
CHAPTER 12

Quorum Sensing and Biofilm
Formation by Streptococcus mutans
Dilani Senadheeraand Dennis G. Cvitkovitch*

Abstract

S'treptococcusmutans is the primary causative agent involved in dental caries in hwnans.Among
important virulence factors of this pathogen, its ability to form and susta in a polysaccha­
ride-encased biofilm (commonly called dental plaque) is vital not only to its survival and

persistence in the oral cavity, but also for its pathogenicity as well. This chapter focuses on the S.
mutans'biofilm phenotype and how this mode ofgrowth is regulated by its density-dependent
quorwn sensing (QS) system primarily comprised ofthe Competence Stimulating Peptide (CSP)
and the ComD/ComE two-component signal transduction system . In addition to biofilm forma­
tion, the eSP-mediated QS system in S. mutans also affects its acidogenicity, aciduriciry, genetic
transformation and bacteriocin production. Interestingly, it has also been discovered that these
properties are optimally expressed in cells derived from a biofilm as opposed to a free-floating
planktonic mode ofgrowth. Hence, strategies targetingS. mutans'QS system to attenuate biofilm
formation and/orvirulence are currently beingused to develop therapeutic or preventative measures
against dental caries. Recently, it was discovered that the addition ofCSP in large concentrations
(relative to amounts used for normal competence development) resulted in growth arrest and
eventual cell death, thus paving way for CSP-mediated targeted killing ofS. mutans. In addition
to the QS system, effects of other two-component signal transduction systems on the biofilm
phenotype ofS. mutans are also discussed.

Introduction
In nature, bacteria live in diverse habitats that are ofien subjected to various environmental

fluxes. The ability to detect and adapt their cell physiology or behavior to signals reflecting
such changes can ultimately determine the survival and persistence of these organisms. The
two-component signal transduction paradigm, illustrated by the chapters in this book, facilitates
this adaptive response via a sophisticated sensor and responder. More specifically, a particular
stimulus or a combination ofstimuli can autophosphorylate a membrane-located histidine kinase
sensor, which can then convey this message into the cell by transferring the phosphate group to
a responder protein (response regulator).l.21he adaptive phenotype is elicited when the result­
ing phosphorylation triggers a conformational change in the response regulator prompting its
binding to specific DNA promoter regions, thereby rendering transcriptional regulation ofgenes
under their control. In recent years, the availability ofcomplete bacterial genomes has facilitated
the discovery ofnovel two-component signal transduction systems, which in combination with
effective genetic tools has vastly enhanced our understanding ofhow bacteria sense and respond
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to various signals. From a clinical standpoint, these systems provide us with potential targets that
can be manipulated to combat pathogenic infections.

The quorum sensing (QS) phenomenon, which enables bacteria to alter their gene expression
when a critical density of the cell population is reached, is one of the most fascinating behaviors
observed utilizing signal transduction."" Ubiquitous in both Gram-negative and Gram-positive
bacteria, QS is induced by chemical messengers (autoinducer molecules or pheromones) that are
released into the environment and increased in concentration proportionate to a growingpopula­
tion. Once the density reaches a particular threshold, these signal molecules can trigger an expression
cascade, which can alter the cell populations' physiology or behavior as a collective unit instead
ofan individual entity. Various physiological activities controlled by this cell-cell communication
circuitry include antibiotic production, competence development, sporulation, biofilm differentia­
tion, conjugation and bioluminescence in bacteria.6•9-17Such highly coordinated group behavior
can have profound implications on the survival as well as the pathogenicity ofa bacterial popula­
tion. In addition to mounting stress responses and coping mechanisms under high cell density, it
may be advantageous for these organisms to synchronize the release oftoxins and other antigenic
virulence factors with cell density and thus overwhelm the host immune system with the sudden
unanimous release ofvirulence factors. Accumulating evidence of infectious models conducted
by using animals harboring mutant bacterial strains defective in one or more components oftheir
respective QS systems have shown reduced or attenuated virulence.v"

In this ensuing chapter, we will discuss how Streptococcus mutans-a primary etiologic agent
responsible for human dental caries as well as endocarditis, utilizes its QS signaling system to
regulate biofilm formation. Biofilms are surface-attached microbial communities that are protected
by a self-generated organic polymer matrix.19-24By resorting to a biofilm lifestyle, S. mutans can
modulate various physiological and physical properties that are beneficial to its growth, survival
and persistence in the oral cavity. For example, the biofilm matrix can act as a diffusion barrier
and limit the penetration ofantimicrobials to the innermost cells. Also, biofilm cells have a tran­
scriptional profile that is markedly distinct from their planktonic counterpart, likely giving rise
to their inherently resilient or resistant phenotype that is widely documented in the scientific
literature.2o,2s-3o On a different note, it has been shown that S. mutans cells grown as a biofilm have
a dramatic increase in genetic competence and are highly transformable by exogenous DNA.38
They also exhibit an increased ability to tolerate acid challenges.Y" Much to the fascination of
researchers in this field, it was recently discovered that the addition ofthe biologically active syn­
thetic autoinducer QS peptide pheromone in excessofconcentration required for the induction
ofgenetic transformation caused growth arrest and eventually cell death, followed by disruption
ofthe biofilm." This finding was an exciting discovery for the scientific community investigating
the possibility oftargeting S. mutans to control its pathogenicity.

Virulence Properties ofS. mutans
Streptococcus mutansisawell known bacterium in the fieldsoforal microbiology and clinical den­

tistry as the etiologic agent ofdental caries in humans. S. mutanswas first described as small, chained
coccobacilli by J. K. Clark in 1924, although its relationship with caries was clearly distinguished
only in the 1960s following a seriesofexperiments by Fitzgerald and Keyes,who demonstrated its
capability to induce dental caries in rats and hamsters," However, a link between S. mutans and
human dental caries was only established after a series oflongitudinal studies that showed a statisti­
cally significant increase in S. mutans'counts in teeth that were destined to develop carious lesions
in humans.34-38 After recognizing the association of S. mutans with human dental caries, decades
ofresearch has focused not only on identifying its virulence traits, but also on understanding how
these factors are regulated in the plaque biofilm to cause disease. A growing evidence ofliterature
has highlighted three virulence traits ofS. mutans as being vital to the initiation and progression
ofcaries. These include: (1) the ability to metabolize dietary carbohydrates and produce lactic acid
(acidogeniciry), (2)ability to grow and survive in a low pH environment (aciduriciry) and (3)ability
to utilize dietary sugars to produce glucan polymers and form the plaque biofilm.39-42 Of the first
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two factors, acidogenicity or the releaseofacid into its growth environment results in corroding the
calcium-phosphate matrix ofthe tooth structure, whereas high aciduricity ofS. mutansenables it to
survive and further utilize sugars for metabolic activities under low pH that is usually detrimental
to a large number ofplaque organisms. The third attribute, which is the ability to form a biofilm
offers S. mutans'protection from transient environmental changes and mechanical forces, thereby
facilitating its growth and survival in the oral cavity. In fact, S. mutans is so atruned to the biofilm
lifestylethat it cannot befound in the mouths ofpeople without teeth or dentures for it to adhere to.
The carbohydrate polymer matrix in the biofilm also servesas an excellent food reserve from which
S. mutansand other bacteria can derive nutrients by digesting these organic polymers. Interestingly,
in S. mutans, aciduricity and biofilm formation are controlled by a peptide-induced QS system,13,43
which we will discuss in the following section.

Quorum Sensing System in S. mutans

Identification ofthe PneumococcalQuorum Sensing System
The discovery ofthe QS network in S. mutans was largely dependent on information derived

from its closely related species, Streptococcus pneumoniae, which comprises the best-characterized
cell-cellcommunication circuitry amongmembers ofthe genus Streptococcus. In S.pneumoniae, QS
was believed to function mainly to acquire and incorporate foreign DNA from the environment
by induction of a physiological state known as genetic competence. In this bacterium, the link
between cell population density and transformation was first discovered in the 1960s by Pakula
and Walczak (1963) and Tomasz and Hotchkiss (1964).44,45 Upon noticing that the induction of
genetic competence took place only at a particular cell population density, it was also discovered
that supplementing cell-free supernatant derived by filtering a competent culture was capable of
inducing competence in otherwise noncompetent cells. It was later determined that the compe­
tent state was induced by a protein-like "activator" compound present in the supernatant of the
competent cultures. 44,46 Later this peptide was identified as a 17-residue, cationic peptide and was
referred to as the competence stimulating peptide (CSP) due to its role in genetic competence
development in S. pneumoniae.47,48 By using the reverse translated amino acid sequence of the
CSP, the comC precursor peptide gene (com for competence) and its contiguous genes were
identified,47.49-51 Interestingly, the comCwas part ofthe comCDEtricistronic operon, in which the
latter genes encoded a membrane-bound histidine kinase sensor protein (ComD) and its cognate
respond regulator (ComE).52,53

Competence Stimulating Peptide
The QS circuit in S. mutanswas discovered by searching its genome using the comCDEsequence

ofS. pneumoniae. Despite the high homology shown by the orthologous genes in S. mutans, the
orientation of these genes was distinct from that in S. pneumoniae: the comCwas located S9 bp
proximal and in the reversed orientation of the complementary strand harboring comDE.31 In
addition to S. pneumoniae, the organization ofthese genes in S. mutans also differed from those
in other streptococci including Streptococcus mitis, Streptococcus oralis, Streptococcusgordoniiand
Streptococcus sanguinis.54 In these bacteria, the comC, comDand comEgenes are organized as an
operon startingwith comCand followed by comDand comEgenes in the S' to 3' direction.

The deduced primary translational product ofcomC, which was derived by using its consensus
nucleotide sequences from various S. mutans strains, was identified as a 46-amino acid cationic
peptide, whose C-terminus harbored the biologically active secreted CSP, 21-aa in lengthy As
in the case ofpneumococci, posttranslational processing was required for the maturation of the
propeptide by cleaving the Gly-Gly site located at -1 and -2 positions (relative to the cleavage
site) in the N-terminus of the precursor CSP. Interestingly, the biological activity of the mature
synthetic CSP was retained when added to growing cultures as judged by the increased frequency
in transformation." Hence, this finding provided researchers with a novel tool to use synthetic,
exogenously supplied CSP to simulate population growth in S. mutans' cultures in the labora­
tory, as well as further investigate the physiological properties controlled by CSP-induced QS in
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S. mutans. The ability to use synthetic CSPs for QS experiments was demonstrated prior to this
smdyby Havarstein er al who showed thardistinct speciesofstreptococci from the anginosus group
commonlyencoded and responded to identical CSPs, thereby belonging to the same 'pherorype'."
In contrast, it was discovered that CSPs from other groups were most often species-specific and
in some cases strain-specific.

In a recent study, Syvitski et al56 investigated the structure-function relationship of the S.
mutanssignaling peptide based on three-dimensional structures ofCSP derived from the UA159
wild-type strain and a C-terminally truncated peptide (TPC3) from the JHI005 strain, which
was defective in genetic competence development. By synthesizing a series ofpeptides that har ­
bored aa-substitutions or aa-deletions and by using them in competitive inhibition assays, these
researchers showed that the C-terminal structural motifcomp rising ofpolar-hydrophobic charged
residues was crucial for QS activation, whereas the core alpha-helical structure present in the ma­
ture peptide was important for receptor binding. It was demonstrated that the lack of3 or more
C -terminal peptides resulted in noncompetent cells and that these mutant peptides, at a higher
concentration, were able bind and competitively inhibit and eventually abolish the activation of
the CSP-induced QS pathway in S. mutans.

ComDE SignalingPathway
In S. mutans, the QS pathway encompasses at least two genetic 10ci-comCDE and the co­

mAB.31 While comCencodes the precursor CSP, the comDEgenes encode a two-component signal
transduction system comprising ofa membrane-bound histidine kinase (ComD) and its cognate
response regulator (ComE), respectively. The comA and comBgenes encode the secretion appa­
ratus necessary for processing and export of the signaling molecule. More specifically, the ComA
consists of an ATP-binding cassette transporter that utilizes ComB as an accessory protein for
processing ofthe precursor CSP. Based on the QS mechanism ofS. pneumoniae,a model for QS
in S. mutanshas been proposed" (Fig. 1). It is believed that when mature CSP reaches a threshold
concentration, it is detected by the ComD receptor, which undergoes autophosphoryalrion at a
conserved histidine residue . Consequently, the phosphorelay ofComD to its responder protein,
results in its activation, thus transducing the density-dependent message into a cellular response by
alteringthe transcription ofcomAB, comCand comDE, aswell as that ofan alternative sigma-factor
(designated comX) that can regulate the so-called "late genes".57Recently, it has been shown that in
the absence or in the presence oflow CSP concentrations, unphosphorylated ComE can repress
the tran scription of comC, whereas under high CSP concentration phosphorylated ComE can
increase the comC transcription viaa de-repression mechanism.58 The ComE-dependent activation
ofthe late-phase is one of four temporally distinct transcription profiles observed in response to
CSP in S. pneumoniae." These include the early, late, delayed gene induction and gene repression
profiles that are yet to be identified in S. mutans. Ofthese transcriptional profiles, the early genes
encode proteins necessary for CSP production, export and recognition and include the comAB,
comCDE and comX genes whose activation is likely dependent on the phosphorylated state of
ComE. In the pneumococcal competence development model, the ComE-binding site consensus
sequence includes aCAtTTca/gG-N12-ACAt/gTTgAG.60 Interestingly, activated CornX together
with RNA polymerase (which are stabilized by ComW) can recognize and bind to a conserved
promoter sequence ofdownstream target genes under their control. In S. pneumoniae, this con­
sensus sequence (TACGAATA) is known as the com-box or cin-box and are known to control
genes important for DNA processing, uptake and recombinarion.s'<' Interestingly, CSP-induced
CornX activation also promotes the cell-lysisand releaseofDNA from a sub-fraction ofthe bacte­
rial population.64.65 This observation is not surprising since, by regulating the availability ofdonor
DNA in concert with genetic competence, these bacteria ensure that the energy and resources
utilized by cells for genetic transformation is worthwhile. A similar phenomenon ofDNA release
via QS was observed in S. mutans,32which will bediscussed in the following sections along with
other phenotypes controlled by the CSP in this bacterium.
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Figure 1. Schematic representation of the putative molecular mechanism of the QS system in
S. mutans. From Li YH et al. J Bacteriol 2002:2699-708;43with permission of the American
Society for Microbiology.

Quorum Sensing and Biofilm Formation in S. mutans
Activation ofthe QS system in S. mutans isknown to regulate severalphenotypes: biofilm for­

mation, competence induction, acid tolerance response (ATR) and bacteriocin produetion.13.31.43.66
Interestingly,evidence suggests that transforrnabilityandATRfunction optimallywhen S. mutans
is grown as a biofilm in contrast to tree-living planktonic cells.13,31In this section , we will give
prominence to discussing the eSP-mediated biofilm phenotype and how the QS pathway can be
manipulated to control the formation ofdental bio61ms.

In Gram-positive bacteria , the first report to establish a link between QS and biofilm forma­
tion came from an investigation by Loo et al involving S.gordonii.141his bacterium is a pioneer
organism in the oral microflora that initiates the formation of dental plaque. In an attempt to
identify various genetic factors involved in biofilm formation in the S. gordonii Challis strain,
these researchers used Tn916 transposon mutagenesis to screen for mutants defective in biofilm
formation using an in vitro biofilrn assay. It was revealed that one of the mutants, which had a
transposon inserted in the comD signal peptide histidine kinase sensor gene formed defective
biofilms that lacked the three-dimensional structure present in wild-type biofilms, thus linking
QS to biofilm formation.

When the genetic components ofthe S. mutans' QS systemwere first identified, itwasobserved
that the genetic transformabilitywas 10-to 600-fold higher in cellsderived from biofilms,compared
with those obtained from planktonic cultures ." Hence, it was hypothesized that in addition to
competence development, this system might also be involved in bio6lm formation. To test this
assumption, mutants deficient in the comC, comD,comEand comX, as well as the entire comCDE
operon were constructed and assayedfor their ability to initiate bio6lm formation." Interestingly,
compared with the wild-type, all mutants formed biofilms that lacked the architectural integrity
ofthe wild-type biofilrn, whereas the comD-,comE- and comX-deficient mutants formed biofilms
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with reduced biomass. Notably, only biofilms formed by the comCmutant and not those formed
by the comD, comEor comXmutants were restored to the wild-type architecture by complementing
with synthetic CSP or a plasmid containing the wild-type comC(Fig. 2).This discrepancywas likely
caused by the involvement ofmultiple signal transduction pathways in detectingand/or responding
to CSP. However, the identity and the mode ofregulation ofa second putative CSP-responsive
system are yet to be established. Moreover, expression analysis ofthe comCDEgenes in S.mutans
and S.gordoniishowed that they were upregulated in the biofilm mode ofgrowth relative to their
planktonic counterpart further supporting the QS-biofilm link.I

4.43

Recently, in an attempt to understand the molecular basis of biofilm regulation by the
CSP-dependent QS system, the expression ofseveral biofilm-associated genes were tested using
l8-h biofilms derived from S.mutanswild-type VAl S9 and its isogenic mutant derivatives deficient
in the come, comDor comEgenes." Expression analysis showed that the ComD/ComE signal
transduction system had a positive regulatory effect on the expression ofthese genes, which include
glucosyltransferase B/C/D (gifBICID), fructosyltransferase (ftj) and glucan-binding protein B
(gbpB). Ofthese, the glucosyltransferases utlilze the glucan moietyofthe sucrose molecule to pro­
duce insoluble (GttB/C) and soluble (GtfD) glucan polymers that promote plaque formation. In a
different study, it was discovered thatgtfBICexpression were significantly upregulated in S. mutans
VAlS9 when supplementedwith CSP relative to the no-CSP control in a ComE-dependent man­
ner.68 Interestingly, since previous studies have linked these genes with cariogenicity in rat models,
their regulation by the QS system in S. mutans is indeed insightful and could potentially lead to
the design ofa new drug target that may affect QS-mediated biofilm formation.

In a different study, Petersen et al investigated the specificity of the CSP effect on biofilm
formation utilizing S. mutans and Streptococcus intermedius.69 They observed that each species
only responded to its native CSP and showed no biofilm response when exposed to the nonnative
peptide. For example S. mutans wild-type LT-ll responded to its native peptide by enhancing
biofilm formation but was unaffected by the signal peptide produced by S. intermedius. This kind
ofspecificity displayed by QS peptides can be used to our advantage to specifically target biofilm
formation by potentially pathogenic bacteria. In fact, such a technique would be less invasive and
possibly have less influence in disrupting the ecological imbalance ofthe oral microflora by killing
particular opportunistic pathogens using antibacterial drugs.

NG8 wild type comCmutant comC mutant + CSP

Figure 2. Biofilm formation by ComC mutant and its NG8 parent with and without CSP at
300X magnification using CSLM.Top panel: xy plane, lower panel: xz panel. From Li YH et al.
J Bacteriol 2002:2699-708;43 with permission of the American Society for Microbiology.
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Density-Dependent Production ofBacteriocins: Implications
on Survival in Plaque

Recent discoveries pertainingto the QS system in s. mutans have demonstrated a link to bacte­
riocin or bacteriocin-like gene expression in this organism. Baeteriocins (mutacins) are ribosomally
synthesized proteins, which have antimicrobial activity against closelyrelated bacteria." In S. mu­
tans, two types ofmutacins have been identified: (1) lantibiotics represented by rnutacin I, II and
III (2) nonlantibiotics represented by mutacin IV.71-74 While the former type can kill most ofthe
Gram-positive bacteria, the latter has a narrower spectrum killing mostly streptococci belonging to
the sanguinis and mitis types. As a resident in the oral biofilm, the activity ofbacteriocins can help
S. mutans compete for limited nutrients available in its ecological niche. The high genetic diversity
observed among different S. mutans strain might be a result of the QS-dependent bacteriocin
production that is coupled with horizontal gene transfer. Moreover, by synchronizing bacteriocin
production with population density, S. mutans can not only reduce its competition for food, but
also ensure that a high percentage ofheterologous DNA is present during genetic competence
development. In addition to producing bacteriocins, S. mutans was recently shown to produce
bacteriocin-immunity proteins (encoded by bipandsmbG), which modulate the sensitivity to an­
timicrobials in S. mutans?S In the presence oflow antibiotic concentrations, genes encoding these
bacteriocin-immunityproteins showed an increased expression, whereas their optimal expression
was seen when cells were grown as a biofilm as opposed to planktonic cells.

Quorum Sensing-Dependent Growth Arrest and Cell Death
Based on multiple phenotypes controlled by the S. mutans QS system, it seems rational that

manipulating QS can possibly reduce its effects on various virulence attributes controlled by this
system. Recently, it was demonstrated that the addition ofexogenous CSP in excessofthe levels
necessary for competence induction resulted in the inhibition ofS. mutans growth.V Not surpris­
ingly, this effect was ComDE-dependent and when CSP concentration was further increased, the
cells underwent growth arrest and cell death. Mutational analyses suggested that cell death was
mediated by ComD/ComE in a CornX-independent manner. More recently, the effect of CSP
(0 to 10 Itg!ml) on S. mutans biofilm architecture was investigated using Scanning Electron mi­
croscopy'" Supplementing S. mutans biofilms with high dose ofsynthetic CSP (5 or 10 Itg/ml)
resulted in a high fraction of ruptured and swollen cells that also showed a different cell shape
and surface texture. Hence, these observations reveal that the effects ofCSP on biofilm formation
are multifactorial. It is yet to be determined whether it is possible to selectively control S. mutans
in a multi-species biofilm by varying the CSP concentration. Moreover, using CSP to control S.
mutans to modulate virulence obviously warrants further in vivo testing.

Effect ofOther Signal Transduction Systems on S. mutans Biofilm
Formation

In addition to the ComD/ComE system, other two component signal transduction systems in
S. mutans have been associated with biofilm formation (Fig. 3). Ofthese, the VicR/VicK system
has been shown to control the expression ofgtfB/C/D,ftjand gbpB genes." The vieKand vieR
genes encode a putative histidine kinase and putative response regulator, respectively. While the
vieR serves an essential function in S. mutans, mutational analyses using a vieK-deletion strain
revealed that it affected biofilm architecture, cell growth and sucrose-dependent adhesion in S.
mutans. Interestingly, although this mutant produced an excessofextracellular polymer, specific
pathogen-free rats harboring the vieKmutant strain showed no difference in dental caries relative
to those that harbored the parent strain. However, more smooth-surface plaque and significantly
diminished mutant CFUs were observed relative to the control group. Since it is known that the
cariogenicity in these animals are affected by the microbial composition, the diet and the nature
ofthe polysaccharide matrix, it is not surprising that the excessplaque extent observed for the vieK
mutant did not necessarily result in hypercariogenicity. However, it is noteworthy that without
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Figure 3. QS-mediated phenotypes in S. mutans and two-component signal transduction
systems that modulate the biofilm phenotype. From Li YH et al. JBacteriol 2002:2699-708;43
with permission of the American Society for Microbiology.

vicKthe excess plaque that was generated by the mutant strain was not cariogenic, thus making it
interesting to identify the nature and biochemical properties ofthis polymer.

Studies pertainingto two other signal transduction systems,HKll /RRII77 and CiaRICiaH,78 as
well as an orphan response regulator COVR79.80 have also shown to influence the biofilm phenotype
in S. mutans. In each signal transduction system, the hkl1/rrll and the daR/daR genes encode a
histidine kinase sensor protein and its cognate response regulator, respectively.The hid 1/IT11 system
was investigated byLiet alwho showed that deletion ofhkll or rr11 caused defects in biofilm forma­
tion with 50% to 70% reduction in biofilm biomass and resistance to acidic pH.77Mutant biofilms
observed by Scanning electron microscopy revealed biofilms having a sponge-like architecture with
large open areas throughout the biofilm, In a different study, inactivation ofeither ofthe daR!daR
genes resulted in reduced biofilm biomass, whereas the absence ofciallaltered sucrose-dependent
biofilm formation." Interestingly, this histidine kinase mutant also showed reduced mutacin pro­
duction, deficiency in transformability, as well as diminished ability to tolerate stress. Involvement
ofthe CovR mutant (also called GcrR) in biofilm formation was first discovered by Idone et al.80

These researchers showed that a mutant deficient in covRwas defective in sucrose-dependent adhe­
sion and was hypocariogenic in a germ-free rat model relative to its parent strain. Consequently, it
was discovered by Biswaset al that the CovR negatively regulated the expression ofthe gifBandgtfe
genes by directly binding to the promoter region." While these signal transduction systems possibly
cross-communicate to regulate biofilm fOrmation in S.mutans more studies are warranted to investi­
gate ifand how they function in response to cell density and other environmental Signals.
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Future Perspectives
The prospect of targeting QS systems to control biofilm-mediated infections is receiving a

considerable amount ofattention. Chemical agents that mimic QS molecules are constantly being
evaluated for their ability to 'confuse' the bacteria and hopefully attenuate their ability to cause
disease. This is indeed a paradigm shift in the way infections are treated and managed. Current
strategies ofantimicrobial action are focused on molecules with broad-spectrum indiscriminate
activity. The treatment ofpatients with these compounds often results in massive alteration ofthe
host's rnicroflora often with health affecting consequences (such as ulcerative pseudomembranous
colitis). By specifically targeting QS systems ofpathogenic bacteria we may hopefully be able to

surgically remove the pathogens while leaving the normal flora intact with hopefully little or no
detrimental side effects to the host. As we learn more about the subtle differences between bacteria
and the way they sense their environments these approacheswillvery likely become commonplace.
The day that a diagnostic lab identifies a pathogen andprescribes a highly specific treatment that has
the highest effectiveness with the least likelihood ofcausing secondary problems is within reach.
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