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Abstract

Background Emergence of multi-drug resistant Pseudomonas aeruginosa, coupled with the pathogen'’s versatile
virulence factors, lead to high morbidity and mortality rates. The current study investigated the potential association
between the antibiotic resistance and the production of virulence factors among P, aeruginosa clinical isolates col-
lected from Alexandria Main University Hospital in Egypt. We also evaluated the potential of the phenotypic detection
of virulence factors to reflect virulence as detected by virulence genes presence. The role of alginate in the formation
of biofilms and the effect of ambroxol, a mucolytic agent, on the inhibition of biofilm formation were investigated.

Results A multi-drug resistant phenotype was detected among 79.8% of the isolates. The most predominant viru-
lence factor was biofilm formation (89.4%), while DNase was least detected (10.6%). Pigment production was signifi-
cantly associated with ceftazidime susceptibility, phospholipase C production was significantly linked to sensitivity to
cefepime, and DNase production was significantly associated with intermediate resistance to meropenem. Among
the tested virulence genes, lasB and algD showed the highest prevalence rates (93.3% and 91.3%, respectively), while
toxA and plcN were the least detected ones (46.2% and 53.8%, respectively). Significant association of toxA with cef-
tazidime susceptibility, exoS with ceftazidime and aztreonam susceptibility, and p/cH with piperacillin-tazobactam sus-
ceptibility was observed. There was a significant correlation between alkaline protease production and the detection
of algD, lasB, exoS, plcH and plcN; pigment production and the presence of algD, lasB, toxA and exoS; and gelatinase
production and the existence of lasB, exoS and plcH. Ambroxol showed a high anti-biofilm activity (5% to 92%). Quan-
titative reverse transcriptase polymerase chain reaction showed that alginate was not an essential matrix component
in P geruginosa biofilms.

Conclusions High virulence coupled with the isolates' multi-drug resistance to commonly used antimicrobials would
increase morbidity and mortality rates among P. aeruginosa infections. Ambroxol that displayed anti-biofilm action
could be suggested as an alternative treatment option, yet in vivo studies are required to confirm these findings. We
recommend active surveillance of antimicrobial resistance and virulence determinant prevalence for better under-
standing of coregulatory mechanisms.
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Background

Pseudomonas aeruginosa (P. aeruginosa) is one of the
most clinically important Gram-negative bacteria. It
is an opportunistic pathogen responsible for about 10
to 20% of nosocomial infections worldwide [1]. It can
cause a wide array of dangerous infections, including
ventilator-associated pneumonia, blood stream infec-
tions, urinary tract infections, soft tissue infections,
and systemic infections [2]. P aeruginosa is inher-
ently resistant to various classes of antibiotics and can
acquire resistance to nearly all effective antimicrobial
agents leading to the development of multi-drug resist-
ant (MDR) strains [3]. This, coupled with the patho-
gen’s versatile virulence factors, lead to high morbidity
and mortality rates [4].

P aeruginosa virulence factors are classified into cell-
associated factors, including adhesins and lipopolysac-
charide, as well as secreted factors, such as exotoxin A,
proteases, exoenzymes, phospholipases C, pyocyanin,
alginate, and DNase [5]. Exotoxin A is responsible for
the inhibition of protein synthesis by most P. aeruginosa
clinical isolates [6], while exoenzyme S possesses multi-
ple injurious effects on the host cells causing cell death
[7, 8]. Alginate, a viscous polysaccharide, is responsible
for the mucoid phenotype commonly isolated from cystic
fibrosis (CF) patients [9]. Phospholipases C (both hemo-
lytic and non-hemolytic) hydrolyze the lung surfactant
proteins [10, 11].

Pyocyanin is a blue pigment linked to tissue injury via
generation of reactive oxygen species [12] and induc-
tion of neutrophil apoptosis [13]. DNase produced by P
aeruginosa is crucial for the decomposition of the extra-
cellular DNA to be utilized as a source of nutrition [14].
Hemolysin, also produced by this pathogen, lyses differ-
ent cell types and facilitates the spread of the infections
[15]. P aeruginosa proteases are involved in the host’s
tissue degradation as well as the inactivation of the com-
ponents of the immune system [16]. In addition, P aer-
uginosa can form biofilms in acute and chronic infections
leading to increased antibiotic resistance and life-threat-
ening nosocomial persistent infections [17, 18].

To date, the correlation between antibiotic resistance
among P. aeruginosa clinical isolates and the production
of different virulence factors is still not well understood
with controversial data in the literature [19]. In addition,
a few studies determined the prevalence of the different
virulence factors among Egyptian clinical isolates and the
role each factor plays in the development and persistence
of infections [11, 20]. Identifying key virulence factors is
crucial for the design of effective anti-virulence agents
that can be added to the treatment of P. aeruginosa infec-
tions to overcome the problem of resistance development
[21].
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The aim of this study was to investigate the potential
association between antibiotic resistance and the pro-
duction of virulence factors among P. aeruginosa clini-
cal isolates collected from Alexandria Main University
Hospital. We also investigated the ability of phenotypic
detection techniques to mirror genotypic detection of
virulence factors among the tested isolates; an area infre-
quently studied in previous research work. Focusing on
biofilm formation, as a chief virulence factor of P. aerugi-
nosa, we investigated the role of alginate in the formation
of biofilms by P. aeruginosa clinical isolates and tested the
effect of ambroxol, a clinically validated mucolytic agent,
on the inhibition of biofilm formation among selected
isolates.

Results

Antibiotic susceptibility testing

The study included 104 P aeruginosa clinical isolates
obtained from pus (n=56), bronchial lavage (n=25),
urine (n=13), sputum (n=38), and blood cultures (n=2)
(Additional file 1). They displayed 32 different suscepti-
bility patterns, with only three (2.9%) isolates susceptible
to all eleven tested antibiotics. Fifty-seven isolates (54.8%)
were resistant to 10-11 antibiotics. Of the remaining 44
isolates resistant to < 10 antibiotics, 26 (59.1%) were mul-
tidrug-resistant (MDR), being resistant to one or more
agents from the three tested classes of antibiotics [22]
(Additional file 2). In total, 83 isolates (79.8%) were MDR,
including both bloodstream isolates, 80% and 82.1% of
bronchial lavage and pus isolates, respectively. However,
no statistically significant association between the isolate
clinical specimen and MDR status was observed (Fig. 1a).

The highest resistance rates among MDR isolates were
to gentamicin (100%) and among non-MDR isolates were
to imipenem and aztreonam (42.9% each). On the other
hand, MDR isolates were most susceptible to aztreonam
(49.4%) and non-MDR isolates were totally susceptible to
piperacillin-tazobactam. Resistance to the tested antimi-
crobial agents, except aztreonam, was significantly linked
to MDR isolates (Fig. 2 and Additional file 2).

The predominance of certain resistance patterns was
noticeable among the tested clinical isolates. Twenty-
one, out of 104, isolates (20.2%) shared the same resist-
ance pattern where they showed resistance to the eleven
tested antibiotics. Also, a common resistance pattern
was observed in case of 19 isolates (18.3% of the tested
isolates) which were resistant to all the tested antibiotics
except for aztreonam (Additional file 2).

Phenotypic and genotypic detection of some virulence
factors and genes

The most predominant virulence factor, particularly
among MDR isolates, was biofilm formation (89.4%), of
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Fig. 2 Prevalence of resistance to various antimicrobial agents among MDR and non-MDR P, aeruginosa clinical isolates. The p-values indicate
significance where *p <0.05 (significant)

these 51.6%, 35.5% and 12.9% were weak, moderate, and  of detection of the virulence factors among MDR and
strong biofilm producers, respectively. On the contrary, non-MDR isolates was comparable (Fig. 1b). Pigment
DNase was the least detected virulence factor (10.6%); it  production was observed visually where the most fre-
was totally absent in non-MDR isolates. With the excep- quently produced pigment was pyoverdine (bright
tion of phospholipase C and gelatinase, the frequency green and fluorescent) (74%), followed by pyocyanin
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(blue green) (9.6%), and finally pyomelanin (brown)
that was detected in only one isolate. With the excep-
tion of bloodstream isolates (n=2), the majority of the
isolates from different clinical specimens (62.5%-92.3%)
produced pigments, hemolysins, alkaline protease and
gelatinase and/or formed biofilm (Fig. 3 and Additional
file 1), yet the association between clinical specimen and
virulence factor production was not significant. Regard-
ing the association between the production of virulence
factor and MDR phenotype, moderate biofilm forma-
tion was significantly linked to non-MDR status of the
isolates (p-value=0.0345) (Fig. 1b). Linking antibiotic
susceptibility and virulence factor prevalence revealed
significant association between pigment production and
ceftazidime susceptibility, between phospholipase C pro-
duction and cefepime susceptibility, and between DNase
production and intermediate resistance to meropenem
(p-value <0.05) (Additional file 3).

Nineteen isolates (18.3%) possessed all six tested
genes, and one isolate (1%) lacked all genes. Over half
of the isolates (58.7%) harbored 4-5 genes (Additional
file 1). lasB and algD showed the highest prevalence rates
(93.3% and 91.3%, respectively), with no significant dif-
ference between MDR and non-MDR isolates. foxA was
least detected among the isolates, and it was significantly
associated with non-MDR isolates (p-value=0.0494)
and with ceftazidime susceptibility (p-value=0.003).
plcH was also significantly linked to non-MDR isolates
(p-value=0.037) and with susceptibility to piperacillin-
tazobactam (p-value=0.025). exoS was significantly asso-
ciated with susceptibility to ceftazidime (p-value=0.015)
and aztreonam (p-value=0.0105) (Fig. 1c and Additional
file 4).

Biofilm formation
Phospholipase C
DNase

Gelatinase

Alkaline protease

Virulence factors

Hemolysin

Pigment production
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Both blood isolates (100%) possessed algD, lasB, exoS
and plcH. The same combination of genes was also prev-
alent among sputum isolates at 87.5%, 100%, 75% and
87.5%, respectively. algD, lasB and plcH were present in
over 80% of the isolates from pus, bronchial lavage and
urine. However, the association between clinical speci-
men and virulence genes was not significant (Fig. 4).

Among the tested isolates, hemolysin production
was significantly linked to the presence of the six tested
virulence genes, while pigment production was signifi-
cantly associated with the detection of algD, lasB, toxA
and exoS. There was a statistically significant association
between alkaline protease production and the detection
of algD, lasB, exoS, plcH and plcN, as well as gelatinase
production and the presence of lasB, exoS and plcH.
DNase production was significantly related to the pres-
ence of algD and lasB, while phospholipase C production
was significantly linked to the detection of plcH (Fig. 5).

The association between the detection of algD gene
among P aeruginosa clinical isolates and the biofilm
formation potential of these isolates was studied among
weak, moderate, and strong biofilm producers, and non-
biofilm producers using the Chi-square test. A non-sig-
nificant association between the presence of algD and
the biofilm formation potential was observed among the
tested isolates (P-value=0.086).

Effect of ambroxol on biofilm formation by selected P.
aeruginosa clinical isolates

The effect of ambroxol on biofilm formation among 10
strong biofilm producers and 31 moderate biofilm pro-
ducers was determined. Ambroxol showed a noticeable
anti-biofilm activity at all the tested concentrations.

0 10 20 30 40 50 60 70 80 920
No. of isolates
W Pus Bronchial lavage @ Urine @ Sputum @ Blood

Fig. 3 Distribution of virulence factors among the P, aeruginosa clinical isolates stratified by their clinical source
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The magnitude of inhibition of biofilm formation
ranged between (5%—87.5%), (20%—88%), (29%—89%)
and (31% and 92%) at 500, 1000, 2000 and 5000 pg/ml
of ambroxol, respectively. Figure 6 illustrates the per-
centage inhibition of biofilm formation among rep-
resentative strong and moderate biofilm producing P
aeruginosa clinical isolates at different concentrations
of ambroxol.

Molecular quantification of algD expression

by quantitative reverse transcriptase polymerase chain
reaction (RT-qPCR)

To determine the role of alginate in biofilm formation,
quantification of algD expression in selected P aerugi-
nosa clinical isolates was determined using RT-qPCR.
The isolates were selected to represent different biofilm
strengths and the selection was based on their similarity
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Fig. 6 Percentage inhibition of biofilm formation among representative strong and moderate biofilm producing P aeruginosa clinical isolates at

different concentrations of ambroxol

in possessing different virulence factors and virulence
genes. The tested isolates included strong biofilm produc-
ers (P17 & P59), moderate biofilm producers (P55 & P79),
weak biofilm producers (P51 & P104) and non-biofilm
producers (P6 & P93). The results showed significantly
lower level of expression of algD gene in isolates P17, P59,
P79 and P104 compared to PAOL1 strain (p-value <0.05),
while non-significant lower level of expression was
observed in case of P51 and P55 (p-value >0.05). On the
other hand, both non-biofilm producing isolates, P6 and

P93, showed higher algD expression level compared to
PAO1 (p-value >0.05) (Fig. 7).

Discussion

P aeruginosa has become a leading cause of life-threat-
ening Gram-negative hospital-acquired infections [23].
Moreover, emergence of MDR P. aeruginosa has reduced
available treatment options and elevated the burden of
morbidity and mortality [24]. In the current study, 79.8%
of the tested P aeruginosa isolates were MDR. Such
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Fig. 7 Relative expression of algD gene detected by RT-gPCR among selected P. aeruginosa clinical isolates compared to PAO1 strain. Results are
expressed as the means and standard deviations of three independent determinations. Error bars represent standard deviations. The p-values
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widespread of MDR P. aeruginosa isolates is concordant
with previous reports from Egypt [25, 26]. This could be
attributed to the misuse of antibiotics which necessitates
strict prescription policies to overcome this problem [26].

P, aeruginosa is equipped with numerous virulence fac-
tors which significantly contribute to its pathogenicity [6,
27]. One of these factors is pigment production that was
observed among 84.6% of the tested isolates; thus, repre-
senting a higher prevalence comparable to previous stud-
ies [28—-31]. Among the tested isolates, 3 pigments were
detected: pyoverdine, pyocyanin and pyomelanin among
74, 9.6 and 1% of the isolates, respectively. Similarly,
Alonso et al. [29] and Jacome et al. [31] reported pyover-
dine and pyocyanin, respectively, to be the most detected
pigments. Pyocyanin is commonly linked to tissue injury
via generation of reactive oxygen species [12], pyover-
dine is an important iron-chelator [29], while pyomelanin
decreases the sensitivity of the microorganism to oxida-
tive stress [32].

Hemolysin is crucial for the spread of the P. aeruginosa
infections where it allows the invasion of the microor-
ganism of host cells [33]. It was detected among 85.6%
of our isolates. Such high frequency is in line with other
studies previously conducted in Egypt [24, 28]. About
79.8% of the tested isolates possessed alkaline protease
activity, involved in decomposition of complement pro-
teins [34]. This result is in harmony with those reported
in Egypt [24, 28] and Turkey [35]. Gelatinase, a protease
that destroys several proteins in host cells [30], was
detected among 67.3% of the tested isolates. A compara-
ble prevalence was recorded by Georgescu et al. [36] and
Pramodhini et al. [37]. DNase contributes to P aerugi-
nosa virulence through the decomposition of the extra-
cellular DNA to be utilized as a source of nutrition [14].
DNase was the least detected virulence factor among the
tested isolates (10.6%). Similarly, it was the least predom-
inant factor detected in other studies [36, 38]. Phospholi-
pases in P aeruginosa degrade phospholipids present in
pulmonary surfactants and destroy the cell membrane
facilitating bacterial invasion [9]. The prevalence of phos-
pholipase C among our isolates was comparable to that
reported in Malaysia [39]. However, higher prevalence
rates were detected in Romania and India [36, 37].

Besides, biofilm formation is considered a significant
virulence factor related to the pathogenicity of P aer-
uginosa during various infections, including CF, wound
infections and infections related to implanted devices
[40]. Among the tested isolates, 89.4% were biofilm pro-
ducers. Similarly, high percentages of biofilm forma-
tion were also recorded in Egypt [24, 28]. Ambroxol has
been used in cases of chronic bronchitis and bronchial
asthma due to its expectorant, mucolytic and bronchose-
cretolytic activities. Ambroxol has shown antiadhesive
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properties and could prevent P. aeruginosa from attach-
ing to the cultured mammalian cells [41]. Furthermore, it
has been found that ambroxol can damage the structure
of P. aeruginosa biofilm in vitro and hence reduces the
lung injury related to biofilm formation in vivo. Besides,
ambroxol reduces biofilm matrix in P aeruginosa and
interferes with quorum sensing [42, 43]. In this study,
when tested for anti-biofilm activity, ambroxol showed
percentage inhibition of biofilm formation ranging from
5 to 92%. In accordance with the current findings, Abbas
et al. [44] reported that ambroxol possessed a noticeable
effect on P aeruginosa biofilms. Additionally, Lu et al.
[42] demonstrated that, after treatment with ambroxol, P
aeruginosa biofilms noticeably decreased in extent with a
decrease in the number of viable cells.

Except for pigment production association with cef-
tazidime susceptibility, phospholipase C production
association with cefepime susceptibility, and DNase
production association with intermediate resistance to
meroepenem, the production of virulence factors among
the tested isolates was not significantly associated with
their susceptibility. Lack of association has been reported
by Rodulfo et al. [30], whereas Karatuna and Yagci [45]
demonstrated a significant relationship between pigment
production and ceftazidime susceptibility. Also, Deptula
and Gospodarek [46] reported increased phospholipase
C and pigment production in multidrug-sensitive P. aer-
uginosa isolates. The prevalence of virulence factors was
not significantly different between MDR and non-MDR
isolates except for the association between moderate bio-
film formation and non-MDR status of the isolates. In
contrast, El-Mahdy and El-Kannishy [24] reported that
biofilm formation was significantly associated with MDR
P aeruginosa isolates. As a matter of fact, the relationship
between antibiotic resistance and virulence is not fully
understood. However, it is believed to follow a Darwin-
ian model where traits that confer specific advantages to
the strain will be selected and become fixed whether in
a positive or negative association between resistance and
virulence [47].

Among the tested virulence genes, algD gene was
detected among 91.3% of the tested isolates. In 2019, a
comparative prevalence (89.4%) was detected in Egypt
[48]. algD encodes the rate-limiting step in the produc-
tion of alginate, a polysaccharide component of the
biofilm matrix. Alginate is often found in the biofilms
formed in the lungs of chronically colonized CF patients
and is responsible for the mucoid phenotype. Also, it
protects P aeruginosa from host defense mechanisms
through reducing phagocytosis and inhibition of acti-
vation of complement proteins [49, 50]. The obtained
results indicated that the relative expression of the algD
gene was not related to biofilm formation strength where
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non-biofilm producing isolates possessed higher tran-
scription levels of algD than P aeruginosa PAO1 and
strong biofilm-producing isolates. In addition, weak bio-
film producing isolates showed higher expression levels
compared to strong and moderate biofilm producing
isolates. It was also observed that some of algD-negative
isolates were biofilm producers. Such observation is in
agreement with Mclntyre-Smith et al. [51] who docu-
mented that alginate is not an integral matrix compo-
nent in biofilm formation. Similarly, Ghadaksaz et al. [52]
reported a non-significant difference in alginate produc-
tion between biofilm producing and non-biofilm produc-
ing P, aeruginosa isolates.

Among the tested isolates, 84.6% and 53.8% har-
bored the phospholipases encoding genes plcH and
plcN, respectively. Such results are in harmony with
those obtained by Faraji et al. [53]. lasB gene, encoding
for elastase, was the commonest (93.3%) amongst the
screened genes. Comparable prevalence rates were pre-
viously reported in Morocco and Jordan [22, 54]. The
gene encoding for exoenzyme S, exoS, was detected in
69.2% of the tested isolates; a percentage similar to that
reported in an Iranian study [55]. A highly toxic virulence
attribute in P. aeruginosa, exotoxin A, is encoded by toxA
gene that was the least common virulence gene among
our isolates (only 46.2%). In contrast, in one Egyptian
study, oxA was the most predominant gene (95.7%) [48],
while in another one, toxA gene was not detected at all
[56]. The variability in the distribution of virulence genes
among isolates may be due to their ability to adapt well
to conditions present in the infection site [57]. The pre-
dominance of a certain virulence factor may be affected
by various factors including the level of antibiotic resist-
ance and mutations in virulence gene [58].

With the exception of the association of foxA with
ceftazidime susceptibility, exoS with ceftazidime and
aztreonam susceptibility, and plcH with piperacillin-
tazobactam susceptibility, no significant association was
noticed between the presence of virulence genes and
antibiotic resistance among the tested isolates. This is in
alignment with previous studies [22, 54, 59]. However, in
Egypt, Sonbol et al. [56] reported a significant associa-
tion between the resistance to antimicrobial agents and
presence of virulence genes. In the current study, toxA
and plcH presence were significantly associated with
non-MDR status of the isolates. No significant asso-
ciation was detected between presence of the virulence
genes and multidrug resistance. This finding is in accord-
ance with those previously reported in Egypt and Iran
[48, 60]. Generally, no statistical difference was detected
concerning the distribution of the tested virulence fac-
tors or virulence genes among isolates obtained from dif-
ferent specimens. This was in accordance with what was
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previously recorded by Khalil et al. [28] and Wolska and
Szweda [61], respectively.

In the current study, a significant association has been
observed between the phenotypic detection of vari-
ous tested virulence factors and the presence of certain
virulence genes; a finding rarely discussed in previous
research work. Among our isolates, lasB was significantly
associated with all detected virulence factors, except for
biofilm formation that was not significantly associated
with any of the tested genes and phospholipase C pro-
duction that was only associated with the detection of
plcH, the gene encoding for the production of the exo-
toxin hemolytic phospholipase C [62].

Pigment production was associated with the detection
of four out of the six genes (algD, lasB, toxA and exoS).
Finlayson and Brown have reported that pigment pro-
duction among P. aeruginosa clinical isolates was more
significantly linked to the presence of virulence-associ-
ated genes, with lasB and exoS detected more frequently
in pigmented isolates than in non-pigmented ones [63].
Similarly, Macin and Akyon [38] showed that pigment-
producing P. aeruginosa clinical strains possessed signifi-
cantly more exoS compared to non-pigmented strains.

Extracellular virulence factors such as elastases, alka-
line protease, hemolysins (phospholipases and rham-
nolipids) and pyocyanin pigment can play a role in the
invasion step during the acute phase of P aeruginosa
infection. In addition, tissue damage by P. aeruginosa tox-
ins can facilitate blood vessels invasion, bacterial dissem-
ination and multiple organ failure during the acute phase
of infection [5]. Many of the extracellular virulence deter-
minants needed for tissue invasion and dissemination are
regulated by quorum sensing systems which allow the
pathogen to secrete such factors in a coordinated, cell-
density-dependent manner and impair the host defense
mechanisms [5]. This might account for the current find-
ing that the production of each of hemolysin and alkaline
protease was significantly associated with the detection
of the elastase encoding gene (lasB), genes encoding for
phospholipases C (plcH and plcN), and the toxin exoen-
zyme S encoding gene (exoS).

In the current study, the presence of algD was not sig-
nificantly associated with the biofilm formation potential
among the tested isolates. Similarly, Ghadaksaz et al. [52]
reported a non-significant difference in the frequency of
alginate genes, including algD, between biofilm produc-
ing and non-biofilm producing P. aeruginosa isolates.

Conclusions

In conclusion, P aeruginosa clinical isolates included
in our study showed high virulence as evidenced by the
phenotypic and genotypic detection of virulence factors.
Biofilm formation was recorded as a major virulence



Edward et al. BMC Microbiology (2023) 23:161

factor seen among the majority of the isolates. High viru-
lence coupled with the isolates’” elevated and multi-drug
resistance to commonly used antimicrobial agents would
increase morbidity and mortality rates associated with P
aeruginosa infections. Ambroxol that displayed anti-bio-
film action could be suggested (either alone or in combi-
nation with different antimicrobial agents) as alternative
therapy, yet in vivo studies are required to confirm these
findings. We recommend active surveillance of antimi-
crobial resistance and virulence determinant prevalence
for better understanding of coregulatory mechanisms.
This will allow an informed approach to infection con-
trol/treatment regimens.

Methods

Bacterial isolates

One hundred and four non-duplicate P. aeruginosa clini-
cal isolates were collected from the medical microbiology
lab at Alexandria Main University Hospital, Alexandria,
Egypt, from September 2017 to November 2017 and from
June 2018 to October 2018. They were obtained from dif-
ferent clinical specimens: pus, bronchial lavage, urine,
sputum, and blood cultures. The collected isolates were
identified using conventional techniques, such as Gram
staining, cultivation on cetrimide agar plates (Himedia,
India), growth at 42 °C, triple sugar iron (TSI) test (LAB
M, UK), and oxidase test (Himedia, India) [64]. For long
term preservation, the isolates were inoculated into 20%
glycerol broth and preserved at -80 °C. For routine work,
the isolates were maintained at 4 °C on nutrient agar
(Oxiod, England) plates.

Antibiotic susceptibility testing

The susceptibility of the tested isolates to different anti-
biotic classes was determined by the standard disc dif-
fusion technique, and the results were interpreted
according to the Clinical and Laboratory Standards Insti-
tute (CLSI) (2018) standards [65], using Piperacillin (PI,
100 pg), Piperacillin-Tazobactam (PIT, 110 pg), Ceftazi-
dime (CAZ, 30 pg), Cefepime (CPM, 30 ug), Imipenem
(IPM, 10 pg), Meropenem (MRP, 10 pg), Aztreonam
(AT, 30 pg), Gentamicin (GEN, 10 pg), Ciprofloxacin
(CIP, 5 pg), Levofloxacin (LE, 5 pg), and Moxifloxacin
(MO, 5 pg) discs (Himedia, India). P aeruginosa ATCC
27853 was included in the experiments as a quality con-
trol strain. The MDR phenotype of the tested isolates was
defined as resistance to at least three classes of antibiot-
ics [22].

Phenotypic detection of virulence factors

Pigment production

Clinical isolates were aseptically streaked on the surface
of cetrimide agar plates and incubated for 24 h at 37 °C.
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The isolates were then visually examined for any pigment
production [31].

Hemolysin production

The tested isolates were streaked onto the surface of 5%
blood agar plates. The formation of a clear halo around
the bacterial growth, after incubation for 24 h at 37 °C,
was indicative of the production of hemolysin [35].

Gelatin hydrolysis

Bacterial cells were inoculated via stabbing in tubes con-
taining nutrient gelatin medium, incubated for 48 h at
37 °C, then kept in a refrigerator or on ice for 30 min to
detect the production of gelatinase. Hydrolysis of gelatin
was observed as liquefaction of the medium. An uninoc-
ulated tube was included in the experiment as a negative
control [66].

DNase production

A single colony of each isolate was streaked onto the
surface of DNase agar plate (LAB M, UK). After incuba-
tion at 37 °C for 24 h, the plates were flooded with 1N
HCI. The generation of a clear zone around the bacterial
growth indicated DNase production [35]. Staphylococcus
aureus ATCC 6538 was used as a positive control.

Alkaline protease production

The tested isolates were streaked onto the surface of
skimmed milk agar plates and incubated at 37 °C for 24 h.
The plates were checked for transparent zones around
the bacterial growth which indicated the production of
alkaline protease [28].

Phospholipase C production

The clinical isolates were cultivated onto the surface of
egg yolk agar plates and incubated at 37 °C for 24 h. A
clear zone around the bacterial growth was indicative of
the phospholipase C activity [36].

Biofilm formation

The tested isolates were grown overnight at 37 °C in tryp-
tic soy broth (TSB) (Himedia, India) containing 0.25%
glucose, then diluted 1:100 in sterile TSB medium. Sterile
flat-bottomed 96-well polystyrene microtiter plates (Cit-
otest, China) were inoculated with 125 pl of each bacte-
rial suspension and incubated for 24 h at 37 °C without
agitation. The wells were rinsed thrice with distilled
water, air dried, and stained with 125 ul of 0.1% gen-
tian violet (Allied chemical, India) solution for 15 min.
After proper washing, destaining was done using 125 pl
of 30% acetic acid (ElI-Gomhouria Co., Egypt), then the
absorbance was measured at 630 nm using the ELISA
plate reader (Biotek, USA). Uninoculated medium and
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P. aeruginosa PAO1 were used as negative and positive
controls, respectively. Each data point was averaged from
duplicate wells. Based on the average optical density of
each sample (ODs) and on the average optical density of
the negative control (ODc), the samples were classified as
strong biofilm producers (4xODc < ODs), moderate bio-
film producers (2xODc<ODs<4xODc), weak biofilm
producers (ODc < ODs <2xODc), or non-biofilm produc-
ers (ODs<ODc) [67].

Detection of genes encoding selected virulence factors

For preparation of DNA template, four colonies of each
tested isolate were suspended in 200 pl of sterile water for
injection. The suspension was heated at 95 °C for 30 min
and then frozen at -20 °C for 30 min. After thawing, the
tubes were centrifuged at 14000 rpm for 10 min, then the
supernatant was aliquoted and preserved at -20 °C for
future use [68, 69]. The presence of selected virulence
genes, algD, lasB, toxA, plcH, plcN and exoS, was tested
in the extracted DNA by the polymerase chain reaction
(PCR) using previously published primers [61] (Thermo-
Scientific, USA). The sequences of the used primers and
the amplification conditions [53] are illustrated in Addi-
tional files 5 and 6, respectively. The amplified PCR prod-
ucts were resolved using 1% agarose gel electrophoresis
in Tris Acetate EDTA (TAE) buffer (40 mM Tris, 20 mM
acetic acid and 1 mM EDTA, pH 8.5) at 100—120 V. Fol-
lowing electrophoresis, the gel was visualized using a UV
trans-illuminator (Entela, USA) at 254 nm. The sizes of
the bands were determined relative to the loaded DNA
ladder.

Effect of ambroxol on biofilm formation

A stock solution of ambroxol (15 mg/ml) was prepared
by dissolving ambroxol tablets (Ambroxol® 30 mg tab-
lets, Glaxosmithkline) in sterile distilled water, then cen-
trifugation at 12000 rpm for 15 min. The supernatant was
filtered using cellulose acetate syringe filters (0.45 um X
13 mm, pore size) (Filter-bio, China) and serially diluted
to obtain different sub-inhibitory concentrations of
ambroxol (500, 1000, 2000 and 5000 pg/ml). The effect
of ambroxol on biofilm formation among selected strong
and moderate biofilm producing isolates was tested using
the previously described procedure. In the test, 100 pl ali-
quots of the overnight bacterial suspension, diluted 1:50
in double strength TSB medium, were added in dupli-
cates to the wells of sterile 96-well polystyrene microplate
containing 100 pl of sub-inhibitory ambroxol concentra-
tions. After incubation, rinsing, staining with 0.1% gen-
tian violet and destaining with 30% acetic acid, the OD in
the presence (treated) and absence (control) of ambroxol
was measured with ELISA plate reader at a wavelength
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of 630 nm [70], and the percentage inhibition of biofilm
formation was calculated [71].

Molecular quantification of algD by RT-qPCR
RT-qPCR was applied to assess the relative expression of
algD among selected algD-positive P. aeruginosa isolates
forming biofilms of different strength as well as the stand-
ard biofilm producer strain PAO1 using the Applied Bio-
systems 7500 Fast Real-Time PCR System (Thermo Fisher
Scientific Inc., USA). The data were normalized against
the housekeeping gene rpsl. The primers of the rpsl gene
[16] (Willowfort, Birmingham) are shown in Additional
file 5. Total RNA was extracted from the tested strains
using Easy-RED" RNA Extraction Kit (Intron, Korea)
in accordance with the manufacturer’s instructions. The
quantification of RNA was done using Jenway Genova
nano micro-volume spectrophotometer (Kieson prod-
ucts, UK). To obtain the complementary DNA (cDNA),
reverse transcription was accomplished using Maxime
RT PreMix kit (Intron, Korea). The composition of the
real-time PCR mixture was as follows: 10 pl of TOPreal ™
qPCR 2X PreMix (Enznomics, South Korea), 1 pl of each
primer (forward/ reverse) of both algD and rps! genes,
1 pl of cDNA, and sterile DNase-free water made up
a total reaction volume of 20 pl. The cycling conditions
used for the PCR were: initial denaturation step at 95 °C
for 10 min, followed by 45 cycles of denaturation at 95 °C
for 10 s, annealing at 55 °C for 15 s and extension at 72 °C
for 30 s. A negative control consisting of an RNA sample
in RNase free water was included to check for genomic
DNA contamination. Samples were tested in triplicate.
To ensure the absence of primer dimers and other arti-
facts, melting curves were analyzed in one cycle of 94
°C, 53 °C and 94 °C, one minute each. The amplification
curves, as well as the values of the cycle threshold (Ct)
were established using the Stratagene MX3005P soft-
ware. The level of the expression of algD gene was nor-
malized to the expression level of the housekeeping gene
rpsl and compared to the corresponding expression levels
in the control P. aeruginosa PAO1 strain using the 2744¢
method [72].

Statistical analysis

Data were analyzed using the Chi-square and Fisher's
exact tests analysis using SPSS version 25 for win-
dows (SPSS Inc., Chicago, IL, USA). One-way ANOVA
was conducted for multi-variable comparison of RT-
qPCR data. Differences were considered significant at
p-value<0.05.

Abbreviations
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toxA Exotoxin A encoding gene
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DNA Deoxyribonucleic acid
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rps! 30S ribosomal subunit protein S12 encoding gene
cDNA Complementary deoxyribonucleic acid
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