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Abstract

Pseudomonas aeruginosa is an important pathogen that is frequently associated with nosocomial
infections. The goal of this work was to determine the relationship between the quorum sensing
system (QS) and the production of virulence factors in P. aeruginosa. A number of 100 P. aeruginosa
isolates were collected from various clinical sources from different Mansoura university hospitals in
the period from April 2018 till April 2019. PCR screening of QS genes in the isolates was carried out
including lasl, lasR, rhll and rhiR. Thereafter, assay of the production of different virulence factors in
the isolates was established including biofilm formation, pyocyanin production, protease production,
lipase production, hemolysin production as well as swimming motility. Finally, statistical analysis of
the data was performed to confirm the relationship between the QS and the production of virulence
factors. Out of the 100 P. aeruginosa isolates, 27 clinical isolates were QS deficient. PCR analysis revealed
that 8 isolates lacked /asR gene, 15 isolates lacked /asR and rhiR genes, 1 isolate lacked /asR and las/
genes, 2 isolates lacked lasR, lasl and rhiR genes and 1 isolate lacked rhiR, rhll and lasR genes. There
was a significant decrease observed in the production of pyocyanin, protease, lipase, hemolysin and
biofilm formation as well as swimming motility in P. aeruginosa QS deficient isolates in comparison
to non-QS deficient ones. There was a clear association between QS and virulence factors production
in P. aeruginosa. This could open the door for novel promising targets for developing new therapeutic
strategies against infections caused by this pathogen.

Keywords: Pseudomonas aeruginosa, Quorum sensing, Regulation, Virulence factors
\

*Correspondence: khaledaboelsuod@outlook.com; +20 1001487323
(Received: January 4, 2022; accepted: April 26, 2022)

Citation: Sonbol F, EI-Banna T, Elgaml A, Aboelsuod KM. Impact of Quorum Sensing System on Virulence Factors Production in

Pseudomonas aeruginosa. J Pure Appl Microbiol. 2022;16(2):1226-1238. doi: 10.22207/JPAM.16.2.51

© The Author(s) 2022. Open Access. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License which
permits unrestricted use, sharing, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if changes were made.

Journal of Pure and Applied Microbiology 1226 www.microbiologyjournal.org


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-6790-5849
https://orcid.org/0000-0003-0522-1219

Sonbol et al. | J Pure Appl Microbiol | 16(2):1226-1238 | June 2022 | https://doi.org/10.22207/JPAM.16.2.51

INTRODUCTION

Pseudomonas aeruginosa is a Gram-
negative rod-shaped bacterium, well known by its
characteristic features as production of pyocyanin,
oxidase positivity, grape-like odour and motility.*
P. aeruginosa is an opportunistic bacterium and
it harbours a variety of virulence factors that
are responsible for its danger.* In hospitals, P.
aeruginosa plays a pivotal role in nosocomial
infections and is considered as a mutual cause of
wound infections, especially for thermal burns.>

Community interaction between bacteria
takes place via a well-developed framework
called the quorum sensing system (QS).%” QS is
a signalling process, which is used by different
bacterial species to organize gene expression of
the population according to changes in the cell
density.»®° QS is responsible for bacterial social
behaviours, and this cell-to-cell communication
or intercellular signalling takes place in Gram-
negative bacteria via small N- acylated homoserine
lactone molecules called autoinducers (Als). These
Als coordinate the common actions associated
with the succession of bacterial infection, which
depends on the expression of virulence factors and
invasion abilities.#1011

P. aeruginosa QS network is structured
in a multi-layered hierarchy manner composed
of at least four linked signalling systems, which
are Las, Rhl, PQS and 1QS.*#1%!2 Among these
systems, the two well-defined interconnected QS
systems, Las and Rhl, are well defined to control
virulence factors production.*#%12 Other functions
have been correlated with QS systems, which are
involved in cell metabolism, stress responses, etc.®
There is clear evidence that the QS regulatory
network not only reacts to changes in the bacterial
population, but can also react to environmental
changes.’®!* Thus, it is well established that
during the discovery and development of anti-QS
therapeutics, this plasticity should be taken into
account.?

Clinical studies have shown that QS
systems in infected tissues are fully functional,
especially in patients with cystic fibrosis (CF)
lungs who have been chronically infected with
P. aeruginosa.*>* The sputum analysis of P.
aeruginosa infection in CF patients revealed the
existence of transcripts for both /as/ and lasR.*>*®
Accumulation of these transcripts was associated

with cumulation of transcripts for the lasB, lasA
and toxA QS-controlled genes.*>!® In addition, the
presence of Als within the sputum of CF patients
was confirmed in other studies.?>?' Moreover, the
biological activation of these Als was proved in
other reports.”®

In numerous P. aeruginosa infected
animal models, the importance of QS in regulating
virulence has been described involving the
thermally injured mouse model as well as mouse
models of acute and chronic lung infections.?*?¢
Mutants of P. aeruginosa with deletions in the
QS genes were compared to their parent strains
according to their virulence. These studies
showed that mice infected with QS mutants
and thermally injured have lower mortality rate
than mice infected with the parent strain.??*
The spreading of the mutant strains decreased
locally in the skin of thermally damaged mice and
decreased systemically in the infected thermally
injured mice bodies.?** Using the P. aeruginosa
acute pulmonary infection mouse model, it was
demonstrated that the mortality rate and the
lung damage decreased with P. aeruginosa strains
that carry deletions within the QS genes.? In
addition, some studies reported that flat biofilms
are produced by /as/ deficient strains in which
this produced biofilm is different from the normal
wild types.?” Another report indicated that QS
deficiency takes place naturally and Las QS has
important role in corneal infection development.®
Mice models that were infected by mutants
deficient in the /as/ gene exhibited virulence
reduction, and by implantation of functional /as/
gene, las/ mutant virulence was fully restored.?
From this background, in this study, we were
motivated to screen the presence of QS genesin P.
aeruginosa clinical isolates collected from different
sources in Mansoura university hospitals, Egypt,
and to reveal the impact of QS on virulence factors
production in this pathogen.

MATERIALS AND METHODS
Bacterial isolates

This work was established after the
agreement of the research ethics committee
of the Faculty of Pharmacy, Tanta University,
Egypt (Research Ethics Committee Code: TP /
RE /12-21-M-002). A total of 100 P. aeruginosa
clinical isolates were collected from different
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Table 1. Specific amplification primer sets for the tested quorum sensing genes among P. aeruginosa isolates

Gene Type Sequence Amplicon Annealing References
name size (bp)  temperature
lasR F ATGGCCTTGGTTGACGGTT 725 50°C 32,33
R GCAAGATCAGAGAGTAATAAGACCCA
lasl F ATGATCGTACAAATTGGTCGGC 605 50°C 32,33
R GTCATGAAACCGCCAGTCG
rhiIR F CAATGAGGAATGACGGAGGC 730 50°C 32,33
R GCTTCAGATGAGGCCCAGC
rhll F CTTGGTCATGATCGAATTGCTC 625 50°C 32,33
R ACGGCTGACGACCTCACAC

F: Forward; R: Reverse.

clinical sources including 35 from urine (U), 17
from wounds (W), 15 from burns (B), 14 from
sputum (S), 10 from ear (E) and 9 from eye (EY).
These isolates were collected from patients in
different Mansoura hospitals under medical
attention with strict aseptic precautions in the
period from April 2018 till April 2019. According
to the standard microbiological techniques,®®
the isolates were biochemically identified as P.
aeruginosa. Moreover, identity of the isolates was
further confirmed by PCR amplification of their 16s
rRNA as previously described.?* All cultures were
grown at 37°Cin Luria Bertani medium (LB broth;
tryptone 1% w/v, yeast extract 0.5% w/v, and NaCl
1.0% w/v), otherwise specified, and stored in 80%
glycerol/LB broth at -80°C.
Polymerase chain reaction

Chromosomal DNA was extracted from
P. aeruginosa isolates by using QIA amp® DNA
miniprep kit (Qiagen, Germany). All P. aeruginosa
clinical isolates were screened for the presence
of QS genes by PCR using the primers (lasR, lasl,
rhIR and rhll) shown in (Table 1) as previously
reported.?>** The volume of PCR reactions was
25 pL, and each reaction composed of 12.5 uL
Dream Taq PCR master mix 2x (Fermentas, USA),
1 uL forward primer (10 uM), 1 puL of reverse
primer (10 uM) and 3 pL of template DNA, then
the reaction was adjusted to total volume of 25 pL
with nuclease free water. Negative control tubes
were also performed without template DNA.
The cycling conditions performed were; initial
denaturing at 95°C for 5 min, then 35 cycles of
(denaturation at 95°C for 30 s, annealing at 50°C
for 30 s and extension at 72°C for 2 min), and final
extension at 72°C for 10 min. Visualization of the

amplified genes by electrophoresis was done using
1% agarose gel stained with ethidium bromide (MP
biomedicals, France), and compared with a 100
base pair plus DNA ladder (Thermo Scientific, UK).
The presence of the tested gene was indicated by
the appearance of a single sharp band with the
specific amplicon size for each gene (Table 1).
Assay of P. aeruginosa virulence factors
Pyocyanin assay

Pyocyanin was extracted as previously
described.?* King's A liquid medium (peptone
2% w/v, K,SO, 1.0% w/v, and MgCl, 0.14% w/v)
was used to cultivate the isolates for 48 hours
with shaking at 150 rpm. Cultures were then
centrifuged and pyocyanin was recovered from the
supernatant using 3 mL chloroform. Thereafter, 1
mLof 0.2 N HCl was added to the pyocyanin (bottom
layer) after it was transferred to a new clean tube.
The extracted acidic form of pyocyanin, which
has a pink colour, was spectrophotometrically
measured at OD_, nm. The optical density at 520
nm was multiplied by 17.072 to get the microgram
amounts of pyocyanin.® All P. geruginosa isolates
were compared with the isolate with the highest
amount of pyocyanin in percentage. In this
experiment, King's A liquid medium was used as
a negative control.
Hemolysin assay

P. aeruginosa clinical isolates were
cultured overnight in LB and incubated at 37°C
with shaking at 150 rpm for an appropriate time.
Thereafter, cultures were centrifuged at 10,000
rpm for 10 min at 4°C. The obtained supernatants
were filtered through 0.2 uM Millipore filter and
subsequently used in the assay of hemolysin
activity. The assay was performed as previously
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described.*® Prepared free supernatant of bacterial
cultures (volume 600 uL) was mixed with equal
volume of saline suspension of erythrocytes
2%, and incubated at 37°C for 2 hours. Then,
centrifugation of the reaction mixtures was
established at 10,000 rpm for 8 min. at 4°C, and the
optical density at 540 nm was used to determine
the degree of haemoglobin release. Control
studies for spontaneous (negative control) and
complete (positive control) lysis were conducted
without hemolysin and with 0.2 % sodium dodecyl
sulphate, respectively. The percentage (%) of cells
lysed = [(X-B)/ (T-B)] x 100, where B (baseline)
is a negative control and T is a positive control
corresponding to the total lysis.
Protease assay

Assay of total proteases was established
using skimmed milk assay as previously illustrated.”
Volume of 200 uL of P. aeruginosa supernatant
(prepared as described above in hemolysin assay)
was mixed with 1 mL 1.25% skimmed milk and at
37°Cincubation takes place for 15 min, and then,
OD__was measured. Comparison of OD__of all P

600 600
aeruginosa isolates with OD___ of skimmed milk in

percentage was established tegodetect the protease
activity of each isolate. Protease activity = (OD,,
of skimmed milk - OD,, of the sample) X 100. In
this experiment, LB was used as a negative control.
Lipase assay

Lipase assay was established as formerly
outlined.® Culture supernatants of P. aeruginosa
isolates were prepared as described above in
hemolysin assay. A stock solution of p-nitrophenyl
palmitate (p-NPP) (Sigma, USA) was prepared
in HPLC grade of isopropanol. The reaction
mixture contained 75 pL of p-NPP stock solution,
5 uplL bacterial supernatant, and completed to a
final volume of 3 mL with 0.1 M Tris buffer (pH
8.5). To stop the reaction, the reaction mixture
was incubated at 37°C for 10 min before being
refrigerated at -20°C for 8 min. At OD,,, nm,
the optical density of emitted p-nitrophenol
was measured. All P. aeruginosa isolates were
compared with the isolate with the highest lipase
activity in percentage. In this experiment, LB was
used as a negative control.
Swimming motility assay

Swarming motility assay was performed
as previously depicted.* Surface inoculation
was used to measure the swimming ability of

P. geruginosa by using swimming agar plates
(tryptone 1%, sodium chloride 0.5%, and agar
0.3%). The prepared plates were centrally
stabbed with 5 plL of diluted overnight culture
of P. aeruginosa isolates in tryptone broth.
After 24 hours incubation period at 37°C, the
swimming zones were measured. All P. aeruginosa
isolates were compared with the isolate with the
highest swimming activity in percentage. In this
experiment, LB was used as a negative control.
Quantitative detection of biofilm using microtiter
plate assay

By using the method described
previously,*4! biofilm production was assayed.
P. aeruginosa clinical isolates were cultured
overnight in tryptic soy broth (TSB) (Oxoid, Thermo
Fisher, UK) and diluted to produce a cell density
of approximately 1 x 10° CFU/mL. Using 96-well
flat-bottomed polystyrene microtiter plate, 100
pL aliquots of each bacterial suspension was
inoculated into the wells of at least in triplicate.
Then, plates were incubated at 37°C for 24
hours. The contents of each well were aspirated
to eliminate all non-adherent cells. Each well
was rinsed three times with phosphate buffer
saline (PBS, pH 7.4). The remaining adherent
bacteria were fixed with 100% methanol per
well. The bacterial cells adhered to the well walls
were stained with 1% crystal violet for 20 min.
Thereafter, the dye bound to the adhering cells was
resolubilized using 33% (v/v) glacial acetic acid. The
absorbance of solubilized stain was measured at
0D,,, nm using Biotek spectrofluorimeter (Biotek,
USA). All P. aeruginosa isolates were compared
with the isolate with the highest biofilm formation
in percentage. In this experiment, LB was used as
a negative control.
Statistical analysis

Significance of difference was assessed
in the results by repeating the experiments three
independent times and comparing the data using
Student's t-test. P values lower than 0.05 were
regarded significantly different.

RESULTS
Detecting the presence of QS-genes in P.
aeruginosa isolates

In this study there were 27 isolates out
of the 100 P. aeruginosa clinical isolates were QS
deficient isolates (Table 2). PCR analysis revealed
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that 8 isolates lacked /asR gene, 15 isolates lacked
lasR and rhiR genes, 1 isolate lacked /asR and las/
genes, 2 isolates lacked lasR, las/ and rhIR genes
and 1 isolate lacked rhIR, rhll and lasR genes.
Among the QS deficient P. aeruginosa isolates, 8
were collected from urine, 6 isolates from wounds,
6 isolates from burns, 3 isolates from sputum, 2
isolates from ear and 2 isolates from eye.
Assay of P. aeruginosa virulence factors
Pyocyanin assay

As shown in (Table 2), percentages of
pyocyanin produced by P. aeruginosa QS deficient
isolates according to the sample (B59), which
produced the highest amount of pyocyanin, were
in between 4.8% and 0.098%. Sample W50 had
the lowest pyocyanin production percentage of
5.57% in all non-QS deficient isolates. The amount
of pyocyanin production that was produced by P.
aeruginosa QS deficient isolates was less than the
isolates that possess all QS genes (Fig. 1A).
Hemolysin assay

As illustrated in (Table 2), a number of
73 non-QS deficient isolates produced more than
50% hemolysis including 6 isolates that produced
complete (100%) hemolysis. On the other hand,
the 27 QS deficient isolates produced less than
50% hemolysis (Fig. 1B). This gives indication that
QS deficient isolates produce hemolysin less than
non-QS deficient isolates.
Protease assay

As depicted in (Table 2), the activity of QS
deficient isolates was in between 14% and 1.3%,
while isolate B64 had the lowest protease activity
(21%) in all non-QS deficient isolates. Skimmed
milk assay indicates that QS deficient isolates have
lower protease activity in comparison to other
non-QS deficient isolates (Fig. 1C).
Lipase assay

As demonstrated in (Table 2), percentage
of lipase activity produced by P. aeruginosa isolates
according to the sample (E90), which had the
highest lipase activity, was in the range between
16.61% and 6.1%. Sample S72 had the lowest
lipase activity percentage (44.37%) in all non-QS
deficient isolates. The amount of lipase produced
by QS deficient isolates is less in comparison to
the other isolates, which possess all QS genes that
were examined in this study (Fig. 1D).
Swimming motility assay

As depicted in (Table 2), percentages
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of swimming zone diameters produced by P.
aeruginosa QS deficient isolates according to the
sample (W43), which had the highest swimming
zone diameter, were in the range between
34.375% and 18.125%. Sample U23 had the lowest
swimming zone diameter percentage (36.875%) in
all non-QS deficient isolates in this study (Fig. 1E).
This gives an indication that the swimming motility
of QS deficient isolates is less than the non-QS
deficient ones.
Quantitative assay of biofilm formation

As shown in (Table 2), 24 QS deficient
isolates were characterized by weak biofilm

A B
¢ Non-QS deficient isolates
QS deficient isolates

¢ Non-QS deficient isolates

%_ * QS deficient isolates
%’doo:‘n e o B :
.

formation. Moreover, three isolates that lacked
Las system (/as/ and lasR genes were absent) were
non-adherent. Percentage of biofilm formation
produced by QS deficient isolates according to
sample (E88), which had the highest capability
of biofilm formation, was in the range between
25.17% and 14.12%. Sample U14 was weakly
adherent and had the lowest biofilm formation
percentage (28%) in all non-QS deficient isolates.
The amount of biofilm formation, which produced
by QS deficient isolates is less than the other of
non-QS deficient isolates (Fig. 1F).
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Fig. 1. Virulence factors production and biofilm formation in P. aeruginosa non-QS deficient and QS deficient
isolates. (A) Pyocyanin production. (B) Hemolysin production. (C) Protease production. (D) Lipase production. (E)

Swimming motility. (F) Biofilm formation.

DISCUSSION

P. aeruginosa virulence is multifactorial
and has been accredited to cell-associated factors
like alginate, lipopolysaccharide, flagellum, pilus
and non-pilus adhesins as well as exoenzymes
or secretory virulence factors like protease,
elastase, pyocyanin, exotoxin A, exoenzyme S,
hemolysins (rhamnolipids and phospholipase)
and siderophores.* Pathogenesis of P. aeruginosa
takes place by these factors inducing infections like
respiratory tract infections, burn wound infections
and keratitis.* P. aeruginosa produces a number

of extracellular components that once colonised
can cause significant tissue damage, bloodstream
invasion and spread.® In our study we investigated
the relationship between P. aeruginosa QS system
and its virulence factors, which have an important
role in the pathogenicity of this pathogen.
Pyocyanin synthesis by P. aeruginosa
reduces the acute inflammatory response by
speeding up neutrophil apoptosis and lowering
local inflammation, which is beneficial for
bacterial survival.? In this study, the production
of pyocyanin in QS deficient isolates was less than
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non-QS deficient ones. The Las system regulates
the production of LasA, whereas the Rhl system
regulates the production of pyocyanin. Pyocyanin
production should, however, be regulated by
the Las system due to the hierarchical nature
of the QS systems and the relevance of the Las
system in the hierarchy.?®>*® Las and Rhl are two
interconnected QS systems that control production
of pyocyanin.*#> Alink was discovered between P.
aeruginosa QS deficient isolates that were gained
from sputum or endotracheal tubes and some
virulence factors such as elastase and pyocyanin.®
Moreover, there was another study reported
that P. aeruginosa QS deficient strains and strains
that produce no or low amount of Als as N-(3-
oxododecanoyl) homoserine lactone and N-butyryl
homoserine lactone, produce lower amount of
pyocyanin.®

Elastase and protease, which are
produced by P. aeruginosa, are extracellular
enzymes that aid in colonization of the host.?
Las and Rhl QS systems control the production
of alkaline protease and LasA protease in P.
aeruginosa.’***** |t was observed that major
protease and elastase were reduced by deleting
the lasR open reading frame of some strains.”
In other studies, P. aeruginosa QS deficient
strains were characterized by low protease
activity.?®* Our study has similar outcome, where,
P. aeruginosa QS deficient isolates produce lower
levels of protease in comparison to the non-QS
deficient isolates.

Swimming motility takes place by flagella
and type IV pili, where bacteria can incorporate
itself in the epithelial cells, and initiate the first
step of its colonization on the epithelium.®
Las and Rhl systems in P. aeruginosa take important
role in controlling the swimming motility.044
Therefore, in our study, the swimming motility
of P. aeruginosa QS deficient isolates were lower
than that non-QS deficient ones. It is well reported
that pyocyanin synthesis, protease production
and swimming motility in P. aeruginosa decreased
by using febuxostat,’> phenylalanine arginyl
b-naphthylamide,'* sodium ascorbate* and
aspirin,® which all act as QS inhibitors.

Biofilms are formed by adherent cells
on cellular or inert substrata and are tangled
in 60% of all infections that are characterized
by symptoms of moderate severity, chronic

development and antimicrobial resistance.®?
Previous reports depicted that biofilm formation
is controlled by QS.*>*? P. aeruginosa QS is used to
initiate growth and produce biofilms.?” A decrease
in biofilm formation takes place by sodium
ascorbate®, aspirin®® and febuxostat,'? which act
as QS inhibitors. Another study indicated that the
amount of biofilm formation that was produced by
P. aeruginosa QS deficient strains was lower than
that of the non-QS deficient strains,*® and this is
in accordance with the findings of our study.

Lipase enzyme plays important role in the
colonization of P. aeruginosa on human respiratory
tract and skin.>® While hemolysin, which is a
hydrolytic enzyme enhances the spread of bacteria
inside the tissues of the host and resistance to the
host defence.'? Lipase production is controlled by
Rhl system.* Las and Rhl systems plays important
role in lipase and hemolysin production.®
Hemolysins are inhibited by some QS inhibitors
as sodium ascorbate,* febuxostat'? and aspirin.>°
According to our study, lipases and hemolysin
levels in P. geruginosa QS deficient isolates were
lower than that non-QS deficient ones.

CONCLUSION

The QS system in P. aeruginosa is
important for controlling the production of
virulence factors and connected to numerous
pathogenic phenotypes including bacterial capacity
to attach to tissues and build biofilms. Discovery
and development of anti-QS therapeutics are
very important to stop or decrease the severity
of P. aeruginosa virulence and to overcome
the problem of drug resistance; especially P.
aeruginosa is one of the most abundant causes
of nosocomial infections in developing countries.
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