ST1395 in 8 isolates.
The isolates were susceptible to almost all tested antibiotics carrying only few different antimicrobial resistance
(AMR) genes. Various AMR genes that confer resistance mainly to 8-lactam, aminoglycoside, sulfonamide, and
phenicol compounds were identified. Additionally, several virulence associated genes were found without any
significant differences in number and distribution among isolates. The majority of the virulence genes was
identified in almost all isolates. The fact that P. aeruginosa, which harbors several AMR and virulence-associated
factors, is present in poultry farms is alarming and threatens public health. The misuse of antimicrobial com-
pounds in poultry farms plays a significant role in resistance development. Thus, increasing awareness and
implementing strict veterinary regulations to guide the use of veterinary antibiotics is required to reduce health
and environmental risks. Further studies from a One-Health perspective using WGS are necessary to trace the
potential transmission routes of resistance between animals and humans and clarify resistance mechanisms.

1. Introduction

compounds. They are widely spread in hospitals intensive care units
(ICUs), environmental habitats, and also in veterinary ICUs. ESKAPE are

The major cause of multidrug-resistant (MDR) infections is a group of
bacteria known as ESKAPE pathogens. These include Enterococcus fae-
cium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter spp. These pathogens
can escape easily from the bactericidal activity of antimicrobial

notorious for causing high morbidity and mortality in immunosup-
pressed patients, as well as economic loss (Jadimurthy et al., 2022;
Zendri et al., 2023). The ESKAPE pathogens have acquired antimicrobial
resistance genes, which has caused a reduction in treatment options for
serious infections. This has led to an increase in the burden of disease,
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death rates due to treatment failure, and requires a coordinated global
response for antimicrobial resistance surveillance (De Oliveira et al.,
2020). Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative, aer-
obic, rod-shaped opportunistic bacterium. This bacterium can develop
antibiotic resistance and employs various defense mechanisms making it
complex and challenging to treat (Kerr and Snelling, 2009).

In Egypt, P. aeruginosa is considered a zoonotic pathogen because it is
regularly recovered from samples obtained from humans and animals.
MDR P. aeruginosa has been isolated from dairy cattle specimens, e.g.,
from rectal and udder swabs or milk samples, from workers’ hand swabs
and from environmental samples such as feed, water, and bedding ma-
terials (Badawy et al., 2023). Recently, carbapenem-resistant and MDR
P. aeruginosa strains have been isolated from samples of patients in ICUs
and confirmed to be one of the most frequently found Gram-negative
bacteria causing fever (Mabrouk et al., 2023; Mostafa et al., 2023). P.
aeruginosa has been linked to severe illnesses in the Egyptian Baladi
sheep and goats (Dapgh et al., 2019) as well as in buffaloes and cattle
(Elshafiee et al., 2019). It has also been found in the milk of cows with
mastitis (Ameen et al., 2019) and in live fish from private fish farms in
the Ismailia governorate (Algammal et al., 2020). Over- and misuse of
antibiotic application in veterinary medicine and the food production
sectors is believed to play a significant role in resistance development
(Caneschi et al., 2023).

Poultry farms are prone to bacterial infections causing severe eco-
nomic losses (Hassan et al., 2020). Isolation of MDR P. aeruginosa has
been reported from different avian species on poultry farms in various
Egyptian governorates (Marouf et al., 2023), causing septicemia,
dehydration and high mortality, particularly in newly hatched chicken
(Eraky et al., 2020). Extensively drug-resistant (XDR) P. aeruginosa
strains have been isolated from broiler chicken farms of the Ismailia
governorate (Algammal et al., 2023) by means of classical phenotypic
antibiotic sensitivity testing. However, the application of Next Genera-
tion Sequence (NGS) technology for monitoring and investigating
resistance development in P. aeruginosa is rare in Egypt (Baiomy et al.,
2023). Numerous PCR protocols have been developed to detect resis-
tance genes in P. aeruginosa. However, these conventional methods have
certain limitations as they can only identify the expected resistance
genes according to the primers used. In contrast, the implementation of
high-throughput Whole Genome Sequencing (WGS) with an appropriate
pipeline containing bioinformatics tools has enabled fast and compre-
hensive detection of antibiotic resistance genes in bacterial genomes.

Thus, the current study aimed to compare the phenotype and the
genotype of Pseudomonas spp. isolated from Egyptian broilers with
respect to virulence, resistance genes and genome similarity using whole
genome sequence analysis.

2. Materials and methods
2.1. Bacterial isolates and identification

This study has been approved by the ethical committee at the Faculty
of Veterinary Medicine, Benha University, under the reference number
(BUFVTM35-10-22). All Pseudomonas spp. isolates used in the current
study originated from poultry farms in the Delta region i.e. Al-
Qalyubiyya governorate (n=28), Shargia (n=3), Al Gharbiyah (n=3)
and Wady El Natrun (n=4). Samples were collected from pathological
lesions of broiler chickens on broiler farms in 2021. A total of 38 Pseu-
domonas spp. strains were obtained from liver (n=10), intestine (n=8),
cloacal washings (n=7), lungs (n=6), gallbladder (n=4), and from the
yolk sac (n=3). Sample metadata are shown in supplementary Table S1.
The isolates were initially identified by classical bacteriological and
biochemical tools, i.e. colony morphology, production of yellowish-
green fluorescent pigment, Gram stain, and biochemical tests as previ-
ously described (Holt et al., 1994). All isolates were sent to the Institute
of Bacterial Infections and Zoonoses (IBIZ, Jena, Germany) for confir-
mation and typing. According to the Nagoya Protocol, the agreement for
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receiving and using the Egyptian Pseudomonas isolates was obtained
from the Egyptian Environmental and Affair Agency under the reference
Nr. 00306023010800/6.

Isolates were submitted to Matrix-Assisted Laser Desorption/Ioni-
zation Time-of-Flight Mass Spectrometry (MALDI-TOF MS) to confirm
identification using a Microflex LT instrument (Bruker Daltonics, Bre-
men, Germany) following the MALDI Biotyper manufacturer’s recom-
mendation on the log score value of 0-3 for species identification. Score
values between 2.300 and 3.000 were considered ‘highly probable for
species identification’, and values between 2.000 and 2.290 were
considered ‘secure genus identification as previously described (Khater
et al., 2021).

The identity of the genus and species of each isolate was confirmed
by whole-genome sequencing (WGS) data using Kraken2 (v2.0.7_beta)
(Wood et al., 2019), and the first match (largest percentage proportion)
was considered for the genus and species identification.

2.2. Antibiotics susceptibility testing (AST)

The minimum inhibitory concentration (MIC) was determined by the
broth microdilution method using the automated MICRONAUT-S system
(MICRONAUT, MERLIN Diagnostics GmbH, Bornheim-Hersel, Ger-
many) according to the manufacturer’s instructions. MICRONAUT-S
Pseudomonas plates were utilized (Catalog Nr. M/E1-221-040, Merlin,
Germany) with Cation-Adjusted Mueller-Hinton Broth (CAMHB)
(Bruker Daltonics GmbH & Co. KG, Germany). The MIC determination
was performed according to the Clinical and Laboratory Standards
Institute (CLSI, 2021) breakpoint recommendations for P. aeruginosa.
The MICRONAUT-S software automatically classified isolates as sus-
ceptible, intermediate, and resistant. The test panel included seven
antibiotic groups encompassing 17 antibiotics (Table 1). The standard
reference strains, Escherichia coli ATCC 25922 and P. aeruginosa ATCC
27853, were used for quality control.

2.3. WGS and in-silico detection of AMR and virulence genes

An automated extraction method using the QIAcube instrument
(QIAGEN, Germany) was applied to extract DNA from heat-inactivated
bacterial biomass. Briefly, one colony was resuspended in 140 uL of
ultra-high purity water in a 2 mL reaction tube. The reaction tube was
then incubated for 30 minutes at 80 °C. 40 pL of lysozyme solution was
added and centrifuged briefly. E. coli ATCC 25922 biomass was used as

Table 1
Antibiotics present in the MICRONAUT-S Pseudomonas MIC plates used in the
current study and their concentration ranges.

Antimicrobial group Antibiotics Concentration
Monobactams Aztreonam (AZT) 1-16 mg/L
Cephalosporins Cefepime (CEP) 1-8 mg/L
Ceftazidime (CAZ) 0,25-32mg/L
Ceftazidime/Avibactam 1/4-8/4mg/L
(CAA)
Ceftolozan/Tazobactam 1/4-8/4mg/L
(CTA)
Fluoroquinolones Ciprofloxacin (CIP) 0,0625-8 mg/L
Levofloxacin (LEV) 0125-8 mg/L
Aminoglycosides Gentamicin (GEN) 0,25-32mg/L
Tobramycin (TOB) 0,25-32mg/L
Amikacin (AMK) 4-32mg/L
Polymyxins Colistin (COL) 1-8 mg/L
Phosphonic antibiotics Fosfomycin (FOS) 16-128 mg/L
Dihydrofolate reductase inhibitor =~ Trimethoprim/ 1/19-8/
/ Sulfonamide antibiotic Sulfamethoxazole (T/S) 152 mg/L
Carbapenems Imipenem (IMP) 1-8 mg/L
Meropenem (MER) 0125-16 mg/L
Penicillin Piperacillin (PIP) 4-32mg/L

Piperacillin/Tazobactam 1/4-128/4mg/
(PIT) L
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process control. Next, DNA extraction was performed using the QIAamp
DNA Mini QIAcube Kit according to the manufacturer’s instructions
(QIAGEN, Germany).

The Nextera XT DNA Library Prep Kit (Illumina, Inc. San Diego,
California, USA) was used to create sequencing libraries. Paired-end
sequencing was performed on an Illumina MiSeq sequencer. The
Linux-based pipeline WGSBAC was used to analyze unprocessed
sequencing data (v2.2.3, https://gitlab.com/FLI Bioinfo/WGSBAC,
accessed on 28 February 2022) as previously described (Linde et al.,
2020; Wareth et al.,, 2022). FastQC (http://www.bioinformatics.ba
braham.ac.uk/projects/fastqc/) was used for quality check and
sequencing coverage of the raw data. The SPAdes-based assembler
Shovill was applied for assembly (Bankevich et al., 2012). The sequence
classifier Kraken2 was used to identify species and contaminations. For
determination of virulence-associated genes, WGSBAC used ABRIcate
together with the Virulence Factor Database (Chen et al., 2005) was
applied. ABRIcate together with the Comprehensive Antibiotic Resis-
tance Database (CARD) (Jia et al., 2017), ResFinder (Zankari et al.,
2012), and NCBI's AMRFinderPlus tool (Feldgarden et al., 2019) were
applied to identify the genetic characteristics that contribute to AMR.
Based on the assembled genomes, WGSBAC determined the classical
Multilocus Sequence Typing (MLST) using the software mlst v2.16.1 (htt
ps://github.com/tseemann/mlst) with the species-specific scheme for
P. aeruginosa from PubMLST as developed by (Curran et al., 2004). To
create a phylogenetic tree, core-genome single nucleotide poly-
morphisms (cgSNPs) were detected using Snippy v4.6.0 (https://github.
com/tseemann/snippy), employing the strain Pseudomonas aeruginosa
PAO1 (GenBank accession number ATCC 27853) as the reference
genome. The phylogenetic tree was then reconstructed using RAXML
v8.2.12 (Stamatakis, 2014) with the cgSNP alignment and visualized by
Microreact (Argimon et al., 2016).

For the comparison of the isolates with previously published Egyp-
tian strains, the NCBI’s short read archive (SRA) was browsed for paired-
read Illumina data of P. aeruginosa isolates from Egypt (accessed on 22nd
December 2023). To ensure data quality, the datasets were screened for
contamination using ConFindr (Low et al., 2023), and those identified as
true P. aeruginosa datasets were assembled, as described above. Subse-
quently, species identity was checked by Kraken2, and MLST sequence
types were determined as previously described. The sequences of the
downloaded genomes were additionally included in the cgSNP analysis
with the existing set of isolates.

2.4. Data availability

All study data are included in the article and supporting information.
Raw sequencing data have been submitted to the European Nucleotide
Archive (ENA). The project accession number is PRJEB71886.

3. Results

3.1. Bacterial identification, whole genome sequencing (WGS) data and
MLST analysis

In the current study, P. aeruginosa strains were recovered from the
liver, intestine, cloaca, lung, gallbladder, and yolk sac of chicken
broilers. MALDI-TOF successfully identified all strains at the genus level,
while only 22 isolates were identified at the species level as P. aeruginosa
(Table S1). Species identity was considered correct when the score value
was equal to or more than 2,3. WGS confirmed all isolates as
P. aeruginosa.

The genome sequencing of 38 Pseudomonas aeruginosa isolates yiel-
ded an average total of 3372,044 reads per isolate (range
1183,630-5976,046). The isolates’ mean coverage was 147-fold
(ranging from 53-fold to 248-fold). At the genus level, the first match
(largest percentage proportion) for all isolates was always “Pseudo-
monas” with an average of 99.1%. At the species level, the first match for
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all 38 isolates was always “Pseudomonas aeruginosa.” Genome assembly
yielded a genome size with a minimum of 6187,819 bp and a maximum
of 6888,570 bp. The GC content was, on average, 66.35%. The mean
N50 of the 38 assembled genomes was 227,795 bp (range 166,496 —
396,442 bp) (Table S1).

MLST analysis allocated the 38 P. aeruginosa isolates into 11 distinct
sequence types (STs). The predominant sequence types were ST267,
represented by 13 isolates from three different governorates, and
ST1395 represented by eight isolates from three different governorates,
followed by ST641 which was identified only in three isolates from Al
Gharbiyah governorate and ST649, with three isolates each. Two strains
were assigned to ST274, ST809, ST1228, and ST 1248, and one isolate
each to ST319, ST620, and ST1149, respectively (Table S1).

From the 25 available published genomes of Egyptian P. aeruginosa
datasets (Supplementary Table S2) retrieved from NCBI, only four met
all quality parameters and were included in the cgSNP comparison. The
clustering generated from the cgSNP alignment matched the MLST ST
attribution of the strains, i.e., strains of the same MLST ST showed a
maximum of six SNPs and formed distinct clusters (Fig. 1), whereas the
cgSNP differences between strains of different STs amounted to at least
14,000 cgSNPs. The foreign strains included in this analysis showed
different MLST STs and, accordingly, did not cluster with the strains
from this study.

3.2. Phenotyping and WGS-derived AMR determinants and virulence
factors of P. aeruginosa isolates

Antibiotic susceptibility testing (AST) of the 38 Pseudomonas aeru-
ginosa strains revealed the absence of an MDR pattern. The strains were
susceptible to almost all antibiotics tested. However, all 38 isolates
(100%) displayed resistance to trimethoprim/sulfamethoxazole (sul-
fonamides) and fosfomycin (phosphonic antibiotics) and showed non-
susceptibility [resistant (n=12) or were susceptible in increased dose
(n=26)] to colistin. Non-susceptibility was also seen for levofloxacin
(fluoroquinolones) in eight isolates [resistant (n=4) or susceptible in
increased dose (n=4)]. However, six isolates displayed resistance to
ciprofloxacin of the same antimicrobial group (fluoroquinolones). Sus-
ceptibility at increased doses (I) was seen in seven isolates to aztreonam
(monobactam) and piperacillin\tazobactam (8-lactam) and three iso-
lates to imipenem (carbapenem compound). Only one isolate displayed
resistance to gentamicin, two isolates to ceftazidime\avibactam, and
three to piperacillin. The highest susceptibility was seen for amikacin,
cefepime, ceftolozan\tazobactam, and meropenem (Fig. 2).

A wide variety of resistance genes were determined in silico in the
P. aeruginosa isolates, ranging from 64 to 91 genes associated with
resistance in several antimicrobial groups (Table S1). Of them, 37 genes
were associated with the efflux pump system and were identified in all
isolates. Additionally, catB7 conferring resistance to phenicoles, fosA
conferring resistance to fosfomycin, basS conferring resistance to pep-
tide, ber.1 conferring resistance to bicyclomycin were also identified in
all isolates, followed by arnA conferring resistance to a peptide which
was found in 92% (n=35) of isolates. Thirty-three genes associated with
the production of antibiotic-inactivating enzymes such as p-lactamases
were identified, of which blaPDC variants, a blaOXA variant, and blaPAO
variants were found in all isolates, and the blaPDC.374 was the most
prominent found in 86.8% (n=33) of isolates. Moreover, four genes that
potentially confer resistance to aminoglycosides were identified. Despite
all isolates being susceptible to amikacin, they all harbored aph(3")-IIb.
One of the isolates harbored the ant(2’’)-Ia, which confers resistance to
gentamicin/kanamycin/tobramycin and was moreover found to be
resistant to gentamicin and tobramycin.

A large number of virulence factors ranging from 215 to 239 genes in
each isolate were identified in the poultry isolates. Various virulence
factors responsible for bacterial adhesion and colonization, biofilm
formation and motility, host immune suppression and immune escape,
nutritional/metabolic factors, and exotoxins were identified in almost
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Fig. 1. Maximum likelihood tree generated from cgSNP alignment of P. aeruginosa isolates from Egypt. Leaf colors show the MLST sequence type, also indicated at
the branches. At the right of the isolate names, the origin of the isolate and the in-silico resistance profile to major antibiotic groups is shown (red: resistance genes
detected; grey: not detected resistance genes; CEP - cephalosporin, B-LAC - B-lactams, STR - streptomycin, GEN/KAN/TOB - gentamicin/kanamycin/tobramycin, CHL
- chloramphenicol, FQ - fluoroquinolone, FOS - fosfomycin, SA - sulfonamide, PEP - peptides, BCM-L - bicyclomicin-like, QAC - quaternary ammonium compounds).
For the foreign data included in the analysis, these data are not shown (creme-colored blocks). The bar at the bottom indicates the number of base substitutions
per site.
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Fig. 2. Susceptible, susceptible at increased exposure and resistant Pseudomonas aeruginosa isolates (n=38) and antimicrobials tested are shown.

all isolates. There was no major difference between presence and dis-
tribution of virulence genes as nearly all genes were found in all isolates
with the exception of two genes (wzy and wzz) associated with the
lipopolysaccharide (LPS) and only found in 13 isolates. Three genes
related to pyoverdine (pvd I-J) were found in 16 isolates, pilC related to
Type IV pili was found in 21 isolates, fliC, fliD and figL related to flagellae
were found in 18 isolates. Finally, the exoU gene related to TTSS secreted
effectors was found only in 5 isolates and pvdD related to pyoverdine
was found in one isolate only (Table S1).

4. Discussion

Pseudomonas aeruginosa is one of the major global causes of MDR
infections. The bacterium can take up DNA from the environment and
rapidly develop resistance to multiple classes of antibiotics (Lister et al.,
2009). Being a member of ESKAPE pathogens group, it can easily escape
the biocidal action of antimicrobial compounds by co-regulating mul-
tiple resistance mechanisms, thereby posing a significant therapeutic
challenge during treatment (Sathe et al., 2023). P. aeruginosa is a serious
One Health concern and zoonotic pathogen that has been recently

isolated from human and animal samples, as well as from the environ-
ment in Egypt (Abd El-Ghany, 2021; Badawy et al., 2023). It is associ-
ated with severe infections, particularly of the urinary and respiratory
tract, the soft tissue system and sepsis (Pelegrin et al., 2021). In the
current study, 38 P. aeruginosa strains were isolated from broiler
chickens raised on poultry farms of Al-Qalyubiyya, Sharqia, Al Ghar-
biyah and Wady El Natrun, which have the biggest poultry production of
all governorates of the Nile Delta region. None of the isolates displayed
MDR patterns. The isolates were obtained from different organs, such as
the liver, lung, gall bladder, intestine, and cloaca. It can be assumed that
P. aeruginosa may regularly cause systematic infection in chickens. This
syndrome can be attributed to the variety of virulence factors harbored
by P. aeruginosa (Edward et al., 2023). The presence of such strains on
poultry farms is of particular concern, as they can be transmitted to
humans via meat consumption or during handling the meat during
slaughter process causing zoonotic infections and may easily spread to
other poultry farms.

Pseudomonas aeruginosa is characterized by a relatively large genome
(5.5-7 Mbp). Its genetic diversity enables it to grow in different envi-
ronments. Due to its ability to survive in harsh conditions, it is capable of
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producing various virulence factors and antibiotic-resistant de-
terminants, making it resistant to many currently available antibiotics
(Lister et al., 2009; Stover et al., 2000). Despite the presence of a wide
variety of AMR genes which can cause resistance to at least eight anti-
microbial groups, the current set of strains isolated from poultry is still
susceptible to the majority of tested antibiotics, except for colistin
(polymyxins), trimethoprim\sulfamethoxazole (sulfonamides) and fos-
fomycin (phosphonic antibiotics). All isolates harbored fosA variants
conferring resistance to fosfomycin, while only one isolate harbored sull
conferring resistance to sulfonamides. Sulfonamides, fosfomycin, and
colistin are the first-line drugs of choice in treating bacterial infections in
poultry farms in Egypt. These compounds are cheap and easily available
on the market and are often used without consulting veterinarians. Thus,
the overuse of these compounds may have resulted in the development
of resistance on poultry farms. Monitoring of antimicrobial susceptibil-
ity in Staphylococci isolated over four years (2014-2018) from samples
of Egyptian poultry farms showed that the bacteria were highly resistant
to fosfomycin and trimethoprim\sulfamethoxazole as well (Hamed
et al., 2021). As expected, the strains show high sensitivity to cephalo-
sporins i.e., ceftolozan/tazobactam, cefepime, ceftazidime, and ceftazi-
dime/avibactam, and to carbapenems i.e., meropenem and imipenem.
Both antimicrobial compounds are not used in veterinary medicine due
to their high price and unavailability on the Egyptian markets for vet-
erinary use. Thus, our findings corroborate the normal situation of
production.

A wide variety of AMR genes have been found in our isolates ranging
from 64 to 91. The detection of 37 efflux pump system genes in all avian
P. aeruginosa isolates and 33 genes associated with production of
antibiotic-inactivating enzymes such as p-lactamases in most of our
isolates is not surprising, as P. aeruginosa is known for its high level of
intrinsic or induced efflux pumps and p-lactamase production (Brei-
denstein et al., 2011; Pang et al., 2019). One isolate displayed resistance
to gentamicin and to bramycin and harbored the ant(2’’)-Ia conferring
resistance to gentamicin/kanamycin/tobramycin. In contrast, all iso-
lates were susceptible to amikacin despite harboring several AMR genes
with the potential of conferring resistance to aminoglycosides. The ex-
istence of specific genes in the bacterial genome does not necessarily
induce function, as some genes may be switched off (Wareth et al.,
2017). Also insufficient gene translation or protein expression will not
mediate resistance (Yuan-Chuan., 2020). P. aeruginosa can produce a
variety of virulence factors that help the bacterium to adapt to harsh
environmental conditions (Vidaillac and Chotirmall, 2021). In the cur-
rent study, all isolates harbored many virulence factor genes ranging
from 215 to 239 genes. Only few differences were found in the number
and distribution of genes among the different isolates, and the majority
of genes was present in almost all isolates. Only very few genes were
found in less than half of the isolates. The presence of such a diverse
collection of virulence determinants is alarming as it may increase
pathogenicity, resistance, morbidity, and mortality in patients with
P. aeruginosa infections (Edward et al., 2023; Liao et al., 2022). Poultry
constitutes about 80% of meat production in Egypt and is one of the
major sources of environmental pollution with antibiotics (Dahshan
et al., 2015). Therefore, increasing awareness and implementing strict
veterinary laws to guide the use of veterinary antibiotics are needed to
reduce health and environmental risks.

Over the past decades, several studies have been conducted on
P. aeruginosa in Egypt using samples obtained from patients, animals,
slaughterhouses, milk, poultry, and the environment (Abdelatti et al.,
2023; Badawy et al., 2023; Dahshan et al., 2015). The majority of pre-
vious studies focused on testing the isolates for antibiotic susceptibility
using classical tools such as the disc diffusion method and PCR and
revealed the presence of multidrug-resistant (MDR) and extensive
drug-resistant (XDR) isolates. However, to our knowledge, investigating
resistance and virulence-associated genes in P. aeruginosa using whole
genome sequencing is not regularly applied in veterinary medicine in
Egypt, and only one study has been found in human medicine (Baiomy
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et al., 2023). Only 25 genomes of P. aeruginosa recovered from Egyptian
patients have been found in the public database NCBI, of which 21 were
excluded from our analysis due to low quality aspects. Therefore, only
four genomes could be used for cgSNP typing. Interestingly, these iso-
lates showed different MLST STs and did not cluster with the present
strains isolated from poultry. The relevance of these findings is not clear.
Various STs have been assigned to isolates from different governorates,
with the exception of ST641, which is only present in isolates from the Al
Gharbiyah governorates. A local trade or production structure may ac-
count for this finding. However, the numbers of isolates from each
geographical region are too small to come to a final conclusion. The
application of WGS to explore AMR and virulence in P. aeruginosa in
Egypt is a necessary and useful tool for further clarification of the
epidemiological links and One Health impact.

Further studies are required to estimate the potential transmission of
P. aeruginosa between humans, animals and the environment in Egypt.
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