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Abstract

Quorum sensing (QS) is a system of stimuli and responses in bacterial cells governed by
their population density, through which they regulate genes that control virulence factors
and biofilm formation. Despite considerable research on QS and the discovery of new anti-
biotics, QS-controlled biofilm formation by microorganisms in clinical settings has remained
a problem because of nascent drug resistance, which requires screening of diverse com-
pounds for anti-QS activities. Cinnamon is a dietary phytochemical that is traditionally used
to remedy digestive problems and assorted contagions, which suggests that cinnamon
might contain chemicals that can hinder the QS process. To test this hypothesis, the anti-
QS activity of cinnamon oil against P. aeruginosa was tested, measured by the inhibition of
biofilm formation and other QS-associated phenomena, including virulence factors such as
pyocyanin, rhamnolipid, protease, alginate production, and swarming activity. To this end,
multiple microscopy analyses, including light, scanning electron and confocal microscopy,
revealed the ability of cinnamon oil to inhibit P. aeruginosa PAO1 biofilms and their accom-
panying extracellular polymeric substances. This work is the first to demonstrate that cinna-
mon oil can influence various QS-based phenomena in P. aeruginosa PAO1, including
biofilm formation.

Introduction

Quorum sensing (QS) is a communication system through which bacteria converse with one
another and higher species [1]. QS is based on the synthesis and perception of specific chemical
signals, often referred to as autoinducers, that accumulate in the growth medium during bacte-
rial growth. When the concentration of autoinducers reaches a threshold value, corresponding
to a certain population density, it alters the expression of genes. In many pathogenic bacteria,
QS positively regulates genes responsible for virulence and biofilm formation [2]. Many gram-
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negative bacteria utilize acyl homoserine lactones (AHLs) as QS signaling molecules. These
molecules may vary in the length and composition of the acyl side-chain, depending on the
species. The genes involved in AHL-based QS systems are conserved among gram-negative
bacteria and are referred to as JuxI-like and luxR-like genes. The [uxI-like gene encodes the
enzyme required for the synthesis of an AHL, and the cognate luxR-like gene encodes an intra-
cellular receptor of that specific AHL. Upon binding to the AHL signal, the receptor regulates
the transcription of target genes [3]. P. aeruginosa is an opportunistic pathogen responsible for
causing various infections, particularly in hosts with compromised immune systems. P. aerugi-
nosa infections are frequently observed in patients suffering from cystic fibrosis [4]. QS is used
by P. aeruginosa to produce virulence factors that assist in successfully establishing infections.
P. aeruginosa has two AHL lux-like systems, lasI/lasR and rhil/rhiR, which regulate the genes
responsible for virulence factor production, and a third non-LuxI/LuxR QS system known as
the Pseudomonas quinolone signal (PQS). In the lasI/lasR system, lasI synthesizes 3-oxo-dode-
canoylhomoserine lactone (3-0xo-C;,HSL) [5]. When the concentration of 3-oxo-C,,HSL
passes a certain threshold, 3-oxo-C;,HSL binds to the cytoplasmic receptor LasR and activates
the expression of genes that produce virulence factors, such as proteases, elastases and exotoxin
A [6]. In addition, the lasI homolog rhll is regulated by LasR-3-oxo-C;,HSL. rhll synthesizes
butanoyl homoserine lactone (C,HSL), which, after passing a given threshold, binds to the
receptor RhIR and activates certain target genes, including the genes responsible for the pro-
duction of pyocyanin, elastases, siderophores, and rhamnolipids [7].

Biofilm formation is an additional QS-controlled activity in P. aeruginosa, even though bio-
film formation in P. aeruginosa requires supplemental environmental signals along with QS-
regulated factors, such as rhamnolipids and siderophores, and swarming motility. Bacteria
growing in biofilm mode exhibit altered phenotypes that safeguard them from therapeutic
treatment [8].

The rampant use of antibiotics to treat illnesses involving biofilms has resulted in the evolu-
tion of antibiotic-resistant microorganisms [9]. Because of this microbial antibiotic resistance,
effective treatments are scarce, and there is a need to identify new treatment strategies. In this
regard, QS is an exemplary target because it regulates assorted virulence factors [10].

Most QS inhibitors, both natural and synthetic, belong to a family of secondary metabolites
known as furanones, which are structurally similar to AHLs and therefore bind to AHL recep-
tors. However, QS inhibitors are incapable of activating AHL receptors. India has a wealth of
ayurvedic medicines, and Indian people have long used ayurvedic herbs to treat contagions.
Cinnamon is a dietary phytochemical that shows antimicrobial properties and is particularly
significant given that dietary chemicals are deemed trustworthy and used habitually in daily
life. Cinnamon is conventionally endorsed for treating digestive problems, including nausea,
vomiting, and diarrhea [11]. Cinnamon oil is also used in several toothpastes as an antimicro-
bial substitute. The objective of this study was to investigate the ability of cinnamon oil to
inhibit QS-mediated virulence factors and biofilm formation in P. aeruginosa PAO1.

Materials and Methods
Bacterial strains and culture conditions

This investigation used the bacterial strain Chromobacterium violaceum CV026, a double
mini-Tn5 mutant derived from ATCC31352 containing Kan®, which has been previously used
to detect QS inhibitory activity. The strain was obtained from CECT, Spain. P. aeruginosa
PAO1 was obtained from the MTCC (microbial type culture collection), IMTECH, Chandi-
garh. GFP-tagged P. aeruginosa PAO1 (GFP-PAO1) and E. coli pJN105L pSC11 were kindly
provided by Dr. Peter Greenberg of the University of Washington. Cinnamon oil (Ceylon
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type), hexanoyl homoserine lactone (AHL), kanamycin, gentamycin, ampicillin, L-arabinose,
and 3-ox0-C,,HSL were purchased from Sigma Aldrich, India. AHL was dissolved in DMSO
to obtain a stock solution of 0.5 mg/ml, and kanamycin was dissolved in MilliQ water to obtain
a stock solution of 20 mg/ml. All strains were cultivated in Luria-Bertani (LB) medium (pH
7.0) and maintained at 37°C, except for C. violaceurn CV026, which was grown at 30°C, and all
strains were sub-cultured when the OD of the culture reached 1 at 600 nm. Tween-20 (SRL,
India) was used as a surfactant for the uniform distribution of oil. PVC coupons were sterilized
using the method described by Borucki et al. [12].

Determination of the Minimum Inhibitory Concentration (MIC) of
Cinnamon Oil

The MIC of cinnamon oil against P. aeruginosa PAO1 was determined following the guidelines
of the NCCLS, USA (2006) [13, 14]. Briefly, an overnight culture of P. aeruginosa PAO1
(ODgoonm = 1) was grown for 24 h in LB medium mixed with different concentrations of cinna-
mon oil, ranging from 0.01 pl/ml to 1.5 ul/ml, in microcentrifuge tubes. The lowest concentra-
tion that completely inhibited growth was recorded as the MIC for cinnamon oil. Further
experiments were conducted only at sub-MIC concentrations.

Growth Curve Analysis

Growth curve analysis was performed to analyze the effect of sub-lethal concentrations of cin-
namon oil on the different strains used in this study (i.e., P. aeruginosa PAO1, C. violaceum
CV026, and E coli pJN105LpSC11). Overnight cultures of the tested strains were inoculated
into 100 ml of LB broth supplemented with different concentrations of cinnamon oil (control,
0.1, 0.2, 0.4 and 0.6 pl/ml). The flasks were incubated at the optimal temperatures for the
respective bacterial strains, and ODgoo was monitored at 2 h intervals for up to 24 h.

Violacein Inhibition Assay

Violacein was quantified using the method of Choo et al. [15]. Aliquots of 100 pl of an over-
night culture of C. violaceum CV026 (adjusted to an OD of 1 at 600 nm) were added to the
wells of a 96-well flat-bottom plate containing 100 ul of LB and incubated in the presence or
absence of varying concentrations of cinnamon oil, ranging from 0.1 ul/ml to 0.6 ul/ml. The
plate was incubated at 28°C for 16 h and then completely dried at 60°C. Next, DMSO (100 pl)
was added to each well, and the 96-well plate was incubated at 30°C with shaking. DMSO alone
was used as the negative control. The quantity of solubilized violacein was measured by deter-
mining the absorbance at 590 nm in an ELISA plate reader (Tecan, Sunrise).

Antagonistic Activity of Cinnamon Oil Against P. aeruginosa QS

E. coli DH50. harboring pJN105L (containing the lasR gene) and pSC11 (PlasI::lacZ) was used
as a bioreporter strain to determine the actual concentration of 3-oxo-C;,HSL produced by P.
aeruginosa PAO1 along the growth curve at every two hours in the culture supernatant by
using the standard curve and to determine the antagonistic activities of different concentra-
tions of cinnamon oil. Briefly crude bacterial supernatants were prepared by growing P. aerugi-
nosa PAO1 in the presence of different concentrations of cinnamon oil and centrifuging 5 ml
of the culture at 10,000g for 5 min. The supernatants were then filtered using a 0.2 pum filter
into clean tubes. Overnight E coli pJ]N105LpSC11 culture were diluted with fresh LB medium
to an ODg of 1.0. In a sterilized 96-well plate, 100 pl of the sterile P. aeruginosa supernatant
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was mixed with 100 pl of 50- or 100-fold dilutions of E coli pJN105LpSC11. The S-galactosidase
activity within the biosensor strain was measured using the Miller assay. [16, 17].

Virulence Phenotype Assays

Pyocyanin Production. Supernatants from overnight cultures of P. aeruginosa PAO1
grown in the presence or absence of cinnamon oil were collected, and the pyocyanin pigment
was extracted using chloroform, followed by 0.2 M HCI. This procedure yielded a pink-colored
solution, and the absorbance was measured at 520 nm [18].

Swarming Assays. Swarming motility assays were performed based on a previously
described method [19]. Briefly, overnight cultures of P. aeruginosa PAO1 were point inocu-
lated onto swarm agar plates containing glucose (1%), bactoagar (0.5%), bactopeptone (0.6%),
and yeast extract (0.2%) in the presence (0.2 pl/ml) or absence of cinnamon oil. The plates
were incubated at 37°C in an upright position for 24 h.

Alginate Production. Alginate was extracted from both treated and untreated cultures of
P. aeruginosa PAO1 using a method previously described by Knutson et al. [20]. Briefly, 500 ul
of NaCl (1 M) was added to 500 ul of overnight culture and vortexed. The mixture was then
centrifuged at 10,000 rpm for 20 min to remove residual alginate from the cell surface. Next,
500 pl of cetylpyridinium chloride was added to the supernatant, which was then inverted for
mixing and centrifuged at 10,000 rpm for 10 min. The pellet was resuspended in 500 pl of
chilled isopropanol for 10 min. This mixture was then re-centrifuged at 10,000 rpm for 10 min,
and the pellet was resuspended overnight in 500 ul of 1 M NaCl. This suspension was used for
the carbazole assay.

Azocasein Assay. Azocasein assays were performed to investigate the effect of cinnamon
oil on protease production by P. aeruginosa PAOL. P. aeruginosa PAO1 was grown overnight
at 37°C in the presence (0.1 ul/ml to 0.6 ul/ml) or absence of cinnamon oil. The cultures were
centrifuged, and 1 ml of the supernatant was added to 0.5% azocasein in 0.1 M Tris buffer (pH
8); this mixture was incubated for 1 h at room temperature. The reaction was stopped by add-
ing 10% trichloroacetic acid and incubating the reaction at 4°C for 20 min. The reaction mix-
ture was subsequently centrifuged, and the supernatant was collected and mixed with an equal
volume of 1 M NaOH. The absorbance was then measured at 420 nm [21].

Skim Milk Agar Assay. To determine the efficacy of cinnamon oil for inhibiting protease
production, cultures were grown overnight in the presence or absence of cinnamon oil. These
cultures were then centrifuged at 10,000 rpm for 15 min, and the supernatants were collected
and loaded into the wells of skim milk agar plates. Protease activities were determined by mea-
suring the diameter of the zone of clearance around each well after incubating the plates over-
night at 37°C [22].

Biofilm Inhibition Assay

Biofilms were grown under sublethal concentrations or in the absence of cinnamon oil in
96-well microtiter plates using a modified version of the Boddey et al. [23] method. Briefly,

100 pl of LB broth was added to each well of a 96-well microtiter plate, followed by the addition
of oil to all except the control well. Then, 1 pl of bacterial culture was added to each well, fol-
lowed by incubation at 37°C for 18 h. Thereafter, 1 ul of the growth culture from each well was
transferred to a well in a new microtiter plate containing 100 ul of fresh LB, and this plate was
incubated at 37°C for 24 h. After incubation, the supernatant was discarded, and the wells were
washed with phosphate-buffered saline and stained with 200 pl of 0.4% crystal violet. The stain
was discarded, and the wells were washed with distilled water before adding DMSO to
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solubilize the crystal violet. The plate was then read spectrophotometrically at 590 nm in an
ELISA reader.

Microscopy Analysis

The effect of cinnamon oil on biofilm formation was analyzed as described previously by
Musthafa et. al. [24]. Overnight cultures of P. aeruginosa PAO1 (adjusted to an OD of 1 at 600
nm) were added to fresh media containing sterilized cover slips and cinnamon oil in 50 ml cen-
trifuge tubes, followed by incubation for 16 h. After incubation, the cover slips were rinsed
with phosphate-buffered saline to remove loosely adhered cells. The biofilm that adhered to
the coverslip was then stained with a 0.4% crystal violet solution and visualized under a light
microscope (Olympus) at 100X magnification.

Scanning Electron Microscopy. SEM was performed following the method of Hawser
et al. [25]. Briefly, P. aeruginosa PAO1 biofilms that formed on pieces of PVC (1.0 cm?) in the
presence or absence of cinnamon oil were fixed with 2.5% (v/v) glutaraldehyde in PBS for 5 h
at room temperature. The samples were then washed with PBS and dehydrated in an ethanol
series (30, 50, 70, 90, and 100%). All of the samples were subsequently dried overnight, gold
coated and viewed under SEM (Zeiss EVO MA 5).

Confocal Laser Scanning Microscopy. Confocal laser scanning microscopy (CLSM) anal-
ysis of the P. aeruginosa PAO1 and GFP-PAO1 biofilms was performed as described by Zhao
et al. [26]. For the CLSM analysis, GFP-PAOL1 and P. aeruginosa PAO1 were allowed to grow
on a PVC surface in the presence or absence of cinnamon oil. After 16 h, the resulting biofilms
were fixed with 5% glutaraldehyde in PBS for 30 min and then stained with 1 ug/ml DAPI
(GFP-PAOIL) or 0.5 pg/ml FITC-conA (P. aeruginosa PAO1). CLSM was performed using a
Leica TCS SP5 confocal microscope, and the images were captured at 10X magnification.

Statistical Analysis

All experiments were performed in triplicate, and the obtained results are expressed as the
mean values and standard deviations. Differences between the controls and tests were analyzed
using Student’s t-test (two-tailed) for unpaired samples, and only results at p<0.05 were con-
sidered significant.

Results
Effect of Cinnamon Qil on P. aeruginosa Growth

The MICs were calculated using the micro-broth dilution method with the concentration of
cinnamon oil varying from 0.01 pl/ml to 1.5 pl/ml. The MIC of cinnamon oil for P. aeruginosa
PAOI was 1 pl/ml, and further experiments were conducted at a sub-lethal concentration.

The effects of a sub-lethal concentration of cinnamon oil on the growth curves of P. aerugi-
nosa PAO1, C. violaceun CV026 and E coli pJN105LpSC11 were analyzed. The results revealed
that although lower concentrations of oil (0.1 and 0.2 pl/ml) did not significantly affect the
growth curves of the different strains, concentrations higher than 0.2 ul/ml resulted in a
reduced growth rate and may have affected other bacterial processes in addition to QS (Fig
1A-1C).

Effect of Cinnamon Oil on AHL Production

Violacein production was qualitatively estimated in the mutant strain C. violaceum CV026
(which produces violacein when AHL is supplied exogenously) in the presence of increasing
concentrations of cinnamon oil. Violacein production decreased with increasing
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Fig 1. Growth curves of P. aeruginosa PAO1 (1a), C. violaceum CV026 (1b) and E coli pJN105LpSC11 (1c) at a sub-lethal concentration of
cinnamon oil, plotted with respect to the controls (no cinnamon oil).

doi:10.1371/journal.pone.0135495.g001

concentrations of oil (Fig 2a). In the quantitative inhibition assay, violacein pigment produc-
tion was reduced by approximately 36% at a concentration 0.2 pl/ml cinnamon oil. Violacein
pigment production was decreased with an increasing concentration of oil, with approximately
78% inhibition of violacein production observed at a concentration of 0.6 ul/ml. This effect
possibly occurred due to a combination of QS inhibition and a decreased growth rate, as
shown in Fig 2b.

Sub-lethal concentrations of cinnamon oil were assayed for their QSI activity against Pseu-
domonas aeruginosa using the E. coli pJN105LpSC11 reporter strain. 3-Oxo-C;, HSL levels
measured in the PAOI culture supernatant decreased in the presence of increasing concentra-
tions of cinnamon oil (Fig 3). The data showed a maximum reduction of the production of
3-0x0-C;, HSL of approximately 38% in response to a 0.2 pl/ml concentration of the oil. A fur-
ther reduction was observed at higher concentrations, possibly due to the combined effect of a
reduced growth rate and QS inhibition (S1 and S2 Figs).
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Fig 2. QS inhibition of C. violaceum CV026 by cinnamon oil. (a) The zone of inhibition with increasing concentrations of oil (a-control, b-0.1, ¢c-0.2, d-0.4,
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compared with the control.

doi:10.1371/journal.pone.0135495.9002

Effect of Cinnamon Qil on P. aeruginosa Virulence Factors

P. aeruginosa PAO1 produces a green-colored cytotoxic factor that plays an important role
during P. aeruginosa host infections. Genes responsible for the synthesis and secretion of the
pyocyanin pigment are regulated by QS. The effects of different concentrations of cinnamon
oil on the ability of the bacteria to synthesize and secrete pyocyanin were investigated. The
results indicated that the extent of pyocyanin formation decreased with increasing concentra-
tions of cinnamon oil, showing a reduction to approximately 22% at a concentration of 0.2 ul/
ml compared with the control, as shown in Fig 4.

Swarming usually occurs on semi-solid agar. In this study, 0.5% swarming agar was opti-
mized. The swarming motility of P. aeruginosa PAO1 was evaluated by spotting a culture of P.
aeruginosa PAO1 on swarming agar plates with or without cinnamon oil and measuring the
lengths of dendrites on these plates. Swarming inhibition against P. aeruginosa PAO1 could be
observed on swarming agar containing 0.2 pl/ml cinnamon oil (Fig 5).

Alginate is one of the major constituents of the EPS secreted by P. aeruginosa PAO1 during
biofilm formation. The efficacy of cinnamon oil in reducing alginate production was examined,
and alginate production was found to be reduced significantly with increasing concentrations
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doi:10.1371/journal.pone.0135495.g003

of cinnamon oil. There was a 54% reduction in alginate production at a concentration of 0.2 ul/
ml in comparison with the control (Fig 6).

Total protease activity was measured using two assays: the azocasein assay and the skimmed
milk agar plate assay. In the azocasein assay, the protease activities of untreated cultures and
cultures grown in the presence of increasing concentrations of oil were estimated. A decrease
in protease activity of approximately 22% was observed after treatment with 0.2 pl/ml cinna-
mon oil compared with the control, and there was a further decrease in protease production
with an increase in the concentration of oil, possibly due to the combined effect of a reduced
growth rate and QS inhibition. In the skim milk agar assay, the supernatants from treated and
untreated cultures were added to the wells of a skim milk agar plate, and the clearance zones
were shown to decrease with higher concentrations of oil (Fig 7a and 7b).
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Effect of Cinnamon oil on Biofilm Formation

Biofilm quantification was performed to investigate the effect of cinnamon oil on biofilm for-
mation. In a conventional crystal violet binding assay, biofilm formation was observed to be
reduced by approximately 31% in the presence of 0.2 pl/ml cinnamon oil compared with the
control (Fig 8).

Microscopy Analysis of Biofilms

To clearly demonstrate the effect of cinnamon oil on biofilm, microscopic examinations were
performed in the presence of high sub-lethal concentrations of cinnamon oil, which strongly
inhibits the growth rate of planktonic cells. The microscopy analysis revealed changes in vari-
ous parameters, including the biofilm-associated surface topology, structure, integrity, extra
polymeric substrate (EPS) production, cell viability and DNA content.
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Fig 5. Swarming motility of P. aeruginosa PAO1. (a) Untreated (b) treated with 0.2 pl/ml cinnamon oil.

5

doi:10.1371/journal.pone.0135495.g005

Visualization of the biofilms through SEM revealed the efficacy of cinnamon oil as a potent
biofilm inhibitor, and the images of treated samples displayed a scattered appearance com-
pared with the 24 h P. aeruginosa PAO1 control colonization. The sessile cells associated with
the surface were scattered, and cell clusters were rarely visible because of poor cohesiveness
and subsequent adherence. The integrity of the biofilms in terms of EPS production was also
limited in the treated samples (Fig 9a and 9b). SEM is a destructive technique that relies on rig-
orous sample preparation and dehydration, which may result in unexpected or spurious
results. To circumvent this problem, samples were examined using a light microscope at 100X
after staining with crystal violet, and the results were similar to those obtained through SEM
analysis (Fig 9c and 9d). To visualize EPS and extracellular DNA contents, which are integral
components of biofilm structure and integrity, the samples were visualized using the fluores-
cent dyes FITC-ConA and DAPI. P. aeruginosa PAO1 stained with FITC-conA and
PAOI1-GFP stained with DAPI were used to avoid overlapping fluorescent spectra to visualize
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doi:10.1371/journal.pone.0135495.g006

the GFP-expressing PAO1 cells to determine viability and EPS production using a mannose-
binding dye (FITC-ConA). The confocal microscopy data revealed scattered cells and reduced
EPS production. A decrease in the extracellular DNA content was also observed compared
with the control (Fig 9e-91).

Discussion

QS is a system that is widely used by pathogenic bacterial species to regulate the expression of
virulence factors associated with different pathogenic phenotypes through adherence and bio-
film formation [26]. QS inhibition has emerged as a promising target in a wide variety of bacte-
rial infections following the emergence of antibiotic-resistant phenotypes, which has resulted
in a search for new therapeutic alternatives. These therapeutic alternatives must be active
against a broad spectrum of bacteria to avoid provoking undesirable or immunological
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responses and should have the ability to treat a wide variety of targeted diseases. For decades,
plant products and their derivatives have predominated infection therapy. Furanone deriva-
tives from plants in South Florida [27] and garlic [28] as well as other dietary phytochemicals,
such as Curcuma longa [29], caffeine [30] and vanilla extract [14], are considered to be potent
inhibitors of QS and its regulatory factors. This work aimed to investigate the potential of cin-
namon oil, a dietary supplement used worldwide, to inhibit QS and the associated virulence
factors of pathogenic P. aeruginosa PAOL.

Cinnamon oil is a plant-derived oil, and its composition may vary depending on the bulk,
the species of plant used, and the method of preparation. Cinnamon oil has been reported to
exhibit potential antimicrobial activities against wide range of microorganisms [31, 32]. We
used sub-lethal concentrations of cinnamon oil that are insufficient to neutralize microbes. No
significant differences in growth patterns were observed between control and oil-treated P.
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Fig 8. Quantification of PAO1 biofilms in the presence of various concentrations of cinnamon oil. The
biofilms were quantified after 24 h of incubation and are represented as adhesion units (OD590/0D600). The
error bars indicate the standard deviations of three measurements, and the data were normalized according
to the ODggo. ***, P<0.0001 compared with the control. **** P<0.00001 compared with the control.

doi:10.1371/journal.pone.0135495.g008

aeruginosa PAOL, C. violaceum CV026 or E coli pN105LpSC11 at the lower tested concentra-
tions, 0.1 and 0.2 pl/ml, in the growth curve analysis. The growth curve data showed that cin-
namon oil at low concentrations (0.1 and 0.2 pl/ml) inhibits QS, while the remaining
concentrations tested in the study affect both QS and the growth rate. Our results are consistent
with the findings of Kim et al., who reported decreases in biofilm formation and toxin produc-
tion in the presence of different sub-lethal concentrations of cinnamaldehyde. Kim et al. also
demonstrated a delay in reaching log phase in all treated samples [33].

However, cinnamaldehyde, which has been reported to be the major component of cinna-
mon oil, has been cited for its anti-QS activity in the Vibrio harveyi system by Brackman et al.
[34]. These investigators reported that cinnamaldehyde and its derivatives are potentially use-
ful anti-pathogenic compounds for the treatment of vibriosis and interfere with AI-2-based QS
by decreasing the ability of LuxR to bind to its target promoter sequence [35]. Similarly, Yap
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Fig 9. Microscopy images of P. aeruginosa PAO1 biofilms that formed with (right) 0.8 pl/ml and without (left) cinnamon oil. Scanning electron
microscopy (a-b) and light microscopy images (c-d). Inhibition of GFP-PAO1 biofilm formation (e-f). Significant reduction in the DNA content of the
GFP-PAO1 biofilm (g-h). Overlay of (e-f, g-h) images displaying the reduction in extracellular DNA associated with the GFP-PAO1 biofilm (i-j). In the image
(i), extracellular DNA is indicated with an arrowhead. A reduction in EPS production was observed after staining P. aeruginosa PAO1 with FITC-conA. This

effect is evident from the scattered appearance of the cells in the treated samples (k-I).

doi:10.1371/journal.pone.0135495.g009

PS et al., 2014 reported the membrane-permeabilizing effects of Cinnamon verum oil on
treated cultures of multi-drug-resistant Escherichia coli J53 R1, further demonstrating the anti-
QS activity of this oil [36]. We showed that complete cinnamon oil is active against QS-based
virulence factors in P. aeruginosa PAOI, in which the QS molecules have been reported to be
3-o0x0-C;,HSL and C,HSL, rather than 3-hydroxy-butanoyl homoserine lactone, as in V. har-
veyi. In addition, we used Ceylon-type whole cinnamon oil, which has been reported to contain
eugenol as its major constituent rather than cinnamaldehyde [37]. The presence of many
major and minor components in cinnamon oil, including cinnamaldehyde and eugenol,
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suggests that the QSI activity of cinnamon oil may lie in its constituents either individually or
synergistically. However, further experiments are required to address this question.

QS was measured both qualitatively and quantitatively using the mini-Tn5 transposon
mutant C. violaceurn CV026, which produces a purple-colored pigment, violacein, that is regu-
lated by the Cvi/R QS system and responds to AHL [38]. Our data showed decreased violacein
production when AHL was added exogenously, as observed through halo zone formation. This
finding supports the results of Khan et al. [39], who examined the anti-QS activities of 21
essential oils and observed QS reduction by clove oil, followed by Cinnamon verum oil, using
the biosensor strain C. violaceumn CV026. To clearly demonstrate the QSI activity of cinnamon
oil against P. aeruginosa PAO1, an E coli DH5a strain harboring pJN105L (containing lasR)
and pSC11 (Plasl::lacZ) was used as a bioreporter strain, and it was observed that the 3—oxo-
C,, HSL levels measured in the PAO1 culture supernatants decreased in the presence of
increasing concentrations of cinnamon oil, possibly due to the combined effect of QS inhibition
and growth rate inhibition.

The effect of cinnamon oil on P. aeruginosa PAO1 was further evaluated by performing
assays for QS-controlled virulence factors. Swarming is a major virulence factor in P. aerugi-
nosa PAOL that helps it colonize surfaces. Swarming movements are characterized by the
movement of bacteria in a semisolid medium as they form tendrils to search for nutrients in
nutrient-deficient medium; swarming helps P. aeruginosa PAOLI infection to spread. The cor-
relation between biofilm formation and swarming motility remains unknown because of con-
flicting results in the literature. Rampioni et al., 2009 reported that the rsal mutant of P.
aeruginosa PAO1 overproduced virulence factors, including exhibiting increased swarming
motility with reduced adhesion [40] whereas Kim et al., 2015 showed that cinnamon bark oil
and cinnamaldehyde significantly reduced both P. aeruginosa PAO1 biofilms and swarming
motility [41].

In this study, the swarming motility of P. aeruginosa PAO1 was effectively reduced in the
presence of cinnamon oil, as indicated by the decreased length of tendrils compared with the
control, which displayed closely spaced tendrils. These results are consistent with Packiavathy
et al. [29], who reported inhibition of swarming motility by Curcuma longa; however, an
enhancement of swarming motility by ginger has also been reported [42].

Pyocyanin is another major virulence factor produced by P. aeruginosa PAO1. Pyocyanin is
a phenazine derivative that generates reactive oxygen species by oxidizing reduced glutathione
in cells and simultaneously reducing oxygen [26]. In this study, cinnamon oil was shown to
reduce pyocyanin production at increasing concentrations. Alginate is an important compo-
nent of extracellular polysaccharide that helps to maintain biofilm structure and integrity and
confers resistance to antimicrobials by preventing their entry. In this investigation, increased
concentrations of cinnamon oil resulted in decreased alginate production, which is consistent
with a previous report by Owlia et al. [43] showing that the oil of Matricaria chamonilla inhib-
its alginate production. Cinnamon oil decreased biofilm formation at sublethal concentrations,
which was further confirmed by light microscopy, SEM and CLSM. Due to the resistant nature
of biofilms, the microscopy analysis of P. aeruginosa PAO1 biofilm was performed using a high
sublethal concentration (0.8 pl/ml) of cinnamon oil which has inhibitory effect on P. aerugi-
nosa PAO1 growth rate. The biofilm microscopy data supported the quantitative findings. In
this study, CLSM was performed to quantify EPS and extracellular DNA contents by staining
P. aeruginosa PAO1 and GFP-PAO1 with FITC-ConA and DAPI, respectively. DAPI is a fluo-
rescent dye that binds to AT-rich regions of DNA, whereas FITC-ConA binds to the mannose
and glucose moieties of biofilm-associated EPS. These dyes were used to quantify DNA and
EPS, respectively, to avoid obtaining overlapping fluorescent spectra. Many researchers have
reported antibiofilm activities of cinnamon essential oil. Kerekes et al., 2013 used cinnamon oil
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against biofilms arising from mixed cultures of E. coli and P. putida and claimed to achieve
complete inhibition [44]. Kim et al., 2015 showed that a 0.05% (v/v) concentration of cinna-
mon bark oil and cinnamaldehyde significantly reduced P. aeruginosa PAO1 biofilms [33].
Bouhdid et al., 2010 also demonstrated the effect of Cinnamon verum essential oil against P.
aeruginosa ATCC 27853 planktonic cultures and claimed that it damaged the bacterial cellular
membrane and induced cell death through collapse of the membrane potential [45]. These
findings demonstrate that cinnamon oils of different origin may vary in their compositions
and modes of action against a planktonic or biofilm mode of growth.

In this study, we have, for the first time, obtained preliminary microscopy data showing a
reduction in biofilm-associated extracellular DNA contents and EPS in response to cinnamon
oil, suggesting that whole cinnamon oil not only inhibits QS at a concentrationof approxi-
mately 0.2 pl/ml but also inhibits biofilm formation by reducing the associated extracellular
DNA content and EPS, which are well-demonstrated components of biofilm functionality [46].
These results support the findings of a study by Hentzer and Givskov [47], in which furanones
from D. pulchra [27] and garlic [28] caused a remarkable reduction of the EPS production and
thickness of biofilms.

This study clearly demonstrates the ability of cinnamon oil to inhibit QS at lower concentra-
tions (0.1-0.2 pl/ml), while both QS and the growth rate are affected at higher concentrations,
possibly due partly to QS inhibition and partly to other unknown effects that together cause
inhibition of the growth rate. Our findings provide a comprehensive overview of the inhibition
of P. aeruginosa PAO1-associated virulence factors by oil from the popular dietary phytochem-
ical cinnamon.

Supporting Information

S1 Fig. Production of 3-0xo-C,,HSLduring growth curve in response to different concen-
trations of cinnamon oil.
(TIF)

S2 Fig. Standard curve of 3-oxo-C,,HSL.
(TIF)

Acknowledgments

The authors are thankful to the Department of Science and Technology, Department of Bio-
technology and TEQIP-II for their facilitation and support. Prof. Peter Greenberg is gratefully
acknowledged for providing the culture of GFP-tagged PAO1 and the bioreporter E. coli
pIN105LpSCI11 strain. We are also grateful to the Central Instrumentation Facility of South
Campus Delhi University for providing the facility for the CLSM analysis and to CIR MNNIT
Allahabad for providing the SEM facility.

Author Contributions

Conceived and designed the experiments: MK VA. Performed the experiments: MK VKY PKS.
Analyzed the data: MK VA DS HP VKY PKS. Wrote the paper: MK HP VA SSN.

References

1. Fuqua WC, Winans SC, Greenberg EP. Quorum sensing in bacteria: the Lux R- Lux | family of cell den-
sity—responsive transcriptional regulators. J Bacterol. 1994; 176:269-275.

2. Rutherford ST, Bassler BL. Bacterial Quorum Sensing: its role in virulence and possibilties of its control.
Cold Spring Harbor Prespect Med. 2012; 2(11): a012427.

PLOS ONE | DOI:10.1371/journal.pone.0135495 August 11,2015 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135495.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135495.s002

@ PLOS | oxe

Cinnamon Oil Inhibits Pseudomonas aeruginosa Quorum-Sensing

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Christopher M, Bassler W, Bassler LB. Quorum Sensing: Cell- to- Cel Communication in Bacteria.
Annu Rev Cell Dev Biol. 2005; 21:319-346. PMID: 16212498

Lyczak JB, Cannon CL, Pier GB. Lung infections associated with cystic fibrosis. Clin Microbiol Rev.
2002; 15:194-222. PMID: 11932230

Parsek MR,Val DL, Hanzelka BL, Cronan JE, Greenberg EP. Acyl homoserine lactone quorum sensing
signal generation. Proc Natl Acad Sci. 1999; 96: 4360—4365. PMID: 10200267

Parsador L, Cook JM, Gambello MJ, Rust L, Iglewski BH. Expression of Pseudomonas aeruginosa viru-
lence genes requires cell-to-cell communication. Science. 1993; 260:1127—-1130. PMID: 8493556

Wagner VE, Filiatrault MJ, Picardo KF, Iglewski BH. Pseudomonas aeruginosa virulence and patho-
genesis issues. In: Cornelis P (ed) Pseudomonas genomics and molecular biology, 1stedn. Caister
Academic Press, Norfolk;2008.pp. 129—-158.

Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott HM. Microbial Biofilms. Annu
Rev Microbiol. 1995; 49: 711-745. PMID: 8561477

Fischbach MA, Walsh CT. Antibiotics for emerging pathogens. Science. 2009; 325:1089-1093. doi:
10.1126/science. 1176667 PMID: 19713519

Marshall J. Quorum sensing. Proc Natl Acad Sci USA. 2013; 110:8.

Rao PV, Gan SH. Cinnamon: A multifaceted medicinal plant. J Evid Based Complementary Altern,
2014;642942.

Borucki MK, Peppin JD, White D, Loge F, Call DR.Variation in biofilm formation among strains of Lis-
teria monocytogenes. Appl Environ Microbiol. 2003; 69(12): 7336—7342. PMID: 14660383

Clinical and Laboratory Standards Institute. Methods for dilution antimicrobial susceptibilty tests for
bacteria that grow aerobically. Approved Standard ( 7thed.) Clinical and Laboratory Standards Institute
document M7-A7; 2006.

Agarwal V, Lal P, Pruthi V. Prevention of Candida albicans biofilm by plant oils. Mycopathologia. 2008;
165(1):13-19. PMID: 17968673

Choo JH, Rukayadi Y, Hwang JK. Inhibition of bacterial quorum sensing by vanilla extract. Lett Appl
Microbiol.2006; 42 (6): 637-641. PMID: 16706905

Shaw PD, Ping G, Daly SL, Cha C, Cronan JE, Rinehart KL, et al. Detecting and characterizing N-Acyl-
homoserine lactone signal molecules by thin-layer chromatography. Proc Natl Acad Sci USA. 1997;
94: 6036-6041 PMID: 9177164

Miller JH. Experiments in molecular genetics. Cold Spring Harbor Laboratory Press: Woodbury, NY;
1972. pp. 352-355.

O’Malley YQ, Reszka KJ, Spitz DR, Denning GM, Brittigan BE. P. aeruginosa pyocyanin directly oxi-
dizes glutathione and decreases its level in airway epithelial cells. Am J Physiol Lung Cell Mol Physiol.
2004; 287: 94-103.

Krishnan T, Yin WF, Chan KG. Inhibition of quorum sensing controlled virulence factor production in
Pseudomonas aeruginosa PAO1 by Ayurveda spice clove (Syzygium aromaticum) bud extract. Sen-
sors. 2012; 12: 4016-4030. doi: 10.3390/s120404016 PMID: 22666015

Knutson CA, Jeanes A. A new modification of the carbazole analysis: Application to heteropolysacchar-
ides. Anal Biochem. 1968; 24:470-481. PMID: 5723302

Vazquez SC, Rios Merino LN, Mac Cormack WP, Fraile ER. Protease producing psychrotrophic bacte-
ria isolated from antartica. Polar Biol. 1995; 15:131-135.

Vijayaraghavan P, Vincent SGP. A simple method for the detection of protease activity on agar plate
using bromocresolgreen dye. J Biochem Tech. 2013. 4(3): 628—630.

Boddey JA, Flegg CP, Pay CJ, Beacham IR, Peak IR. Temperature regulated microclony formation by
Burkholderia pseudomallei require pilA and enhance associated with cultured human cells. Infect
Immun. 2006; 74 (9):5374-5381. PMID: 16926432

Musthafa KS, Ravi AV, Annapoorani A, Packiavathy ISV, Pandian SK. Evaluation of anti-quorum-sens-
ing activity of edible plants and fruits through inhibition of N-Acyl homoserine lactone system in Chro-
mobacterium violaceum and P. aeruginosa. Chemotherapy. 2010; 56: 333—-339. doi: 10.1159/
000320185 PMID: 20720417

Hawser SP, Douglas LJ. Biofilm formation by Candida species on the surface of catheter materials in
vitro. Infect Immun. 1994. 62(3): 915-921. PMID: 8112864

Zhao T and Liu Y.N-acetylcysteine inhibit biofilms produced by Pseudomonas aeruginosa. BMC Micro-
biol. 2010; 10:140. doi: 10.1186/1471-2180-10-140 PMID: 20462423

Adonizio AL, Downum K, Bennett BC, Mathee K. Anti-quorum activity of medicinal plants in southern
Florida. J Ethnopharmacol. 2006; 105:427-435. PMID: 16406418

PLOS ONE | DOI:10.1371/journal.pone.0135495 August 11,2015 17/18


http://www.ncbi.nlm.nih.gov/pubmed/16212498
http://www.ncbi.nlm.nih.gov/pubmed/11932230
http://www.ncbi.nlm.nih.gov/pubmed/10200267
http://www.ncbi.nlm.nih.gov/pubmed/8493556
http://www.ncbi.nlm.nih.gov/pubmed/8561477
http://dx.doi.org/10.1126/science.1176667
http://www.ncbi.nlm.nih.gov/pubmed/19713519
http://www.ncbi.nlm.nih.gov/pubmed/14660383
http://www.ncbi.nlm.nih.gov/pubmed/17968673
http://www.ncbi.nlm.nih.gov/pubmed/16706905
http://www.ncbi.nlm.nih.gov/pubmed/9177164
http://dx.doi.org/10.3390/s120404016
http://www.ncbi.nlm.nih.gov/pubmed/22666015
http://www.ncbi.nlm.nih.gov/pubmed/5723302
http://www.ncbi.nlm.nih.gov/pubmed/16926432
http://dx.doi.org/10.1159/000320185
http://dx.doi.org/10.1159/000320185
http://www.ncbi.nlm.nih.gov/pubmed/20720417
http://www.ncbi.nlm.nih.gov/pubmed/8112864
http://dx.doi.org/10.1186/1471-2180-10-140
http://www.ncbi.nlm.nih.gov/pubmed/20462423
http://www.ncbi.nlm.nih.gov/pubmed/16406418

@ PLOS | oxe

Cinnamon Oil Inhibits Pseudomonas aeruginosa Quorum-Sensing

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Bjamsholt T, Jensen PO, Rasmussen TB, Christophersen L, Calum H, Hentzer HP, et al. Garlic blocks
quorum sensing and promotes rapid clearing of pulmonary P. aeruginosa infections. Microbiol. 2005;
151:3873-3880.

Packiavathy IASV, Priya S, Pandian SK, Ravi AV. Inhibition of biofilm development of uropathogens by
curcumin-An anti-quorum sensing agent from Curcuma longa. Food Chem. 2014; 148: 453-460. doi:
10.1016/j.foodchem.2012.08.002 PMID: 24262582

Norizan SNM, Yin WF, Chan KG. Caffeine as a potential quorum sensing inhibitor. Sensors. 2013; 13
(4):5117-5129. doi: 10.3390/s130405117 PMID: 23598500

Ooi MSL, Li Yaolan, Kam LS, Wang H, Elaine LY, Wong Ooi CEV. Antimicrobial activities of cinnamon
oil and cinnamaldehyde from the Chinese medicinal herb Cinnamomum cassia Blume. Am J Clin Med.
2006; 3:511-522.

Herman A, Herman PA, Domagalska WB, Mlynarczyk A. Essentials oils and herbal extracts as antimi-
crobial agents in cosmetic emulsion. Indian J Microbiol, 2013; 53(2):232—-237. doi: 10.1007/s12088-
012-0329-0 PMID: 24426114

Kim GY, Lee HJ, Kim S, Baek HK, Lee J. Cinnamon Bark oil and its components inhibit biofilm formation
and toxin production. Int J Food Microbiol. 2015; 195:30-39. doi: 10.1016/j.ijffoodmicro.2014.11.028
PMID: 25500277

Brackman G, Defoirdt T, Miyamoto C, Bossier P, Calenbergh SV, Nelis H, et al. Cinnamaldehyde and
cinnamaldehyde derivatives reduce virulence in Vibrio spp. by decreasing the DNA-binding activity of
the quorum sensing response regulator LuxR. BMC Microbiol. 2008; 8:149. doi: 10.1186/1471-2180-8-
149 PMID: 18793453

Lade H, Paul D, Kweon JH. N-Acyl homoserine lactone mediated quorum sensing with special refer-
ence to use of quorum quenching bacteria in membrane biofouling control. Biomed Res Int.
2014:162584. doi: 10.1155/2014/162584 PMID: 25147787

Yap PS, Krishnan T, Chan KG, Lim SH. Some evidences on the mode of action of Cinnamomum verum
bark essential oil, alone and in combination with piperacillin against a multidrug resistant Escherichia
coli strain. J Microbiol Biotechnol. 2014; 24 (7).

Wijesekera ROB, Jayewardene AL, Rajapakse LS. Volatile constituents of leaf, stem and root oils of
Cinnamon (Cinnamonum zeylanicum). J Sci Food Agric. 1974; 25:1211-1220.

Stauff DL, Bassler BL. Quorum sensing in Chromobacterium violaceum: DNA recognition and gene
regulation by the CviR Receptor. J Bacteriol. 2011; 193:3871-3878. doi: 10.1128/JB.05125-11 PMID:
21622734

Khan MS, Zahin M, Husain FM, Ahmad . Inhibition of quorum sensing regulated bacterial functions by
plant essential oils with reference to clove oil. Lett Appl Microbiol. 2009; 49(3):354—360. doi: 10.1111/j.
1472-765X.2009.02666.x PMID: 19627477

Rampioni G, Schuster M, Greenberg PE, Zennaro E, Leoni L. Contribution of the RsaL global regulator
to Pseudomonas aeruginosa virulence and biofilm formation. FEMS Microbiol Lett. 2009; 301:210-217.
doi: 10.1111/].1574-6968.2009.01817.x PMID: 19878323

Kerkes EB, Deak E, Tako M, Tserennadmid R, Petkovits T, Vagvolgyi C, et al. Anti-biofilm forming and
anti-quorum sensing activity of selected essential oils and their main components on food- related
microorganisms. J Appl Microbiol. 2013; 115:933-942. doi: 10.1111/jam.12289 PMID: 23789847

Kim HS, Park HD. Ginger extract inhibits biofilm formation by Pseudomonas aeruginosa PA14. PLOS
ONE. 2013. 8(9):e76016.

Owlia P, Rasooib |, Saderia H, Aliahmadi M. Retardation of biofilm formation with reduced productivity
of alginate as a result of Pseudomonas aeruginosa exposure to Matricaria chamomilla essential oil.
Pharmacognozy Magazine. 2007; 3:83-89.

Bouhdid S, Abrini J, Amensour M, Zhiri A, Epsuny MJ, Manresa A. Functional and ultrastructural
changes in Pseudomonas aeruginosa and Staphylococcus aureus cells induced by Cinnamomum
verum essential oil. J Appl Microbiol. 2010; 109:1139-1149. doi: 10.1111/j.1365-2672.2010.04740.x
PMID: 20456525

Beatson SA, Whitchurch CB, Semmler ABT, Mattick JS. Quorum sensing is not required for twitching
motility in Pseudomonas aeruginosa. J Bacteriol. 2002; 184 (13): 3958-3604.

Flemming HC, Wingender J. The biofilm matrix. Nature Reviews Microbiology. 2010; 8:623-633 doi:
10.1038/nrmicro2415 PMID: 20676145

Hentzer M, Givskov M. Pharmacological inhibition of quorum sensing for the treatment of chronic bacte-
rial infections. J Clin Investigation. 2003; 112: 1300-1307.

PLOS ONE | DOI:10.1371/journal.pone.0135495 August 11,2015 18/18


http://dx.doi.org/10.1016/j.foodchem.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24262582
http://dx.doi.org/10.3390/s130405117
http://www.ncbi.nlm.nih.gov/pubmed/23598500
http://dx.doi.org/10.1007/s12088-012-0329-0
http://dx.doi.org/10.1007/s12088-012-0329-0
http://www.ncbi.nlm.nih.gov/pubmed/24426114
http://dx.doi.org/10.1016/j.ijfoodmicro.2014.11.028
http://www.ncbi.nlm.nih.gov/pubmed/25500277
http://dx.doi.org/10.1186/1471-2180-8-149
http://dx.doi.org/10.1186/1471-2180-8-149
http://www.ncbi.nlm.nih.gov/pubmed/18793453
http://dx.doi.org/10.1155/2014/162584
http://www.ncbi.nlm.nih.gov/pubmed/25147787
http://dx.doi.org/10.1128/JB.05125-11
http://www.ncbi.nlm.nih.gov/pubmed/21622734
http://dx.doi.org/10.1111/j.1472-765X.2009.02666.x
http://dx.doi.org/10.1111/j.1472-765X.2009.02666.x
http://www.ncbi.nlm.nih.gov/pubmed/19627477
http://dx.doi.org/10.1111/j.1574-6968.2009.01817.x
http://www.ncbi.nlm.nih.gov/pubmed/19878323
http://dx.doi.org/10.1111/jam.12289
http://www.ncbi.nlm.nih.gov/pubmed/23789847
http://dx.doi.org/10.1111/j.1365-2672.2010.04740.x
http://www.ncbi.nlm.nih.gov/pubmed/20456525
http://dx.doi.org/10.1038/nrmicro2415
http://www.ncbi.nlm.nih.gov/pubmed/20676145

