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Abstract Bacterial population density signaling (quorum signaling) is now recog-
nized as a widespread phenomenon in microorganisms. In some cases, quorum sig-
naling is an essential regulatory component of virulence and other attributes, in-
cluding biofilm formation. Several organisms compete with bacteria by virtue of
disrupting quorum signal production or the signal receptor, or by degrading the sig-
nals themselves. While some have been described in the literature, many others
await discovery. Here, we explore bioassay-based strategies that could be used to
identify novel quorum-signal inhibitors.

Many of the quorum sensing (QS)-controlled genes, such as in P. aeruginosa and
S. aureus, encode known virulence factors. These include the toxins elastase, alka-
line protease, chitinases, cyanide, phenazines, lectins, and rhamnolipids by P. aerug-
inosa (Schuster et al. 2003; Wagner et al. 2003; Hentzer et al. 2003; Vasil 2003;
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Fig. 1 Inhibition of quorum sensing as a novel mode of therapy (Illustration by Mike Beshiri,
Tufts University, Cummings School of Veterinary Medicine, Department of Biomedical Sciences,
Division of Infectious Diseases, North Grafton, MA, USA)

Hassett et al. 1999). In S. aureus QS-regulated virulence factors include alpha, beta,
gamma, and delta-hemolysin, triacylglycerol lipase precursor, glycerol ester hy-
drolase, hyaluronate lyase precursor, staphylococcal serine protease (V8 protease),
cysteine protease precursor, cysteine protease, staphopain-cysteine proteinase, 1-
phosphatidylinositol phosphodiesterase, zinc metalloproteinase aureolysin precur-
sor, holing-like proteins, and capsular polysaccharide synthesis enzymes (Lowy
1998; Korem et al. 2005). Also controlled are genes involved in iron limitation in
biofilms (Hentzer et al. 2005) as well as the adaptive response that limits the dele-
terious effects of the reduced pH associated with anaerobic growth conditions in
biofilms (Beenken et al. 2004).

Given the fact that QS systems control many different unwanted bacterial phe-
notypes, including toxin production and biofilm formation, and given the fact that
they function by means of extracellular signal, they are promising targets for devel-
oping novel antimicrobials (Fig. 1). In the following sections, we will review such
compounds.

The importance of QS-dependent gene expression for bacterial virulence has
been established in several animal models, as shown in the chapter In Vivo Stud-
ies: Inhibiting Biofilm-Associated Bacterial Infections Using SQIs, and in clinical
studies (discussed in the chapter Clinical Wound Healing Using Signal Inhibitors).

1 Detection of Quorum Signals

Several strains have been developed for detecting QS activators and inhibitors
(Table 1), based on fusing a QS-controlled promoter to a reporter gene. A char-
acteristic of some of these strains is that they lack the ability to produce their own
QS but are able to respond to exogenous QS with a visible phenotype, such as vio-
lacein pigment production in Chromobacterium violaceum CV026 (McClean et al.
1997; Adonizio et al. 2006), prodigiosin pigment production in Serratia marcescens
ATCC 39006 (Glansdorp et al. 2004), light production in Vibrio harveyi D1 (Cao
and Meighen 1993), and swarming in Serratia liquefaciens MG44 (Eberl et al.
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Table 1 Representative quorum-sending (QS) bacteria and plasmids

Strain Major characteristics Refs.

Agrobacterium tumefaciens
A136 (pCF218)(pCF372)a Detects wide range of AHLs

(C6-C14 HSLs)
Fuqua and Winans 1996;
Zhu et al. 1998

KYC55
(pJZ372)(pJZ384)(pJZ410)a

Increased detection of AHLs
(C4-C18 HSLs)

Zhu et al. 2003

KYC6 3-oxo-C8-HSL overproducer Fuqua et al. 1995
Chromobacterium violaceum
CV026b Detects C4-C8-HSLs McClean et al. 1997
ATCC 31532 Nonpigmented overproducer

of C6-HSLs
McClean et al. 1997

ATCC 12472b wt pigmented strain used
in QS inhibitor assay

McLean et al. 2004

Pseudomonas aureofaciens
30–84b wt pigmented strain used

in QSI assay
McLean et al. 2004;
Wood and Pierson 1996

Serratia liquefaciens
MG44c swrI mutant for C4-HSL

detection
Eberl et al. 1996

Serratia marcescens
ATCC39006b smaI mutant for C4-HSL

detection
Glansdorp et al. 2004

Sinorhizobium meliloti
Rm41 sinI::lacZ(pJNSinR)a AHL reporter for long chain

(up to C16) HSLs
Llamas et al. 2004

Vibrio harveyi BB170 AI-2 detection Bassler et al. 1994
Plasmids
pSB406d lux-based reporter plasmid

for AHL detection
Winson et al. 1995

pSB403d lux-based reporter plasmid
for AHL detection

Winson et al. 1998

pJBA89e Stable gfp-based reporter
plasmid for AHL detection

Andersen et al. 2001

pJBA132e Unstable gfp-based reporter
plasmid for AHL detection
Most sensitive for C6-HSL

Andersen et al. 2001

pAS-C8e Unstable gfp-based reporter
plasmid for AHL detection
most sensitive for C8-HSL

Steidle et al. 2001

pKR-C12e Unstable gfp-based reporter
plasmid for AHL detection
most sensitive for
3-oxo-C12-HSL

Steidle et al. 2001

pMHLB lasB-gfp; unstable reporter for
detection of 3-oxo-C12-HSL

Hentzer et al. 2002

S. aureus
pRN6683 in lab strain
RN6390f

RNAIII-blaZ transcriptional
fusion

Novick et al. 1995

a lacZ reporter b Pigment reporter [C. violaceum, violacein (purple); P. aureofaciens, phenazine
(orange); S. marcescens, prodigiosin (red)] c Swarming reporter d lux reporter e gfp reporter; un-
stable gfp constructs have a C-terminus deletion, making them more susceptible to endogenous
proteolytic activity in bacteria (Andersen et al. 2001). They are used for real-time measurements
of AHL levels. f Beta-lactamase reporter
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1996). A bioluminescent strain of V. harveyi BB170 was developed for the bioassay
of AI-2 (Bassler et al. 1994), and RNAIII-blaZ transcriptional fusion was developed
in S. aureus for detecting agr as a marker for virulence (Novick et al. 1995).

QS-mediated gene expression does not always result in a readily visible phe-
notype. One example of this is in the plant pathogen Agrobacterium tumefaciens,
in which conjugation is mediated by QS (Fuqua and Winans 1996). Two A. tume-
faciens biosensor strains have been constructed, A136 (pCF218)(pCF372) (Fuqua
and Winans 1996) and KYC55 (pJZ372)(pJZ384)(pJZ410) (Zhu et al. 2003). These
two strains overexpress traR, which is the luxR homolog. Although these strains are
most sensitive (often in the sub-pmol concentration) to the cognate N-acyl homoser-
ine lactone (AHL) [3-oxo-octanoyl homoserine lactone (3-oxo-C8 HSL)], they are
also able to detect a wide range of other AHLs at less sensitivity (µmol to nmol
range; Zhu et al. 1998, 2003). A representative example is shown in Fig. 2. Other
AHL biosensor strains have also been constructed using other reporter genes, in-
cluding gfp and lux, that have been fused to luxR homologs (Andersen et al. 2001;
Swift et al. 1993). Positive controls for AHL detection include WT strains of the
biosensor organism with intact luxI genes and AHL synthetic capability. Alterna-
tively, AHL overproducers such as A. tumefaciens KYC6 (Fuqua and Winans 1996)
and C. violaceum 31532 (McClean et al. 1997) can be used for the Agrobacterium
and Chromobacterium bioassays, respectively. A number of AHLs are commercially

Fig. 2 A soft-agar overlay can be used for qualitative detection of N-acyl homoserine lactones
(AHLs) using a reporter strain such as A. tumefaciens A136 (pCF 218) (pCF372) (Fuqua and
Winans 1996). Positive control (a) involves testing with AHL-overproducing A. tumefaciens
KYC6. Negative control (b) involves testing with non-AHL-producing A136 reporter strain. An
AHL-producing environmental isolate is shown in (c). For comparison, a positive control cross-
streaking plate is shown in (d)
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Fig. 3 a An example of beta lactamase reporter assay in S. aureus. Four yellow columns on left
reflect inhibition of RNAIII production by RIP. Four pink columns on right reflect RNAIII produc-
tion in the presence of saline. b Spectrophotometric analysis (absorbance at 490/650 nm × 1000)
of column 1 on far left (yellow, RIP+) and column 8 on far right (pink, RIP−)

Fig. 4 Bioassay for quorum signal inhibition using C. violaceum ATCC 12472 (McLean et al.
2004). The cognate N-acyl homoserine lactone (AHL) for this strain is C6-HSL (McClean et al.
1997). Organisms such as Pseudomonas aeruginosa PAO1 can be used as a positive control (a) in
that their AHLs, 3-oxo-C12-, and C4-HSL will compete with C6-HSL for binding on cviR (luxR
homolog) of C. violaceum. The negative control, C. violaceum 12472, is shown in (b). Quorum-
sensing inhibitor of aquifer isolate (McLean et al. 2005) is shown in (c)
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available, or they can be produced via chemical synthesis (Eberhard and Schineller
2000).

For increased sensitivity or resolution of different AHLs, biosensor strains have
also been incorporated along with other analytical techniques such as high-perfor-
mance liquid chromatography (Moré et al. 1996; Charlton et al. 2000a,b) and thin-
layer chromatography (Shaw et al. 1997). Alternatively, violacein, a QS-regulated
pigment in C. violaceum, can be extracted with acetone or ethanol, and measured
with a spectrophotometer (Blosser and Gray 2000). There is a recent report of a mass
spectrometry technique for AHL detection that rivals the picomolar detection limits
of the best biosensors (Makemson et al. 2006).

RNAIII-blaZ transcriptional fusion was developed to detect agr activity, using
the agr P3-blaZ fusion plasmid pRN6683 in lab strain RN6390 (Novick et al. 1995).
Beta-lactamase activity can be measured by the addition of nitrocefin. A red color
indicates activation of agr, and yellow indicates inhibition of agr. This assay can be
carried out in microtiter plates (Fig. 3).

Fig. 5 Incorporation of two strains into a quorum-sensing inhibitor bioassay can distinguish
whether inhibition is due to N-acyl homoserine lactone (AHL) response (luxR effect; a) or syn-
thesis (luxI effect; b). Negative controls are at the top, and test samples are at the bottom. c Neg-
ative control for luxI effect. d Positive reaction for inhibition of AHL production due to green tea
(Camellia sinensis) extract
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2 Detection of Quorum Signal Inhibitors

As these reporter systems are fused to a QS-controlled promoter, they become ac-
tivated when the bacteria encounter exogenous signal molecules. Conversely, when
the bacteria are challenged with quorum signal inhibitors (QSIs), the signal from
the reporter systems is reduced. Hence, there is a positive “hit” when expression of
the reporter is significantly reduced.

Several strategies can be employed to identify QSIs. A general strategy can in-
volve taking a biosensor strain (Table 1) and exposing it to test compounds that
would cause a loss of signal response. Alternatively, a wild-type strain containing
a QS-regulated phenotype can be used as a biosensor (Table 1). Bacteria using Gfp
or beta-lactamase-based screening systems, for instance, can be grown in liquid me-
dia in microtiter dishes in which many different compounds and/or concentrations
can be probed at a time. An example of inhibition of S. aureus QS by RIP is shown
in Fig. 3.

The Chromobacterium violaceum AHL bioassay (McClean et al. 1997) and pig-
mented Pseudomonas aureofaciens strain 30–84 (Wood and Pierson 1996), for ex-
ample, have been used for detecting potential QSIs (McLean et al. 2004). Here,
biological material (typically plant components or bacterial cultures) is placed in
close proximity to either WT C. violaceum ATCC 12472 or P. aureofaciens 30–84.
These QSI indicator strains can be incorporated into a soft-agar overlay (Fig. 4)
or, alternatively, can be streaked in close proximity to the test material. Potential
QSI activity is observed via a loss of pigmentation (purple violacein production in
C. violaceum or loss of orange phenazine in P. aureofaciens).

Potential antibiotics or other antimicrobial agents can also be detected by growth
inhibition of the QSI strains. The AHL normally used by C. violaceum and P. aureo-
faciens is N-hexanoyl homoserine lactone (C6-HSL). Other AHLs will competi-
tively bind to the LuxR homologs in these two organisms, CviR and PhzR (Mc-
Clean et al. 1997; Chancey et al. 1999), but are not otherwise biologically active,
thus inhibiting their AHL-regulated pigmentation. Although competitive inhibition
by AHLs (other than C6-HSL) can be used as a positive control for this bioassay,
one should also test samples with QS biosensor strains such as A. tumefaciens A136
or C. violaceum CV026. In this fashion, one can readily detect potential QSI and
also determine whether it is due to AHL-mediated inhibition.

A QSI bioassay was recently modified to discern whether potential inhibitors
target AHL synthesis (via LuxI) or AHL response (via LuxR) (Vattem, Bryant, and
McLean, unpublished). As shown in Fig. 5, two strains are used: an AHL overpro-
ducer such as A. tumefaciens KYC6 or C. violaceum 31532, and an AHL biosensor
such as A. tumefaciens A136 or C. violaceum CV026. A test compound is usually
placed in an absorbent, sterile filter paper and the AHL overproducer and biosensor
strains inoculated in varying proximity to the test material. To test for potential LuxI
inhibition, the AHL overproducer is placed in close proximity to the test substance
and the AHL biosensor placed distal. To test for LuxR inhibition, the locations of
the AHL overproducer and biosensor strains are reversed. In either case, potential
QSI activity results in a lowered signal from the AHL biosensor. Although the QSI



46 R.J.C. McLean et al.

bioassay at present is a qualitative assay, we are currently developing a quantitative
QSI bioassay (Vattem, Bryant, and McLean, unpublished) analogous to a previously
published violacein extraction QS assay (Blosser and Gray 2000).

Usually, both growth (OD) and expression of the reporter system are monitored
over time. One major drawback to this type of screening system is that compounds
that either inhibit or slow growth inevitably reduce reporter expression and conse-
quently may lead to scoring of false positives. Hence, growth of the bacterial screen
has to be carefully monitored to ensure that the test compounds are not interfering
with growth and thereby with general protein synthesis. To circumvent this prob-
lem, another type of screen, termed the QSI selector (QSIS), has been developed
(Rasmussen et al. 2005).

In this system, the QS-controlled promoter is fused to a gene causing growth ar-
rest when expressed. The screening bacterium does not produce any QS signals by
itself, so in the absence of AHL molecules, growth is unrestrained. If the growth
medium is supplemented with AHL molecules, the QS-controlled killing system
becomes activated, leading to growth arrest (Fig. 6). Further addition of a QSI com-

Fig. 6 General layout of the quorum-sensing inhibitor (QSI) selector systems. a The screening
bacteria are grown without N-acyl homoserine lactone (AHL). The LuxR homolog is not activated,
hence there is no expression from the QS-controlled promoter (PQS), and, in turn, the killing is not
expressed, and the cells survive. This situation is used when the bacteria are grown for purposes
other than screening. b Exogenously added AHL molecules activate the PQS promoter, and the
killing gene is thereby expressed, causing growth arrest of the bacteria. c A QSI blocks QS, and
the killing gene is not expressed, allowing growth of the bacteria (Rasmussen et al. 2005)
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Fig. 7 The quorum-sensing inhibitor selector (QSIS) 1 screening system in action. The screening
bacteria are cast into an agar plate along with N-acyl homoserine lactone (AHL) and other cofac-
tors. Wells are punched in the plate, into which test compounds are added. The test compounds dif-
fuse into the agar, and where the concentration is appropriate, quorum sensing is blocked, allowing
growth of the bacteria. Growth is indicated by a blue ring as the bacteria produce beta-galactosidase
turning over X-gal in the plate

pound inhibits expression of the QS-controlled killing cassette, and the bacteria are
allowed to grow (Fig. 6). Hence, the presence of a hit is indicated by growth. Fur-
thermore, the bacteria express phenotypes that ease identification of growth, such as
beta-galactosidase and bioluminescence (Fig. 7).

Briefly, the bacteria are cast into agar along with signal molecules that will acti-
vate the killing cassette. Wells are punched in the agar, and compounds or mixtures
to be tested are added to the wells. From the wells, compounds diffuse into the
semisolid agar, establishing a concentration gradient with the highest concentration
closest to the well. This enables the researchers to test the effect of numerous con-
centrations in just one assay. If the compound has no QSI activity, the killing system
in the bacteria is active due to the AHLs present in the agar; hence, the bacteria are
killed, no growth is observed, and a negative screen is observed. If the compound is
toxic to the bacteria, no growth is observed. This is also scored as a negative out-
come of the screen. Only if the test compound has nontoxic properties and exhibits
QSI activity will the bacteria be rescued and a positive outcome of the screen be
scored (Fig. 7) (Rasmussen et al. 2005).

References

Adonizio AL, Downum K, Bennett BC, Mathee K (2006) Anti-quorum sensing activity of medic-
inal plants in southern Florida. J Ethnopharmacol 105:427–435

Andersen JB, Heydorn A, Hentzer M, Eber L, Geisenberger O, Christensen BB, Molin S,
Givskov M (2001) gfp-based N-acyl homoserine lactone sensor systems for detection of bac-
terial communication. Appl Environ Microbiol 67:575–585



48 R.J.C. McLean et al.

Bassler BL, Wright M, Silverman MR (1994) Multiple signalling systems controlling expression
of luminescence in Vibrio harveyi: sequence and function of genes encoding a second sensory
pathway. Mol Microbiol 13:273–286

Beenken KE, Dunman PM, McAleese F, Macapagal D, Murphy E, Projan SJ, Blevins JS,
Smeltzer MS (2004) Global gene expression in Staphylococcus aureus biofilms. J Bacteriol
186:4665–4684

Blosser RS, Gray KM (2000) Extraction of violacein from Chromobacterium violaceum provides
a new quantitative bioassay for N-acyl homoserine lactone autoinducers. J Microbiol Methods
40:47–55

Cao JG, Meighen EA (1993) Biosynthesis and stereochemistry of the autoinducer controlling lu-
minescence in Vibrio harveyi. J Bacteriol 175:3856–3862

Chancey ST, Wood DW, Pierson LS (1999) Two-component transcriptional regulation of
N-acyl-homoserine lactone production in Pseudomonas aeruginosa. Appl Environ Microbiol
65:2294–2299

Charlton TS, de Nys R, Netting A, Kumar N, Hentzer M, Givskov M, Kjelleberg S (2000a) A novel
and sensitive method for the quantification of N-3-oxoacyl homoserine lactones using gas
chromatography-mass spectrometry: application to a model bacterial biofilm. Environ Micro-
biol 2:530–541

Charlton T, Givskov M, deNys R, Andersen JB, Hentzer M, Rice S, Kjelleberg S (2000b) Ge-
netic and chemical tools for investigating signaling processes in biofilms. Methods Enzymol
336:108–128

Eberhard A, Schineller JB (2000) Chemical synthesis of bacterial autoinducers and analogs. Meth-
ods Enzymol 305:301–315

Eberl L, Winson MK, Sternberg C, Stewart GS, Christiansen G, Chhabra SR, Bycroft B, Williams P,
Molin S, Givskov M (1996) Involvement of N-acyl-l-homoserine lactone autoinducers in
controlling the multicellular behaviour of Serratia liquefaciens. Mol Microbiol 20:127–
136

Fuqua C, Burbea M, Winans SC (1995) Activity of the Agrobacterium Ti plasmid conjugal transfer
regulator TraR is inhibited by the product of the traM gene. J Bacteriol 177:1367–1373

Fuqua C, Winans SC (1996) Conserved cis-acting promoter elements are required for density-
dependent transcription of Agrobacterium tumefaciens conjugal transfer genes. J Bacteriol
178:435–440

Glansdorp FG, Thomas GL, Lee JK, Dutton JM, Salmond GPC, Welch M, Spring DR (2004)
Synthesis and stability of small molecule probes for Pseudomonas aeruginosa quorum sensing
modulation. Org Biomol Chem 2:3329–3336

Hassett DJ, Ma JF, Elkins JG, McDermott TR, Ochsner UA, West SE, Huang CT, Fredericks J,
Burnett S, Stewart PS, McFeters G, Passador L, Iglewski BH (1999) Quorum sensing in Pseu-
domonas aeruginosa controls expression of catalase and superoxide dismutase genes and me-
diates biofilm susceptibility to hydrogen peroxide. Mol Microbiol 34:1082–1093

Hentzer M, Riedel K, Rasmussen TB, Heydorn A, Andersen JB, Parsek MR, Rice SA, Eberl L,
Molin S, Høiby N, Kjelleberg S, Givskov M (2002) Inhibition of quorum sensing in Pseu-
domonas aeruginosa biofilm bacteria by a halogenated furanone compound. Microbiology
148:87–102

Hentzer M, Wu H, Andersen JB, Riedel K, Rasmussen TB, Bagge N, Kumar N, Schembri MA,
Song Z, Kristoffersen P, Manefield M, Costerton JW, Molin S, Eberl L, Steinberg P, Kjelle-
berg S, Høiby N, Givskov M (2003) Attenuation of Pseudomonas aeruginosa virulence by
quorum sensing inhibitors. EMBO J 22:3803–3815

Hentzer M, Eberl L, Givskov M (2005) Transcriptome analysis of Pseudomonas aeruginosa
biofilm development: anaerobic respiration and iron limitation. Biofilms 2:37–61

Hume EB, Baveja J, Muir B, Schubert TL, Kumar N, Kjelleberg S, Griesser HJ, Thissen H, Read R,
Poole-Warren LA, Schindhelm K, Willcox MD (2004) The control of Staphylococcus epider-
midis biofilm formation and in vivo infection rates by covalently bound furanones. Biomate-
rials 25:5023–5030



Detection In Vitro of Quorum-Sensing Molecules and Their Inhibitors 49

Jones MB, Jani R, Ren D, Wood TK, Blaser MJ (2005) Inhibition of Bacillus anthracis growth and
virulence gene expression by inhibitors of quorum-sensing. J Infect Dis 191:1881–1888

Korem M, Gov Y, Kiran MD, Balaban N (2005) Transcriptional profiling of target of RNAIII-
activating protein, a master regulator of staphylococcal virulence. Infect Immun 73:6220–
6228

Llamas MA, Sparrius M, Kloet R, Jimenez CR, Vandenbroucke-Grauls C, Bitter W (2006) The het-
erologous siderophores ferrioxamine B and ferrichrome activate signaling pathways in Pseu-
domonas aeruginosa. J Bacteriol 188:1882–1891

Lowy FD (1998) Staphylococcus aureus infections. N Engl J Med 339:520–532
Makemson J, Eberhard A, Mathee K (2006) Simple electrospray mass spectrometry detection of

acylhomoserine lactones. Luminescence 21:1–6
Manefield M, Harris L, Rice SA, de Nys R, Kjelleberg S (2000) Inhibition of luminescence and

virulence in the black tiger prawn (Penaeus monodon) pathogen Vibrio harveyi by intercellular
signal antagonists. Appl Environ Microbiol 66:2079–2084

Manefield M, Welch M, Givskov M, Salmond GPC, Kjelleberg S (2001) Halogenated furanones
from the red alga, Delisea pulchra, inhibit carbapenem antibiotic synthesis and exoenzyme
virulence factor production in the phytopathogen Erwinia carotovora. FEMS Microbiol Lett
205:131–138

Manefield M, Rasmussen TB, Hentzer M, Anderson JB, Steinberg P, Kjelleberg S, Givskov M
(2002) Halogenated furanones inhibit quorum sensing through accelerated luxr turnover. Mi-
crobiology 148:1119–1127

McClean KH, Winson MK, Fish L, Taylor A, Chhabra SR, Camara M, Daykin M, Lamb JH,
Swift S, Bycroft BW, Stewart GS, Williams P (1997) Quorum sensing and Chromobac-
terium violaceum: exploitation of violacein production and inhibition for the detection of
N-acylhomoserine lactones. Microbiology 143:3703–3711

McLean RJC, Pierson LS, Fuqua C (2004) A simple screening protocol for the identification of
quorum signal antagonists. J Microbiol Methods 58:351–360

McLean RJC, Barnes MB, Windham MK, Merchant MM, Forstner MRJ, Fuqua C (2005) Cell–cell
influences on bacterial community development in aquatic biofilms. Appl Environ Microbiol
71:8987–8990

Moré MI, Finger LD, Stryker JL, Fuqua C, Eberhard A, Winans SC (1996) Enzymatic synthesis of
a quorum-sensing autoinducer through the use of defined substrates. Science 272:1655–1658

Novick RP, Projan SJ, Kornblum J, Ross HF, Ji G, Kreiswirth B, Vandenesch F, Moghazeh S (1995)
The agr P2 operon: an autocatalytic sensory transduction system in Staphylococcus aureus.
Mol Gen Genet 248:446–458

Rasmussen TB, Bjarnsholt T, Skindersoe ME, Hentzer M, Kristoffersen P, Kote M, Nielsen J,
Eberl L, Givskov M (2005a) Screening for quorum-sensing inhibitors (QSI) by use of a novel
genetic system, the QSI selector. J Bacteriol 187:1799–1814

Ren D, Sims JJ, Wood TK (2002) Inhibition of biofilm formation and swarming of Bacillus subtilis
by (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone. Lett Appl Microbiol 34:293–
299

Ren D, Bedzyk LA, Thomas SM, Ye RW, Wood TK (2004b) Differential gene expression shows
natural brominated furanones interfere with the autoinducer-2 bacterial signaling system of
Escherichia coli. Biotechnol Bioeng 88:630–642

Ren D, Zuo R, Wood TK (2005) Quorum-sensing antagonist (5Z)-4-bromo-5-(bromomethylene)-
3-butyl-2(5H)-furanone influences siderophore biosynthesis in Pseudomonas putida and Pseu-
domonas aeruginosa. Appl Microbiol Biotechnol 66:689–695

Schuster M, Lostroh CP, Ogi T, Greenberg EP (2003) Identification, timing, and signal specificity
of Pseudomonas aeruginosa quorum-controlled genes: a transcriptome analysis. J Bacteriol
185:2066–2079

Steidle A, Sigl K, Schuhegger R, Ihring A, Schmid M, Gantner S, Stoffels M, Riedel K, Givskov M,
Hartmann A, Langebartels C, Eberl L (2001) Visualization of N-acylhomoserine lactone-
mediated cell-cell communication between bacteria colonizing the tomato rhizosphere. Appl
Environ Microbiol 67:5761–5770



50 R.J.C. McLean et al.

Shaw PD, Ping G, Daly SL, Cha C, Cronan JE Jr, Rinehart KL, Farrand SK (1997) Detecting
and characterizing N-acyl-homoserine lactone signal molecules by thin layer chromatography.
Proc Natl Acad Sci USA 94:6036–6041

Swift S, Winson MK, Chan PF, Bainton NJ, Birdsall M, Reeves PJ, Rees CED, Chhabra SR,
Hill PJ, Throup JP, Bycroft BW, Salmond GPC, Williams P, Stewart GSAB (1993) A novel
strategy for the isolation of luxI homologues: evidence for the widespread distribution of
a luxR:luxI superfamily in enteric bacteria. Mol Microbiol 10:511–520

Vasil ML (2003) DNA microarrays in analysis of quorum sensing: strengths and limitations. J Bac-
teriol 185:2061–2065

Wagner VE, Bushnell D, Passador L, Brooks AI, Iglewski BH (2003) Microarray analysis of
Pseudomonas aeruginosa quorum-sensing regulons: effects of growth phase and environment.
J Bacteriol 185:2080–2095

Winson MK, Camara M, Latifi A, Foglino M, Chhabra SR, Daykin M, Bally M, Chapon V,
Salmond GPC, Bycroft B, Lazdunski A, Stewart GS, Williams P (1995) Multiple N-acyl-l-
homoserine lactone signal molecules regulate production of virulence determinants and sec-
ondary metabolites in Pseudomonas aeruginosa. Proc Natl Acad Sci USA 92:9427–9431

Winson MK, Swift S, Fish L, Throup JP, Jorgensen F, Chhabra SR, Bycroft B, Williams P, Stew-
art GS (1998) Construction and analysis of luxCDABE-based plasmid sensors for investigating
N-acyl homoserine lactone-mediated quorum sensing. FEMS Microbiol Lett 163:185–192

Wood DW, Pierson LS (1996) The phzI gene of Pseudomonas aureofaciens 30–84 is responsible
for the production of a diffusible signal required for phenazine antibiotic production. Gene
168:49–53

Zhu J, Beaber JW, Moré MI, Fuqua C, Eberhard A, Winans SC (1998) Analogs of the autoinducer
3-oxooctanoyl-homoserine lactone strongly inhibit activity of the TraR protein of Agrobac-
terium tumefaciens. J Bacteriol 180:5398–5405

Zhu J, Chai Y, Zhong Z, Li S, Winans SC (2003) Agrobacterium bioassay strain for ultrasensitive
detection of N-acylhomoserine lactone-type quorum-sensing molecules: detection of autoin-
ducers in Mesorhizobium huakuii. Appl Environ Microbiol 69:6949–6953



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


