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Abstract In Pseudomonas aeruginosa, quorum sensing

(QS) autoinducer known as acyl homoserine lactone (AHL)

acts as a key regulator in the expression of pathogenic

characters. In this work, the efficiency of phenylacetic acid

(PAA) in reducing the production of AHL-dependent fac-

tors in P. aeruginosa PAO1 was studied. PAA at a con-

centration of 200 lg ml-1 displayed significant reduction

in QS-dependent pyocyanin, exopolysaccharide, and pro-

tease and elastase production in PAO1. In swimming inhi-

bition assay, PAA-treated PAO1 cells exhibited poor

motility in swimming agar plate. In in vivo analysis, PAO1-

preinfected Caenorhabditis elegans showed enhanced sur-

vival when treated with PAA. PAA at the QS inhibitory

concentration showed no growth inhibitory activity on

PAO1. Results of the present study revealed the potential of

PAA as antipathogenic compound to prevent QS-dependent

pathogenicity of P. aeruginosa.

Introduction

Quorum sensing (QS) is the autoinducer-dependent cell to

cell communication system which regulates the expression

of phenotypic characters in a wide range of bacterial

organisms [10, 11]. The Gram-positive bacteria utilize their

small peptide molecules as autoinducers, while Gram-

negative bacteria respond to acyl homoserine lactone

(AHL) autoinducer molecules. Among these two autoin-

ducer systems, the AHL-based autoinducer system is

widely studied, and so far about 70 bacterial species are

known to utilize this QS system for the regulation of their

phenotypic expressions [3, 11, 29]. It is also well demon-

strated that the AHL-based QS system is responsible for

the expression of virulence factors production in many

Gram-negative bacterial pathogens [3, 29].

Pseudomonas aeruginosa is a well-known opportunistic

human pathogen known to cause nosocomial infections,

urinary tract infections, bloodstream infections, pneumonia,

and burn wound infections. It is also known for its associ-

ation in chronic infections of the respiratory pathways

including cystic fibrosis, diffuse panbronchiolitis, and

bronchiectasia [3]. P. aeruginosa requires the production of

lytic enzymes like protease and elastase, pyocyanin pig-

ment, exopolysaccharide (EPS), and motility for its survival

and pathogenicity [1, 3, 6, 15, 28]. It has been well stated

that the above said factors in P. aeruginosa are under the

control of AHL-based QS system. There are two different

AHL molecules, such as N-(3-oxododecanoyl)-L-homoser-

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

ine lactone (C4-HSL), known to regulate the pathogenicity

in P. aeruginosa. These two AHL molecules upon binding

to their respective receptor known as LasR and RhlR trigger

the expression of pathogenic phenotypes [3, 23]. Conse-

quently, targeting these QS system by means of interference

with AHLs will be a suitable alternative to abolish emerging

P. aeruginosa infections.

Phenylacetic acid (PAA), also known as a-toluic acid or

benzene acetic acid has various biological properties and

has drawn the attention of pharmaceutical industry. PAA is

released as a common by-product when Penicillin G

acylase acts on the side chains of penicillin G, cephalo-

sporin G, and related antibiotics [4]. PAA and its deriva-

tives have been isolated from microbes like Streptomyces

humidus [13] and S. malachitofuscus [25], and plants like
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Ilex aquifolium [19] and are known to possess antifungal

[13, 25], antioxidant [19], and anti-inflammatory properties

[2]. Though PAA is known to possess a range of thera-

peutic properties, the role of this compound in reducing the

production of QS-dependent factors in bacterial pathogens

has not yet been studied. Hence, in this present work, an

effort was made to study the potential of PAA in inhibiting

the production of QS-dependent factors in P. aeruginosa

both in vitro and in vivo.

Materials and Methods

Compound Preparation

The test compound PAA was purchased from Central Drug

House (CDH), India. The stock solution was maintained at

the concentration of 10 mg of PAA in 1 ml of 96 % eth-

anol and stored in 4 �C. Further, from the stock solution,

working solution (1 mg ml-1) was prepared in sterile

MilliQ water.

Bacterial Strains and Growth Condition

Pseudomonas aeruginosa PAO1 was used as a target

pathogen and cultured aerobically in Luria-Bertani (LB)

broth (pH 7.2) under 150 rev min-1 agitation in a rotatory

shaker at 37 �C for overnight. For experimental analysis,

PAO1 was subcultured in the same medium to reach a final

OD of 0.4 at 600 nm.

Minimum Inhibitory Concentration (MIC)

The MIC of PAA against PAO1 was determined as per

Clinical and Laboratory Standards Institute guidelines [5].

The PAO1 at aforementioned cell density was added to

1 ml of LB broth supplemented with the twofold serially

diluted test compound to yield final concentrations ranging

from 50 to 800 lg ml-1 and incubated at 37 �C for 24 h.

Further, the growth rate of PAO1 cultivated in the absence

and the presence of PAA was observed for every in vitro

assay by measuring the cell density spectrophotometrically

at OD600 after 18 h incubation using UV–Visible spectro-

photometer (HITACHI U-2800, Japan).

Pyocyanin Quantification Assay

The test compound PAA at 200 lg ml-1 concentration was

added in 5 ml of LB broth containing 1 % (50 ll) of PAO1

culture and incubated at 37 �C for a minimum of 18 h.

After incubation, the cell-free supernatants of PAO1 cul-

tivated in the presence and the absence of PAA were

extracted with 3 ml of chloroform and then re-extracted

into 1 ml of 0.2 N HCl to get a pink to deep red solution

[7]. The absorbance of the solution was measured spec-

trophotometrically at OD520.

Quantification of EPS

PAO1 cells were allowed to form biofilm in cover glass

(1 9 1 cm) in the presence and the absence of PAA

(200 lg ml-1) in 24-well micro titer plate (MTP) at 37 �C,

and EPS quantification was carried out by total carbohy-

drate assay [8]. In brief, cover glasses were washed in

0.9 % NaCl (0.5 ml) and incubated in an equal volume of

0.5 ml of 5 % phenol and 5 volumes of concentrated

H2SO4. The mixture was incubated for 1 h in dark and

absorbance was measured at OD490.

Protease and Elastase Assay

For protease and elastase assay, the PAA at a final con-

centration of 200 lg ml-1 was added in 2 ml of LB broth

inoculated with 1 % (20 ll) of PAO1 culture (0.4 OD at

600 nm). PAO1 cells without the treatment of PAA were

maintained as control. The culture set-up was incubated at

37 �C for a minimum of 18 h. After incubation, the protease

activity was determined by an azocasein assay [14]. In

brief, 100 ll of cell-free supernatant of PAA-treated and

-untreated PAO1 was separately mixed with 1,000 ll of

0.3 % azocasein substrate (Sigma, St. Louis, USA) in

0.05 M Tris–HCl and 0.5 mM CaCl2 (pH 7.5), and incu-

bated at 37 �C for 15 min. Ten percentage (0.5 ml) of ice-

cold trichloroacetic acid was added to stop the reaction.

After centrifugation at 10,000 rpm for 10 min, the absor-

bance of clear supernatant was measured spectrophoto-

metrically at OD400. The elastolytic activity was determined

by following the method of Ohman et al. [21] using Elastin

Congo Red (ECR) (Sigma, St. Louis, USA) as the substrate.

In brief, 100 ll of treated and untreated PAO1 culture

supernatant was added into 900 ll of ECR buffer (100 mM

Tris and 1 mM CaCl2) (pH 7.5) containing 20 mg of ECR

and incubated with shaking at 37 �C for 3 h. The reaction

was stopped by adding 1,000 ll of 0.7 M sodium phosphate

buffer (pH 6.0). The tubes were placed in an ice water bath

for 15 min and centrifuged to remove insoluble ECR. The

absorbance of the supernatant was measured at OD495.

Swimming Assay

The swimming motility was assessed as described previ-

ously [20]. Ten microliters of PAO1 was point inoculated

at the center of the swimming agar medium containing 1 %

(w/v) tryptone, 0.5 % NaCl, and 0.3 % agar along with
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PAA at a final concentration of 50 lg ml-1. Swim agar

plate without the addition of PAA was maintained as

control. The plates were incubated at 37 �C in upright

position for the period of 16 h.

In Vivo Assessment with C. elegans

Young adult worms were maintained and obtained by the

earlier method of Sivamaruthi et al. [26]. The young adult

animals were infected with PAO1 for 12 h at 25 �C in the

wells of 24-well MTP. After incubation, the worms from the

wells were washed thrice with M9 buffer (KH2PO4—3 g,

Na2HPO4—6 g, NaCl—5 g, 1 M MgSO4—1 ml, and Dis-

tilled water—1,000 ml) to remove surface-bound bacterial

cells. Around ten infected worms were transferred to the

wells of MTP containing 10 % of LB broth in M9 buffer

along with Escherichia coli OP50 and incubated without or

with PAA at 200 lg ml-1 concentration. Each assay was

carried out in triplicate; the plate was incubated at 25 �C and

scored for live and dead worms in every 12 h for 4 days. A

control set consisting of uninfected C. elegans with PAA

alone was maintained to assess the toxicity of test com-

pounds on C. elegans, if any. The survival of C. elegans was

scored by following the previous methods [16, 26].

Statistical Analysis

All the experiments were performed in triplicates to vali-

date reproducibility and the p values were calculated sta-

tistically by Student’s t test.

Results

Effect on Pyocyanin Production

The MIC of PAA was found to be 800 lg ml-1; thus, the

test compound at its sub-MIC concentration (200 lg ml-1)

was selected for the assessment of anti-quorum sensing

(anti-QS) activity. In order to analyze the efficiency of the

PAA to reduce QS-dependent pyocyanin production, the

PAO1 cells were cultivated in the presence and the absence

of test compound. A significant decrease in pyocyanin

production of PAO1 was observed to the level of 87 %

after treatment with PAA (Fig. 1).

Effect on EPS Production

In light of the promising results attained from pyocyanin

quantification assay, the test compound PAA was further

tested for its efficiency in reducing EPS production in

PAO1. When compared to the control, PAA at the tested

concentration showed significant reduction in EPS pro-

duction to the level of 54 % (Fig. 1).

Inhibition of Protease and Elastase Activity

The ability of PAA in reducing QS-dependent azocasein-

degrading protease and elastin-degrading elastase activity

was assessed. As shown in Fig. 1, a decrease in protease and

elastase activity was observed in the supernatant of PAA-

treated PAO1, with that of untreated PAO1 supernatant.

Fig. 1 Effect of PAA on pyocyanin, EPS, and protease and elastase

production in P. aeruginosa PAO1. The data are represented in terms

of percentage inhibition. Mean values of triplicate independent

experiments and SD are shown. *Significance at p \ 0.05, **signif-

icance at p \ 0.005, ***significance at p \ 0.0005

Fig. 2 Growth of P. aeruginosa PAO1 cultivated in the absence and

the presence of PAA in protease, elastase, EPS, and pyocyanin assay.

The cell density was measured after 18 h of incubation. Mean values

of triplicate independent experiments and SDs are shown
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Moreover, the test compound showed no considerable

growth inhibitory activity against PAO1 at the tested con-

centration (Fig. 2).

Effect on Motility

The motility behavior of PAO1 in the presence and the

absence of PAA was assessed through swimming assay.

PAA-treated PAO1 cells exhibited poor flagellum-driven

motility on swim agar plates, when compared to the PAA-

untreated PAO1 (Fig. 3).

C. elegans Survival Assay

The anti-infective potential of PAA was studied using

PAO1-preinfected C. elegans as a host model. A complete

mortality of PAO1-preinfected C. elegans was observed in

72 h. However, PAO1-preinfected C. elegans, further

exposed to PAA displayed enhanced survival rate to the

level of 53 % (Fig. 4). Further, PAA alone showed no

considerable lethal effect on C. elegans.

Discussion

The AHL plays a vital role in the regulation of pathogenesis

of P. aeruginosa and interference of AHL activity might

possibly inhibit the pathogenicity of this pathogen. Thus, in

this study, the efficiency of PAA was assessed for its ability

to reduce AHL-dependent factors production in PAO1. The

AHL system of PAO1 regulates the production of various

virulence factors which are very much essential to onset the

infection of this pathogen and also helps in the develop-

ment of resistance to host immune attack. One such AHL-

dependent factor pyocyanin, along with its precursor

molecule phenazine-1-carboxylic acid, inhibits the beating

of human respiratory cilia and alters the immune modula-

tory proteins expression in cystic fibrosis patients [9].

Likewise, protease and elastase enzymes play as patho-

genic factors of P. aeruginosa to the host [1, 3, 14, 21]. As

shown in Fig. 1, the test compound PAA showed a reduc-

tion in the above said virulence factors production, without

any impact on PAO1 growth. In the earlier studies, a

reduction in the production of protease and elastase

enzymes was observed when treated with the known anti-

QS compounds such as salicylic acid, nifuroxazide and

chlorzoxazone [31], with the extract of marine bacteria [18]

and edible fruits [17]. Similarly, reduction in the pyocyanin

production was observed when PAO1 was treated with the

extract of edible fruits [17] and marine bacteria [18].

Pseudomonas aeruginosa requires yet other important

factors such as flagellar motility and production of EPS for

its biofilm mode of growth [15, 20, 28]. The development

of biofilm is highly essential for the survival of P. aeru-

ginosa inside the host system. The flagella-driven motility

Fig. 3 Effect of PAA on

swimming motility of P.
aeruginosa PAO1. a Control;

b swimming behavior of PAO1

treated with PAA

Fig. 4 Anti-infective potential of PAA in enhancing the survival of

C. elegans preinfected with P. aeruginosa PAO1. Mean values of

triplicate independent experiments and SDs are shown
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helps the P. aeruginosa cells to adhere to the host tissue.

The adhered cells then secrete the EPS to its surroundings

which forms the protective barrier around the P. aeruginosa

and thereby prevents the action of host immune system and

antibiotics [6, 20, 28, 30]. Therefore, the interruption in the

motility and EPS production could possibly prevent the

survival of P. aeruginosa cells within the host. Thus, in

continuation of the assessment of anti-QS activity of PAA

on virulence factors production, the compound was further

tested for its ability to inhibit EPS production and swim-

ming motility of PAO1. The attained results demonstrated a

reduction in both of these AHL-regulated phenomena when

treated with PAA (Figs. 1, 3). The findings in the present

study go well with the earlier reports wherein, anti-QS

compound azithromycin inhibited the swimming motility

[20], and the extract of Cuminum cyminum reduced the EPS

production in PAO1 [22].

In in vivo analysis, C. elegans has been successfully

employed as an alternative host to investigate the virulence

of a variety of bacterial pathogens [16]. It has also been

well established that the virulence factors of P. aeruginosa

responsible for killing C. elegans are also relevant to

mammalian systems [24, 27]. The strain PAO1 causes

nematode death through cyanide poisoning and neuro-

muscular paralysis [12]. The AHL-dependent hcn operon

produces cyanide in PAO1, which leads to paralysis and

death of C. elegans [12]. Hence, in the present investiga-

tion, an attempt was made to study the potential of test

compound in reducing the mortality of PAO1-preinfected

C. elegans. As shown in Fig. 4, an enhanced survival of

preinfected C. elegans was observed against PAO1 infec-

tion. Thus, from the attained result, it is envisaged that the

enhanced survival of C. elegans is probably due to the

interference in the AHL system of PAO1 by PAA which

leads to the reduced death of C. elegans caused by cyanide

poisoning.

In summary, though PAA has been known to have

various bioactive potential, to the best of authors’ knowl-

edge, so far no reports are available on the potential of this

compound in reducing the QS-dependent factors produc-

tion in bacterial pathogens. This is the first report demon-

strating the anti-QS property of PAA against PAO1.

Pertaining to the structural activity relationship, the

chemical compound PAA shows the structural similarity

with the previously reported anti-QS compound salicylic

acid. Thus, based on the attained result in this study and

structural similarity of PAA, it is envisaged that the

inhibitory activity of PAA might probably be due to the

inhibition of AHL-regulated behaviors by binding com-

petitively to the AHL receptor protein.
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