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The opportunistic Pseudomonas aeruginosa virulence controlled by quorum sensing (QS) also identified as,
cell-cell communication. QS system is organized by the LasI-LasR and the RhlI-RhlR components.
Provided that QS tends to perform a key role in virulence gene expression and host defence function,
QS inhibitors have been proposed as potential antipseudomonal therapies. Sub-inhibitory concentrations
(sub-MIC) of antibiotics, although having biostatic effect on bacteria, but can interfere with bacterial QS
system and virulence. This research aimed to examine the impact of sub-MIC of azithromycin, imipenem,
cefepime and piperacillin/tazobactam on the QS-dependent virulence including pyocyanin and biofilm
production, haemolysin, protease and DNase in P. aeruginosa wildtype and mutant strains;
transcriptional-regulator (DLasR), autoinducer synthesis protein (DLasI), transcriptional-regulator
(DRhlR), protease precursor (DLasA) and double regulators mutants (DLasR/RhlR). The growth of all
strains showed similar pattern, however, in presence of antibiotics significant growth variation was
observed among mutant strains when compared to wild type strain. Antimicrobial activity tested by agar
diffusion method of all antibiotics on all strains were used to compare the zones of therapeutic and sub-
MIC doses showing a significant difference in the inhibition zone. QS-dependant virulence as biofilm,
pyocyanin, protease, haemolysin and DNase production showed significant variation on all strains com-
pared to wild type in response to antibiotics used at sub-MIC doses. In conclusion well known antibiotics
can be used in sub-MIC doses to decrease the virulence of P. aeruginosa in addition to overcoming the
major side effect of the high doses and the occurrence of resistance.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Quorum sensing has involved in regulation of Pseudomonas
aeruginosa virulence elements such as elastase, protease, haemoly-
sin, pyocyanin, swimming and twitching motilities, biofilm pro-
duction and resistance to oxidative-stress, which is a type of
intercellular signalling in bacteria, that produce signalling mole-
cules and autoinducers. Once the quorum comes to a critical con-
centration it activate genes that encode for the virulence factors
in the bacteria (Stover et al., 2000; El-Mowafy et al., 2017). P.
aeruginosa have a main pair of quorum sensing; lasI/lasR and the
rhlI/rhlR systems (Whiteley et al., 1999; Venturi, 2006). The lasI/
lasR and the rhlI/rhlR systems are connected and las system
employs a positive regulator over the rhl system stimulating both
rhlI and rhlR transcription (Pesci et al., 1997; Duan and Surette,
2007). lasI pr oduce 3-oxodecanoyl homoserine lactone (C12 HSL)
that binds to lasR receptor, while rhlI produces butanoyl homoser-
ine lactone (C4 HSL) that is recognized by rhlR receptor. Although
both lasI/lasR and rhlI/rhlR are co-regulated, the LasI/LasR system
is dominant (Whiteley et al., 1999; Venturi, 2006; Pesci et al.,
1997). Hence, the inhibition of these systems will hinder the
pathogenicity of P. aeruginosa, and it might be utilized for the treat-
ment or prevention of infections caused by P. aeruginosa (Smith
and Iglewski, 2003; El-Mowafy et al., 2017). Many studies have
examined infectious behaviour of P. aeruginosa using strains which

http://crossmark.crossref.org/dialog/?doi=10.1016/j.sjbs.2020.10.040&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.sjbs.2020.10.040
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:faleanizy@ksu.edu.sa
https://doi.org/10.1016/j.sjbs.2020.10.040
http://www.sciencedirect.com/science/journal/1319562X
http://www.sciencedirect.com


Table 1
Description of Pseudomonas aeruginosa strains used in this study.

Strain name Abbreviation Description

Parent strain PAOI PAOI wild type
PA1430 DlasR transcriptional regulator LasR
PA1432 DlasI autoinducer synthesis protein LasI
PA3477 DrhlR transcriptional regulator RhlR
PA1871 DlasA LasA protease precursor
DA6 DlasR DrhlR double

mutant
DlasR DrhlR knockouts double-nul
mutant
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have omissions of one or more of the QS-related genes, and wild-
type strains by a burnt-mouse model, a murine design of acute-
pneumonia, and a rat design of chronic lung-infection
(O’Loughlin et al., 2013). They found that mutually the las and
the rhl QS systems are crucial for P. aeruginosa to induces both
acute and chronic lung infections, causing morbidity and mortality.
Furthermore, a study on cystic fibrosis patients colonized with P.
aeruginosa showed that the QS genes transcription level correlate
with those of QS-regulated genes which means that their expres-
sion during infection was regulated by QS. In addition, when they
analyse patient’s sputum they could directly measure AHLs.
Another in vivo experiment demonstrates that several inflamma-
tory cytokines and chemokines can be stimulated by 3O-C12-
HSL, also 3O-C12-HSL could acts as an immunosuppressors
(Smith and Iglewski, 2003). Another study was performed to iden-
tify the QS controlling genes by utilizing DNA-microarrays, P.
aeruginosa wild type strain and autoinducers deficient strain (lasI,
rhlI) were used for expressing analysis. They found a high percent-
age (>10%) of genome associated with QS regulation, which reflects
that QS has a large influence on cellular behaviour (Wagner et al.,
2003).

Another study was performed in 2017, investigating the effect
of sub-inhibitory concentrations of b-lactam antibiotics; cef-
tazidime, cefepime and imipenem on Quorum sensing signals
using reporter strain assay and on the virulence factors (elastase,
protease, pyocyanin and haemolysin) of P. aeruginosa, and the
results showed significant eradication of the QS signals 3OH-C12-
HSL and C4-HSL, and suppressed their virulence factors up to
1/20 MIC (El-Mowafy et al., 2017; Smith and Iglewski, 2003).
Moreover, on 2017 a study was performed to investigate the effect
of sub-MIC concentrations of pyridoxal lactohydrazone (32 and
8 lg/mL) against P. aeruginosa Quorum sensing related virulence
factor (Heidari et al., 2017). They performed molecular docking
for assessing the effect of pyridoxal lactohydrazone with the LasR
receptor, and it showed that pyridoxal lactohydrazone has poten-
tial to inhibit the LasR protein. It demonstrated significant inhibi-
tion of other virulence factors involving motility, alginate and
pyocyanin formation and susceptibility to H2O2 (Heidari et al.,
2017). Another study screened 12 different antibiotics for their
QS inhibition ability on P. aeruginosa, using a simple plate diffusion
screening based on QS inhibitor selector 1 (QSIS1), they found that
no activity or low levels of QSI with spectinamycin, chlorampheni-
col, tobramycin, griseofulvin, gentamicin, kanamycin, tetracycline,
piperacillin, and streptomycin (Skindersoe et al., 2008b). On the
other hand, azithromycin, ciprofloxacin, and ceftazidime showed
high QSI activities. Also, they compared P. aeruginosa QS mutants
with wild type and found that the tolerance to antibiotic was
decreased [10]. All these findings may help to target the QS by
therapeutics to eradicate the P. aeruginosa infection (Singh et al.,
2017; Skindersoe et al., 2008b). Additional study validating the
effect of a frequently used antibiotic, doxycycline on QS with sen-
sor strains of Chromobacterium violaceum and P. aeruginosa PAO1.
Doxycycline at Sub-MICs significantly compact QS-related viru-
lence in C. violaceum, and P. aeruginosa PAO1. The results of this
study highlight the multiple activities of doxycycline against QS-
associated virulence factors and its potential to diminish virulence
of P. aeruginosa (Husain and Ahmad, 2013).

The first line for treating bacterial infections is antibiotics, but
because of the high emergence of resistance, it is necessary to look
for new therapeutic approaches to overcome this global problem.
One of the important features of these new therapeutic approaches
is to target the virulence factors rather than introducing a stress on
the bacteria that could lead to acquiring multiple resistance
(Skindersoe et al., 2008b; Livermore, 2002). In this study, we aim
to investigate the effect of Azithromycin, Meropenem, Cefepime
and Piperacillin/tazobactam, at sub-inhibitory dose on QS
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dependent-virulence factors as a potential treatment strategy for
pseudomonal infection.

2. Materials and methods

2.1. Bacterial strains, chemicals, and growth media

All Pseudomonas aeruginosa strains used in this study and their
source are described in (Table1). Pseudomonas aeruginosa strains
PAOI (WT), PA1430 (DlasR), PA1432(DlasI), PA1817(DlasA), and
PA3477 (DrhlR) were purchased from the Manoil laboratory at
the University of Washington Seattle and DlasR DrhlR (DA6)
knockouts mutant strains obtained from Oregon State University
Corvallis, OR, United States (Asfahl and Schuster, 2018). Reference
strain P. aeruginosa PAO1 and mutant strains were routinely cul-
tured in Luria-Bertani (LB) agar or broth (Lab M limited, United
Kingdom) or Cetrimide agar (Lab M limited, United Kingdom), sup-
plemented with antibiotics as required. All strains were grown aer-
obically at 37 �C. All antibiotics (azithromycin, imipenem, cefepime
and piperacillin/tazobactam) were gifted from King Khalid Univer-
sity Hospital, Saudi Arabia and dissolved in deionized water. The
concentration of used antibiotics were as follow: inhibitory con-
centration (MIC90) and sub-inhibitory concentration (MIC12.5).
Azithromycin MIC90 = 64 mg/L, MIC12.5 = 8 mg/L. Meropenem
MIC90 = 2 mg/L, MIC12.5 = 0.25 mg/L. Piperacillin/Tazobactam
MIC90 = 16 mg/L, MIC12.5 = 2 mg/L. Cefepime MIC90 = 8 mg/L,
MIC12.5 = 1 mg/L.

2.2. Spot test

First, isolated colony of all tested strains was cultured in 5 mL of
LB broth and incubated at 37 �C with continues shaking at 200 rpm
overnight. On the day of the test, we prepared 7 mL of 0.7% agarose
with sterile water was prepared and 50 ml of bacterial broth grew
at range of 0.4 to 0.6 was added to agarose to reach 0.5 McFarland
standard then the mixture gently poured into ceramide plate. We
made 20 ceramide plates, each 5 plates were used for single strain,
and each plate of those 5, was tested for single antibiotic using 3
concentrations MIC90, MIC12.5 and MIC25, then the plates were
incubated at 37 �C for 24 h. The experiment repeated three times.

2.3. Growth curve

All P. aeruginosa strains were cultured in 5 mL LB broth with
selected antibiotic marker ‘‘tetracycline” except for the wildtype
strain, then incubated at 37 �C with continues shaking at
200 rpm overnight. On the day of the test the optical density of
all bacterial broth was measured and normalized at OD600 nm
with LB broth, then LB broth containing antibiotic concentrations
of (MIC90, MIC12.5) were prepared and 100 ml was added to Bio-
screen C 100 well microtiter plates (Labsystems Oy, Helsinki, Fin-
land). To designated wells, 20 ml of the 0.5 McFarland bacterial
culture was added. Controls wells that contain media only and
media with bacteria, were also included and plates were placed



F.S. Aleanizy, F.Y. Alqahtani, E.K. Eltayb et al. Saudi Journal of Biological Sciences 28 (2021) 550–559
in Bioscreen C and optical density of bacterial growth was recoded
at 600 nm for 24 h.

2.4. Antibiotic susceptibility determining

Minimum inhibitory concentrations (MIC) and sub-MIC for all
used antibiotics in this study were determined according to the
EUCAST guidelines by the microdilution broth method as described
previously (Wiegand et al., 2008; Microbiology and Diseases,
2000).

2.5. Preparation of P. aeruginosa culture, supernatants and cell
extracts

Overnight cultures of all P. aeruginosa strains used in this study
were standardized to OD600 0.5 and 1:50 diluted in 10 mL LB with
or without antibiotics (sub-MIC 12.5). After 24 h incubation at
37 �C, the cell pellets and supernatant were collected and filter-
sterilized. For cells extract cell P. aeruginosa cells pellet were har-
vested by centrifugation (Beckmanmicrofuge; 10 min) at 4 �C, then
cells were suspended in lysis buffer and kept at �20 �C for further
analysis (Kessler et al., 1998). All experiments were performed
three times as triplicates.

2.6. Measurements of pyocyanin

Regarding pyocyanin detection, 3 mL of chloroform was added
to 7.5 mL supernatant of P. aeruginosa culture and vortexed. The
chloroform phase was kept after centrifugation (5000 rpm,
5 min), and mixed with 1.5 mL HCl (0.2 M). The absorbance of
the pink HCl layer was measured at 520 nmwith the EnVision Mul-
tilabel Reader after vortexing and centrifugation previously
(Aleanizy et al., 2018; Krishnan et al., 2012). 0.2 M HCl was used
as a negative control in the measurement of absorbance.

2.7. Protease activity by agar plate assay

The proteolytic activity of all strains was carried out as
described (Kiratisin et al., 2002) with some modification. Briefly,
grown culture and supernatant of all stains were streaked on agar
plates containing 5% skim milk and the plates were incubated
overnight at 30 �C for 48hs then placed at 4 �C for another 24hs.
Proteolysis was visible as clear zones around the growing bacteria.
The zones of clearance were observed and compared for all strains.

2.8. Haemolysis assay

For Haemolytic activity an overnight cultures of all P. aeruginosa
strains used in this study were standardized to OD600 0.5 and 1:50
diluted in 10 mL LB with or without antibiotics (sub-MIC 12.5).
Strains were streaked on blood agar plates incubated overnight
at 37 �C for 24 and 48 hs. The Haemolytic activity was observed
on plates as transparency around the colonies (Burnside et al.,
2010).

2.9. Dnase assay

The test for the detection of exoenzyme Dnase by P. aeruginosa
PAO1 and mutant strains was carried out utilizing Dnase test agar
(Oxoid). In brief, the strains were streaked on a Dnase test agar
plate and incubated at 37 �C for 24 h according to manufacturer’s
instructions. The Dnase test agar composed of tryptose, DNA and
NaCl. The production of Dnase resulted in the hydrolysis of DNA
in the media. Following incubation, the plates were flooded with
1 N HCl to observe any clearing or hydrolysis of DNA by the bac-
terium (Kumar et al., 2019).
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2.10. Biofilm assay

Biofilm detection was performed as previously described with
some modification (Shih and Huang, 2002; Bukhari and Aleanizy,
2020). Briefly, overnight grown strains in LB broth at 37 �C, follow-
ing day the cultures were diluted in LB media to 107cfu/ml and dis-
pensed in 96-well microtiter plate (Thomas science), antibiotic at
sub-inhibitory concentration, MIC12.5 (meropenem, azithromycin,
cefepime and pipecoline/tazobactam), and 100 ml will be trans-
ferred to the 96-well plate. For each strain, 15-wells will be inocu-
lated (100 ml of bacterial strain will be added), as the antibiotics
will be added in triplicate for each strain and three wells as nega-
tive control to check biofilm inhibition, the plates were then incu-
bated at 37 �C for 24 h. Cell suspension was decanted, and the
plates subsequently were washed 2 times with 0.9% NaCl and
inverted to dry at room temperature for 1 h. Afterward, 150 ml of
crystal violet solution (CV; Prolab Diagnostics) was added to the
wells and was allowed to stain for 15 min. After staining, CV was
discarded, and the wells were washed three times with 0.9% NaCl.
The attached CV was then solubilized by adding 200 ml of ethanol-
acetone (80:20 v/v). Eventually, the absorbance of CV was read at
595 nm using microplate reader (BioTek). All experiments were
carried out in triplicate three independent times.
2.11. Statistical analysis

Differences between experimental groups were evaluated using
unpaired two-tailed Student’s t-test. A p-value of �0.05 considered
significant. All experiments were performed in triplicates for three
independent times. Results were expressed as averages� SD.
3. Results

3.1. Growth pattern of Pseudomonas QS mutants in the presence of
antibiotics

The effect of different antibiotics at sub-inhibitory dose on QS
systems of P. aeruginosa have been studied previously
(Skindersoe et al., 2008a), however, other antibiotics including
piperacillin/tazobactam, and cefepime used in this study were
not yet investigated. The effect of these antibiotics at sub-
inhibitory dose was investigated using wild type PA01 and differ-
ent pseudomonal QS mutants PA1430 (DLasR), PA1432 (DlasI),
PA3477 (DrhlR), PA1871 (DlasA) and D6A (DLasR/DrhlR double
mutants). The selected sub-inhibitory concentration of antibiotics
was chosen according to the least effective inhibition on PA01
according to EUCAST guidelines. Therefore, MIC12.5 was selected
for azithromycin, meropenem and piperacillin/tazobactam, and
MIC25 for cefepime for all subsequent experiments. First the
growth of all strains was evaluated, and the results showed that
all strains exhibited similar growth pattern (Fig. 1A). In the pres-
ence of azithromycin at sub-MIC concentration, the growth of all
strains was reduced by pattern displaying 70%, 68%,35%, 50% and
80.3% reduction in growth of Wt, DLasR, DLasA, DRhlR and
DlasR/DRhlR double mutants respectively, except DlasI, where
the growth was completely inhibited (Fig. 1B). This was furtherly
confirmed by biostatic effect observed when measuring the inhibi-
tion zone of therapeutic and sub-inhibitory dose of azithromycin
on all strains (Figs. 2A and 2B). In case of using piperacillin/ta-
zobactam at sub-MIC, growth of wild type,DLasR andDlasR/DRhlR
double mutants reduced by 65%, 62%, and 90%, respectively, while
DrhlR andDlasA growth reduced by 27% and 15%, respectively, and
complete inhibition of DlasI growth (Fig. 1). Cefepime was also
used in the current study, however, MIC25 concentration was used
and its effect shown in Fig. 1. Cefepime at sub-MIC reduced the



Fig. 1. The effect of selected antibiotics at sub-inhibitory dose was investigated using wild type PA01 and different pseudomonal QS mutants PA1430 (DLasR), PA1432 (DlasI),
PA3477 (DrhlR), PA1871 (DlasA) and DLasR/DrhlR double mutants. All experiment performed three times in triplicate.
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growth by 70%, 68.3%, 62.2%, 56%, 37% and 92% of wild type, DlasI,
DLasR, DlasA, DrhlR and DlasR/DRhlR double mutants respec-
tively. Meropenem is an antipseudomonal antibiotic and utilized
in this study at sub-MIC for comparison with other classes of
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antibiotics and demonstrated complete killing of all strains except
DlasI, which restored their viability after 10 hr of inhibition (Fig. 1).
To furtherly visualize the antimicrobial activity of antibiotics, agar
diffusion method was used, and results illustrated in Figs. 2A and



Fig. 2A. Measuring antibiotic activity using plate diffusion method. Each antibiotic assayed as therapeutic and sub-MIC doses to compare. The therapeutic and sub-MIC doses
of all antibiotics compared and showed significant differences with (p � 0.01). All experiment performed three times in triplicate.

F.S. Aleanizy, F.Y. Alqahtani, E.K. Eltayb et al. Saudi Journal of Biological Sciences 28 (2021) 550–559
2B were the therapeutic and sub-MIC doses of all antibiotics com-
pared and showed significant differences with (p � 0.01). To vali-
date the significance of the sub-MIC effect on all strains, the
percentage of cell survival were calculated as shown in (Fig. 3).
3.2. Pyocyanin production of P. Aeruginosa and its QS mutants in
response to the antibiotics

The effect of antibiotics at sub-MIC dose against the pyocyanin
production in P. aeruginosawildtype and mutated strains was eval-
uated. As illustrated in (Fig. 4), the pyocyanin production
decreased significantly (p � 0.001) in wild type in response to mer-
openem, piperacillin/tazobactam, and cefepime but not with azi-
thromycin (p � 0.08). In DLasR and DrhlR mutants, all antibiotics
significantly (p � 0.0001) reduced pyocyanin production. In con-
trast, significant enhance in pyocyanin production was observed
in DlasA in response to azithromycin, piperacillin/tazobactam,
and cefepime but not meropenem (Fig. 4). With DlasI, azithromy-
cin and piperacillin/tazobactam increased pyocyanin production
significantly while meropenem and cefepime reduced pyocyanin
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production. In theDLasR/DrhlR double mutants pyocyanin produc-
tion reduced but was not significant. Pyocyanin production of dif-
ferent strains was also visualized and was obvious on plates when
measuring the antibiotic zone of inhibition on cetrimide plate as
increased in greenish pigmentation (Fig. 2A).
3.3. Biofilm formation of Pseudomonas QS mutants in response to the
antibiotics

The effect of antibiotics at MIC12.5 on biofilm production was
reduced significantly (p � 0.02) with meropenem in DlasR and
DlasI stains compared to control strains. However, none significant
reduction on the biofilm in DlasA (p � 0.07) and DrhlR (p � 0.2)
except the double mutants DlasR/DrhlRthat showed increase by
29.3% (Fig. 4). With azithromycin, biofilm formation reduced in
WT,Dlasr andDlasA none significantly (with a p value� 0.2), how-
ever, an increase in biofilm production by 37.8%, 62.4% and 91.2%
with DlasI, DrhlR and double mutants DlasR/DrhlR, respectively.
Biofilm production was enhanced by piperacillin/tazobactam in
DlasI and DrhlR by 8.3% and 50%, respectively. While in WT, DlasR,



Fig. 2B. Comparing the therapeutic and sub-MIC doses of antibiotic activity using plate diffusion method showing significant differences with (p � 0.01). All experiment
performed three times in triplicate.
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DlasA and double mutants DlasR/DrhlR, piperacillin/tazobactam
reduced biofilm formation by 24.3%, 35.4%, 40% and 27% (Fig. 4).
Although cefepime reduced biofilm production in WT, an increase
in biofilm formation in Dlasr, DlasA, DlasI and double mutants
DlasR/DrhlR by 31%, 44.7%, 11.4% and 67.8% was observed and
markedly induced in DrhlR by 212.3% (p � 0.04) (Fig. 5).

3.4. Protease, haemolysin and DNase production in Pseudomonas
aeruginosa QS mutants in response to the sub-MIC antibiotics

Other virulence factors including protease, haemolysin and
DNase production were evaluated. As observed in Fig. 6, protease
productions displayed different pattern with used antibiotics
among tested strains. In control milk plates, WT, DLasR and
DlasR/DrhlR double mutants showed similar proteolytic zone,
whereas DlasI, DrhlR and DlasA showed similar zone but were
more than WT and other strains (Fig. 6A). Adding Azithromycin
to milk plate (Fig. 6B) cause abolishing of protease production in
WT, DLasR and DlasR/DrhlR double mutants, however, DlasI,
DrhlR and DlasA showed similar pattern compared to control
plate. On milk agar supplemented with meropenem (Fig. 6E), very
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weak growth on the plate for DlasI, DlasA, DrhlR but WT, DLasR,
and DlasR/DrhlR double mutants grow with no proteolytic zone
to compare. With Piperacillin/tazobactam (Fig. 6D), all strains
showed same zone of proteolysis compared to control except
DlasR/DrhlR double mutants that was abolished completely. With
cefepime (Fig. 6C), WT have shown more proteolytic activity com-
pare to control, while DlasR/DrhlR double mutants showed abol-
ished activity and DLasR produced less zone compared to
control. Regarding haemolysin (Fig. 6F) and DNase activities (re-
sults not shown), there were no significant changes in the haemol-
ysis and DNase pattern of bacteria in the presence of antibiotics at
sub-inhibitory level when compared with bacteria cultured with-
out antibiotics. For haemolytic activity, WT, DLasR and DlasR/
DrhlR double mutants showed partial haemolysis whereas DlasI,
DrhlR and DlasA showed complete haemolysis.

4. Discussion

Quorum sensing has been a potential goal for the treatment of
Pseudomonas aeruginosa infection where several studies have
investigated its part in controlling the virulence of Pseudomonas



Fig. 3. Percentage of cell survival of Pseudomonas aeruginosa and its QS mutants in presence of sub-MIC antibiotics. All experiment performed three times in triplicate.

Fig. 4. Effect of pyocyanin production on Pseudomonas aeruginosa and its QS mutants. All experiment performed three times in triplicate.
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Fig. 5. Effect of antibiotics on the biofilm formation of Pseudomonas aeruginosa and its QS mutants. All experiment performed three times in triplicate.

F.S. Aleanizy, F.Y. Alqahtani, E.K. Eltayb et al. Saudi Journal of Biological Sciences 28 (2021) 550–559
aeruginosa (Davies et al., 1998, Wilder et al., 2011). With the
advance of antibiotic resistance, the exploration for new
approaches past conventional antibiotics becomes a key aim of
health research; however, in this study we searched within con-
ventional drugs previously classified for their antibiotic actions
and screened if they possess properties that interfere with commu-
nication and, theoretically, have quorum sensing inhibitory activ-
ity. Previous studies demonstrated the effect of azithromycin on
the QS-regulated virulence by showing improvement in clinical
outcome in CF model indicating that screening the well-known
antibiotics at a sub-MIC dose may serve as a maintenance or pro-
tective therapy (Hentzer et al., 2003, Yang et al., 2012). Another
study screened twelve antibiotics and found three of them with
QSI activity (Skindersoe et al., 2008b).

Although meropenem used at sub-MIC dose its activity is main-
tained in wild type, LasR, LasA, LasI and RhIR strains showing com-
plete killing and reduction in proteolytic activity and biofilm
production, except LasR/RhIR that showed 10% increase in biofilm
secretion. The loss of single QS gene components had not affect
meropenem activity, except LasI mutants were the strain restored
their growth after 10 hrs which might be due to stimulation of
other QS systems; however, the exact mechanism is not investi-
gated. Notably, the loss of both QS regulatory components has
led to increase the stain sensitivity to meropenem indicating a role
of these genes in the activity of meropenem. The observed decrease
in pyocyanin and abolished proteolytic activity of pseudomonal
wildtype and its QS mutated strains in company of meropenem
corroborates previous studies results (Fothergill et al., 2007, Fuse
et al., 2013). In the current study, meropenem at sub-MIC
decreased biofilm formation significantly in wild type, LasR, LasA,
LasI and RhIR strains and inversely induced biofilm formation in
LasR/RhIR strain. This variable effect of meropenem on biofilm
capability indicated that its effect is dependent on strain type. It
might also suggest that meropenem may act on other genetic
determinants involve in biofilm formation other than LasR/RhIR
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genes (Maura et al., 2016). PT have a minimal killing activity at
sub-MIC dose on wild type and LasR, LasA, and RhIR. Loss of LasA
led to bacterial growth by 85% when exposed to PT and increase
pyocyanin and biofilm production, although loss of RhIR led to bac-
terial growth by 73% and increases in biofilm production it
decreases pyocyanin production. The loss of LasI gene have cause
the strains to be sensitive to PT, as PT is known to have the ability
to bind to protein and mutating LasI autoinducer synthesis protein
might affect the mechanism by which PT kills the cells. The loss of
LasA protease precursor and RhlR transcriptional regulator individ-
ually increased the resistance of the cells to PT. However, knocking
out both genes (LasR and RhLR) increased strain sensitivity to PT
and reduced biofilm, pyocyanin formation and abolished prote-
olytic activity. The reduction in biofilm formation in response to
PT at sub-MIC was reported for PA01 strain previously which
was in agreement with our study (Fonseca et al., 2004). However,
according to our knowledge other QS strains virulence phenotypes
were not investigated in response to PT previously. Of note, dele-
tion of LasR reduced biofilm formation in both LasR and LasR/RhLR
strain.

Azithromycin at sub-MIC dose has minimal killing activity on
wild type, LasR and LasR/RhlR, and complete killing activity on
LasI; however, the loss of LasA protease precursor gene have led
the strain to be more resistance to azithromycin were cells grows
by 65% compared to WT. It is well known that azithromycin mech-
anism of action of preventing bacteria from growing by interfering
with their protein synthesis, it seems that the protease activity
have indirect synergistic effect on azithromycin.

Cefepime at sub-MIC dose has killing activity on WT, LasR, LasI
and LAsR/RhlR but less killing activity on strain LasA and RhlR
stains. The observed effect of cefepime on WT showed similar
results indicated in a previous study using third generation cepha-
losporin, ceftazidime (Husain et al., 2016). The loss of RhlR tran-
scriptional regulator gene and LasA protease precursor gene
might interfere with cefepime activity that impedes the final



Fig. 6. Visualizing growth of Pseudomonas aeruginosa and its QS mutant’s strains. (panels A-E) protease activity measured as zone around each strain either control plate or
with the addition of antibiotics, (panel F) haemolytic activity of each strains on sheep blood agar control plate only. (panel A) control plates no antibiotics added. All plates
grown in triplicate, repeated independently three times.
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transpeptidation step of peptidoglycan synthesis. Cefepime
reduced biofilm formation in wild type but induced it in other
strains, particularly strain lacking RhlR gene.

Of note, all antibiotics used in this study decreased biofilm for-
mation in wild type PA01; however, they induced biofilm forma-
tion in QS mutant strains in different pattern. This induction
pattern in response to exposure to sub MIC dose of antibiotics
was reported for other bacterial species including methicillin-
resistant S. aureus (MRSA) (Ng et al., 2014), Enterococcus faecalis
(Yu et al., 2018), and S. epidermidis (He et al., 2016). This signifies
the importance of studying molecular genetics of clinical isolates.
In Conclusion

QS perform a main role in the expression of virulence and com-
munication with host defence. The studied antibiotics can be used
558
at sub-MICs in combination with other antipseudomonal therapies
to reduce the virulence, help to overcome bacterial resistance, and
avoiding the major side effects of the high doses.
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