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Background: Quorum quenching, the interference of a Quorum sensing (QS) system that

contributes to the pathogenesis through triggering the production of various virulence

determinants, is among the newly suggested antivirulence strategies.

Purpose: This study aimed at screening of N-Acyl homoserine lactonase activity from local

bacterial isolate, and investigating its effect on Pseudomonas aeruginosa (P. aeruginosa)

virulence and biofilm formation.

Materials and methods: Soil bacteria were screened for aiiA gene coding for lactonase

enzyme by Polymerase Chain reaction and sequencing of aiiA gene homologs. Lactonase activity

and spectrum were assessed in the cell-free lysate by well diffusion assay using Agrobacterium

tumafaciensKYC55. A bacterial isolate showing the highest N-acyl-homoserine lactones degra-

dation percentage was identified by gene amplification and sequencing of the 16S rRNA gene

and its aiiA gene homolog. High performance liquid chromatography was used to confirm

N-acyl-homoserine lactone degradation. The effect of cell-free lysate on the biofilm formation

ability and cytotoxicity of P. aeruginosa PAO1 and P. aeruginosa clinical isolates from different

clinical sources were assessed by static microtiter plate and viability assay, respectively

Results: Lactonase gene and activity were identified in threeBacillus spp. isolates. They showed

broad catalytic activities against tested N-acyl-homoserine lactones. However, The lactonase

activity in the cell- free lysate of isolate 30b showed the highest significant degradation

percentage on all tested signals; N-butanoyl-L-homoserine lactone (71%), N-hexanoyl-

L-homoserine lactone (100%), N-decanoyl-homoserine lactone (100%), N-(3-oxohexanoyl)-

L-homoserine lactone (37.5%), N-(oxodecanoyl)-L-homoserine lactone (100%), and

N-(3-oxododecanoyl)-L-homoserine lactone (100%). Alignment of the amino acid sequences

of AiiA protein of isolate 30b showed 96% identity with Bacillus cereus (B. cereus) homologous

lactonases in the GenBank database, and the isolate was designated asB. cereus isolate 30b. Cell-

free lysate of B. cereus isolate 30b reduced biofilm formation significantly in 93% of

P. aeruginosa isolates. The highest mean percentage of reduction in the biofilm was 86%.

Moreover, the viability percentage of human lung carcinoma A549 cells infected by

P. aeruginosa and treated with cell-free lysate of B. cereus isolate 30b increased up to 15%.

Conclusion: The results of this study highlight the potential of lactonases as a promising

strategy to combat Pseudomonas aeruginosa virulence.

Keywords: lactonase, antivirulence, Pseudomonas aeruginosa, biofilm, cytotoxicity,

quorum quenching, AHL

Introduction
Quorum sensing (QS) is a signaling system based on cell–to-cell communication

mechanism which depends on cell population density in bacteria.1,2 This QS system
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regulates the expression of diverse physiological activities

such as bioluminescence, antibiosis, and biofilm

development.3–6 The QS system allows bacteria to compete

and dominate the bacterial community in which they develop

strategies to increase their chances for co-existence. The QS

system monitoring is achieved via small signal molecules.7

There is a wide range of QS signals, but only two are

the most widely studied: N-acyl–L- homoserine lactones

(AHLs) produced by more than 70 species of Gram nega-

tive bacteria, which has been termed autoinducers, while

Gram positive bacteria uses autoinducing peptides as sig-

naling molecules.8–10 In Gram negative bacteria, the AHLs

signals diffuse across the cell membrane and bind to

regulatory proteins.

AHLs are synthesized in the bacteria by a member of the

LuxI protein family, and diffuse outside the bacteria. When

AHL concentration reaches a threshold value due to accu-

mulation of AHL derived from each bacterial cell, the AHL

receptor protein belonging to LuxR protein family binds and

regulates the expression of many virulence genes.1,5,11

However, interfering with the microbial QS system by

quorum quenching (QQ) has been considered as an important

strategy for disease control, as it is based on shutting down

the virulence expression in pathogenic bacteria rather than

inhibiting cell growth,12–15 This has shown the potential to

overcome drug toxicities and antibiotic resistance.

QQ is mediated by enzymes known as QQ enzymes.16

QQ enzymes have been identified in a number of bacteria

as quorum quenchers since AHL-lactonase AiiA from

Bacillus spp.was first identified.17

QQ enzymes have been classified according to their

enzymatic mechanism into three major types: AHL lacto-

nase, AHL acylase, and AHL oxidase and reductase.18

AHL lactonases encoded by the gene aiiA, which

hydrolyze the lactone ring of AHL of Gram negative

pathogens and are found in numerous Bacillus spp.19–22

P. aeruginosa has become an important cause of hospital-

acquired infections such as; pneumonia, urinary tract infec-

tions, skin and soft tissue infections. The problem is aggravated

by the appearance of multi-drug resistant strains leading to

high mortality rates.23 In addition, P. aeruginosa forms bio-

films in host tissues. Being protected by extracellular poly-

meric substances, biofilm-forming cells can evade the immune

host response and are considered 1,000-fold more resistant to

conventional antibiotics compared to planktonic cells.24

P. aeruginosa produces two AHLs: N-(3-oxododecanoyl)-

L-homoserine lactone (3-oxo-C12-HSL) and N-butanoyl-

L-homoserine lactone (C4-HSL). These signals control

hundreds of genes, including those involved in the production

of extracellular virulence factors and biofilm formation.25,26 In

addition to their role in the upregulation of the genes involved

in the production of destructive virulence factors such as

proteases and toxins that affect human cells,27 QS signals

themselves can modulate the production of pro-inflammatory

cytokines and induce apoptosis in human cells. Studies demon-

strated that 3-oxo-C12-HSL inhibits the production of IL-12

and TNFα by LPs-activated macrophages.28

Accordingly, investigating new antivirulence and anti-

biofilm strategies is of major importance in limiting

P. aeruginosa infections. Although lactonase activity of

many bacteria has been thoroughly studied, limited

research was conducted on its antipathogenic effect on

clinical isolates of P. aeruginosa.29

In this present study, we aimed at isolating QQ lacto-

nase enzymes from Bacillus spp., examining the effect of

cell-free lysate from three Bacillus spp. on a range of QS

signals, including those produced by P. aeruginosa. The

highest spectrum and percentage of AHLs-degradation

activity was obtained with the cell-free lysate of

B. cereus isolate 30b. Additionally, we confirmed the

antibiofilm effect and reduced cytotoxicity of both refer-

ence and clinical isolates of P. aeruginosa treated with the

cell-free lysate of B. cereus isolate 30b.

Materials and methods
Isolation of soil bacilli
Soil samples were collected from agricultural areas at differ-

ent Egyptian governorates. Sampling was done at the subsur-

face, where about 10 grams of soil samples were suspended

in 20 mL of sterile distilled water in sterile 50 mL falcon

tubes. Soil suspensions were vortexed and placed in a water

bath at 80°C for 30 minutes. Heat-treated suspensions were

placed at room temperature for 2 hours, then were serially

diluted to 10–1, 10–2 in sterile saline, and were streaked on

brain heart agar (Oxoid) plates. Bacilli isolates with different

morphology were picked up and isolated for pure colonies on

brain heart agar (Oxoid) plates.30

Screening for AHL-lactonase – positive

bacterial isolates
Bacterial isolates were screened for the presence of lactonase

gene by Polymerase Chain reaction (PCR) amplification of

aiiA homologs using the extracted genomic DNA of each

isolate as a PCR template, Taq DNA polymerase (Promega)

and primer pairs: aiiA-F1 (5ʹ-ACG TGG ATC CCG CAG
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GATCCATATGACAGTAAAGAAGCT-3ʹ), and aiiA-R1

(5ʹ-GCT GGT CGA CCG TCG ACT ATA TAT ATT CAG

GGA A-3’).31 The thermal cycling conditions were carried

out with modification according to Rajesh and Ravishankar

Rai32 as follows: initial denaturation at 94°C for 45 seconds,

followed by five cycles of 94°C for 45 seconds, 44°C for 45

seconds, 72°C for 1 minute, then followed by another 30

cycles of 94°C for 45 seconds, 60°C for 45 seconds, 72°C for

1 minute, and final extension at 72°C for 8 minutes. Genomic

DNA obtained from Bacillus weihenstephanensis isolate

P65 – producing lactonase previously identified by Sakr et -

al33 – was used as a positive control. Detection of the ampli-

fied products was done by agarose gel electrophoresis, and

the expected size of DNA fragment was determined in com-

parison to the DNA ladder (GeneRuler 1 kb Thermo Fisher

Scientific).

Preparation of crude cell- free lysate
Isolates were incubated in brain heart broth media

(Oxoid) overnight at 30°C, with shaking at 180 rpm.

Cultures were centrifuged at 6,000 rpm for 10 minutes.

Cell pellets were collected and were washed 3 -times

with 50 mM Tris buffer (pH 7). Cells were incubated in

lysis buffer containing: 50 mM Tris buffer (pH 7),

200 mM NaCl, 5 mM MgCl2, 1 mg/mL lysozyme

(Sigma-Aldrich),1 mM Phenyl methanesulfonyl fluoride

(Sigma-Aldrich), and 1 mM Dithiothreitol (Sigma-

Aldrich) at 4°C for 20 minutes.34 Cells were disrupted

by sonication using a sonicator probe for 5×2 minute

pulses at 60 Hz. Cell lysates were centrifuged at 13,-

000 rpm at 4°C, and supernatant was collected and

filtered through a 0.22 µm sterile filter, then stored at

−20°C. Protein content was determined by Bradford

reagent (Sigma-Aldrich) using bovine serum albumin as

standard.35

Confirmation of quorum quenching

activity in cell-free lysate using AHL

inactivation assay
The AHL inactivation assay was carried out by well diffusion

method using A. tumefaciensKYC55 as a reporter strain. Agar

plates were prepared as follows: 1 mL of overnight culture of

KYC55 was added to 50 mL of AT minimal medium supple-

mented with Gentamycin (100 µg/mL) (Sigma- Aldrich),

Tetracycline (4 µg/mL) (Sigma-Aldrich), Spectinomycin

(100 µg/mL) (Sigma- Aldrich),36 and was grown at 28ºC

and 160 rpm overnight and was poured into 100 ml AT

minimal medium (1.2% agar) maintained at 46ºC. X-Gal

(Biomatik, Canada) was added to a final concentration of 60

µg/ml. The agar-culture solution was immediately poured as

20 ml portions in petri dishes. Cell-free lysate of the isolates

showing positive aiiA PCR products were adjusted to the same

protein content of 1500 µg/mL, andwere incubated for 3 hours

with N-hexanoyl-L-homoserine lactone (C6-HSL) (Sigma-

Aldrich) at a final concentration of 50 µM. To confirm lacto-

nolysis, the experiment was repeated and was followed by

acidification of the reaction products with 0.2 M HCL.37

Enzymatic activity was stopped by heating at 95°C for 10

minutes, and 60 µL from the supernatants of the reaction

mixtures were spotted in wells punched in the solidified agar.

The plates were incubated at 28ºC for 12–18 hours, and then

examined for blue coloration. The presence of clear zone

around the wells is the indication of AHLs degradation.

Sixty microliters of C6-HSL with the concentration of 50

µM was pipetted into wells and used as a positive control.38

Assay of the spectrum of the AHLs

degradation activity of the cell-free

lysates
The AHLs degradation activity of cell-free lysates of Bacillus

spp. isolates 30b, 32C, and 6 was assessed against different

AHL signals using the well diffusion assay. AHL signals

tested were; 100 µM C4-HSL (Cayman), 50 µM C6-HSL,

50 µM N- decanoyl-homoserine lactone (C10-HSL), 25 µM

N-(3-oxohexanoyl)-L-homoserine lactone (3-oxo-C6-HSL),

25 µM N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-

C10-HSL), 25 µM 3-oxo-C12-HSL (Sigma-Aldrich). The

relative degradation activity was calculated for each AHL

signal by calculating the residual AHL from a calibration

curve constructed using different concentrations of standard

AHL and their induced zone diameter using two AHLs repor-

ter strains; Chromobacterium violaceum (C. violaceum)

CV026 and A. tumafaciens KYC55, which respond to short

chain and medium-to-long chain AHLs, respectively.39–42 The

maximum degrading activity is defined as 100% relative

degradation activity.43

Identification of bacterial isolate,

sequencing of aiiA gene homolog, and

phylogenetic analysis
Identification of the bacterial isolate possessing the most

significant degradation percentage against different AHLs

signals was done by 16S rRNA gene amplification and

sequencing. Genomic DNA of the isolate was extracted
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using a DNA extraction kit (Qiagen). The 16S rRNA gene

was amplified by PCR using universal primers 27F: (5‘-

AGA GTT TGA TCC TGG CTC AG-3‘) and 1492R (5‘-

ACG GCT ACC TTG TTA CGC TT- 3‘) by standard

procedure.32 The purified PCR product (~1,426 bp) was

sequenced, and the edited sequence data was assembled

into a final consensus sequence. The obtained consensus

was blasted in the nucleotide National Center for

Biotechnology Information (NCBI) GenBank database

and submitted into GenBank under accession number

(MF671984). The PCR product of aiiA gene (~720 bp)

of the same isolate was purified using QIA quick PCR

purification kit (Qiagen) and was sequenced. The open

reading frame of the lactonase enzyme was obtained

using CLC Main Workbench 5 (CLC Bio, Aarhus,

Denmark). Alignment of the amino acid sequence of the

identified lactonase enzyme with AHL homologous lacto-

nases retrieved from the NCBI database was done using

CLC Main Workbench 5. The neighbor-joining method

was used to construct the phylogenetic tree using the

MEGA 5 software. Cell-free lysate was analyzed by SDS-

PAGE and was visualized by Coomassie brilliant blue

staining (Sigma-Aldrich).

High performance liquid chromatography

(HPLC) analysis
HPLC analysis was carried out by a modified method of

Wang et al.44To analyze AHL-degradation products, C6-

HSL at a final concentration of 50 µM was mixed with an

equal volume of the cell-free lysate of B. cereus strain 30b

(adjusted to a protein content of 1500 µg/mL), and was

incubated at 30°C for 3 hours. A negative control without

the cell-free lysate containing final concentration of 50 µM

C6-HSL in Tris buffer (pH 7) was also included. After

incubation, the reaction was stopped by heating at 95°C

for 10 minutes and the reaction mixture was centrifuged to

pellet the precipitated protein. Then the reaction mixture

was extracted with an equal volume of ethyl acetate

(Sigma-Aldrich). The mixture was shaken vigorously for

30 seconds, and the phases were allowed to separate. The

shaking was repeated three times before the ethyl acetate

fraction was removed and another fraction was added. The

whole extraction process was repeated three times. The

combined ethyl acetate fractions were evaporated to dry-

ness and reconstituted in 0.2 mL of acetonitrile (Sigma-

Aldrich), nd chromatographed on HPLC system

(Shimadzu class-VP) with a UV/Vis detector at 205 nm

using an Agilent C18 column (4.6x250 mm). Samples were

eluted isocratically with water-acetonitrile (50:50, pH 6.5)

[vol/vol] at 1 mL/min. The amount of AHL was estimated

by comparing the reduction in peak areas for a given

retention time with a C6-HSL standard calibration curve.

P. aeruginosa isolates and culture

conditions
A total of 33 clinical isolates of P. aeruginosa previously

identified with API 20NE System (Biomerieux, France)

were included in this study. They were selected from our

culture collection based on the presence of one or more

virulence factors, as described previously.45 (Table S1).

The isolates had been taken from different specimens:

Abscess (10), urine (10), sputum (6), wound (5), and

stool (2). They were obtained from the bacteriology

laboratory of Al-Azhar University and Kasr Al Ainy hos-

pitals, Egypt. All experiments in this study using the

clinical isolates were conducted in accordance with and

approval of the ethical committee at the Faculty of

Pharmaceutical Sciences & Pharmaceutical Industries,

Future University in Egypt.

P. aeruginosa PAO1 ( ATCC 15692) and clinical iso-

lates were cultured in Luria Bertani (LB) broth (Oxoid).

The cultures were incubated at 37°C for 24 hours in

a rotary shaker at 160 rpm.

Effect of cell-free lysate on P. aeruginosa
biofilm
The biofilm-forming ability of P. aeruginosa clinical iso-

lates and the anti-biofilm activity of cell-free lysate of

B. cereus isolate 30b were assessed using static microtiter

plate assay according to Cady et al,46 with slight modifica-

tions. P. aeruginosa PAO1 and clinical isolates were

grown individually in LB broth for 18 hours at 37°C

with a rotary shaker at 150 rpm. The overnight culture

was resuspended in LB media to get approximately

1.5×107 CFU/mL (determined by optical density). Then

100 µL of culture along with 0.22 µm filter sterilized 100

µL cell-free lysate were dispensed into a 96-well micro-

titer plate. The assay controls were maintained without

cell-free lysate treatment using Phosphate Buffered

Saline (PBS). The plate was incubated at 37°C for 6

hours without agitation. The planktonic cells were

removed and read at 600 nm. Wells were washed twice

with 150 µL of PBS. Biofilms formed were detected by

staining with 100 µL of crystal violet [0.2% (w/v),
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incubated for 15 minutes at room temperature and then

washed four times with PBS. One hundred microliters of

ethanol (95%) was used to remove crystal violet from the

biofilm onto a new microtiter plate, and absorbance was

measured at 590 nm. The ratio of the OD 590/OD 600 was

used to normalize the amount of biofilm formed to the

growth of bacteria in the presence and absence of the cell-

free lysate.

Effect of cell-free lysate of B. cereus isolate
30b on P. aeruginosa cytotoxicity to

human lung carcinoma A549 cells
The human lung carcinoma A549 cell line was purchased

from Vacsera (Egypt). The cell line was cultured in RPMI

1640 medium supplemented with 10% fetal bovine serum,

100 U/mL of penicillin, and 100 µg/mL of streptomycin,

and incubated at 37°C with 5% CO2 till confluency. The

cells were diluted to 2.0×105 cells/mL, and 100 µL ali-

quots were dispensed in a 96-well plate and incubated

overnight. The cells were washed and were infected with

P. aeruginosa PAO1 or clinical isolates at a concentration

of 1×106 CFU/well or with a combination of non-cytotoxic

dose of cell-free lysate of B. cereus isolate 30b (250 µg/

mL protein) and P. aeruginosa PAO1/clinical isolates.

Negative control wells with normal saline were also

included. The cytotoxicity was assessed by measuring the

amount of lactate dehydrogenase (LDH) from viable cells

by treatment with 3- (4,5- Dimethylthiazol-2-yl)-

2.5-Diphenyltetrazolium Bromide (MTT) dye (0.5 mg/

mL) (Sigma-Aldrich) at 37°C for 4 hours, then MTT was

discarded. Plates were washed three times with PBS.

Dimethyl sulfoxide (BDH, England) was added as 50

μL/well. Plates were shaken for 30 minutes to dissolve

the produced intracellular blue MTT-Formazan complex.

Optical densities (ODs) were measured at 570 nm using an

ELISA plate reader.47

Statistical analysis
All data were presented as the mean value of three inde-

pendent measurements±standard deviation. GraphPad

Prism (La Jolla, CA, USA) software was used to calculate

the standard error and hypothesis testing to determine the

level of significance. Significant differences between

means were tested by unpaired t-test and one-way analysis

of variance (ANOVA) with Tukey’s Multiple Comparison

post-hoc test. Differences were considered significant at

P˂0.05.

Results and discussion
Owing to the continuous emergence of resistant strains to

commonly used antibiotics, there is a crucial need for

exploring new therapeutic approaches. Lactonases are

among the QQ enzymes that had received much more

attention in the last few years as promising alternatives

targeting AHL molecules of Gram negative pathogens

without affecting cell growth or imposing selective pres-

sure on microorganisms.48 They exert their effect by

hydrolyzing the ester bond of AHLs, and give the corre-

sponding AHL molecule,19,49 thus preventing the interac-

tion between AHL and its cognate receptor protein and the

subsequent expression of virulence phenotypes in patho-

genic bacteria. The main focus of this study was to screen

for AHL-lactonase activity from local Bacillus spp., as

well as investigate its inhibitory effect on P. aeruginosa

cytotoxicity and biofilm-forming ability.

Isolation of soil bacilli, screening for aiiA
gene
Out of 97 soil samples collected from agricultural areas of

different Egyptian governorates, 209 soil bacilli isolates

were recovered. All isolates were screened for the pre-

sence of AHLs-lactonase (aiiA) homolog gene. The aiiA

PCR product was detected in only three isolates (3/

209; 1.43%).

Confirmation of AHL degradation activity

by well diffusion assay
The AHL-lactonase activity of the cell-free lysate of aiiA-

positive isolates was tested for their ability to degrade C6-

HSL, using a sensitive indirect assay for AHL-lactonase

activity. In this assay, we utilized a specific bacterial

biosensor,50 A. tumafaciens KYC55 strain, which was

reported to have high sensitivity and permit detection of

a broad range of AHL derivatives using a well diffusion

method. A. tumafaciens KYC55 produces blue coloration

in response to C6-HSL. The cell-free lysates exhibiting

quorum quenching activity degrade C6-HSL, which in turn

inhibits the development of the blue color. Based on the

size of the blue coloration around the wells, the three

isolates showed different AHL lactonase degradation

activity (Figure 1A). The cell-free lysate of isolates 32C

and 6 showed only partial degradation of C6-HSL, as

indicated by the blue halos around wells, whereas the cell-

free lysate of isolate 30b showed complete degradation of

C6-HSL. Since the hydrolytic cleavage of the homoserine
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lactone ring by AHL-lactonase is reversible and is similar

to pH-mediated lactonolysis, the effect of acidification of

the reaction products after incubation of C6-HSL was

tested with the cell-free lysate. The appearance of the

blue color around the wells confirms the presence of

lactonase enzyme in cell-free extracts and excludes the

possibility of the presence of acylase type-QQ enzymes

(Figure 1B).12 The three isolates were subjected to subse-

quent assay to investigate their spectrum of AHLs degra-

dation activity.

Assay of the spectrum of the AHLs

degradation activity of the cell-free lysate
We expanded our analysis for the AHL degradation activity

to a broader range of synthetic signals. The ability of the

cell-free lysates of the three bacterial isolates to degrade

different types of AHLs was studied. We used a detectable

concentration for each AHL signal, which was between

25–100 µM, and this concentration was determined accord-

ing to the sensitivity of the reporter strain towards different

AHLs. In this study, all three isolates showed a broad sub-

strate spectrum. All signals were significantly degraded by

the cell-free lysate of the three isolates, except 3-oxo-C6-

HSL, which was significantly reduced only by 30b cell-free

lysate. By examination of the percentage degradation of all

signals, significant difference in the mean degradation per-

centage was found between 30b and 32C or 6 cell-free

lysates. In general, 30b cell-free lysate exhibited the highest

degradation percentage of all tested signals which reached

100%, except for C4-HSL, which was 71%. However, 32C

and 6 cell-free extract showed lower percentages of

degradation against all signals (Figure 2). These results

were in agreement with previous studies on lactonase

enzyme from Bacillus spp. which reported that the AHL-

lactonase AiiA from Bacillus exhibited the same enzymatic

activity toward AHLs of variable length and irrespective to

the nature of the substitution at the C3 position of the acyl

chain.51,52 However, in other studies AiiA from Bacillus sp.

240B1 showed better activity against AHLs without 3-oxo

substitutions than against the substituted derivatives.53 Such

discrepancies could reflect strain-specific variations.

In the current study, the increased catalytic efficiency of

30b cell-free lysate towards 3-oxo-C12-HSL, which is

reported as the main signal that controls the expression of

the subsequent QS circuit in P. aeruginosa,26,54,55 led us to

investigate the effect of 30b cell-free extract on P. aeruginosa

biofilm formation and cytotoxicity to the human cell line.

Identification of the bacterial isolate,

sequencing of its aiiA gene, and

phylogenetic analysis
The isolate was identified using 16S rRNA gene amplification

and sequencing as B. cereus isolate 30b (accession number

MF671984).Alignment of the nucleotide/amino acid sequence

of the obtained lactonase from B. cereus isolate 30b (accession

number MF979526) revealed 96% identity with B. cereus

homologous in the GenBank database. The phylogenetic tree

based on amino acid sequence showed its close clustering to

other lactonases from different Bacillus spp. (Figure 3). In the

same context, Huma et al31 reported that among 42 Bacillus

strains possessing AHL-lactonase gene aiiA, 45% were found

to be B. cereus; however, lactonase gene aiiA was also

Figure 1 (A) Confirmation of AHL degradation activity of the cell-free lysates of Bacillus sp. isolates 30b, 32c, 6 by well diffusion assay using A. tumefaciens KYC55. (B). Effect
of acidification with 0.2M HCL on the reaction products.

Abbreviation: AHL, N-acyl-L-homoserine lactone; A. tumefaciens, Agrobacterium tumefaciens.
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detected in various other Bacillus spp.20,21,56–58 Moreover,

lactonase production has been reported in other

microorganisms such as Agrobacterium,59 Rhodococcus,60

Streptomyces,61 Pseudomonas,62 Arthrobacter, and

Klebsiella spp.63

HPLC analysis
To further confirm the lactonase activity in B. cereus

30b cell-free lysate, C6-HSL substrate was incubated

with the cell-free lysate, and the reaction products were

analyzed with HPLC. To exclude any alkaline
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Figure 2 AHL-degrading activity of cell-free lysates of Bacillus sp. isolates 30b, 32c, 6 against different substrates. The results are means of three independent experiments,

and error bars show standard deviation.

Notes: Results are the means of three independent experiments and the error bars show SD. (*) P<0.05, (**) p<0.001 and (***) p<0.001 according to student’s t-test.
Abbreviation: AHL, N-acyl-L-homoserine lactone.

Figure 3 Phylogenetic tree deriving from neighbor-joining based on amino acid sequence of AHL-lactonase showing the evolutionary relationship between B. cereus isolate
30b AHL-lactonase (accession MF979526) and the closet BLAST hits, represented by numbers written on branches. The tree was generated by Mega 5 software.

Abbreviations: AHL, N-acyl-L-homoserine lactone; B. cereus, Bacillus cereus.
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lactonolysis due to pH, the pH of the mobile phase was

adjusted at 6.5, and the pH of cell free lysate was 7. The

negative control of C6-HSL without the cell-free lysate

gave one major peak at a retention time of 3.3 minutes

and a solvent peak at 1.7 minutes (Figure 4A). After 3

hours incubation of the cell-free lysate with C6-HSL,

the HPLC profile of the reaction mixture revealed

a peak at a retention time of 2.2 minutes, which might

correspond to hydrolyzed products of C6-HSL and

a small peak corresponding to the remaining C6-HSL

at 3.5 minutes, in addition to the solvent peak at 1.8

minutes (Figure 4B). From the standard calibration

curve, and the equation obtained having an R2=0.9991,

the peak area of the remaining C6-HSL was equivalent

to 2 µM C6-HSL, indicating that the degradation per-

centage reached 96% of 50 µM of C6-HSL after 3 hours

of incubation.

Effect of cell-free lysate on P. aeruginosa
biofilm-formation ability and cytotoxicity

to human lung carcinoma A549 cells

The ability ofP. aeruginosa to establish infections relies on the

production of various QS-mediated virulence factors such as

enzymes and toxins. In addition, P. aeruginosa forms biofilms

that impair host defense and increases resistance to antimicro-

bial treatment. Three quorum systems are operating hierarchi-

cally in P. aeruginosa, LasR, rhlR, and PqsR systems with

LasR operating at the top to control the expression of different

QS genes and regulates the expression of virulence factors and

biofilm.64 We investigated the effect of the 30b cell-free lysate

on attenuation of the virulence of P. aeruginosa PAO1 and

clinical isolates exhibiting different virulence phenotypes, by

measuring its effect on biofilm formation and the cytotoxicity

to human lung carcinoma A549 cells.

Figure 4 HPLC profile. (A) Negative control C6-HSL, (B) AHL-degrading activity of cell free lysate of B. cereus isolate 30b against C6-HSL.

Abbreviations: AHL, N-acyl-L-homoserine lactone; B. cereus, Bacillus cereus; HPLC, high performance liquid chromatography.
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PAO1 was used as a positive control for biofilm forma-

tion. The isolates giving normalized OD values ≤ half of that

of PAO1 were considered as biofilm-deficient.64 Among the

clinical isolates investigated, 15 (46%) were biofilm forming

and 18 (54%) were non-biofilm forming in the conditions

tested (Figure 5A). The deficiency in biofilm-forming phe-

notype in some clinical strains of P. aeruginosa was also

reported in previous studies.64,65 This finding might not

reflect the loss of lasR or rhlR genes, as demonstrated by

Wang et al,64 who reported that isolates deficient in biofilm

formation carried intact lasR and rhlR genes, but exhibited

some mutations and were different in their ability to produce

QS-mediated virulence factors. A second study, however,

reported the absence of all virulence factors in six

P. aeruginosa isolates, yet still caused urinary tract

infections.65 We examined the potential of cell-free lysate

of B. cereus isolate 30b in inhibiting biofilm formation by

P. aeruginosa PAO1 and biofilm-forming isolates by static

microtiter plate method. To exclude any inhibitory effect of

cell-free lysate on bacterial growth, planktonic cells, and

biofilm cells were measured and normalized OD was com-

pared. Biofilm was significantly reduced in eight clinical

isolates and PAO1 by 72–86%, and by 47–70% in six

clinical isolates, while it was non-significantly reduced in

one isolate (Figure 5B). Although the process of biofilm

formation in P. aeruginosa is a complex process and is

regulated by QS system in addition to other signaling

systems,66 significant reduction in biofilm formation by cell-

free lysate might be the result of effective degradation of the

produced AHLs.

The planktonic cells in cell lysate-treated P. aeruginosa

PAO1was slightly increased than in non-treatedP. aeruginosa
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PAO1, thus indicating that cell free lysate targets AHLs degra-

dation rather than growth inhibition and suggesting that no

resistance mechanism could arise due to enzyme treatment.

The increase in planktonic cells could be explained by the

effect of AHL- lactonase in cell-free lysate to convert biofilm-

forming cells to planktonic cells. Thus, this may increase the

sensitivity to antibiotic treatment. These findings were in the

same line with those of Kiran et al,67 who reported the trans-

formation of (71.2%) of biofilm forms to planktonic forms due

to lactonase (1 Unit) treatment of P. aeruginosa PA2 strain.

The inhibitory effect of lactonases on virulence factors of

P. aeruginosa was previously reported by Ng et al68, and Pei

and Lamas-Samanamud.69 Hraiech et al70 reported that

SsoPox-I, which is a hyperthermostable lactonase, exhibited

in vitro inhibition ofP. aeruginosa PAO1 pyocyanin synthesis,

proteolytic activity, and biofilm formation, and further reduced

the mortality of rats with acute pneumonia.

In this study, the human cancer cell line was used as

a host model for assessment of the pathogenicity of

P. aeruginosa. This approach has been used in previous

studies.47,71,72

We selected representative biofilm and non-biofilm-

forming isolates of a different virulence pattern for evalua-

tion of their cytotoxic effect on human cell lines with and

without treatment with cell-free lysate of B. cereus isolate

30b. The isolates tested were: 18, 22, 23, 50, 12H, 30H,

48H, 51H, and P. aeruginosa PAO1.

In our study, viability increased significantly in four

P. aeruginosa isolates (50, 12H, 30H, 51H), by 7–15%,

and in PAO1 (P<0.001, P<0.005) (Figure 6). These findings

could be explained by the effect of lactonase enzyme that

acts by disruption of the QS system. Our results were in

agreement with those of Migiyama et al,47 who reported the

reduction of cytotoxicity of P. aeruginosa PAO1 by half as

a result of expression of AiiA lactonase, and attributed this

reduction in cytotoxicity to the decreased accumulation of

AHL signals and AHL-mediated virulence factors such as

pyocyanin and elastase reported to cause cytotoxicity and

tissue damage. However, our results showed that the cyto-

toxicity of two P. aeruginosa isolates (23 and 48 H) was

unaffected by treatment with cell-free lysate, while it was

increased in two isolates (18 and 22). These observations

suggest that these strains might produce high concentrations

of AHLs which couldn’t be counteracted by the low con-

centration of lactonase enzyme in the crude cell-free lysate.

In the same context, Guendouze et al29 reported that resis-

tance to lactonase enzyme may arise as a result of an

increase in AHL production by bacterial cell, the presence

of an enzyme inhibitor, or the bacteria modifying the AHL

molecule to prevent its recognition by the enzyme.

In conclusion, cell-free lysate of B. cereus strain 30b

demonstrated AHL-lactonase activity against a wide range

of AHLs signals. Moreover, it decreased the cytotoxicity

of P. aeruginosa to the human lung carcinoma cell line by

0

R
el

at
iv

e 
ce

ll 
vi

ab
ilit

y 
%

20

40

60

80

PAO1 18 22 23 50 12
H

30
H

48
H

51
H

P.aeruginosa isolates

Isolates without 30b cell- free lysate

Isolates with 30b cell- free lysate

Figure 6 Percentage viability of human lung carcinoma A549 cells after infection with treated and untreated culture for each P. aeruginosa isolate. The results are means of

three independent experiments, and error bars show standard deviation.

Notes: Results are the means of three independent experiments and the error bars show SD. (*) P<0.05, (**) p<0.001 and (***) p<0.001 according to student’s t-test.
Abbreviation: P. aeruginosa, Pseudomonas aeruginosa.

Raafat et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Infection and Drug Resistance 2019:121592

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


7–15%, and exhibited significant biofilm inhibitory activ-

ity of 47–86%. These results emphasize the potential use

of respective lactonase enzyme as antipathogenic therapy,

particularly against clinically relevant pathogens such as

P. aeruginosa. Work is in progress to purify the lactonase

enzyme from the cell-free lysate. Further studies on the

purified enzyme should be extended on a larger number of

clinical isolates, on the effect of the purified enzyme on

different virulence factors of P. aeruginosa, and on its

possible use as a combined therapy for treatment of anti-

biotic-resistant strains of P. aeruginosa.

Data availability
The figures used to support the findings of this study are

included within the article. DNA sequences generated

from this study were deposited at GenBank with the
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Table S1 Clinical isolates of P. aeruginosa used in this study with their sources and identified virulence factors

Sample No. Sample source Virulence factors

DNase Hemolysin Pyocyanin Protease Lecithinase

2 Sputum (-) (-) (-) (+) (+)

6 Abscess (-) (-) (-) (+) (+)

8 Urine (+) (-) (-) (+) (+)

9 Abscess (-) (-) (-) (++) (+)

10 Urine (+) (+) (-) (++++) (+)

13 Abscess (-) (+) (-) (+) (-)

16 Urine (+) (-) (-) (-) (+)

18 Abscess (-) (-) (-) (+) (+)

20 Wound (-) (-) (-) (-) (+)

21 Sputum (+) (-) (-) (-) (+)

22 Abscess (-) (-) (-) (+) (+)

23 Wound (+) (-) (+) (-) (+)

24 Abscess (-) (-) (-) (++) (+)

25 Abscess (+) (-) (-) (-) (-)

26 Wound (-) (-) (-) (-) (+)

29 Abscess (+) (+) (-) (+) (+)

30 Wound (-) (-) (-) (+) (-)

31 Wound (-) (-) (-) (+) (+)

33 Stool (-) (-) (-) (-) (+)

34 Urine (+) (-) (-) (-) (+)

36 Urine (-) (-) (-) (+) (-)

41 Urine (-) (-) (-) (+) (+)

42 Sputum (+) (+) (+++) (+) (-)

43 Stool (-) (-) (-) (++) (-)

46 Abscess (+) (-) (++) (++) (+)

48 Urine (+) (+) (-) (+++) (+)

49 Abscess (-) (+) (-) (-) (+)

50 Urine (+) (-) (-) (-) (-)

11H Urine (-) (-) (-) (-) (-)

12H Urine (+) (+) (++) (+) (-)

30H Sputum (+) (+) (-) (+) (-)

48H Sputum (-) (-) (-) (+) (-)

51H Sputum (+) (-) (+) (+) (-)

Abbreviation: P. aeruginosa, Pseudomonas aeruginosa.
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