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Inhibition of quorum sensing-mediated biofilm formation in
Pseudomonas aeruginosa by a locally isolated Bacillus cereus
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Quorum sensing has been shown to play a crucial role in Pseudomonas aeruginosa pathogenesis
where it activates expression of myriad genes that regulate the production of important
virulence factors such as biofilm formation. Antagonism of quorum sensing is an excellent target
for antimicrobial therapy and represents a novel approach to combat drug resistance. In this
study, Chromobacterium violaceum biosensor strain was employed as a fast, sensitive, reliable, and
easy to use tool for rapid screening of soil samples for Quorum Sensing Inhibitors (QSI) and the
optimal conditions for maximal QSI production were scrutinized. Screening of 127 soil isolates
showed that 43 isolates were able to breakdown the HHL signal. Out of the 43 isolates, 38 isolates
were able to inhibit the violet color of the biosensor and to form easily detectable zones of color
inhibition around their growth. A confirmatory bioassay was carried out after concentrating the
putative positive cell-free lysates. Three different isolates that belonged to Bacillus cereus group
were shown to have QSI activities and their QSI activities were optimized by changing their
culture conditions. Further experiments revealed that the cell-free lysates of these isolates were
able to inhibit biofilm formation by P. aeruginosa clinical isolates.
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Introduction

With chaotic use of antibiotics, there has been a
substantial increase in the number of multidrug
resistant (MDR) pathogens rendering antibiotics not
the thrilling drugs they previously were. Therefore,
there is a burning desire for development of novel
strategies to combat the infections caused by MDR
pathogens [1–3].

Quorumsensing (QS) is a population density-dependent
regulatory system which regulates a number of crucial
processes in various pathogens. QS has been shown to
regulate a number of diverse phenotypes in both

Gram-negative and Gram-positive bacteria [4] including
biofilm formation [5], virulence gene expression [6], and
bioluminescence [7]. Bacteria are capable of using small
secreted signalling molecules termed autoinducers (AIs)
to coordinate group-level behaviors. Those AIs are
produced by bacterial cells, then released into surround-
ing environment, and once a critical threshold concen-
tration is reached, they are recognized by specific
receptors leading to changes in gene regulation [4, 8, 9].

QS has been receiving a mounting attention in recent
years and it has been proposed that interfering with QS
will inhibit microbial pathogenicity [6, 10]. The inter-
ruption of QS or Quorum Quenching (QQ) has been
pursued as a novel strategy to attenuate bacterial
virulence [11, 12] and may represent a promising
approach that may perhaps lead to development of
novel anti-infective/anti-pathogenic drugs based on
interfering with bacterial communication to block
QS-mediated pathogenic infection [13, 14].
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Pseudomonas aeruginosa is a highly resistant oppor-
tunistic pathogen commonly associated with nosoco-
mial infections [15, 16]. This pathogen exhibits intrinsic
resistance to many structurally unrelated antibiotics
where multiple virulence factors are involved in disease
development such as biofilm formation [17]. In
P. aeruginosa, QS plays an imperative role where signal
cascade is recruited to activate expression of dozens of
genes when sufficient population densities are reached.
This regulates the production of several key extrac-
ellular virulence factors and promotes biofilm
formation [18–20].

Several methods have been developed to detect the
presence of Acyl Homoserine Lactones (AHLs) including
bacterial biosensor systems [21–23]. These biosensors
display a palpable phenotypic change in the presence of
AHLs such as light emission or pigment production [24].
Chromobacterium violaceum produces the water insoluble
purple pigment violacein, when subjected to transposon
mutagenesis, a white mutant is obtained which no
longer produces the Hexanoyl Homoserine Lactone
(HHL) signal [22]. This white C. violaceum mutant termed
CV026 turns purple following exposure to exogenous
AHL making it a supreme AHL biosensor [22, 25–27].
CV026 has been shown to be exceptionally sensitive
to short and medium chain length AHLs, but lacks
sensitivity to AHLs with longer chains [28].

The aim of this study is to control biofilm formation in
virulent P. aeruginosa through inhibition of its quorum
sensing cascade by bacteria isolated from soil with the
help of CV026 as a biosensor strain and also to optimize
the production of the QQ of the promising isolates
through changing the environmental and physiological
production conditions.

Materials and methods

Media and chemicals
Media. Nutrient broth (NB) and brain heart infusion

broth (BHI) were obtained from Biolife (Italy). Nutrient
agar (NA) was obtained from Biomark (India), Eosin
Methylene Blue (EMB) and MacConky were obtained
fromMerck (Germany), while tryptic soy broth (TSB) was
obtained from Oxoid (England). Basal medium (BM)
consists of (NH4)2SO4 (0.5 g), CaCl2.2H2O (1mg),
MgSO4.7H2O (50mg), K2HPO4 (1.74 g), KH2PO4 (1.36 g),
glucose 1.5% and dest. H2O to 100ml whereas modified
basal medium (MBM) consists of BMþ 1% peptone.
Lauria bertani (LB) was separately prepared by admixing
10 g L�1 tryptone (Difco, USA), 5 g L�1 yeast extract
(Difco), and 5 g L�1 NaCl.

Chemicals. Bovine serum albumin (BSA), dithiother-
itol (DTT), N-hexanoyl-L-homoserine lactone (HHL) and
Folin–Ciocalteu reagent were obtained from
Sigma–Aldrich (Germany). Sodium dodecyl sulfate and
tris hydrochloride were obtained fromMerck (Germany).
All other chemicals were of analytical grade and were
purchased from local sources.

Bacterial strains
Biosensors. C. violaceum 026 (CV026) was kindly pro-

vided by Professor Dr. Mohamed Mabrouk, Department
of Microbiology and Immunology, Faculty of Pharmacy,
Ain Shams University.
Pseudomonas aeruginosa clinical isolates. Eight

P. aeruginosa clinical isolates from cancer patients,
collected from the national cancer institute (NCI, Cairo,
Egypt), were employed in this study.
Recovery of bacterial isolates from soil. A total of 127

bacterial soil isolates were collected from different
localities in Helwan city. Samples were collected in
sterile plastic bags from different areas in Helwan and
stored at 4 °C till use. One gram of each soil sample was
placed into a 100ml flask containing 20ml sterile
normal saline solution and incubated at 30 °C in a
shaking incubator 200 rpm for 30min. Then, a sample
from the slurry produced was serially diluted and plated
on nutrient agar. The plates were then incubated for 24h
at 37 °C and morphologically different colonies were
picked up, re-streaked on nutrient agar plates for
isolation of pure culture. Afterwards, individual colonies
were subcultured on nutrient agar slants and stored in
glycerol at �80 °C. The recovered isolates were catego-
rized according to their microscopical characters
revealed by Gram stained films.

Biochemical tests for the selected isolates
Various biochemical tests were performed to character-
ize the three isolates that showed highest QSI activity
(Table 1). Isolates were further identified using API1

CHB identification strips (Biomërieux, France).

Screening of the recovered bacterial soil isolates for
QSI activity
Primary screening using the synthetic signal molecule

(HHL). This was done as described elsewhere [29]. Briefly,
isolates and CV026 were cultured in LB broth at 28 °C.
Fifty-microliter aliquots of 10mM HHL were mixed with
equal volumes of tested isolates culture in microtitre
plate. The plate was then incubated at 28 °C for 4h and
subsequently was exposed to UV germicidal lamp for
90min at a 10 cm distance. Afterwards, 50ml of CV026
culture (OD600nm of 0.3–0.4) was added to each well and
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the plates were incubated overnight at 28 °C. Positive and
negative control wells were included by adding 50ml
phosphate buffered saline (PBS) instead of theHHL signal
or by adding 50ml plain LB broth instead of the
bacterial culture suspension.

Secondary screening of the bacterial soil isolates with
HHL-degrading activity. Secondary screening was done,
for isolates that have been shown to degrade HHL in the
primary screening, using a previously described proto-
col [30]. Briefly, 300ml of an overnight culture of CV026
(OD600nm of 0.3–0.4) were diluted with 10ml PBS and
then 1ml of this diluted suspension was added to sterile
Petri dish containing 50ml of 100mMHHL. Subsequently,
15ml warm LB agar (50 °C) was poured and mixed well
before being left for solidification. Later, fresh cultures
of the test isolates were streaked on the agar surface.
Those plates were incubated at 28 °C for 24h and QQ
activity of the test isolates was indicated by zones of
colorless growth of the biosensor surrounding the test
isolate compared to purple colored growth in the whole
plate.

Preparation of crude cell lysate
of the selected isolates
Isolates that have been confirmed to have QSI activity
were grown overnight on LB agar then suspended in PBS
(OD600nm of 0.1–0.2) and 100ml of these suspensions
were added to 5ml aliquots of LB broth and incubated for
24h at 28 °C with shaking at 160 rpm. Cells were
centrifuged at 6000 rpm for 10min, washed twice with
cell washing buffer (25mM Tris-HCl, pH 7.5), and
resuspended in 2ml cracking buffer (25mM Tris-
HCl, pH 7.5þ 1mM DTT). The cells were intermittently
sonicated and centrifuged at 6000 rpm for 20min,

supernatants were collected and sterilized through
0.2mm filter, and total protein were estimated by Lowry
method using BSA as a standard [31]. The protein
concentrations of test samples were adjusted to 1.5mg
ml�1 (unless otherwise mentioned) for different experi-
ments involving use of crude cell lysates.

Assay of the isolates that proved QSI activity using
serial concentrations of HHL signal
Crude cell lysates of the selected isolateswere adjusted to
1.5mgml�1 total protein and used in this assay. The
assay method is similar to the primary screening
method, but the test samples in that assay were the
cell lysates instead of the bacterial cultures and various
concentrations (0, 5, 10, 20, 30, and 40mM) of the signal
were used. The cell lysates that showed violet color
inhibition at the highest signal concentration were
chosen and subjected to the same assay again with
increasing signal concentration up to 100mM. PBS
replacing tested lysate was used as a negative control.

Quantification of HHL degradation
This has been carried out as previously described [14, 32]
with some modifications as equal volumes of the filter-
sterilized cell-free lysates and HHL (200mM) were
incubated at 28 °C and 50ml of this mixture was added
to 5ml aliquots of LB broth inoculated with 100ml of
CV026 (OD600nm of 0.3–0.4) and incubated at 28 °C,
160 rpm for 24h. Then, 2ml were centrifuged at
10,000 rpm for 10min, cells were then washed twice
with cell washing buffer and resuspended in 1ml DMSO,
and incubated in water bath at 60 °C for 15min, then
centrifuged at 10,000 rpm for 10min. The supernatant
was used to measure violacein pigment at 580nm and
inhibition was calculated as a percentage of control
containing PBS instead of the test lysate. All experiments
were done in triplicates and cell dry weight was
measured in parallel with violacein inhibition.

Determination of cell dry weight
In order to make sure that the inhibition of violacein
production is reflecting quorum quenching effect of the
test lysate and not due to growth inhibiting effect on
CV026, cell dry weight was measured in all experiments
and was compared to control.

The samples taken for dry weight measurement were
centrifuged at 10,000 rpm for 10min. Cells were washed
twice with cell washing buffer then the Eppendorfs were
dried at 40 °C for 18h. The cell dry weight was calculated
by subtracting the weight of empty Eppendorfs from the
final weight of Eppendorfs containing dried pellets. Cell
dry weight was measured in triplicates and represented

Table 1. Biochemical characterization of the selected isolates.

Test name
Isolate

31
Isolate

39
Isolate

52

Growth on nutrient agar Opaque white colonies with
irregular margins

Growth on MacConky agar � � �
Growth on EMB agar � � �
Production of catalase þ þ þ
Growth in thioglycolate
broth

Facultative anaerobe

Growth in 2% NaCl þ þ þ
Growth in 5% NaCl þ þ þ
Growth in 7% NaCl þ þ þ
Growth in 10% NaCl � � �
Growth in 15% NaCl � � �
Starch hydrolysis þ þ þ
Gelatin liquefaction þ þ þ
Decomposition of casein þ þ þ
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as percentage of control containing PBS instead of the
test lysate.

Studying the effect of reaction time on HHL
degradation
Filter-sterilized cell lysates were treated as previously
mentioned but samples were withdrawn from the
reaction mixtures at 1, 2, 3, and 4h reaction times
and were used for determination of QSI effect and cell
dry weight as previously mentioned in quantification of
HHL degradation and determination of cell dry weight.

Studying the environmental factors influencing the
QQ productivity of the selected isolates
This was done by changing the environmental growth
conditions of the test isolates once per time. After
growing the test isolate at the specified conditions, cells
were collected and treated as previously mentioned
under preparation of crude cell lysate of the selected
isolates. The cell lysates were then filter-sterilized and
used for determination of QSI effect and cell dry weight
as previously mentioned in quantification of HHL
degradation and determination of cell dry weight.

Effect of different types of growth media
Six different media were tested including LB, NB, BHI,
TSB, BM, or MBM. Briefly, selected isolates were grown
overnight on LB agar then suspended in PBS to an
OD600nm of 0.1–0.2. Hunfred microliters of these
suspensions were used to inoculate 5ml aliquots of
each tested media and incubated for 24h at 28 °C with
shaking at 160 rpm. For each isolate, the medium that
showed highest QQ activity was selected and used in
subsequent experiments.

Effect of incubation time, incubation temperature,
and agitation rate
Isolates were grown as previously mentioned under
effect of different types of growth media (using the
appropriate medium for each isolate). To examine the
effect of incubation time, isolates were grown for 6, 18,
24, 30, and 48h at 28 °C with shaking at 160 rpm. For
studying the effect of incubation temperature, isolates
were grown for 24h at (28, 33, or 37 °C) with shaking at
160 rpm. To investigate the optimal agitation rate,
isolates were grown with or without shaking at 160
and 250 rpm.

Studying the physiological factors affecting the QQ
productivity of the selected isolates
For each isolate, the environmental growth conditions
that provoked highest QQ activity were chosen and used

with the subsequent tested physiological conditions.
This was carried out by changing the medium compo-
sition once per time. After growing the test isolate at the
specified conditions cells were collected and treated as
previously mentioned under preparation of crude cell
lysate of the selected isolates. The cell lysates were
then filter-sterilized and used for determination of QSI
effect and cell dry weight as previously mentioned in
quantification of HHL degradation and determination of
cell dry weight.

Effect of changing/addition of carbohydrate source
and concentration
For isolates coded 31 and 52, the carbohydrate source
(glucose) in the selected growth medium (MBM) was
replaced by fructose, lactose, sucrose, or starch at the
sameconcentration (1.5%),while for isolate 39, the tested
carbohydrate (glucose, fructose, lactose, sucrose, or
starch) was added to the selected medium (LB) to a final
concentration of 0.5%. To examine the optimal carbohy-
drate concentration, the selected carbohydrate was
tested at 0.5, 1, 1.5, and 2% for isolates 31 and 52, while
in case of isolate 39, the concentrations tested were
0.1, 0.5, 1, and 2%. Isolates were grown as previously
described using the specified incubation condition for
each isolate. Lysates were tested for their QS inhibitory
activity as indicated before. In all cases filter-sterilized
sugars were added to the medium after autoclaving.

Effect of changing/addition of different minerals and
changing mineral concentration
For isolates coded 31 and 52, the minerals in the selected
growthmedium (MBM)was replaced by calcium, ferrous,
manganous, or magnesium at concentration (100mM),
while for isolate 39, the tested mineral was added to the
selected growth medium (LB) at the same concentration.
For investigating the effect of changing mineral
concentration, the selected mineral was tested at 50,
100, and 200mM. After growing the isolates at the
specified conditions, the cell lysates prepared were
adjusted to total protein concentration of 0.75mgml�1

instead of 1.5mgml�1 before being tested for QS
inhibitory activity as previously mentioned.

Effect of QQ activity of cell lysates on biofilm
formation by P. aeruginosa clinical isolates
Cell-free lysates were prepared as previously mentioned
and adjusted to total protein concentration of 1.5mg
ml�1 and used as test lysates in the staticmicrotitre plate
assay [14, 33]. Briefly, P. aeruginosa clinical isolates were
grown in TSB at 37 °C for 18h and 160 rpm. The cultures
were centrifuged at 6000 rpm for 10min and cells were
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washed twice with PBS and resuspended in M9 medium
to an OD600nm of 0.1–0.2. Afterwards, 150ml of this
culture and 50ml of the test lysate (PBS for control) were
dispensed into 96-well plate. The plate was incubated at
37 °C for 24h without agitation. Planktonic cells were
removed to another plate, read at 600nm while biofilms
that have been formed were detected by staining with
0.2% crystal violet, incubated for 15min at room
temperature, and then washed thoroughly with d.
H2O. Ethanol 95% was used to remove crystal violet
from produced biofilms and absorbance was measured
at 590nm.

Results

Recovery of bacterial isolates from soil
A total of 127 bacterial isolates were recovered from
various soil samples on nutrient agar, these isolates
were categorized based on their Gram reaction and
their morphology under the microscope into: 53.5%
Gram-positive bacilli, 29.9% Gram-negative bacilli,
8.7% Gram-positive cocci, and 7.9% Gram-negative
coccobacilli.

Screening of the recovered bacterial soil isolates
for QSI activity

Primary screening using HHL. Out of 127 isolates, only
43 were shown to have the ability to breakdown the
added synthetic signal molecule HHL as indicated by loss
of the purple color in the negative control (Supporting
Information Fig. S1). Thirty two of these isolates (79%)
were Gram-positive bacilli while the remaining nine
isolates (20.9%) were Gram-negative bacilli.

Secondary screening of the bacterial soil isolates with
HHL-degrading activity. The isolates that were shown to
have HHL-degrading activity in the primary screening
method were screened again using the method of
Ref. [30] against CV026. Results obtained demonstrated
that 38 isolates out of the selected 43 isolates were able to
inhibit the violet color of the growing biosensor and to
form easily detectable zones of color inhibition around
their growth.

Assay of the isolates that showed QSI activity using
serial concentrations of HHL signal
Cell lysates of seven isolates were found to inhibit the
violet color production up to HHL concentration of
40mM. These lysates were tested again after raising HHL
concentration to 100mM. Only three lysates were able to
continue color inhibition till the highest concentration.
These isolates were coded 31, 39, and 52.

Biochemical characterization of the selected isolates
The three isolates that showed highest QSI activity,
namely 31, 39, and 52 were then subjected to
biochemical tests. Microscopical examination revealed
the presence of Gram-positive spore forming rods. The
results of various biochemical tests performed to
identify the isolates are listed in Table 1.

The three isolates were further identified using API1

CHB identification system and were found to belong to
Bacillus cereus group.

Studying the effect of reaction time on
HHL degradation as indicated by violacein
pigment inhibition
Figure 1 shows that increasing the contact time of the
test lysate with the synthetic signal HHL enhances
the percentage of inhibition of pigment production,
while the percentage of cell dry weight remains constant
around 100% of the test control (in all the following
optimization steps, not represented), which indicates
increasing percentage of degraded HHL with time and
emphasize that the color inhibition is due to quorum
quenching and not growth inhibition.

One hour incubation time was chosen for the
quantification of QSI activity in all optimization steps
as in all cases it refers to reasonable inhibition
percentage whereby any change can be detected.

Studying the environmental factors affecting the QQ
activity of the selected isolates
Effect of different types of growth media. As demon-

strated in Fig. 2, six types of growth media were tested

Figure 1. Effect of reaction time on HHL degradation by selected
isolates. Cell lysates were incubated with HHL (200mM) at 28 °C
and 50ml of this mixture was added to 5ml aliquots of LB broth
inoculated with 100ml of CV026 (OD600nm of 0.3–0.4) and incubated
at 28 °C, 160 rpm for 24 h. Then, 2ml were centrifuged, washed,
resuspended in 1ml DMSO and incubated in water bath at 60 °C for
15min then centrifuged. Supernatant was used to measure violacein
pigment at 580 nm and samples were withdrawn from reaction at 1, 2,
3, and 4 h and were used for determination of QSI. n¼3 experiments;
means� standard deviations are shown.
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including NB, TSB, BHI, LB, BM, and MBM. Results
obtained demonstrated that MBM was the optimal
growth medium for cultivation of isolates 31 and 52
for highest QS inhibitory activity, while for isolate 39 LB
medium was selected for further optimization steps to
donate highest QQ activity.
Effect of incubation time. Lysates were prepared at five

incubation time intervals 6, 18, 24, 30, and 48h. For all of
the tested isolates, 24 h was selected as the incubation
time that showed the highest QSI activity as demon-
strated in Fig. 3. At 6 h incubation, both isolates 31 and
52 failed to give detectable growth under the specified
growth conditions so the color inhibition was considered
to be zero at this time interval.
Incubation temperature influences violacein pigment

production. As shown in Fig. 4, three incubation temper-
atures (28, 33, and 37 °C) were tested. Results obtained
revealed that 33 °C was selected as the incubation
temperature for cultivation of isolate 31 in further

optimization experiments, while isolates 39 and 52 were
grown at 28 °C instead.
Effect of agitation rate. The QSI activity of cell-free

lysates of the test isolates grown in static condition and
in agitation rate of 160 and 250 rpm was tested. As
demonstrated in Fig. 5, results obtained showed that
160 rpm was the optimal agitation rate for cultivation of
the three isolates in further optimization steps as it
referred to the highest QQ activity.

Studying the physiological factors affecting the QQ
productivity of the selected isolates
Effect of changing/addition of carbohydrate source. For

isolates 31 and 52, glucose, fructose, lactose, sucrose, or
starch were used as carbohydrate source (at 1.5%). As
shown in Fig. 6, glucose was carbohydrate source that

Figure 2. Effect of different types of growth media on QSI activity of
selected isolates. Selected isolates were grown overnight on LB agar
then suspended in PBS to an OD600nm of 0.1–0.2. Hundred
microliters of these suspensions were used to inoculate 5ml aliquots
of each tested media and incubated for 24 h at 28 °C with shaking at
160rpm. n¼3 experiments; means� standard deviations are shown.

Figure 3. Effect of incubation time on QSI activity of selected
isolates. Selected isolates were grown overnight (using the
appropriate medium for each isolate) and suspended in PBS to an
OD600nm of 0.1–0.2. Hundred microliters of these suspensions were
used to inoculate 5ml aliquots of each testedmedia and incubated for
6, 18, 24, 30, or 48 h at 28 °C with shaking at 160 rpm. n¼3
experiments; means� standard deviations are shown.

Figure 4. Effect of incubation temperature on QSI activity of selected
isolates. Selected isolates were grown overnight on LB agar and
suspended in PBS to an OD600nm of 0.1–0.2. Hundred microliters of
these suspensions were used to inoculate 5ml aliquots of the
appropriate medium for each isolate and incubated for 24 h at (28, 33,
or 37 °C) with shaking at 160 rpm. n¼3 experiments; means�
standard deviations are shown.

Figure 5. Effect of agitation rate on QSI activity of selected isolates.
Selected isolates were grown overnight on LB agar and suspended in
PBS to an OD600nm 0.1–0.2. Hundred microliters of these
suspensions were used to inoculate 5ml aliquots of the appropriate
medium for each isolate and incubated for 24 h with or without
shaking at 160 and 250 rpm. n¼3 experiments; means� standard
deviations are shown.
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gave rise to the maximal QQ activity and, therefore, it
has been selected to be used for isolates 31 and 52 in the
following steps. In case of isolate 39, glucose, fructose,
lactose, sucrose, or starch were added to LB broth (at
0.5%) and were tested as carbohydrate sources. Results
obtained showed that lactose was the carbohydrate
source that referred to the highest inhibition of violacein
pigment production for isolate 39. Hence lactose was
selected as the carbohydrate source for cultivation of
this isolate in further optimization steps.

Effect of changing carbohydrate concentration. For
isolates 31 and 52, glucose was selected as the
carbohydrate source and was tested at concentrations
of 0.5, 1, 1.5, and 2%. This has showed that 1.5% was the
optimal glucose concentration that showed highest QQ
activity and was used in subsequent steps.

On the other hand, for isolate 39, the lactose
concentrations tested were 0.1, 0.5, 1, and 2%. The
highest percentage inhibition (77.3%) was obtained with
0.5% lactose and hence, 0.5% was selected for subse-
quent steps. In all cases, percent cell dry weight was
constant around 100% of the test control (Fig. 7).

Effect of changing/addition of different minerals. For
isolates coded 31 and 52, the minerals in the selected
growth medium (MBM) was replaced by magnesium,

manganous, calcium, or ferrous at concentration of
100mM. Results obtained, as demonstrated in Fig. 8,
showed that the maximal percentage of violacein
inhibition (90.5%) by isolate 31 was obtained when
ferrous was used. Likewise, the maximal percentages of
violacein inhibition (91.6%) by isolate 52 and (98.9%) by
isolate 39 were achieved when manganous was used.
Consequently, ferrous was chosen to be added to the
growth medium for cultivation of isolate 31 while

Figure 6. Effect of changing/addition of carbohydrate source on QSI
activity of selected isolates (A: isolates 31 and 52; B: isolate 39).
Selected isolates were grown overnight and suspended in PBS to an
OD600nm of 0.1–0.2. Hundred microliters of these suspensions were
used to inoculate 5ml aliquots of the appropriate medium using the
specified incubation condition for each isolate. n¼3 experiments;
means� standard deviations are shown.

Figure 7. Effect of changing carbohydrate concentration on QSI of
selected isolates (A: isolates 31 and 52; B: isolate 39). Selected
isolates were grown at the specified incubation conditions and their
lysates were tested for QS inhibitory activity. The selected
carbohydrate was tested at 0.5, 1, 1.5, and 2% for isolates 31 and
52, while in case of isolate 39, the concentrations testedwere 0.1, 0.5,
1, and 2%. n¼3 experiments; means� standard deviations are
shown.

Figure 8. Effect of changing/addition of different minerals on QSI
activity of selected isolates. Selected isolates were grown at the
specified incubation conditions For isolates coded 31 and 52, the
minerals in the selected growth medium (MBM) was replaced by
calcium, ferrous, manganous, or magnesium at concentration
(100mM), while for isolate 39, the tested mineral was added to the
selected growth medium (LB) at the same concentration. n¼3
experiments; means� standard deviations are shown.
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manganous was selected to be added to the growth
medium for cultivation of isolates 39 and 52 in the
subsequent optimization steps as they referred to
highest QQ activity.
Effect of changing mineral concentration. The selected

mineral was tested at concentrations of 50, 100,
and 200mM. After growing, the isolates at the specified
conditions, the prepared cell lysates were adjusted to
total protein concentration 0.75 instead of 1.5mgml�1

before testing them for QSI activity as indicated before.
For isolates 39 and 52, manganous ion was tested at

the same concentrations. This showed that the maximal
percentage of inhibition of violacein pigment produc-
tion (62.9%) by isolate 39 was obtained with 200mM.
Similarly, the maximal percentage of inhibition of
violacein pigment production (50.7%) by isolate 52
was achieved with 100mM (Fig. 9A). On the other hand,
ferrous was the selected metal ion for isolate 31 and was
tested at concentrations of 50, 100, and 200mM. This has
showed that maximal percentage of inhibition (65.1%)
was achievedwith 100mM (Fig. 9B). Thus, 100mM ferrous
ion was selected for cultivation of isolate 31 while
manganous at concentrations 200 and 100mM was used
for isolates 39 and 52, respectively.

Effect of quorum quenching activity of the cell lysates on
biofilm formation by P. aeruginosa clinical isolates. The
optimized growth conditions which gave rise to
the highest QQ activity for each isolate were found to
be MBM with 1.5% glucose and 100mM ferrous sulfate
incubated at 33 °C and 160 rpm for 24h for isolate 31, LB
with 0.5% lactose and 200mM manganous sulfate
incubated at 28 °C and 160 rpm for 24h for isolate 39
and MBM with 1.5% glucose and 100mM manganous
sulfate incubated at 28 °C and 160 rpm for 24h for isolate
52. The effect of cell-free lysates of isolates grown at
these conditions on the biofilm and planktonic growth
of eight P. aeruginosa clinical isolates was measured as a
percentage of control containing PBS instead of the test
lysate. In almost all cases, the test lysates showed higher
OD values of planktonic cell compared to the corre-
sponding control (Supporting Information Fig. S2);
however, in many cases, the test isolates showed
detectable biofilm inhibition despite of the higher
growth compared to the control.

As shown in Fig. 10, isolates 31, 39, and 52 were able to
inhibit biofilm formation by various P. aeruginosa clinical
isolates by various degrees.

Discussion

QS is a mechanism whereby bacteria can elicit a
biological response to an external stimulus. It includes
expression of an array of genes that endow bacteria with
the ability to work in unison to preclude any kind of
afflictions during microbe–microbe or host–microbe

Figure 9. Effect of changing mineral concentration on QSI activity of
selected isolates (A: isolates 39 and 52; B: isolate 31). The selected
mineral was tested at 50, 100, and 200mM. After growing the isolates
at the specified conditions, the cell lysates prepared were adjusted to
total protein concentration of 0.75 instead of 1.5mgml�2 before being
tested for QS inhibitory activity. n¼3 experiments; means� standard
deviations are shown.

Figure 10. Effect of QQ activity of cell lysates on biofilm formation by
P. aeruginosa clinical isolates after correction of growth effect.
P. aeruginosa clinical isolates were grown in TSB at 37 °C for 18 h
and 160 rpm. Cells were centrifuged, washed with PBS, and
resuspended in M9 medium to an OD600nm of 0.1–0.2. One hundred
and fifty microliters of this culture were added to 50ml of test lysate or
PBS in 96-well plate and incubated at 37 °C for 24 h without agitation.
Planktonic cells were removed to another plate, read at 600 nm while
biofilms were detected by staining with 0.2% crystal violet, incubated
for 15min at room temperature, and then washed thoroughly with d.
H2O. Ethanol 95% was used to remove crystal violet from produced
biofilms and absorbance was measured at 590 nm. n¼3 experi-
ments; means� standard deviations are shown.
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interactions [34]. With the help of QS, bacteria regulate
plethora of activities and diverse cellular functions [11].
AHLs-dependent QS is essential for virulence in many
pathogens and interfering with its signaling cascade
could prevent virulence of pathogenic bacteria [35].
Currently, this approach is gaining more attention to
control infection caused by MDR bacteria since QQ may
have the potential to circumvent the challenge of the
development of MDR in bacteria [33].

P. aeruginosa has an incredible metabolic versatility
which is mainly attributed to its genomic diversity. One
of the important characteristics of P. aeruginosa is the
ability to form biofilms that endow it with the ability to
resist different antibiotics therapy. Antibiotic resistant
strains of P. aeruginosa have been shown to exhibit better
biofilm forming ability [36, 37].

In this study, we initially screened 127 soil isolates for
their ability to degrade HHL and 43 isolates have shown
the ability to completely breakdown the HHL which is in
line with previously published work reporting the wide
distribution of QSI-producing bacteria in soil environ-
ments [30, 38].

Further screening showed that 38 isolates out of the
selected 43 isolates (88%) were able to inhibit the violet
color of the growing biosensor with the prevalence of
Gram-positive bacilli (79%). Having screened isolates for
HHL degrading ability, we set out to examine the cell-free
lysates of isolates for their QQ activity and this showed
that only seven lysates were found to inhibit violet color
production up to HHL concentration of 40mMwhile only
three lysates continue color inhibition after raising HHL
concentration to 100mM. These isolates coded 31, 39,
and 52 and were further identified as different strains of
Bacillus cereus which is in concordance with previously
published data reporting the wide distribution of
homoserine lactonases among this class of microorgan-
isms [39, 40].

Afterwards, we thought to study factors thatmay have
the potential to influence QQ activity of the tested
isolates. Several parameters have been adjusted includ-
ing contact time between lysate and HHL, type of media,
incubation time, incubation temperature, agitation rate,
carbohydrate source, and minerals. Results obtained
showed that increasing the contact time of the test
lysate with the synthetic signal HHL has led to increase
the percentage of inhibition of pigment production,
while the percentage of cell dry weight remained
constant around 100% of the test control. This indicates
increasing percentage of degraded HHL with time while
emphasizing that the color inhibition is due to quorum
quenching not growth inhibition and this is in line with
previously published data [38]. One hour incubation time

was chosen in the quantification of QSI activity in all the
optimization steps as in all cases it led to maximal
percentage of inhibition whereby any change can be
detected.

Next, six types of growth media were tested including
NB, TSB, BHI, LB, BM, and MBM and results obtained
demonstrated that MBM was optimal for cultivation of
isolates 31 and 52 while LB was ideal for cultivation of
isolate 39 leading to the highest QSI activity. These
results indicate that organisms preferred lower nutrient
availability for more QQ activity which may explain the
need of QSI activity to mimic nature as many organisms
use QQ as a mechanism for fighting for limited
resources [41, 42].

Here, we showed that incubation time influences QQ
activity of the isolates and 24h was the optimal
incubation time which corresponded to the highest
QQ activity. Likewise, we showed that 33 °C was optimal
incubation temperature for isolate 31 in contrast to 28 °C
for isolates 39 and 52. Studying the impact of agitation
rate on QQ production revealed that 160 rpm was ideal
for highest QSI activity while on the other hand,
incubation of the tested isolates in static conditions
resulted in cell-free lysates that showed minimal QQ
activity.

Subsequently, the effect of changing of carbohydrate
source and concentration in the media has been
addressed. The maximal QSI activity was achieved when
glucose was used. With regard to carbohydrate concen-
tration, 1.5% glucose was chosen as optimal glucose
concentration for isolates 31 and 52, while 0.5% lactose
was optimal for isolate 39. Likewise, the optimal QQ
activity was obtained when ferrous was used for isolate
31 and manganous for isolates 39 and 52. Previous
studies have reported that somemetal are crucial for the
activity of QQ enzymes from different microbial
sources [43–45].

Biofilm formation is increasingly being recognized as
an important virulence factor in P. aeruginosa and many
previous studies have shown that some QQ enzymes and
chemicals act as potent biofilm inhibitors. Rajesh and
Ravishankar have shown that the cell-free lysates
extracted from the endophytic bacteria Bacillus firmus
PT18 and Enterobacter asburiae PT39 had a significant
inhibitory effect on biofilms formed by P. aeruginosa
PAO1 [14]. These endophytic bacteria were shown to have
lactonase activity.

Accordingly, we tested the effect of cell-free lysates of
the three selected isolates on the planktonic cells and
biofilm formed by eight P. aeruginosa clinical isolates. The
effect of the cell-free lysates on the planktonic cells was
surprising as in almost all cases, the test lysate showed

1414 Shaimaa Wahman et al.

� 2015 WILEY-VCH Verlag GmbH & Co.KGaA,Weinheim www.jbm-journal.com J. Basic Microbiol. 2015, 55, 1406–1416



higher growth than the corresponding control which
may be due to the effect of the test lysate itself as an
added nutrition. This would in turn make the result of
the biofilm inhibition unreal; therefore, a calculation
correction was made to rectify the effect of different
growth on the test and control. Interestingly, the
test lysates showed reproducible biofilm inhibition
against the P. aeruginosa clinical isolates that reached
75.45% for isolate 31 against the clinical isolate Ps2.

To conclude, screening of 127 soil samples for HHL
quenching activity showed that 43 isolates have been
able to breakdown the HHL signal. Out of the selected 43
isolates, 38 isolates were able to inhibit the violet color of
the growing biosensor. Three different isolates belong to
Bacillus cereus group were confirmed to have QSI activity
and their QSI activity was optimized by changing their
culture conditions. Further experiments revealed that
the cell-free lysates of these isolates were able to inhibit
biofilm formation of P. aeruginosa clinical isolates.
Altogether, the data presented in the current study
support the notion that antagonism of quorum sensing
is a promising approach that could pave the way toward
a novel anti-virulence strategy for the treatment of
bacterial infection as well as combating drug resistance.
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