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ABSTRACT
Quorum sensing (QS) is a prevalently found intercellular signaling system in bacteria. QS system
bestows behavioral coordination ability in bacteria at high population density. QS via acylated
homoserine lactone (AHL) is extensively conserved in Gram-negative bacteria and plays crucial role
in regulating many biological processes. The role of QS genes coding for AHL synthase enzyme
(lasI and rhlI) was established in bioremediation of polycyclic aromatic hydrocarbons (PAHs) viz.
phenanthrene and pyrene. AHL producing biofilm forming marine bacterium Pseudomonas
aeruginosa N6P6 was isolated by selective enrichment on PAHs. AHL production was confirmed
using AHL bioreporters and GC-MS analysis. Biofilm development and its architecture was
significantly (P < 0.05) affected by alterations in lasI/rhlI expression. The lasI/rhlI gene expression
pattern significantly influences biofilm formation and subsequent degradation of PAHs. The
integrated density of Pseudomonas aeruginosa N6P6 biofilm was highest for 48 h old biofilm and
the PAHs (phenanthrene and pyrene) degradation was also found maximum (85.6 % and 47.56 %)
with this biofilm. A significant positive correlation (P < 0.05) was observed between lasI expression
and PAHs degradation. The role of QS genes in biofilm formation and degradation of PAHs was
validated by blocking the transcription of lasI/rhlI by a QS inhibitor (QSI) tannic acid. Further,
application of such QS positive isolates in PAHs contaminated sites could be a promising strategy to
improve the PAHs bioremediation.
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Introduction

Density sensing mechanismmediated by N- acyl- homo-
serine lactone (AHL) based quorum sensing (QS)
endowed in gram-negative bacteria empowers them with
enhanced bioremediation potential. Various key features
regulated by QS genes alleviating the biodegradation of
polycyclic aromatic hydrocarbons (PAHs) are biofilm
formation, biosurfactant production, horizontal gene
transfer and catabolic gene expression.1 Bacterial biofilm
has been recognized as an impeccable agent in bioreme-
diation technology. QS via AHLs regulates biofilm archi-
tecture, development and maturation.2 Diffusible
autoinducers (AIs) such as AHLs aid in biofilm forma-
tion. Marine bacteria under the genera Pseudoalteromo-
nas, Thalassomonas, Vibrio and Pseudomonas often form
dense biofilm with the help of these AIs. Among the
known QS positive isolates, Pseudomonas aeruginosa

has been explored for its QS associated properties.
P. aeruginosa is found in diverse environments such as
clinical, terrestrial, and aquatic set- ups and show tremen-
dous potential to degrade various xenobiotics.3 The QS
system of P. aeruginosa is very well conserved consisting
of lasI/R and rhlI/R genes coding for the Lux family tran-
scriptional activators.4

The bacterial communication system mediated via
AHL involves binding of AHL to transcriptional factor
which further initiates the signaling cascades to regu-
late appropriate gene(s). In P. aeruginosa, the synthe-
sis of AHL signal molecule i.e. N-(3-oxododecanoyl)-
L-homoserine lactone (3O-C12-HSL) is regulated by
lasI/R. In order to become an active transcription fac-
tor, lasR requires the released AHL molecule (3O-C12-
HSL). The transcription of various genes involved in
the synthesis of biosurfactant, EPS and biofilm
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development relies on this signaling molecule 3O-C12-
HSL. Only multimeric form of LasR has the potential
to bind DNA, whereas the formation of multimeric
LasR is dependent on 3O-C12-HSL.5,6

RhlI and RhlR proteins constitute the second QS
system in P. aeruginosa. Both the QS system work syn-
chronously and constitute a regulatory cascade. The
rhlI/R mediated QS system always works under the
control of the lasI/R QS system. RhlI synthase facilitates
the synthesis of short chain AHL such as N-butyryl-L-
homoserine lactone (C4-HSL) via the transcriptional
regulator, RhlR.7 RhlR often forms complex with C4-
HSL and promotes the expression of several other
genes (e.g rhamnosyltransferase, aminopeptidase, endo-
proteinase etc.). Both the 3O-C12-HSL and C4-HSL sig-
naling molecule diffuse freely from the bacterial cells
and initiates the communication cascade.8 However,
3O-C12-HSL has high molecular weight and it diffuses
at a significantly slower rate in comparison to C4-HSL.

Among the phenotypes regulated by QS system,
biofilm formation holds the premier position. On the
basis of comparison made between the biofilm struc-
ture of wild type P. aeruginosa strain and isogenic
rhlI, lasI and lasIrhlI mutant, an initial relationship
between biofilm formation and QS was established.9

Structured biofilm was formed in wild-type and rhlI
mutant, whereas, undifferentiated and flat biofilm was
observed in lasI and lasIrhlI mutant. The flat biofilm
formed in the lasIrhlI mutant strains were prone to
various stress conditions and were susceptible to the
surfactants such as sodium dodecyl sulfate.9 On the
other hand, the structured biofilms formed by the wild
type P. aeruginosa was found to be resistant. Bacterial
motility (Swimming, swarming and twitching motil-
ity) in case of P. aeruginosa enhances biofilm medi-
ated bioremediation by many folds as actively growing
cells sense the pollutant and colonises. However, QS
mutants lack swarming motility and exhibits reduced
biofilm formation and bioremediation.10

PAHs comprising of 2 or more fused aromatic rings
are of great concern because of their persistent nature.11

PAHs are hydrophobic in nature which is a major lim-
iting factor for their degradation in the aquatic environ-
ment.12 However, biofilm forming marine bacteria are
effective xenobiotic degraders. They have potential to
strive in harsh and fluctuating environment and the
biofilms provide an appropriate aid for enhancing the
degradation of hydrophobic PAH in both aqueous and
terrestrial environment.13,14 The extracellular polymeric

substances (EPS) secreted by bacterial biofilm com-
posed of many hydrophobic cores, which can increase
the solubility of PAHs in the aqueous environment.
Besides, bacteria from marine environment with QS
system which regulate biofilm formation can further
enhance degradation of PAH by increasing the cell den-
sity around the vicinity of the PAH compounds.15

The focus of our study was to establish a relation-
ship between QS, biofilm formation and bioremedia-
tion of PAH. QS positive marine bacterium P.
aeruginosa N6P6 was used in the present study. The
bacterium can form dense biofilm after 48 h and it
harbours both rhl and las QS system. The expression
profiling of rhlI and lasI, encoding AHL synthase, was
studied under different phase of biofilm growth and
PAH stress such as phenanthrene and pyrene. AHLs
produced by this bacterium were characterized by var-
ious chromatographic techniques. The effect of QS
gene(s) expression on biofilm growth and its conse-
quent impact on PAHs (phenanthrene and pyrene)
degradation was monitored. We applied a potent QS
inhibitor (QSI), tannic acid, for further validating the
role of QS in biofilm formation and bioremediation.
Tannic acid is a phenolic compound obtained from
plants. It has multiple phenol groups linked together
and hence often called as polyphenol. The presence of
many phenols together constituting characteristically
different structures makes them physically, chemically
and biologically inimitable and endows them with
many unique properties (metabolic, toxic, therapeutic,
etc.).16 In the present study, the transcription of lasI
and rhlI was directly inhibited by tannic acid by some
unknown mechanism, which potentially affects the
expression and function of Lux protein.17

Results and discussion

AHL characterization and genetic basis of AHL
production

QS has been reported to regulate various phenotypes
in P. aeruginosa N6P6. Biofilm formation is one such
QS regulated phenotype having crucial role in degra-
dation of PAHs. P. aeruginosa N6P6 synthesizes 2 dif-
ferent types of AHL molecules, which was confirmed
through TLC and GC-MS analysis. Both TLC (via
overlaying the QS bioreporters) and GC-MS analysis
revealed the presence of C4HSL and 3OC12-HSL
[compared with standard AHLs mass spectra (1 mg/
ml stock was prepared in methanol)].
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Chromobacterium violaceum CV026 (CECT 5999), a
violacein-negative, mini-Tn5 mutant was used as a
bioreporter for detecting short chain AHLs.18 Pigment
production can be restored in the strain by incubating
it with AHLs positive isolates. Similarly, for detecting
long chain AHL, Agrobacterium tumefaciens NTLR4
(ATCC-BAA2240) was used. A. tumefaciens NTLR4
harbours a b-galactosidase gene driven by a promoter
traI. Long chain AHL signaling molecules induce the
expression of b-galactosidase. In the presence AHLs,
b-galactosidase is induced and it cleaves X-Gal
(5-bromo-4-chloro-3-indolyl-b-d-galactopyranoside)
resulting in the formation a blue precipitate.19 The
AHL production was further confirmed by comparing
P. aeruginosa N6P6 crude AHL extract with standard
AHLs retention time through HPLC analysis. The
genetic basis of AHL production in P. aeruginosa
N6P6 was confirmed by amplifying the quorum sens-
ing (QS) genes (lasI and rhlI) coding for AHL synthase
with the aid of gene-specific primers.

To understand the expression pattern of AHL syn-
thase during planktonic and biofilm mode of growth,
semi-quantitative PCR was performed. During biofilm
mode of growth, the expression of lasI gene increased
with time. The expression of rhlI remained constant
throughout the observed time frame. QS genes play
crucial role in the synthesis of EPS and biofilm matu-
ration. For validating the role of QS genes in biofilm
formation and development, RNA was extracted from
biofilm cultures at different time interval (15–72 h)
and relative expression of QS genes was studied with
qRT-PCR. lasI expression increased with increase in
biofilm growth and declines slightly for 72 h old bio-
film. Development of mature biofilm follows a cascade
of events i.e., attachment to substratum, colonization,
EPS production, primary and secondary maturation
and ultimately dispersion. EPS are the most crucial
component of the biofilm. lasI regulates the expression
of several gene(s) involved in the production of glu-
cose rich EPS-matrix. The slight decrease in lasI
expression at this point indicates that lasI might not
have any essential role once a biofilm community has
been established. The other reason for decreased
expression of 72 h old biofilm of P. aeruginosa N6P6
might be the initiation of dispersion phase of biofilm.

The trend observed in rhlI expression was
completely different from lasI expression pattern. rhlI
gene remained positively upregulated for 15 h, 48 h
and 72 h, but down regulation was observed for 24 h

old biofilm. To correlate the QS genes expression with
biofilm development, the biofilm surface architecture
of 15 h, 24 h and 48 h old P. aeruginosa N6P6 biofilm
was studied with the help of fluorescence microscopy.
Biofilm growth and lasI expression follows similar
trend i.e. biofilm growth and lasI expression increases
from 15 to 48 h followed by reduction in biofilm
growth and lasI expression at 72 h. P. aeruginosa
N6P6 biofilm surface architecture turned more rough
and heterogeneous with time. However, a significant
positive correlation (P > 0.05) was not established
between P. aeruginosa N6P6 biofilm growth and
expression of rhlI gene. The fold difference between
lasI and rhlI gene expression level was least for 15 h
old biofilm and was maximum for 24 h old biofilm
specifying the significance of both these genes in initial
biofilm development and maturation. Large difference
between lasI and rhlI gene expression level resulted in
topologically smooth surface biofilm at this point of
time. A very structured biofilm was observed at 48 h
and 72 h old biofilm. The upregulation of rhlI gene at
48 h and 72 h. might be a reason behind the metamor-
phosis of smooth surface biofilm to distinct 3-dimen-
sional architecture.

Role of QS genes in biofilm growth and PAHs
degradation

After establishing the relationship between biofilm
development and QS genes expression, our next aim
was to establish relationship between QS genes expres-
sion, biofilm growth and PAHs degradation. Two rep-
resentative members of PAH family, phenanthrene
and pyrene were selected for the degradation study.
The efficiency of 48 h old and 72 h old biofilm in
degrading phenanthrene was almost same. 21.5%,
54.2%, 85.6% and 85.7% phenanthrene degradation
was achieved in 7 d by 15 h, 24 h, 48 h and 72 h old
biofilm respectively. Day wise analysis of phenan-
threne degradation indicated that biofilm growth and
QS gene (lasI and rhlI) expression had significant
effect on phenanthrene degradation. Similar trend was
also observed during pyrene degradation. 48 h old bio-
film was more effective in degrading pyrene as com-
pared to other. A significant positive correlation
(P < 0.05) was observed between biofilm growth, lasI
expression and pyrene degradation.

Further, to understand P. aeruginosa N6P6 QS gene
expression pattern under PAH stress, the bacterium
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was cultured in PAH substituted media. Under phen-
anthrene stress, the expression of lasI was 3 fold
higher than rhlI in P. aeruginosa N6P6 biofilm culture.
In contrast, 9 fold higher expression of rhlI gene than
lasI was observed for biofilm culture grown under pyr-
ene stress. Cells embedded in the biofilm are often
released if PAH compounds are present in the growth
medium. The availability of hydrophobic compounds
in the growth medium might play crucial role in the
production of emulsifiers. Production of emulsifying
agents enhances the solubility of a PAH molecule and
makes it available to the bacterial cells encased in bio-
film matrix.

Tannic acid as potent QS inhibitor

To confirm whether biofilm formation is only time
depended factor or it actually rely on QS genes
(i.e., with time the cells aggregate and form biofilm or
QS based genetic mechanism governs the phenome-
non), a QS inhibitor tannic acid was used for validat-
ing the role of QS in biofilm formation and PAHs
degradation. Tannic acid blocks the transcription of
QS genes, hence the production of AHL synthase is
also inhibited.16 Different concentrations of tannic
acid were tested to find the threshold concentration
for complete inhibition of AHL production in P. aeru-
ginosa N6P6. AHLs were extracted from P. aeruginosa
N6P6 culture after treatment with different concentra-
tion of tannic acid. The extracted AHLs were incu-
bated with bioreporter Chromobacterium violaceum
CV026 (CECT 5999) for 24 h. In the presence of
AHL, CV026 produces deep violet pigment. In the
present experimental study, 0.3 mg/ml of tannic acid
completely inhibited AHL production in P. aeruginosa
N6P6 without interfering with its growth.

To ascertain the non-toxic effect of tannic acid on
P. aeruginosa N6P6 growth, the bacterium was grown
in the presence of tannic acid at a threshold concen-
tration. Tannic acid showed no toxic effect on the
growth of the bacterium. However, other phenotypes
regulated by QS genes viz. biofilm formation, pyocya-
nin production etc. were observed to be inhibited
totally in the presence of tannic acid. Tannic acid
treated biofilm was stained with aqueous solution of
acridine orange (0.02 %) were analyzed with fluores-
cence microscope (Olympus, 1X71, Japan) under 20X
magnification. Fluorescence micrograms were proc-
essed to construct biofilm 3D surface plot using

IMAGE J interactive 3D surface plot tool. Tannic acid
treatment caused a decrease in biofilm density by
83.2%. Flat biofilm without any structural heterogene-
ity was observed in the presence of 0.3 mg/ml tannic
acid, whereas highly structured biofilm was formed by
P. aeruginosa N6P6 in absence of tannic acid. The bio-
film growth declined in the growth medium supple-
mented with tannic acid. The biofilm growth
retardation becomes more prominent with increasing
concentration of tannic acid and ultimately biofilm
appears as straight line with no surface coverage
(Fig. 1). Biofilm growth was quantified as raw inte-
grated density calculated using IMAGE J. The raw
integrated density reduces by around 94% on addition
of 0.1mg/ml tannic acid. Further increase in tannic
acid concentration completely inhibited the biofilm
growth resulting in significant reduction in integrated
density (P < 0.0001; One way ANOVA) (Fig. 2). In
the similar manner, pyocyanin production was also
reduced by 64.2% compared to the untreated P. aeru-
ginosa N6P6 culture.

The centered aim of this study was to understand
the involvement of the QS genes in PAHs bioremedi-
ation. It was observed that treatment with 0.3 mg/ml
tannic acid resulted 90% reduction in lasI and 56.6
% reduction in rhlI gene expression. Such reduction
in QS genes expression caused a decrease in PAHs
degradation. 18.6% and 15.38 % reduction in phen-
anthrene and pyrene degradation was observed
respectively in presence of tannic acid. PAHs degra-
dation by planktonic culture of P. aeruginosa N6P6
was also decreased by 23% when tannic acid was
added in the degradation medium. EPS production
plays crucial role in degradation of PAHs by acting
as biosurfactant to enhance its solubility. rhlI gene
expression controls the EPS production resulting in
partial solubilisation of PAHs in aqueous environ-
ment. Solubilisation of PAHs makes it easily available
to bacterial cells for ensuing degradation. For analyz-
ing the effect of QS inhibitor tannic acid on EPS pro-
duction, confocal laser scanning microscopic (CLSM)
studies were performed for tannic treated and
untreated biofilm after staining with 5 mmol l¡1

Syto9 and 100 mg ml¡1 of ConA-TRITC (concanava-
lin A-tetramethylrhodamine isothiocyanate).14 Syto9
binds to the cells staining them green whereas,
ConA-TRITC binds to the EPS portion of biofilms
staining them red. Tannic acid (0.3 mg/ml) treatment
reduces the EPS production considerably as the red
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stained portions diminishes completely in the treated
biofilm (Fig. 3). The z stack images (Fig. 3 D) clearly
reveal the reduction in EPS production and overall
reduction in biofilm thickness on treatment with QS
inhibitor tannic acid.

Yong and Zhang21 reported similar trend of
decreased aromatic xenobiotic degradation by a QS
mutant isolate. A significant decrease in the degrada-
tion of an aromatic xenobiotic was observed when rhl

QS system of Pseudomonas aeruginosa CGMCC1.860
was deleted. Catechol 2,3-dioxygenase a key enzyme
responsible for degradation of various xenobiotics was
also repressed on deletion of rhl QS system of Pseudo-
monas aeruginosa CGMCC1.860. Sarabhai et al.22 also
reported similar effects of ellagic acid (a type of tan-
nin) in inhibiting QS genes expression. Ellagic acid
treatment resulted in 89 and 90% reduction in lasI
and rhlI expression in P. aeruginosa PAO1. Biofilms
are natural emulsifiers that disperse the oil and pro-
vide greater surface area for growth. Such decrease in
PAHs degradation indicates that QS genes play crucial
role in the regulation of catabolic genes responsible
for PAHs degradation. To comprehend the role of QS
genes in catabolic gene expression and regulation, fur-
ther experiments with directed real time PCR
expression analysis is needed. To expedite the biore-
mediation of PAHs, a combinatorial approach com-
prising of QS and PAHs catabolic genes will be
studied in future in this potential marine bacterium.

Conclusion

The findings from the present study suggest that lasI
gene encoding long chain-AHL and rhlI gene

Figure 1. Effect of tannic acid on P. aeruginosa N6P6 biofilm growth and structure (A) Control (no tannic acid) (B) 0.1 mg/ml tannic acid
(C) 0.2 mg/ml tannic acid (D) 0.3 mg/ml tannic acid.

Figure 2. P. aeruginosa N6P6 biofilm growth in the presence of
tannic acid (calculated as raw integrated density using IMAGE J).
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encoding short chain-AHL regulates biofilm forma-
tion and development and EPS production in P. aeru-
ginosa N6P6. These factors along with intracellular
signaling molecules significantly enhance the bioreme-
diation performance. The QS mediated intracellular
signaling process operates at society level; hence the
activities regulated via QS process might play crucial
role in enhancing bioremediation of natural contami-
nated sites. Bacterial biofilm is one such structured
community, envisioned in nature till date. Unique
chemical composition and communication capabilities
of biofilm provide resistance to various stresses and
make it the best aspirant for restoring the contami-
nated environment.
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