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Foreword

In the well-watered groves of academe, most of us are content to gather worshipful
students and technicians in a shady nook to contemplate the eternal verities and
to plan extravagant feasts to celebrate our contributions to “knowledge” and to the
gradual improvement of the human condition. As one convocation follows another,
and as our funding agencies pump billions of dollars into incremental research that
fills every possible pigeon-hole in which a gene makes a protein, a small number of
intellectual athletes seize a pivotal concept and plunge into the real world. It is this
small band of nimble and impossibly brave intellectual halfbacks who win games in
the real world, and this book is the result of the drive and intellectual athleticism of
its editor and several of her contributors.

Bacteria affect humans more than any other life forms with which we share the
blue planet, but our understanding of these invisible companions has developed in a
staggering pattern, crippled by our panic and consequent shifts of emphasis. When
our race was threatened by epidemic diseases, we visualized bacteria as swarms of
potentially lethal planktonic cells from which we must remain isolated by sanitation
and which we had to kill by immunization and chemical antibacterial compounds.
By the time this overriding threat had been obviated, we began to examine natu-
ral and pathogenic ecosystems by direct methods, and we were surprised to find
that planktonic bacteria are comparatively rare and that most prokaryotes grow in
matrix-enclosed biofilms. This discovery helped explain the failure of immunization
and antibiotic therapy in controlling the device-related and other chronic bacterial
diseases that replaced epidemic diseases, but it provided no new weapons to the
clinical armamentarium.

The academic team that assembled to study these fascinating multicellular bacte-
rial communities was well funded; a network of research centers sprang up around
the world; and a clear picture of the structure and function of biofilms began to
emerge. The academic biofilm community penetrated the societies that present mi-
crobiology to the world, and the American Society for Microbiology (ASM) soon
incorporated biofilm symposia and (most important) biofilm poster sessions into
its annual meetings. The “slime people” assembled at weeklong ASM-sponsored
symposia and workshops (1996, 2000, 2003, and 2007), and selected gurus were
invited to meetings of the whole gamut of medical and dental specialties impacted
by biofilms. But no biofilm-based therapies emerged.

Intellectual athletes look at the facts and theories in a field, as Wayne Gretzky
would survey the scared thugs of Broad Street, and they design an experiment that

v



vi Foreword

asks a well-defined question. Pete Greenberg surveyed the facts and theories of the
biofilm field, listened to my enthusiastic ramblings about the complexity of biofilms,
and assembled Jim Pearson’s acyl homoserine lactone (AHL) minus mutants to see
whether they could form proper biofilms. They couldn’t, and the rest is history. We
had published hundreds of papers and dozens of reviews suggesting that some kind
of “communication” must be involved in the development of architecturally complex
biofilms, but one simple experimental design by Pete nailed down the fact that AHL
signals enable biofilm formation by gram-negative bacteria. In the meantime, Naomi
Balaban had explored the control of biofilm formation in gram-positive bacteria by
polypeptide signals and had designed and synthesized an effective inhibitor of the
TRAP and agr system in Staphylococci. Also in the meantime, Mike Givskov had
joined Staffan Kjelleberg’s team in the bucolic reaches of Coogee Bay in Sydney
and had participated in the demonstration that natural and synthetic brominated
furanones inhibit biofilm formation by a wide variety of bacteria. More recently,
David Davies has focused hard on the phenomenon of natural detachment and has
identified a signal that triggers this release of planktonic cells from established
biofilms.

The original notion that chemical signals must be involved in the complexity
of biofilms gradually emerged from our speculations concerning how the familiar
“water channel/microcolony” pattern could be initiated and maintained in biofilms.
We did not anticipate that certain signals could switch biofilm formation on and
off, as the AHL signals and the polypeptide and furanone inhibitors clearly do, and
we are still searching for less draconian signals with fewer far-reaching effects.
But the burgeoning biofilm research community is moving inexorably towards a
consensus that the most important discovery in modern microbiology is that the
activities of both planktonic and sessile bacteria are controlled by chemical signals.
When we saw bacteria as unicellular entities, each responding to its environment
according to the dictates of its individual genome and associated mechanisms, our
only option in controlling these minute creatures was either to kill them or to feed
them and hope for their gratitude and cooperation. Now we see bacteria primarily
as sentient members of complex communities, within which they communicate with
each other to set up mutually beneficial associations and coordinate measures that
protect the whole community from stress and attack. Paradoxically, their use of a
chemical language in their pursuit of safety may prove to be their Achilles’ heel. The
academics amongst us have conjured up visions of “grow slow” signals that could be
very effective in saving the lives of septic patients with overwhelming bacteremia,
in which antibiotic-mediated killing and lysis of the planktonic bacteria are clearly
contraindicated. Similarly, we suggest that the bacteria that cause device-related
infections may be “locked” in the planktonic state by biofilm signal inhibitors, and
thus rendered susceptible to antibiotics and host defense factors. More recently we
have suggested, in the preambles of our health-related grants, that species-specific
or general signals may be useful in causing the detachment of planktonic cells from
established biofilms, with the resultant resolution of chronic biofilm infections.

The intellectual athletes amongst us have taken specific concepts from this swel-
ling mass of biofilm data and speculation, and have asked and answered very specific
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and very incisive questions. Mike Givskov has used cells of E. coli that turn on green
fluorescent protein in response to AHL signals produced by P. aeruginosa to show
that these organisms actually produce AHL signals when growing in biofilms. Then
he showed that certain brominated furanones repress this formation of AHL signals
by cells of P. aeruginosa in biofilms growing in vitro in flow cells and in vivo in
the mouse. Then this consummate intellectual athlete established model pulmonary
infections in mice, treated the mice with the most effective brominated furanone,
and showed the first resolution of a biofilm infection in an animal.

When I present Mike’s data to academic audiences, the most common question is
“Yes, but aren’t the brominated furanones toxic?” We all tend to be underwhelmed
by data once they are published, but we are obliged by basic scientific morality to
admire the hardnosed plunge straight at the basic questions that the less athletic
amongst us dance around for decades. Bacteria in biofilms do actually produce
AHL signals. These signals diffuse throughout the communities; their production
is affected by signal inhibitors, and this inhibition of signal production affects the
course of at least one biofilm disease. Why don’t all of us do these kinds of incisive
experiments? Why do very few people play nose tackle for the Pittsburgh Steelers?

Intellectual bravery is not the exclusive property of pugnacious Danish males, and
certainly our mild-mannered friend Bob McLean cut straight to the chase when he
found biofilm signals in the mixed-species biofilms in the river in San Marcos. But
perhaps the toughest of our intellectual athletes is Naomi Balaban. She developed her
RIP inhibitor of the RAP signal in the crowded milieu of the early days of polypeptide
signaling, paused only briefly to confirm its activity in vitro, and proceeded directly
to animal models in which she has shown its efficacy in preventing both colonization
and infection by staphylococci. She has enlisted dozens of collaborators in the
march towards commercialization of this biofilm inhibiting signal blocker, and she
has approached any anomalies in the team data by offering to repeat the critical
experiments using her own strains and conditions. She has bulldozed the entire field
in the most charming and disarming manner, and she could actually play nose tackle
for the Steelers if she were more muscular and less beautiful. Naomi has acted as the
highly visible bellwether of signal inhibition, while frankly commercial corporate
labs have operated in secret, and the eventual success of signal inhibitors in the
prevention of biofilm infections by staphylococci must certainly be laid at her feet.

Every practical implementation of a scientific discovery in clinical medicine
requires a partnership between intellectually athletic scientists and perceptive cli-
nicians, and the biofilm community is very fortunate to have “converted” Randy
Wolcott to our cause. Randy runs a chronic wound center in Lubbock, Texas, and he
is passionately devoted to the welfare of his many patients, who come to him for the
resolution of wounds that have been complicated by biofilm infections for months
or years. Randy has acquired impressive skills in biofilm microbiology: He is a
scientific partner in a National Institutes of Health wound center based at Montana
State University (CBE) and the University of Washington (UWEB), and he uses
modern molecular techniques to analyze bacterial wound populations. In this book,
Randy reports on his use of the RIP inhibitor identified by Naomi and the lactoferrin
identified by Pete Greenberg and Pradeep Singh as being pivotal in the control of



viii Foreword

biofilm infections. But the full importance of Randy’s involvement in this widening
team of incisive intellectual athletes is that he is just as brave and just as committed
as they are, and he is completely prepared to leap for any pass they can throw to help
his patients.

Our policy in the production of the Springer Series on Biofilm books will be to
offer the basic Biofilm Primer (Costerton), which was published in March of 2007,
followed by a series of books on various aspects of these multicellular communities.
We chose the topic of signal manipulation for the second book, with Naomi Balaban
as author/editor, because we wish to capture and spotlight the area within the biofilm
field that shows the greatest potential for the translation of biofilm science to medical,
dental, and veterinary applications.

We will keep this book updated because this field is very active, and we will
gradually add new books on specific biofilm infections and on the structure and
function of these sessile communities that dominate the prokaryotic component of
the biosphere.

Los Angeles, June 2007 Bill Costerton



Preface

The number of patients affected by and dying from what can be considered as
a “biofilm diseases” is higher than that for heart disease and cancer combined,
making medical biofilms the biggest single disease that the health care system is
facing today. It is thus immensely important to better understand biofilms. When I
first started studying bacterial pathogenesis, I was struck by the extent that bacteria
need to communicate with one another in order to achieve functions necessary for
their survival in the host. One can imagine that in a close-knit community such
as that found in a biofilm, the bacteria can more effectively protect themselves as
well as exploit the environment for their benefit. This book describes the molecular
mechanisms of bacterial cell-to-cell communication, the development of anti-biofilm
inhibitors, and the use of such inhibitors to suppress bacterial infections in animals
and humans.

This book is the product of Dr. Bill Costerton’s determination and inspiration to so
many of us and to biofilm researchers throughout the world. I am extremely grateful
to my co-authors who are carrying out such incredible work with dedication and
often with great personal sacrifice, resulting in numerous contributions to science
and humanity. Some of us work under the radar to make sure that scientific truth
and medical advancement do not get confused with politics, fame, or monetary
compensation. We hope this book will benefit all those who care to learn.

North Grafton, November 2007 Naomi Balaban
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Introduction

Naomi Balaban1, Dacheng Ren2, Michael Givskov3,
Thomas Bovbjerg Rasmussen4

Abstract This introductory chapter discusses the problem of drug resistance and
persistent medical biofilm infections, emphasizing the need for alternative ap-
proaches to the prevention and treatment of biofilm infections. Such alternative ap-
proaches are described in subsequent chapters, culminating with clinical studies that
describe treating otherwise untreatable wound infections with the aid of antibiofilm
approaches.

1 The Problem: Untreatable Bacterial Infections1–4

The discovery of penicillin by Fleming in 1929 opened the era of antimicrobial
chemotherapy, which has saved millions of lives by bringing many serious bacterial
infections under control (Drews 2000; Fleming 1929). However, this medical mira-
cle is being eroded by the emergence and spread of bacterial drug resistance. This
problem has become a serious global issue. For instance, Staphylococcus aureus and
S. epidermidis are leading causes of hospital-acquired infections, and the mortality
associated with S. aureus bacteremia remains approximately 20–40% despite the
availability of effective antimicrobials (Lowy 2003). Of the 2 million nosocomial
infections each year, staphylococci cause over 90 000 deaths a year in the United
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2 N. Balaban et al.

States alone (Lowy 2003). The first effective antibiotic against S. aureus, penicillin,
became available in the 1940s. Soon after, the bacteria evolved resistance to peni-
cillin, and by the late 1950s, 50% of all S. aureus strains were resistant. Today, fewer
than 10% of S. aureus infections can be cured with penicillin. The next weapons
against S. aureus, methicillin and cephalosporins, became available in the 1960s and
1970s. By the late 1970s, some strains (2%) of S. aureus had evolved resistance to
these drugs. Today, as much as 70% of S. aureus isolated from U.S. hospitals are re-
sistant to methicillin (Fig. 1). The last effective defense against methicillin-resistant
S. aureus (MRSA) is vancomycin. However, the increasing use of vancomycin has
set the stage for the evolution of vancomycin-resistant S. aureus (VRSA) (Lowy
2003; Appelbaum et al. 2006). Over the past 20 years, MRSA infections have been
limited primarily to patients in hospitals or long-term-care facilities. However, re-
cent reports of “community-acquired” MRSA infections are alarming.

The same trend is observed for S. epidermidis. A study of hundreds of clini-
cal S. epidermidis isolates derived from clinical orthopedic infections associated
with prosthetic devices indicated that 37–38% were resistant to beta-lactams such
as oxacillin and imipenem, while resistance to penicillin, ampicillin, cefazolin, and
cefamandole was consistently observed in over 80% of the strains. Forty-one per-
cent were resistant to erythromycin, 16% to clindamycin, 10% to chloramphenicol,
23% to sulfamethoxazole, and 26% to ciprofloxacin (Arciola et al. 2005).

Another example is Pseudomonas aeruginosa infections. P. aeruginosa is the
fourth most commonly isolated nosocomial pathogen, accounting for 10% of all
hospital-acquired infections. The gram-negative bacterium P. aeruginosa is adept
at infecting many different organs and tissues. Because it causes disease primarily
in persons whose health is compromised in some manner, it is considered an op-
portunistic pathogen. Mechanical ventilation, for instance, predisposes patients to
pneumonia caused by P. aeruginosa. Likewise, the presence of a urinary catheter
is associated with an increased risk of urinary tract infections. Patients with can-
cer who have neutropenia resulting from chemotherapy or hematologic malignan-

Fig. 1 Percentage of nosocomial infections caused by methicillin-resistant S. aureus (MRSA),
vancomycin-resistant enterococci (VRE), and fluoroquinolone-resistant P. aeruginosa in intensive-
care patients in the United States in 1995–2004 (data source: National Nosocomial Infections
Surveillance)
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cies are prone to bacteremia, and burn patients often experience wound infections.
Although each of these infections is most often categorized as hospital-acquired,
P. aeruginosa frequently causes community-acquired infections in patients with cys-
tic fibrosis (Hauser and Sriram 2005). P. aeruginosa is frequently resistant to many
commonly used antibiotics. Although many strains are susceptible to gentamicin,
tobramycin, colistin, and amikacin, resistant forms have developed; for example,
fluoroquinolone-resistant P. aeruginosa strains have risen from 14% to 25% in the
last 10 years (Fig. 1).

The rapid development of antimicrobial resistance could eventually lead to fail-
ure of most, if not all, of the currently available antibiotics. Hence, it poses a great
threat to the economy and public health. While the problem is partially caused by
overuse of antibiotics, it is also due to the inhibitory mechanisms of presently avail-
able antimicrobials. Most of these drugs were discovered for growth inhibition of
individual cells in growing cultures—that is, in planktonic conditions (Stewart and
Costerton 2001). However, the vast majority of bacteria exist within bacterial com-
munities, otherwise known as biofilms (see below). The biofilm mode of growth
plays an important role in antimicrobial resistance: Biofilm cells are up to 1000
times less susceptible to environmental stresses and disinfection treatments than
planktonic (free-swimming) cells (Hoyle and Costerton 1991; LeChevallier et al.
1988). Whereas the planktonic cells are easily eliminated, the biofilm cells can sur-
vive and therefore provide a source of recontamination in both medical and engi-
neering environments.

In clinical settings, biofilms are believed to be a common cause of persistent in-
fections. The ability of biofilm-forming bacteria, such as S. aureus, S. epidermidis,
and P. aeruginosa, to establish sessile communities on inert surfaces of medical de-
vices or on dead as well as living tissue is now being recognized as a major problem
(Costerton et al. 1999). Growing in biofilms, bacteria are protected against antibod-
ies, leukocytes, and antibiotics. In addition, biofilms may spawn systemic infections
by sloughing of planktonic bacteria, leading to dissemination, bacteremia, sepsis,
and death.

2 Biofilm3,4

Costerton et al. (1999) proposed a basic definition of biofilm as “a structured com-
munity of bacterial cells enclosed in a self-produced polymeric matrix and adher-
ent to an inert or living surface.” The matrix components can be exopolysaccha-
rides, proteins, nucleic acids, or other substances (referred to as extrapolymeric
substances, or EPS) that are believed to provide the cells with an array of advan-
tages as compared to planktonic cells (Costerton et al. 1987, 1999; Anwar et al.
1990; Matz et al. 2004). This is important, especially in the clinical context, where
it is estimated that about 60% of all microbial infections involve bacterial biofilms
(Lewis 2001). (Refer to the case studies in the chapter Clinical Wound Healing
Using Signal Inhibitors.)
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Fig. 2 Biofilm formed by Gfp-tagged P. aeruginosa in a continuous flow cell

Fig. 3 Development of a P. aeruginosa biofilm. (1) Initial attachment. (2) Bacterial adher-
ence. (3) Microcolony formation. (4) Biofilm maturation and development of three-dimensional
structures. (5) Release/sloughing of cells able to form new biofilms. Reprinted, with per-
mission, from the Annual Review of Microbiology, Volume 56 © 2002 by Annual Reviews
www.annualreviews.org

Biofilms are not homogenous layers of cells; they are highly heterogeneous be-
cause they are comprised of patches of cells that are interspersed in the EPS matrix,
which itself varies in density. This creates open areas where water channels are
formed, allowing nutrients to enter the lower layers of the biofilm and, in addition,
allowing waste products to be removed (Davey and O’Toole 2000; Dunne 2002).
The bacteria found in a biofilm can either be of one species or it can, depending on
the environment, be composed of multiple species.
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In vitro biofilm formation by P. aeruginosa is one of the most intensively stud-
ied cases. After initial attachment of P. aeruginosa to a surface, microcolonies are
formed, which in turn can grow to larger structures such as towers and mushrooms
(Figs. 2 and 3). Recent analysis based on transcriptomics revealed that biofilm cells
express their genes in a pattern that differs from that expressed by most stages of
growth of planktonic bacteria, and the bulk of biofilm cells, even in the early stages,
express genes in a pattern that is reminiscent of gene expression seen in the early
stationary phase of planktonic cells (Hentzer et al. 2005). Although the experimen-
tal conditions would differ in the various experiments, the existence of a specific
biofilm program would always require a core set of genes to be expressed, regardless
of the experimental conditions. To date, transcriptomic studies such as of P. aerug-
inosa biofilms have not delivered such an outcome, and it strongly suggests that
multiple pathways exist by which a biofilm can be built. Regardless, what is becom-
ing evident is that bacterial cell-to-cell communication is required for a successful
biofilm to form in vivo; this is discussed in subsequent chapters.

3 Resistance to Antibiotics1–4

3.1 Inherent Bacterial Resistance to Antibiotics

P. aeruginosa and S. aureus will be used here as examples of antibiotic resis-
tance. Several factors contribute to the antibiotic resistance of P. aeruginosa. It
appears that the bacterium has an intrinsic resistance conferred by lowered perme-
ability of the outer membrane as well as efflux pumps that rapidly shuttle many
different compounds out of the cell (Hancock 1998; Lee et al. 2000). Five differ-
ent efflux systems have been identified in P. aeruginosa, but the sequence anal-
ysis by Stover et al. (2000) suggests that there may be up to 30. The identified
systems include the MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexJK-OprM,
and MexXY-OprM systems (Adewoye et al. 2002). The highly homologous ef-
flux pump proteins consist of a cytoplasmic-membrane-associated drug-proton an-
tiporter, a membrane channel-forming protein, and a periplasmic fusion protein.
The pumps have broad specificity and transport varying molecules, including dyes,
detergents, antibiotics, organic solvents, and secondary metabolites and signaling
molecules such as N-acyl homoserine lactone (AHLs) (Poole and Srikumar 2001).
The antibiotics to which the multidrug efflux pumps confer resistance include chlo-
ramphenicol, gentamicin, trimethoprim, imipenem, and tetracycline as well as other
quinolones, macrolides, and beta-lactams (Kohler et al. 1997, 1999; Yoneyama et al.
1997; Pumbwe and Piddock 2000). Other compounds also affected by the action of
the pumps include the heavy metal vanadium (Aendekerk et al. 2002). In addition,
P. aeruginosa (and staphylococci; see below) produce beta-lactamases encoded on
the chromosome, conferring enhanced resistance to beta-lactam-based antibiotics
such as imipenem (Bagge et al. 2002).
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Staphylococcal antibiotic resistance has been extensively reviewed (Lowy 2003).
As described, staphylococcal resistance to penicillin is mediated by blaZ, the
chromosomal gene that encodes beta-lactamase. Methicillin resistance (leading to
MRSA strains) requires the presence of the chromosomally localized mecA gene
Chambers 1997). mecA is responsible for synthesis of penicillin-binding protein 2a
(PBP2a) (Hartman and Tomasz 1984; Utsui and Yokota 1985; Song et al. 1987).
PBPs are membrane-bound enzymes that catalyze the transpeptidation reaction that
is necessary for cross-linkage of peptidoglycan chains (Ghuysen 1994). PBP2a sub-
stitutes for the other PBPs and, because of its low affinity for all beta-lactam an-
tibiotics, enables staphylococci to survive exposure to high concentrations of these
agents. Thus, resistance to methicillin confers resistance to all beta-lactam agents,
including cephalosporins. Resistance to quinolones results from the stepwise ac-
quisition of chromosomal mutations. The quinolones act on DNA gyrase, which
relieves DNA supercoiling, and topoisomerase IV, which separates concatenated
DNA strands. Amino acid changes in critical regions of the enzyme DNA com-
plex (quinolone resistance-determining region) reduce quinolone affinity for both
of its targets. The ParC subunit (GrlA in S. aureus) of topoisomerase IV and the
GyrA subunit in gyrase are the most common sites of resistance mutations; topoiso-
merase IV mutations are the most critical because they are the primary drug targets
in staphylococci (Hooper 2002; Ng et al. 1996).

The reduced susceptibility to vancomycin appears to result from changes in pep-
tidoglycan biosynthesis. The VISA (vancomycin-intermediate S. aureus) strains are
notable for the additional quantities of synthesized peptidoglycan that result in irreg-
ularly shaped, thickened cell walls. There is also decreased cross-linking of peptido-
glycan strands, which leads to the exposure of more D-Ala-D-Ala residues (Hanaki
et al. 1998a, b). As a result, more D-Ala-D-Ala residues are available to bind and
trap vancomycin. The bound vancomycin then acts as a further impediment to drug
molecules reaching their target on the cytoplasmic membrane. The second form
of vancomycin resistance results from the probable conjugal transfer of the vanA
operon from a vancomycin-resistant E. faecalis. Resistance in these VRSA isolates
is caused by alteration of the terminal peptide to D-Ala-D-Lac instead of D-Ala-D-
Ala. Synthesis of D-Ala-D-Lac occurs only with exposure to low concentrations of
vancomycin (Lowy 2003).

3.2 Resistance of Biofilms to Antibiotics

Generally, resistance to a drug or a heavy metal means that a bacterium can grow
and form a culture or colony in the presence of that particular drug or heavy metal.
Tolerance, on the other hand, refers to the situation in which a bacterial culture is
not eradicated by treatments with that particular drug. Whether it is resistance or
tolerance, both may contribute to the fact that the biofilm mode of growth enables
the bacteria to survive the exposure to 1000-fold higher concentrations of a number
of antibiotics compared with their growing counterparts (Anwar et al. 1990; Allison
and Gilbert 1995; Teitzel and Parsek 2003). In other words, the underlying mechan-
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ism responsible for biofilm resistance is multifactorial, and in the literature (as in the
present book), authors usually do not discriminate between resistance and tolerance,
because the underlying mechanism in the context of a biofilm is unknown.

Restricted penetration of antimicrobial compounds into the biofilm accounts for
some of the resistance. This is especially true for some compounds such as amino-
glycosides but not as much for others, such as fluoroquinolones. Because restricted
penetration is based on binding of the molecules to, most probably, the EPS matrix,
it is believed that at some point, the matrix becomes saturated, and penetration will
eventually occur without delay. On the other hand, EPS is probably constantly being
produced, creating new spots for antimicrobial binding (Lewis 2001; Campanac et
al. 2002; Drenkard 2003; Teitzel and Parsek 2003).

Another factor adding greatly to biofilm tolerance is the very heterogeneous
metabolic activity of the biofilm cells. In a biofilm, there exist gradients of nu-
trients and oxygen, which limit the growth rate of most of the cells (except for
the cells on the surface of the film). Because antimicrobials mostly target metabol-
ically active cells, the large slow or nongrowing parts of the biofilms are very dif-
ficult to target. Some antibiotics have reduced activity in oxygen-deprived envi-
ronments, which also contributes to biofilm resistance as availability of oxygen is
reduced in deeper levels of a biofilm (Lewis 2001; Drenkard 2003). Another option
is the expression of certain genes in a biofilm, conferring enhanced resistance to
antibiotics. The exact nature of these genes remains to be elucidated (Lewis 2001;
Drenkard 2003; Sauer et al. 2002; Whiteley et al. 2001). A glimpse into this is
provided by Drenkard and Ausubel (2002), who identified a gene, pvrR (pheno-
typic variant regulator), that is involved in conversion of wild type P. aeruginosa
into a rough-colony phenotypic variant. The rough-colony variant has a highly ele-
vated resistance to antibiotics (Drenkard and Ausubel 2002; Drenkard 2003). Mah
et al. (2003) recently reported on the presence of a specific gene product that in-
activates tobramycin by binding to the drug in P. aeruginosa PA14 is upregulated
in biofilms. The locus identified, ndvB, is required for the synthesis of periplas-
mic glucans. These periplasmic glucans interact physically with drugs and therefore
might prevent antibiotics such as gentamicin, ciprofloxacin, chloramphenicol, and
ofloxacin from reaching their sites of action by sequestering these antimicrobial
agents in the periplasm.

In staphylococci, persistence within a biofilm requires an adaptive response that
limits the deleterious effects of the reduced pH associated with anaerobic growth
conditions (Beenken et al. 2004). Several of the operons that were induced in
biofilms have also been found to be important in acid tolerance in other bacterial
species, including the oral bacteria Streptococcus salivarius (Li et al. 2000), and
have been correlated with virulence in Streptococcus pyogenes. Bacteria can com-
bat acidic environments by producing alkaline compounds such as ammonia. Two
ways in which bacteria generate ammonia are through the urease and arginine deim-
inase (ADI) pathways. Multiple genes from both of these pathways [arginine deim-
inase (arcA), ornithine transcarbamylase (arcB), and carbamate kinase (arcC)] were
indeed induced in S. aureus biofilms in comparison to both planktonic conditions
(Beenken et al. 2004).
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An additional gene upregulated in S. aureus biofilm is the arginine repressor
encoded by argR. Under anaerobic conditions in the presence of arginine, ArgR
represses anabolic ornithine carbamoyltransferase and induces the ADI pathway.
Ammonia generated by the deimination of arginine can neutralize acids generated
by bacterial glycolysis (Beenken et al. 2004).

Also included among the genes induced in biofilms are seven genes that comprise
the urease operon (Beenken et al. 2004). Urease (urea amidohydrolase) is a nickel-
containing enzyme that catalyzes the hydrolysis of urea to yield two molecules of
ammonia and one molecule of CO2. Ureases of most bacteria are composed of three
distinct subunits encoded by three contiguous genes, ureA, ureB, and ureC. Urease
activity is essential for colonization of the gastric mucosa by Helicobacter pylori
and colonization of the urinary tract by both Proteus mirabilis and Staphylococcus
saprophyticus (Eaton et al. 2002; Gatermann and Marre 1989; Jones et al. 1990). In
addition, urease is thought to play a central role in the pathogenesis of Ureaplasma
urealyticum urinary and respiratory tract infections (Hedelin et al. 1984; Ligon and
Kenny 1991).

Several operons of the pyrimidine nucleotide biosynthetic (pyr) pathway (pyr-
RPBC, carAB, and pyrFE) are also induced in biofilms. The pathway for the de novo
synthesis of pyrimidines consists of six enzymatic steps leading to the formation of
UMP. This is important because the level of UMP in cells growing in a biofilm is
severely limited. In addition, upregulation of the pyr operon may be required for
synthesis of sufficient levels of arginine to be used by the ADI pathway during
anaerobic growth (Beenken et al. 2004).

Taken together, as indicated by microarray studies (Beenken et al. 2004; Hentzer
et al. 2005), mature biofilms grow anaerobically, and genes of the acid tolerance re-
sponse are upregulated in response to an acidic environment. Global regulators such
as the quorum-sensing sensor TRAP (Korem et al. 2005; see also below), sigma fac-
tor B (SigB), and staphylococcal accessory regulator (SarA) are involved (Beenken
et al. 2004).

Although more work is needed to fully understand antimicrobial resistance in
biofilms, it is clearly not caused by a single mechanism but by several factors acting
in concert. First, as mentioned above, bacterial cells in biofilms produce a matrix of
polysaccharide, which may retard or block antimicrobial agents from reaching the
cell (Elvers and Lappin-Scott 2000). In addition, it was found that 40% of the cell
wall proteins in biofilm cells are different from those of planktonic cells; therefore,
the permeability of the cell membrane may change (Potera 1999), making it difficult
for antimicrobials or immune factors to reach their targets. Recent studies have also
shown that biofilm cells have profound changes in gene expression and cell phys-
iology compared with planktonic cells, even though they have identical genotypes
(Hall-Stoodley et al. 2004; Prigent-Combaret et al. 1999).

Most antimicrobials inhibit growth-related cellular activities, such as protein,
DNA, and cell wall synthesis. Hence, they are not efficient against biofilm cells that
have slow or even no growth (Potera 1999; Xu et al. 2000). Furthermore, the close
cell-to-cell contact in biofilms provides a favorable environment for horizontal gene
transfer (Li et al. 2001b), which results in easy spread of antimicrobial resistance.
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Although several factors are responsible for antimicrobial resistance in biofilms,
they are all related to the multicellular nature of biofilm communities (Stewart and
Costerton 2001) because it has been shown that the biofilm cells lose their resistance
rapidly after resuspension and planktonic growth (Anwar et al. 1989).

The next chapters will address how understanding bacterial cell-to-cell commu-
nication and bacterial response to the environment can lead to the development of
novel therapeutics.
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Bacterial Cell-to-cell Communication
(Quorum Sensing)
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Abstract Within the biofilm, the bacteria use cell-to-cell communication systems to
pool their activities and act in a multicellular organized manner. One such activity
is to launch their arsenal of virulence factors at the strategically right moment, and
hence coordinate the progressive attack on the host. This process is termed quorum
sensing (QS), whereby bacteria produce diffusible chemical signals (autoinducers)
that interact with specific receptors on itself and on neighboring cells, which in
turn regulate the expression of specific target genes. By integrating this with other
environmental stimuli, bacteria are capable of exhibiting complex responses and
take part in sophisticated interactions, allowing them to survive in most adverse
environments. This chapter describes the molecular mechanisms of QS in Gram-
negative and gram positive bacteria, and QS in a biofilm, leading to what is described
in subsequent chapters that QS is a highly attractive target for therapy against biofilm
chronic infections.

Well within the biofilm, the bacteria use cell-to-cell communication systems to pool
their activities and act in a multicellular organized manner. One such activity is to
launch their arsenal of virulence factors at the strategically right moment and hence
coordinate the progressive attack on the host. The view of bacterial biofilms as sanc-
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tuaries in a hostile environment has gained momentum over the last decade. Bac-
teria released from these protected areas are then able to spark systemic infections
(Costerton et al. 2003). The ability of coordinating gene expression in accordance
with population density and hence to act as a group is a process termed quorum
sensing (QS) (Fuqua et al. 1994; Withers et al. 2001) (see Fig. 1). The amount of
bacteria needed to activate QS-controlled genes are known as the “quorum” or the
“quorum size,” reflecting the number of individual cells needed to make a qualified
decision.

The underlying mechanism of QS is the production of diffusible chemical signal
molecules by the bacteria (autoinducers) that interact with specific receptors on self
and on neighboring cells, which in turn regulate expression of specific target genes.
By integrating this with other environmental signals and stimuli, bacteria are capable
of exhibiting complex responses and taking part in sophisticated interactions (Gray
1997).

QS is implicated in the regulation of phenotypes that are also involved in interac-
tions with higher organisms. These interactions can be beneficial to the host, or they
can be pathogenic. From an evolutionary point of view, it makes sense that the un-
derlying factors are produced only when the bacterial population is sufficiently large
to confer a significant effect (Velicer 2003). QS systems form the command line of
opportunistic pathogens such as P. aeruginosa and S. aureus (Winzer and Williams
2001). Expressing the battery of antigenic determinants such as host-damaging viru-
lence factors only when the bacterial population has reached a high level is believed
to be a “stealthy strategy”; by the time the host organism realizes it is under at-
tack, it has been left with a poor possibility of mounting an effective defense against
the intruder (Donabedian 2003; de Kievit and Iglewski 2000; Parsek and Greenberg
2000).

To date, several types of QS systems are known: one for gram-positive bacteria
relying on polypeptides (Abraham 2006; Balaban et al. 1998; Waters and Bassler
2005) and another for gram-negative bacteria mediated by N-acyl homoserine lac-
tone (AHL) derivatives (Eberhard et al. 1981; Nasser and Reverchon 2007). A third
type of QS system, AI-2, has been proposed as a global signaling system common
to all bacteria (Winans and Bassler 2002; Waters and Bassler 2005).

Fig. 1 Bacterial cell-to-cell communication (quorum sensing) (Illustration by Mike Beshiri, Tufts
University, Cummings School of Veterinary Medicine, Department of Biomedical Sciences, Divi-
sion of Infectious Diseases, North Grafton, MA, USA)
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1 AHL-mediated Quorum Sensing
in Gram-negative Bacteria11–4

The core elements of all AHL-based QS systems are a gene termed the luxI ho-
molog encoding an AHL synthetase and a luxR homolog encoding the signal re-
ceptor protein, which also acts as a response regulator. At low cell densities, the
luxI homolog is expressed constitutively at a low level; hence, AHLs are synthe-
sized in small quantities, which slowly accumulate in the environment around the
bacteria, depending on the diffusion restraints (Fuqua and Greenberg 2002). Ac-
cordingly, there is a correlation between AHL concentration and population den-
sity – more cells results in more signal molecules per volume. Work on the Vib-
rio fischeri QS system has given rise to a “QS dogma,” which states that when
a sufficient population density has been attained, QS target genes become activated.
The signal molecules bind to the LuxR homolog receptor proteins, inducing a con-
formational change and allowing the proteins to form dimers or multimers. This
in turn enables the receptor multimer to bind to DNA and act as a transcriptional
regulator. The activity of a QS-controlled gene is determined by the concentration
of activated LuxR homolog multimer, which in turn is dependent on the concen-
tration of AHL signal, which again is dependent on the population size/density.
In other words, activation of QS-controlled genes relies on both the concentra-
tion of AHL signal molecules and the amount of available LuxR homolog receptor
protein.

Gram-negative bacteria that are unable to synthesize signal molecules are still
able to perceive and respond to the AHL signal molecules. These include Salmonella
typhimurium and Escherichia coli, which both posses a gene, sdiA, that is a LuxR
homolog. The SdiA receptor is responsive to 3-oxo-C6 and 3-oxo-C8 signal
molecules, enabling the bacteria to sense the presence of other AHL-producing bac-
teria in a mixed community and to respond to the AHL signal molecules.

1.1 Multiple Quorum-sensing Systems Regulate Virulence

The model gram-negative bacterium P. aeruginosa produces two QS signals: N-
(3-oxododecanoyl)-l-homoserine lactone [OdDHL, synthesized by LasI and sensed
by LasR (Gambello and Iglewski 1991; Ochsner et al. 1994)] and N-butanoyl-l-
homoserine lactone [BHL, synthesized by RhlI and sensed by RhlR (Pearson et al.
1994)]. With respect to function, they are organized in a hierarchical manner, the
former controlling the expression of the latter. This allows for further fine-tuning
of the responses of QS target genes. Sequence analysis suggests that these systems
have been acquired independently rather than arising by endogenously gene dupli-
cation – the las system in P. aeruginosa shows no affiliation with the rhl system.
This indicates that horizontal gene transfer is a mechanism for the spread of, and is
important for the prevalence of, QS controllers.
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1.2 AHL Signal Generation

The LuxI and homologs direct synthesis of the AHLs. The signal molecules con-
sist of an invariable highly conserved lactone ring and a variable acyl side chain
[Fig. 2a,b (AHL or AI-1)]. The side chains differ in length (2–18 carbon atoms), but
all side chains contain a keto group on the C1 position and various degrees of sub-
stitution on C3. Molecules that carry a keto oxygen on the C3 carbon are referred

Fig. 2 Structures of representative quorum-sensing signals and brominated furanones. a N-
butanoyl-l-homoserine lactone [encoded by P. aeruginosa RhlI (Pearson et al. 1994)). b N-(3-
oxododecanoyl)-l-homoserine lactone [encoded by P. aeruginosa LasI (Gambello and Iglewski
1991; Ochsner et al. 1994)]. c (2S, 4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran-borate [AI-2
of V. harveyi (Chen et al. 2002)]. d (2R, 4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran [AI-2 of
Salmonella typhinurium (Miller et al. 2004)]. e (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-
furanone, natural furanone from D. pulchra (de Nys et al. 1993)
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to as oxo-HSLs. A few rare AHL species contain a hydroxyl substitution on the C3
position, whereas others posses a double bond in the side chain.

The LuxI synthases use S-adenosylmethionine (SAM) as HSL donor and acyl-
acyl carrier protein (acyl-ACP) or acyl-coenzyme A from the fatty acid synthesis
complex as acyl donor (Parsek et al. 1999). The different side chains probably re-
flect variations in acyl-ACP specificity. Conversely, the specificity for SAM must be
similar for all LuxI homologs as the HSL ring is invariable (Watson et al. 2002).

After synthesis, the signal molecules enter the surrounding environment, either
by passive diffusion in the case of C4 HSL or active efflux in the case of 3-oxo-C12
HSL (Pearson et al. 1999; Waters and Bassler 2005).

1.3 Signal Reception and Response Regulation

Perception of the signal molecules and subsequent gene regulation are performed by
the LuxR homologs. LuxR homolog proteins contain two functional domains, the
AHL-binding N-terminal and a DNA-binding C-terminal (Hanzelka and Greenberg
1995; Egland and Greenberg 2001; Koch et al. 2005). In LuxR, it has been found
that the C-terminal third part of the 250-residue protein has a helix-turn-helix motif
able to bind to DNA and is able to activate LuxR-controlled genes independently of
AHL (Choi and Greenberg 1991). This has led to the model that the N-terminal two-
thirds of the protein quenches the DNA-binding activity. Another truncated LuxR,
consisting of the N-terminal part, has been shown to bind AHL and in turn activates
the C-terminal part (Hanzelka and Greenberg 1995). Activated LuxR homologs are
thought to bind as dimers capable of interacting with the promoter regions of QS-
controlled genes (Vannini et al. 2002; Zhang et al. 2002b; Ledgham et al. 2003).
The lux box, where the dimer binds, is a palindromic sequence centered −42.5 bp
upstream of the luxI start codon. The dimer overlaps the −35 region and acts as
an ambidextrous activator of transcription (Egland and Greenberg 1999). Located
at this position, the LuxR dimer interacts with the alpha-subunit C-terminal domain
of RNA polymerase, where two residues of the subunit interact directly with the
C-terminal part of LuxR (Finney et al. 2002; Johnson et al. 2003). Alanine mutation
scanning of the N-termini of LuxR has provided evidence for a direct correlation
between the binding of LuxR to the lux box and activation of QS-controlled target
genes (Trott and Stevens 2001; Egland and Greenberg 2001). It appears that each
LuxR homolog protein has its own lux box type of binding site, and similar bind-
ing sites have been identified for LasR and RhlR in P. aeruginosa. These las and
rhl boxes are important for the expression of QS target genes such as lasB, hcnA,
and others (Whiteley and Greenberg 2001). Two las boxes are located upstream of
the lasB gene; one is located directly upstream of the transcriptional initiation site,
whereas the other is placed 102 bp upstream. Both participate in controlling lasB
expression (Rust et al. 1996; Fukushima et al. 1997).
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1.4 AI-2 Signaling

AI-2 was initially identified for its control of the expression of bioluminescence in
the marine bacterium Vibrio harveyi (Bassler et al. 1993) and was identified as a fu-
ranosyl borate diester. The AI-2 (Fig. 2c,d) and its synthase LuxS have been identi-
fied in a few bacterial species (Chen et al. 2002; Miller et al. 2004, Schauder et al.
2001; Xavier and Bassler 2005). However, the presence of luxS analogs in more
than 55 species indicates that it is widely used in cell-to-cell signaling (Vendev-
ille et al. 2005) to regulate genes specifying diverse functions, such as those en-
coding virulence factors in Actinobacillus actinomycetemcomitans, enterohemor-
rhagic E. coli (EHEC) O157:H7, P. gingivalis, Streptococcus pyogenes, Vibreio
cholerae, and V. vulnificus; motility in Campylobacter jejuni, EHEC O157:H7,
and enteropathogenic E. coli O127:H6; cell division in E. coli W3110 and EHEC
O157:H7; antibiotic production in Photorhabdus luminescens; and biofilm forma-
tion and carbohydrate metabolism in Streptococcus gordonii (Xavier and Bassler
2005; Gonzalez Barrios et al. 2006; Ren et al. 2004b; Sperandio et al. 1999). In
S. aureus, functional analysis of luxS/AI-2 reveals a role in metabolism but not quo-
rum sensing, in which inactivation of luxS did not affect virulence-associated traits
such as production of hemolysins and extracellular proteases, biofilm formation,
and the agr QS signaling system (Doherty et al. 2006).

1.5 Other Quorum-signaling Systems

At least two additional QS systems have been identified in gram-negative bacteria.
These include autoinducer 3 (AI-3), which is associated with virulence regulation
in EHEC O157:H7 (Sperandio et al. 2003), and the Pseudomonas quinolone sig-
nal (PQS), which is associated with P. aeruginosa (Mashburn and Whiteley 2005).
AI-3 is associated with luxS homologs in EHEC O157:H7, but the signal itself is hy-
drophobic and thus chemically distinct from the polar AI-2 signals (Sperandio et al.
2003). AI-3 is also biologically distinct from AI-2. During EHEC pathogenesis,
both AI-3 and host epinephrine, but not AI-2, stimulate expression of the locus of
enterocyte effacement (LEE) genes and thus provide evidence of bacteria and host
cross-talk during this infection (Walters and Sperandio 2006). PQS molecules are
quite hydrophobic and have been shown to be transported between cells by outer
membrane vesicles. There is also strong evidence that the PQS actually induces
the formation of these vesicles through interference with Mg2+ and Ca2+ ions in
the outer membrane (Mashburn and Whiteley 2005). In a recent review (Mashburn-
Warren and Whiteley 2006), it was suggested that membrane vesicles may represent
a mechanism for interkingdom signaling in the plant rhizosphere.
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1.6 AHL QS Interference with the Host Immune System

Eukaryotic cells communicate by means of hormones and prostaglandins that are
structurally related to the bacterial AHLs, and it has been investigated whether the
signal molecules produced by P. aeruginosa are able to interact directly with the hu-
man host cells (Smith and Iglewski 2003). Indeed, 3-oxo-C12 HSL was found to in-
hibit lymphocyte proliferation and tumor necrosis factor alpha (TNF-α) production
by macrophages. In addition, IgE production, which is stimulated by interleukin-4,
was found to be upregulated by 3-oxo-C12 HSL. Furthermore, the presence of the
AHL signal molecule downregulated production of interleukin 12 (a Th-1 response
promoting signal). As a consequence, a Th-2 response is encouraged (Telford et al.
1998). In contrast, other researchers found that 3-oxo-C12 HSL activates T-cells
to produce interferon-γ , an inflammatory cytokine that promotes a Th-1 environ-
ment (Smith et al. 2002a). These discrepancies probably reflect biases in the un-
derlying immune response. In C57B1/6 mice, which are Th-1 biased, 3-oxo-C12
HSL was found to increase interferon-γ , thereby promoting a Th-1-dominated re-
sponse. Conversely, if BALB/C mice biased for Th-2 were used, the P. aeruginosa
signal molecules increased production of interleukin-4, favoring a Th-2-dominated
response (Moser et al. 1997). In both cases, the underlying immune response bias
was accentuated by 3-oxo-C12 HSL (Ritchie et al. 2003). Production of cyclooxy-
genase 2 was markedly increased in human lung fibroblasts through stimulation of
the transcription factor NF-κB. PGE2, which induces mucus secretion, vasodilata-
tion, and edema, was also produced in higher amounts when the cells were exposed
to 3-oxo-C12 HSL (Smith et al. 2002b). AHL signal molecules also inhibit ATP
and UTP-induced chloride secretion by submucosal tracheal serous gland cells from
cystic fibrosis patients. Normally, the nucleosides lead to relaxation of the bronchia,
which, in turn, promotes bacterial clearance. This ability of the 3-oxo-C12 HSL
signal molecule to modulate the immune response has promoted research into gen-
erating analogs that can be used as treatment for TNF-alpha-driven immunological
diseases such as psoriasis, rheumatoid arthritis, and type 1 diabetes (Chhabra et al.
2003).

Other eukaryotes also respond to the presence of AHL signal molecules. The
model legume plant Medicago truncatula, a close relative of alfalfa, was found to
produce elevated amounts of flavonoids in response to 3-oxo-C12 HSL. Interest-
ingly, the plant also begins to secrete compounds that mimic AHL molecules when
it encounters QS bacteria such as P. aeruginosa (Mathesius et al. 2003).

Similar relationships between QS and infection have been established for several
opportunistic pathogens, including Serratia liquefaciens (Eberl et al. 1996, 1999),
Chromobacterium violaceum (Brito et al. 2004), Burkholderia cepacia (Wopperer
et al. 2006), and Yersinia species (Atkinson et al. 2006), all of which cause infections
in humans. Other pathogens such as V. anguliarum, which causes the deadly infec-
tion vibriosis in fish, and the plant pathogens Agrobacterium tumefaciens (Sheng
and Citovsky 1996) and E. caratovora (Whitehead et al. 2002) also employ QS to
control infection and virulence. Bacteria such as S. proteamaculans B5a and En-
terobacter agglomerans B6a, which causes food-quality deterioration, utilize QS
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to control expression of exoenzymes that are involved in decay (Gram et al. 1999,
Christensen et al. 2003).

Inhibition of QS would thus not only be beneficial in a clinical context but could
possibly also be applied in aquaculture, agriculture, and food preservation.

2 Quorum Sensing in Gram-positive Bacteria4

Quorum sensing in gram-positive bacteria regulates a number of physiological ac-
tivities, including those involving pathogenesis and biofilm formation. Examples
are competence development in Streptococcus pneumoniae and S. mutans, antibi-
otic biosynthesis in Lactococcus lactis and virulence in staphylococci.

Gram-positive bacteria communicate using polypeptides as autoinducers and
two-component or phosphorelay systems for signaling (Hoch and Varughese 2001).
The release of the polypeptides from the cells is mediated in many cases by dedi-
cated exporters. In most cases, signal processing and modification are concomitant
with signal release. In many peptide QS systems, signals are cleaved from larger pre-
cursor peptides, which are then modified to contain lactone or thiolactone rings, lan-
thionines, or isoprenyl groups (Ansaldi et al. 2002; Mayville et al. 1999; Nakayama
et al. 2001). QS in gram-positive bacteria has been well reviewed (e.g., Walters and
Bassler 2005, Abraham 2006). Here we will focus on QS in staphylococci, whose
inhibitors have extensively been tested in vivo (see the chapter In Vivo Studies: In-
hibiting Biofilm-Associated Bacterial Infections Using QSIs). Refer to the chapter
Quorum Sensing in Streptococci for information on that topic.

2.1 Quorum Sensing in S. aureus

S. aureus pathogenesis is regulated by two QS systems (Balaban et al. 2001; Gov
et al. 2004, Korem et al. 2005). As in P. aeruginosa, the two QS systems are orga-
nized in a hierarchical manner, the former controlling the expression of the latter.
This apparently allows for further fine-tuning of the responses of QS target genes.

The two QS systems that have been described to date for S. aureus (Balaban
et al. 2001) will be referred to herein as staphylococcal quorum-sensing 1 (SQS 1)
and staphylococcal quorum-sensing 2 (SQS 2). SQS 1 consists of the autoinducer
RNAIII-activating protein (RAP) and its target molecule TRAP (Balaban et al. 1998,
2001). SQS 1 induces the synthesis of the second system, SQS 2, which consists
of the components of the agr system, including autoinducing peptide (AIP) and
its sensor AgrC (Lyon et al. 2000). The two systems interact with one another to
collectively regulate the expression of virulence factors (Balaban et al. 2001; Korem
et al. 2005).

The notion that more than one QS system regulates virulence in staphylococci
had been controversial, and it was suggested that only one QS system regulates
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S. aureus pathogenesis – the one encoded by agr (Novick 2003). It is now, however,
very clear that this is not the case and that SQS 1 in fact regulates SQS 2 (Korem
et al. 2005). This phenomenon is not surprising in view of the fact that multiple
systems are known to regulate necessary biological functions both in gram-negative
and gram-positive bacteria (e.g., Miller and Bassler 2001; March and Bentley 2004;
Gambello and Iglewski 1991; Ochsner et al. 1994; Pearson et al. 1994).

2.1.1 Components of SQS 1

RAP is the autoinducer of SQS 1. RAP is a 277AA protein that activates the agr
by inducing the phosphorylation of TRAP (Balaban et al. 1998, 2001; Korem et al.
2003; Yang et al. 2003). From its sequence, RAP is predicted to be an ortholog
of the 50S ribosomal protein L2, which is encoded by the gene rplB found in all
eubacterial genomes known to date. Recombinant RAP applied to the cells acti-
vates the synthesis of RNAIII (which is encoded by the agr) like the native RAP
molecule that is secreted, confirming that L2 has extraribosomal functions (Korem
et al. 2003). Inhibiting RAP by anti-RAP antibodies or by RAP-binding peptides
suppresses infections in vivo (Balaban et al. 1998; Yang et al. 2003). (Refer to the
chapter In Vivo Studies: Inhibiting Biofilm-Associated Bacterial Infections Using
QSIs.)

TRAP is the target protein of RAP and is a master regulator of S. aureus patho-
genesis. It is a 167-residue-long protein that is histidine-phosphorylated in the
presence of RAP (Balaban et al. 2001). TRAP expression is constitutive, but its
phosphorylation is regulated by RAP and reaches peak phosphorylation in the mid-
exponential phase of growth. Phosphorylated TRAP then leads to agr expression,
and the components of SQS 2 are made (Gov et al. 2004). (See below.) TRAP is
highly conserved among staphylococcal strains and species and contains three con-
served histidine residues that are phosphorylated and are essential for its activity
(Gov et al. 2004; Korem et al. 2005). TRAP orthologs are found in other gram-
positive bacteria including Bacillus (Ivanova1 et al. 2003) and Listeria. Although
the sequence identity between TRAP orthologs is low, their predicted secondary
structure is very similar, as is their gene organization (Kiran et al., unpublished
data). TRAP-like proteins may thus represent a novel general class of signal trans-
ducers in gram-positive bacteria.

Functional genomics studies (Korem et al. 2005) indicate that in the absence of
TRAP expression or phosphorylation (TRAP–), multiple regulatory systems are dis-
rupted, such as the global regulatory locus agr (agrABCD and hld [RNAIII]); sarH2,
otherwise known as sarU (Manna and Cheung 2003); and most, if not all, virulence
factors known to date. Those include alpha, beta, gamma, and delta hemolysin;
triacylglycerol lipase precursor; glycerol ester hydrolase; hyaluronate lyase pre-
cursor; staphylococcal serine protease (V8 protease); cysteine protease precursor;
cysteine protease; staphopain-cysteine proteinase; 1-phosphatidylinositol phospho-
diesterase; zinc metalloproteinase aureolysin precursor; holing-like proteins; and
capsular polysaccharide synthesis enzymes (Korem et al. 2005). In the case of genes
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involved in bacterial adhesion and consequent biofilm formation, the only over-
expressed genes found when TRAP function is disrupted are those encoding for
protein A, fibrinogen-binding protein, and Ser-Asp rich fibrinogen-binding bone-
sialoprotein-binding protein. There is, however, no evidence that these proteins
independently contribute to pathogenesis. No upregulation of other known genes
encoding for adhesion molecules has been observed, such as fibronectin-binding
protein, collagen-binding protein, elastin-binding protein, clumping factor A, extra-
cellular fibrinogen-binding protein, and extracellular adherence protein.

Finally, in the absence of TRAP expression or phosphorylation, the level of ex-
pression of genes required for biofilm survival is reduced, such as ArcABC (argi-
nine deaminase, ornithine transcarbamoylase, carbamate kinase), UreABC (urease
alpha, beta, gamma subunits), UreDEFG (urease accessory proteins), PyrR (pyrim-
idine operon repressor), PyrP (uracil permease), PyrB (aspartate transcarbamoy-
lase chain A), PyrC (dihydroorotase), CarA (carbamoyl-phosphate synthase small
chain), and CarB (carbamoyl-phosphate synthase large chain) (Korem et al. 2005;
Balaban et al. 2005). These proteins are necessary for the persistence of the bacteria
within a biofilm, requiring an adaptive response that limits the deleterious effects of
the reduced pH associated with anaerobic growth conditions (Beenken et al. 2004).

Functional genomics studies can easily explain that in the absence of TRAP
phosphorylation, the ability of the bacteria to produce toxins, to attach to host cells
or foreign material, to form a biofilm, and to survive within the host is seriously
compromised; therefore, when TRAP is not expressed or phosphorylated (using
anti-TRAP antibodies or peptides (see below and the chapter In Vivo Studies: In-
hibiting Biofilm-Associated Bacterial Infections Using QSIs), the bacteria do not
adhere, do not form a biofilm, do not express toxins, and do not cause disease
(Dell’Acqua et al. 2004; Balaban et al. 2000, 2003a,b, 2004, 2005; Cirioni et al.
2003, 2006, 2007; Giacometti et al. 2003, 2005; Gov et al. 2004; Yang et al. 2005;
Vieira-da-Motta 2001; Anguita-Alonso et al. 2006).

TRAP represents a novel class of signal transducers in gram-positive bacteria
because it does not contain any conserved domains specific for two-component or
phosphorelay systems (Han et al. 2005). QS in bacteria typically involves phospho-
rylation in a two-component system. The classic two-component system is com-
posed of two proteins, the sensor kinase, which is histidine-phosphorylated, and the
effector protein, which is aspartic-acid-phosphorylated. The sensor typically con-
tains a transmembrane as well as a kinase domain (Perraud et al. 1999). Like typical
sensors, TRAP is histidine-phosphorylated (Balaban et al. 2001; Gov et al. 2004),
and studies indicate that it is membrane associated and can be used as a vaccine
(Yang et al. 2005). However, TRAP lacks both a typical kinase domain and a pre-
dicted transmembrane region. This suggests that TRAP may be associated with the
membrane by anchoring of hydrophobic surface residues or by binding to an inte-
gral membrane protein. A possible candidate may be OpuCA, discovered by a two-
hybrid system (Kiran et al., unpublished data). OpuCA is encoded by the opuC
operon that is highly conserved, is known as an ABC transporter, and thus is hypoth-
esized to act upstream of TRAP. The type of interaction that OpuCABCD has with
TRAP (anchoring?) or with the QS regulators RAP, AIP, and RIP is not yet known.
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Interestingly, recombinant RAP or its inhibitor RIP (see the chapter Quorum-
Sensing Inhibitory Compounds) were added to recombinant TRAP and shown to
activate (RAP) or inhibit (RIP) the phosphorylation of TRAP in vitro, in the absence
of any other cellular components. This further confirms the working hypothesis that
RAP activates and RIP inhibits TRAP phosphorylation and further suggests that
TRAP may in fact be a histidine kinase (Kim, personal communications).

One of the regulatory genes that is distinctly regulated by TRAP is sarH2 (known
also as sarU) (Balaban et al. 2005). SarU, a positive transcriptional activator of agr
expression, encodes a 247-residue polypeptide and is a member of the SarA family
of proteins. It has conserved basic residues within the helix-turn-helix motif and
within the beta hairpin loop, which are two putative DNA-binding domains within
this protein family (Manna and Cheung 2003). Of note is that insertions in sarH2
have diminished the ability of the S. aureus strain Newman to kill worms (Bae et al.
2004), suggesting that its role in pathogenesis. SarH2 (SarU) may act as one of the
downstream components in the TRAP system, regulating the expression of agr (see
below). This, however, needs to be confirmed experimentally because sarH2 is not
conserved among strains.

Points of controversy

Lately it has been suggested that TRAP does not regulate the agr (Shaw et al. 2007;
Tsang et al. 2007) because when the authors deleted traP, agr activity was still in-
tact. These results will need to be confirmed as the authors have not yet shown that
the mutants do not contain an active TRAP molecule (by standard in vivo phospho-
rylation assays and by western blotting). Interestingly, one of the two strains used,
UAMS-1, is non-hemolytic although it is a virulent musculoskeletal isolate, sug-
gesting that perhaps its virulence is not toxin related and maybe virulence of such
strains does not involve TRAP. In fact, global transcriptional differences between
these clinical isolates and laboratory strains have been documented (Cassat et al.
2006). It is too early to say whether these strains represent the norm or not. Luckily,
virulence studies using laboratory strains have in fact resulted in clinical applica-
tions using clinical isolates (see the chapters In Vivo Studies: Inhibiting Biofilm-
Associated Bacterial Infections Using QSIs and Clinical Wound Healing Using Sig-
nal Inhibitors).

It has also been suggested that the non-virulent agr– minus phenotype found in
the TRAP– mutant are seen only because of a nonsense mutation in the agrA lo-
cus (Adhikari et al. 2007). This nonsense mutation was not found in TRAP– strains
described in Korem et al. 2005, but other nonsense mutations were found in some
of the freezer stocks (Balaban et al., in preparation), suggesting that when TRAP is
inactivated, multiple nonsense mutations can occur in agr (and possibly other loci)
more readily. Interestingly, ClpP is not expressed when TRAP or YhgC (the TRAP-
like protein in Bacillus) are mutated (Kiran et al., in preparation). ClpP proteases
were shown to be important for expression of various regulons involved in virulence
(agr), oxidative stress response, autolysis, and DNA repair (Michel et al. 2006). Put
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together, these results suggest that in the absence of TRAP, not only virulence is
downregulated but also DNA repair is impaired, which can lead to deleterious mul-
tiple agr mutations (Adhikari et al. 2007). Such mutants cannot survive in vivo
because of the lack of expression of virulence factors necessary for in vivo survival.
But in vitro, in the absence of adverse conditions, such mutants can survive and be
detected. Thus, TRAP not only regulates the production of virulence factors but also
other genes necessary for bacterial survival in the host, making TRAP a very attrac-
tive target for therapy (see the chapters Quorum-Sensing Inhibitory Compounds and
In Vivo Studies: Inhibiting Biofilm-Associated Bacterial Infections Using QSIs).

2.1.2 Components of SQS 2

SQS 2 encompasses the products of the agr system. The chromosomal agr operons,
active from the midexponential phase of growth, encode two divergently transcribed
transcripts, RNAII and RNAIII (Novick et al. 1993, 1995). RNAII is a polycistronic
transcript that encodes AgrB, AgrD, AgrC, and AgrA (Ji et al. 1997; Qiu et al. 2005;
Zhang and Ji 2004; Novick et al. 1995; Lina et al. 1998; Koenig et al. 2004). RNAIII
is a polycistronic transcript, coding for delta hemolysin and acting as a regulatory
RNA molecule that upregulates the expression of multiple exotoxins (Novick et al.
1993).

Agr-autoinducing Peptide (AIP)

AIP is processed from AgrD. AgrD sequences from various staphylococcal species
are remarkably divergent, with only four identical amino acids (Qiu et al. 2005).
The AIP sequence is in the middle of the AgrD sequence that is preceded by the
N-terminal amphipathic helix and followed by a highly hydrophilic C-terminal
region. The processing of AgrD to generate mature AIP involves the proteolytic
cleavages at two processing sites, the thioester (or ester) bond formation, and the
secretion of the mature AIP. The mature AIPs isolated so far from a number of
staphylococcal species are seven to nine amino acids in length, and all are thiolac-
tone molecules containing a 5-amino-acid ring linked by a thioester bond formed
between the sulfhydryl group of a conserved cysteine residue and the carboxyl
group of the C-terminal amino acid, except for the Staphylococcus intermedius AIP,
in which a lactone molecule contains an ester bond formed between the hydroxyl
group of a serine residue (in place of the cysteine residue that is conserved among
other AIPs) and the carboxyl group of the C-terminal residue (Qiu et al. 2005; Lyon
et al. 2002; Mayvelle et al. 1999).

A polymorphism in the amino acid sequence of the AIP and its corresponding re-
ceptor AgrC divides S. aureus strains into four major groups. Within a given group,
each strain produces a peptide that can activate the agr response in the other strains,
whereas the AIPs belonging to different groups are usually mutually inhibitory.
Limited in vivo studies have been carried out using inhibitory AIPs (refer to the sec-
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tion on inhibitors to SQS 2 in the chapter Quorum-Sensing Inhibitory Compounds),
but their clinical significance remains unclear.

AgrB

AgrB protein is a putative cysteine endopeptidase and a transporter, facilitating the
export of the processed AgrD peptide (Qiu et al. 2005). AgrB is a membrane pro-
tein with six transmembrane segments, including four transmembrane helices and
two highly hydrophilic regions (Zhang et al. 2002a). Like AgrD and AgrC, AgrB
sequenced from various staphylococcal species are also divergent, except for the
N-terminal region located in the cytoplasm and the two highly hydrophilic regions
that are proposed to be in the membrane (Zhang et al. 2002a). It is likely that all
AgrBs are structurally and functionally similar and that the mechanisms of process-
ing AgrD and of secreting the mature AIP by AgrBs are the same or similar, even
though the AgrD propeptides are different and the interaction between AgrB and
AgrD is specific (Zhang et al. 2004).

AgrC

AgrC is the receptor to AIP. AgrC is a membrane protein with its N-terminal half
integrated into the cytoplasmic membrane and is the AIP binding site (Lina et al.
1998; Lyon et al. 2002). Its C-terminal half is located in the cytoplasm and possesses
histidine kinase activity (Lina et al. 1998). The N-terminal halves are divergent, and
the C-terminal halves are highly conserved. This reflects the fact that the AgrCs are
activated only by their cognate AIPs but are inhibited by heterologous AIPs. Based
on the AIP cross-activation and cross-inhibition activities, four specificity groups of
S. aureus and three groups of S. epidermidis have been identified. Upon the binding
of AIP, AgrC is autophosphorylated (Lina et al. 1998), the phosphoryl group of the
phosphorylated AgrC is transferred to AgrA, and phosphorylated AgrA activates
the transcription of RNAIII (Koenig et al. 2004) (see below).

AgrA

AgrA is the regulator that is part of the AgrC/AgrA two component system. Once
phosphorylated, it shows high-affinity binding to the RNAIII-agr intergenic region,
where binding is localized to a pair of direct repeats in the P2 and P3 promoter
regions of the agr locus, consistent with the function of AgrA as a response regulator
(Koenig et al. 2004) that activates the production of RNAIII (see below).

RNAIII

RNAIII is the actual regulator that activates the expression of genes encoding se-
creted virulence factors. RNAIII is a 512-nt-long mRNA, affecting expression of
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multiple genes either directly or indirectly. RNAIII also encodes for the toxin
δ -hemolysin, once translated at the postexponential phase of growth (Balaban and
Novick 1995a). The commonly accepted dogma is that staphylococcal genes en-
coding secreted proteins are activated by the presence of RNAIII, whereas genes
encoding surface proteins are repressed, leading to phase variation (Novick et al.
1993; Lowy 1998). However, this was proven only for alpha-hemolysin and pro-
tein A (see below).

The structure of RNAIII suggests that it is able to form 14 different hairpins
(Benito et al. 2000). Specific domains of RNAIII control the expression of differ-
ent targets: The 5′-end of RNAIII positively controls the translation of hla (encod-
ing alpha-hemolysin) by competing directly with an inhibitory intramolecular RNA
secondary structure that sequesters the hla ribosome-binding site. Hybridization of
RNAIII to the hla mRNA frees the ribosome-binding site and enables translation of
hla (Novick et al. 1993; Morfeldt et al. 1995).

Complementation analysis suggests that the 3′-end of RNAIII is important for
repression of the spa-gene that encodes the well-known IgG-binding protein, pro-
tein A (Novick et al. 1993). In this case, RNAIII is believed to function either di-
rectly or indirectly at the transcriptional level, although it is possible that RNAIII
affects the stability of the spa transcript.

RNAIII levels are evident from the midexponential phase of growth and reach
a maximum in late logarithmic- and stationary-phase cultures. As mentioned above,
RNAIII also encodes the small peptide δ -hemolysin in its 5′-end. Intriguingly, trans-
lation of the RNAIII transcript into δ -hemolysin is delayed 1 h after the appearance
of RNAIII in the midexponential phase. This inhibitory mechanism seems to involve
the 3′-end of RNAIII, possibly by blocking access of the ribosome to the ribosome-
binding region (Balaban and Novick 1995a).

The mechanism by which RNAIII activates or inhibits expression of the other vir-
ulence factors remains unknown. It has been shown that transcriptional activation or
repression preferentially occurs at the level of transcriptional initiation rather than
by affecting transcript stability. A possible scenario would be that RNAIII functions
as an antirepressor by directly binding global transcriptional regulators and then se-
questering them, thereby regulating the initiation of transcription at target promoters
(Arvidson and Tegmark 2001; Johansson and Cossart 2003).

agr in other Bacteria

An operon termed Fas (fibronectin/fibrinogen binding/hemolytic activity/
streptokinase regulator) that shows similarity to the two-component system of agr
was found in Streptococcus pyogenes (Kreikemeyer et al. 2001). As with agr,
the effector molecule for virulence gene expression is a small, untranslated RNA
molecule (fasX), although little is known of its mode of action (Kreikemeyer
et al. 2001). In addition, an analogous case was found in Clostridium perfringens,
where a small, untranslated RNA [VirR-regulated-RNA (VR-RNA)] is the effector
molecule of a two-component system shown to be involved in virulence gene ex-
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pression (Shimizu et al. 2002). In this case, the 3′-end of VR-RNA appears to be
important in mediating virulence gene regulation (Johansson and Cossart 2003).

2.1.3 Interaction Between the two QS Systems in Staphylococci

The two QS systems in staphylococci SQS 1 and SQS 2 interact with one another
(Fig. 3) as follows: As the cells multiply and the colony grows, the cells secrete
RAP, inducing the histidine-phosphorylation of its target molecule TRAP (possibly
via ClpP and OpuC). The phosphorylation of TRAP leads (possibly via SarH2)
to the activation of the agr (Balaban et al. 2001; Gov et al. 2004; Korem et al.
2005) in the midexponential phase of growth and thus to the synthesis of RNAII
and consequently to the production of AIP and AgrC (Novick et al. 1995). AIP
downregulates TRAP phosphorylation in an unknown mechanism and upregulates
the phosphorylation of its receptor, AgrC (Lina et al. 1998; Balaban et al. 2001).

Phosphorylation of AgrC causes the phosphorylation of AgrA, which together
with SarA and SigB (Koenig et al. 2004; Manna and Cheung 2003; Chien et al.
1999; Ziebandt et al. 2001) results in the production of RNAIII (Novick et al. 1993;
Lina et al. 1998). RNAIII leads to the expression of toxic exomolecules, resulting in
dissemination and disease (Lowy 1998).

Fig. 3 Diagram showing regulation of toxin production in S. aureus via the quorum-sensing sys-
tems TRAP and agr
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3 Quorum Sensing and Biofilm1–4

As stated above, QS refers to the ability of the bacteria to sense the density of the
surrounding bacterial population. This is done by measuring and responding to the
concentration of signal molecules. In order to build up a sufficient concentration of
QS autoinducers (QSA), diffusion barriers are required. A dense, mature biofilm is
not completely sealed off from the surroundings, but diffusion is certainly lowered
compared with the situation in a planktonic culture (Hentzer et al. 2002). The timing
of induction of QS-controlled genes probably depends on several factors. The dif-
fusion rate will be dependent on the volume of the surrounding nonbiofilm phase,
the flow rate (if any) of bulk fluid outside the biofilm. Furthermore, the chemical
composition of the extrapolymeric substances will influence diffusion rates. As the
cell density varies in the biofilm, different sets of QS-controlled genes may be ex-
pressed in different positions or niches of the biofilm. Hence, QS-controlled genes
in biofilms also exhibit a spatial expression pattern (de Kievit et al. 2001).

Indeed, QS signals can be detected in diverse environments. For example, bio-
films grown on rocks in the San Marcos River in Texas have been shown to produce
AHL signals (McLean et al. 1997). In a completely different setting, in the lungs of
cystic fibrosis patients, signal molecules have also been found (Collier et al. 2002,
Singh et al. 2000).

In the protected biofilm environment, bacteria are free to produce and secrete
a battery of virulence factors. In S. aureus and P. aeruginosa, for example, many
of these virulence factors are controlled by QS (Korem et al. 2005; Dunman et al.
2001; Mittal et al. 2006; Joyce et al. 2004; Wagner et al. 2003). Virulence factors,
in conjunction with immune complexes and phagocytic enzymes released by the
immune system, cause extensive tissue destruction and inflammation. In the case
of cystic fibrosis, this tissue destruction contributes significantly to the loss of pul-
monary function (Costerton et al. 1999; Donlan 2002; Donlan and Costerton 2002;
Parsek and Singh 2003).

Whether QS is involved in control of the developmental pattern of P. aeruginosa
biofilms is still controversial (Kjelleberg and Molin 2002), but most of these stud-
ies were done in vitro and should be taken with caution. As reported by Charl-
ton et al. (2000a), the concentration of QS signal OdDHL is significantly higher
in P. aeruginosa biofilm (632 µM) than the effluent (14 nM). Consistent with this
observation, QS has been found to play a critical role in the development of P. aer-
uginosa biofilms (Davies et al. 1998), showing that a lasI mutant formed flat, undif-
ferentiated biofilms. In striking contrast, Heydorn et al. (2002) demonstrated, using
Comstat-assisted image analysis, that a wild-type biofilm is indistinguishable from
a biofilm formed by a lasI mutant. Again, these differences may be attributed to
various strains and the experimental setups employed. When a biofilm of a P. aer-
uginosa QS mutant was grown on glucose as the carbon source, a difference in
biofilm architecture could be found using image analysis. If the carbon source was
changed to citrate, no difference could be detected (Heydorn et al. 2002).

In addition to AHL, AI-2 also plays a role in biofilm formation. Deletion of luxS
has been found to influence the biofilm formation of Streptococcus gordonii (Blehert



Bacterial Cell-to-cell Communication (Quorum Sensing) 29

et al. 2003) and S. mutans (Merritt et al. 2003), in which the bacteria no longer
produced AI-2 and the biofilm had a more granular appearance. Direct addition of
AI-2 induces biofilm formation in E. coli through a motility QS regulator (MqsR),
which in turn regulates the two-component motility regulatory system (QseBC) and
motility (Gonzalez Barrios et al. 2006).

In staphylococci, disruption of quorum sensing by mutagenesis or by inhibitory
peptides (refer to section 2 in the chapter In Vivo Studies: Inhibiting Biofilm-
Associated Bacterial Infections Using SQIs and to Fig. 4 in the chapter Quorum-
Sensing Inhibitory Compounds) leads to suppression of biofilm formation in vivo.
As shown in Fig. 4 in the chapter Quorum-Sensing Inhibitory Compounds, essen-
tially no biofilm is formed in vivo by the TRAP– mutant (SQS 1 mutant). In com-
parison, only reduced biofilm is formed by agr– mutants (SQS 2 mutant), suggest-
ing that TRAP, which acts upstream of agr, regulates multiple genes necessary for
biofilm formation in vivo in addition to those regulated by agr. These studies are im-
portant because for years it had been suggested that S. aureus exists in two phases
and that the switch between the two phases is regulated by RNAIII (agr). It has been
suggested that in one phase, in low cell density, before agr is expressed, there is high
expression of adhesion molecule, whereas in the other phase, in high cell density, af-
ter agr is expressed, there is reduced expression of adhesion molecules and, instead,
increased expression of exotoxins (Lowy 1998; Novick et al. 1993). This meant that
if quorum systems TRAP or agr are repressed, toxins will be repressed, but adhesion
molecules will be expressed. This in turn was expected to enhance biofilm forma-
tion, thus making QS inhibitors inadequate for inhibiting biofilm-related infections
in vivo and for future clinical use (Otto 2004; Vuong et al. 2000, 2003). However,
functional genomics studies show that when TRAP or agr is mutated, multiple tox-

Fig. 4 Formation of a biofilm in vivo by TRAP– or agr– mutants. Under the rat graft model (see
the chapter Animal Models Commonly Used To Study Quorum-Sensing Inhibitors), rats were chal-
lenged with S. aureus RN6390 (WT), RN6911 (agr–), 8325-4 (WT) or TRAP– strains. Grafts
were removed 10 days later, and the bacterial loads on grafts were determined and expressed as
colony-forming units (CFU)/ml
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ins are repressed, but no significant increase in expression of adhesion molecules is
observed (Beenken et al. 2004; Dunman et al. 2001; Korem et al. 2005). This is in
accordance with the fact that TRAP mutants that do not express agr do have reduced
ability to form a biofim or infection (Gov et al. 2004) in vivo (Fig. 4). The compo-
nents of SQS 1 (RAP/TRAP) are very conserved, making them especially attractive
as target sites for therapy (e.g., Balaban et al. 2005 and section 2 in the chapter In
Vivo Studies: Inhibiting Biofilm-Associated Bacterial Infections Using SQIs).

Whether QS is involved in forming one type of biofilm or another is probably
of less importance. More interesting are the properties or function of the biofilm.
Davies et al. (1998), Hentzer et al. (2003), and Bjarnsholt et al. (2005a) found a link
between biofilm tolerance against various antibiotics, biocides, peroxide, and QS.
Biofilms formed by QS mutants or biofilms treated with inhibitors of QS were much
more susceptible to the actions of these compounds (Davies et al. 1998; Hentzer
et al. 2003; Rasmussen et al. 2005a,b; Bjarnsholt et al. 2005a; Dell’Acqua et al.
2004; Balaban et al. 2003a, 2004, 2005; Cirioni et al. 2003, 2006; Giacometti et al.
2003, 2005). These findings, in conjunction with the QS control of virulence factors,
point out QS as a highly attractive target for chemotherapy against biofilm chronic
infections!
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Detection In Vitro of Quorum-Sensing
Molecules and Their Inhibitors

Robert J.C. McLean, Sandra A. Bryant, Dhiraj A. Vattem, Michael Givskov,
Thomas Bovbjerg Rasmussen, Naomi Balaban

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;

Robert J.C. McLean (�), Sandra A. Bryant
Texas State University-San Marcos, Department of Biology, San Marcos, TX, USA,
e-mail: McLean@txstate.edu

Sandra A. Bryant
University of Texas Health Science Center at San Antonio, Department of Microbiology and Im-
munology, San Antonio, TX, USA

Dhiraj A. Vattem
Molecular and Cellular Nutrition Program, Texas State University-San Marcos, Department of
Family and Consumer Sciences, San Marcos, TX, USA

Michael Givskov
Technical University of Denmark, BioCentrum-DTU, Bio Science and Technology Bldg 227, Kgs
Lyngby, Denmark

Thomas Bovbjerg Rasmussen
Innovation, Cultures & Enzymes Division,
Chr. Hansen A/S, Bøge Allé 10–12, DK-2970 Hørsholm, Denmark

Naomi Balaban
Tufts University, Cummings School of Veterinary Medicine, Department of Biomedical Sciences,
200 Westboro Rd, North Grafton, MA, 01536, USA

N. Balaban (ed.) Control of Biofilm Infections by Signal Manipulation
Springer Series on Biofilms 2
doi: 10.1007/978-3-540-73853-4, c© Springer 2008

39



40 R.J.C. McLean et al.

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
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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).
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Quorum-Sensing Inhibitory Compounds

Dacheng Ren1, Michael Givskov2, Thomas Bovbjerg Rasmussen3,
Naomi Balaban4

Abstract Biofilm formation plays an important role in antimicrobial resistance, pos-
ing a global threat to the economy and public health. Hence, discovery of novel an-
tagonists is critical. In this chapter, we introduce a class of compounds, brominated
furanones, which have a broad spectrum of activities against bacterial multicellular
behaviors, such as biofilm formation and quorum sensing. The application of these
compounds and the mechanisms of inhibition are reviewed. This chapter also re-
views inhibitors of quorum sensing in Gram-positive bacteria, especially those of
staphylococci. The use of these inhibitors to prevent and treat biofilm diseases in
humans and animals is shown in subsequent chapters.

1 Inhibitors of Quorum Sensing in Gram-Negative Bacteria1

The quorum-sensing (QS) systems offer three points of attack: the signal-generating
LuxI homolog, the N-acyl homoserine lactone (AHL) molecule itself, and the sig-
nal receptor LuxR. Obviously, if the bacteria do not produce AHL molecules, the
QS-controlled genes will not be expressed. Likewise, if the signal molecules are
destroyed after they are produced, they will be unable to interact with the LuxR
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homolog protein, so none of the QS-controlled virulence factors will be produced.
There are several methods by which the signals can be eradicated: they can be me-
tabolized or chemically or enzymatically degraded. A third strategy to inhibit QS
is by preventing the signal molecules from activating the LuxR homolog. There are
two ways to achieve this goal, with both relying on small molecule chemistry. One
way is to block the AHL binding pocket either by means of an AHL homolog or by
introducing a conformational change in the R-protein by binding a small molecule
to another part, thereby preventing the cognate signal from reaching the binding
pocket. The second method relies on molecules that cause the LuxR protein to mis-
fold, thereby making it prone to degradation by host proteases (Table 1).

1.1 Inhibition of AHL Signal Generation

The LuxI homologs use acyl-ACP and S-adenosylmethionine (SAM) from the cen-
tral amino acid and fatty acid catabolism as precursors for AHL production. One
could imagine that blocking an enzyme that uses these important building blocks
would also obstruct other enzymes using the same precursors. Not only do bacte-
ria use these molecules but eukaryotes also employ acyl-ACP and SAM in many
biochemical reactions. Hence, interfering with these reactions would affect the via-
bility of both bacteria and host. However, the LuxI homologs have a special reaction
chemistry that indicates that it is indeed possible to create substrate analogs or other
compounds that will specifically inhibit AHL production. Analogs of SAM have
been found to be potent inhibitors of the RhlI synthetase from P. aeruginosa, at
least in the in vitro systems. The compounds include L/D-S-adenosylhomocysteine,
sinefungin, butyryl-SAM, and the most effective L-S-adenosylcysteine that was able
to reduce the activity of RhlI by 97% (Parsek et al. 1999).

It should be noted that these compounds have not been tested in vivo. Some
macrolide antibiotics that interfere with protein synthesis are able to inhibit AHL
production by LuxI homologs. Examples include azithromycin and erythromycin.
They lower production of AHL signal molecules and virulence factors when ap-
plied in sub-MIC concentrations to P. aeruginosa (Pechere 2001; Sofer et al. 1999;
Tateda et al. 2001). The exact molecular mechanism of how this inhibition takes
place has not yet been elucidated, but because the macrolides are widely used as
antibiotics, resistance mechanisms directed against the compounds have already
evolved. It is unknown how the resistance affects the ability of the macrolides to
inhibit QS.

1.2 Destruction of the AHL Signal

The AHLs are inherently unstable at pH levels above neutral, where they undergo
lactonolysis – ring opening. Some bacteria. such as E. caratovora, P. aeruginosa,
and Y. pseudotubercolosis, raise the pH when they enter the stationary phase (at
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least when growing in shake flask cultures), leading to almost complete destruction
of the signal molecules. Even exogenously, AHL is rapidly inactivated if added to
cell-free supernatants of the above-mentioned bacteria. Increasing the temperature
also influences the lactonolysis reaction. In addition, the reaction is dependent on
the length of the side chain of the AHLs. Taken together, this means that AHLs with
a side chain shorter than four carbon atoms cannot retain its activity at physiological
conditions. Interestingly, no bacteria have been found to produce AHLs with side
chains shorter than C4 (Yates et al. 2002; Byers et al. 2002).

Some plants use this pH-dependent instability against infecting bacteria. For ex-
ample, when the plant pathogen E. carotovora carotovora attacks, the plant may
respond by increasing the pH to 8.2, thereby achieving destruction of the signal
molecules that direct expression of the virulence factors harming the plant (Byers
et al. 2002). The marine alga Laminaria digitata secretes oxidized halogen com-
pounds such as hypobromous and hypochlorous acids, which react with 3-oxo-
substituted AHL compounds such as 3-oxo-C6-HSL produced by many marine Vib-
rio strains. By secreting these compounds, the alga is able to control formation of
biofilm and biofouling on its leaves (Borchardt et al. 2001).

Another strategy to interfere with QS is enzymatic destruction of the signal
molecule, referred to as quorum quenching. This can be achieved by the action of
AiiA AHL lactonase. This enzyme and analogs thereof are produced by many Bacil-
lus species such as B. cereus, B. mycoides, and several subspecies of B. thurengensis
(Dong et al. 2000, 2002). The enzyme is highly specific for acylated homoserine
lactones (HSLs) because it does not degrade nonacyl lactones and noncyclic es-
ters. Conversely, the enzyme can degrade AHLs with a wide variety of side-chain
lengths and different substitutions at the C3 position (Wang et al. 2004).When ex-
pressed in P. aeruginosa, this enzyme not only reduces the concentration of AHL
in the surrounding media, but it also lowers expression of virulence factors such as
elastase, rhamnolipids, hydrogen cyanide, and pyocyanin (Reimmann et al. 2002).
When AiiA is expressed in E. carotovora, the AHL-controlled production of ex-
tracellular pectolytic enzymes is abolished. This leads to lowered virulence against
potato, egg plant, carrots, and many other vegetables in which Erwinia causes soft
rot disease (Dong et al. 2000, 2004). To prove the feasibility of the approach in vivo,
the aiiA gene was inserted into tobacco and potato plants. These plants, which are
normally prone to attack by E. carotovora, became resistant against the bacterium,
which became attenuated by the quorum-quenching enzymes (Dong et al. 2001).

A variety of other bacteria, including A. tumefaciens, Arthrobacter sp., Klebsiella
pneumoniae, Commomamonas sp., Rhodococcus sp., and Streptomyces sp., also
produce enzymes that are able to interfere with rhizosphere pathogens by producing
AHL-degrading enzymes (Uroz et al. 2003; Carlier et al. 2003; Park et al. 2003,
2005). The expression of AHL-degrading enzymes has probably evolved as a sur-
vival strategy of some soil bacteria to compete with the AHL-producing strains in
natural ecosystems. The AHL-degrading enzymes have potential commercial inter-
est because they are likely to be used in agriculture and food manufacturing, but for
treatment of human patients they have limited use. Because of the obstacles involved
in delivering proteinaceous agents systemically, AHL lactonases can, at best, be ap-
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Fig. 1 Proposed pathway of C4 homoserine lactone degradation (Leadbetter and Greenberg 2000)

plied topically. One thing about the lactonolysis reaction should be kept in mind: It
is reversible at acidic pH. A ring-opened AHL molecule will spontaneously undergo
ring formation if the environment is not alkaline. Hence, if lactonase is applied, steps
should be taken to prevent reversal of the AHL molecules to the active form.

Intriguingly, P. aeruginosa produces two enzymes that degrade AHLs: PvdQ and
QuiP. The two enzymes have different substrate specificities: PvdQ enables the bac-
terium to grow on short-chain AHLs, whereas QuiP is responsible for growth on
long-chain AHLs as a carbon and energy source (Huang et al. 2003, 2006; Sio et al.
2006).

Some soil bacteria such as Variovorax paradoxus and P. aeruginosa PAI-A are
able to grow and proliferate using AHLs as their sole source of carbon, energy, and
nitrogen. The molar growth yield of the bacteria correlates directly with the length
of the side chain, indicating that this part of the signal molecule is used as a carbon
source. The bacteria produce an aminoacylase that cleaves the amide bond of the
signal molecular into an organic acid (from the side chain) and the HSL moiety
(from the ring part). The acid undergoes beta-oxidation and is used as an energy
source and for building up cell material. By action of lactonases, ammonium is
released from the HSL molecule and is subsequently used as a nitrogen source by
the bacteria (Fig. 1) (Huang et al. 2003; Leadbetter and Greenberg 2000).

Differentiated epithelial cells are also able to produce enzymes that degrade AHL
signal molecules. They produce the enzymes paraoxynase 1, 2, and 3 (PON1–3) that
are able to degrade 3-oxo-C12-HSL. PON1–3 enzymes act as lactonases degrading
the AHL by hydrolysis of the ring part of the molecule. The enzymes produced by
the epithelial cells are highly specific for the AHLs they can degrade. In addition
to 3-oxo-C12-HSL, they can degrade C6-HSL, but, intriguingly, not 3-oxo-C6-HSL
or C4-HSL molecules. This indicates that it is both the length of the side chain and
its oxidation state that determine whether the AHL molecule can be targeted by the
enzymes. Treatment with purified human PON1 enzyme was able to abolish biofilm
formation of P. aeruginosa. Treatment with 0.25% serum from wild-type mice was
also able to abolish biofilm formation by P. aeruginosa, while serum from PON1
knockout mice did not have this ability (Ozer et al. 2005; Chun et al. 2004; Hastings
2004).
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1.3 Inhibition of the Signal Receptor

A highly investigated strategy to achieve QS inhibition is blocking the LuxR ho-
molog signal receptor by means of small molecules.

Substitutions on the side chain. AHL analogs can be substituted in either the
side chain or the ring moiety. Analogs of the 3-oxo-C6 HSL molecule with different
substituents in the side chain (Fig. 2) are able to displace the native signal from
the LuxR receptor. However, most of these compounds also exhibit agonists effects,
which limit their use as QSIs (Schaefer et al. 1996). If the C-3 atom in the side chain
is replaced by a sulfur atom, it will produce a potent inhibitor of both the lux and las
systems (Persson et al. 2005). Likewise, if the C-1 atom is replaced by a sulfonyl
group, a QSI is also generated (Castang et al. 2004).

Another strategy to modify the AHL signal molecules is to place atoms or groups
at the end of the side chain. Substituting secondary alkyl groups at the C6 atom of
3-oxo-C6 HSL (Fig. 2) gives rise to agonists, whereas positioning of a secondary
aryl group on that location (Fig. 2) gives rise to an antagonist. Because the size dif-
ference between the two types of molecules is negligible, the differences in activity
are probably due to the ability of the aryl compounds to interact hydrophobically
with aromatic amino acids in the protein. If the size of the substituents is increased
to include tertiary alkyl derivatives or even larger alkyl and aryl moieties (Fig. 2),

Fig. 2 N-acyl homoserine lactone (AHL) analogs with changes in the side chain. a 3-oxo-C6
HSL signal molecule. b–d Analogs with agonist effect. e–h Analogs with antagonistic effect.
i–j Analogs without any effect (Schaefer et al. 1996; Reverchon et al. 2002; Geske et al. 2005;
Castang et al. 2004; Persson et al. 2005)
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agonistic activity of the molecules is lost, indicating that they are too bulky to enter
the AHL binding site in the receptor protein (Reverchon et al. 2002; Geske et al.
2005).

Substitutions on the HSL ring. Most compounds with a keto-oxygen in the ring
or an extra carbon expanding the ring have exhibited little or no binding to the LuxR
protein (Schaefer et al. 1996). One exception to this is when the substituents are
placed on the C3 carbon atom of the ring (Fig. 3). Compounds having acyl alcohols
or acyl amides attached at this position are still able to function as agonists of LuxR
(Fig. 3). Conversely, if the substituents are placed on the C4 atom, the compounds
are not able to interact with the LuxR receptor. This indicates that there is more
“free space” around the C3 atom of the ring inside the AHL binding pocket (Olsen
et al. 2002).

Instead of single substitutions, the entire ring can be exchanged with another
cyclic structure. In research exploring compounds able to interfere with QS in
P. aeruginosa, the side chains of 3-oxo-C12 HSL and C4 HSL were attached to
amino-cyclo-alcohol and amino-cyclo-ketone with either five or six carbons in the
ring (Fig. 4). The C12 aminocyclohexanol compound was a strong activator of the
LasR protein, whereas the C4 keto compounds were the most potent agonists of
the RlhR protein. This indicates that the two QS receptors do not perceive the HSL
moiety of AHL signal in the same manner. Another molecule, 3-oxo-C12-(2-amino-
cyclohexanone) (Fig. 4), is an inhibitor of the LasR-based QS system. It is able to
downregulate LasR-dependent expression of the LasI AHL synthase. When applied

Fig. 3 N-acyl homoserine lactone (AHL) analogs with changes in the ring. a 3-oxo-C6 HSL signal
molecule. b Analog with agonist effect. c Analog with antagonistic effect. d–g Analogs without
any effect (Schaefer et al. 1996; Olsen et al. 2002)



Quorum-Sensing Inhibitory Compounds 59

Fig. 4 N-acyl homoserine lactone (AHL) analogs with exchanged ring part. a 3-oxo-C12 HSL
signal molecule. b Analog with agonist effect. c,d Analog with antagonistic effect (Smith et al.
2003a,b)

in a concentration of 100 µM (which is relatively high for a QSI), the compound
significantly reduced the production of exoproteins (Smith et al. 2003a). An even
more potent inhibitor of LasR is 3-oxo-C12-(2-aminophenol) (Fig. 4), which is able
to abolish production of pyocyanin and elastase; in addition, it can disrupt normal
biofilm formation by P. aeruginosa. Interestingly, the very similar molecule 3-oxo-
C12-(2-aminocyclohexanol), with the phenol replaced by a hexane ring, is a po-
tent agonist of the las system (Smith et al. 2003b). A similar situation is seen with
analogs of 3-oxo-C6 HSL from the lux system. If the HSL ring is replaced by a hex-
ane ring, the ability to activate LuxR is retained. On the other hand, if the HSL ring
is replaced by a benzyl group, an inhibitor of LuxR is generated (Reverchon et al.
2002).

1.4 Non-AHL-Based Inhibitors

QSIs have also been identified by screening random libraries of chemical com-
pounds. Among the identified inhibitors able to interfere with both the lux system
from V. fischeri and the QS systems in P. aeruginosa are para-benzoquinone; 2,4,5-
tri-bromo-imidazole; indole; 3-nitrobenzene-sulfonamide, and 4-nitropyridine-N-
oxide (4-NPO), the latter being the most effective in this group (Fig. 5). Transcrip-
tomic analysis of gene expression shows that 4-NPO mainly affects genes that are
regulated by either RhlR alone or RhlR and LasR in concert. This suggests that
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Fig. 5 Molecules with quorum-sensing inhibitor properties. a 2,4,5-tri-bromo-imidazole. b Indole.
c 3-nitrobenzene-sulfonamide. d 4-nitro-pyridine-N-oxide (4-NPO) (Rasmussen et al. 2005a)

4-NPO interacts most readily with the RhlR receptor. In total, 37% of the QS-
regulated genes in P. aeruginosa (when the planktonic cells are investigated at
OD600 = 2) are significantly downregulated by treatment with 100 µM 4-NPO (Ras-
mussen et al. 2005a).

1.5 QSI Compounds Produced by Bacteria

Some bacteria produce compounds that are able to interfere with QS. The filamen-
tous Streptomyces produces furanone compounds that are intermediates in butano-
lide production. Inhibitors of the QS-controlled purple pigment production in C. vi-
olaceum have been identified by screening a library of furanone compounds (and
analogs thereof) produced by S. antibioticus (Martinelli et al. 2004; see below). As
discussed in the next section, bacteria are by far not the only organisms that produce
compounds able to interfere with QS (Fig. 6).

Fig. 6 The two quorum-sensing inhibitors (a) penicillic acid and (b) patulin produced by certain
fungi (Rasmussen et al. 2005b)

1.6 Brominated Furanones: Novel Biofilm Inhibitors

The marine macro-alga (seaweed) Delisea pulchra has been found to posses some
remarkable antifouling features (de Nys et al. 1993) (Fig. 7). More than 30 bromi-
nated furanones (also known as fimbrolides) are produced by D. pulchra as sec-
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Fig. 7 Halogenated furanone compounds. a,b Natural compounds produced by the algae D. pul-
chra. c,d Synthetic furanones (Hentzer et al. 2002, 2003; Manefield et al. 1999; Givskov et al.
1996)

ondary metabolites on the surface of this seaweed and protect it from the coloniza-
tion by both prokaryotes and eukaryotes (de Nys et al. 1993, Kazlauskas et al. 1977).
Since this discovery, methods have been developed to synthesize the natural fura-
nones and their synthetic derivatives in laboratory conditions (Beechan and Sims
1979; Manny et al. 1997). Table 2 summarizes the most-studied furanones and their
activities on gram-negative and gram-positive (discussed in Sect. 2.4) bacteria.

1.7 Inhibition of Biofilm Formation
of Gram-Negative Bacteria by Furanones

1.7.1 E. coli Biofilm Formation

Furanone #1 (Table 2) was reported to inhibit the biofilm formation of E. coli XL1-
blue on mild steel (steel that contains less than 0.2% carbon) surfaces in batch ex-
periments (Ren et al. 2001). The analysis, using scanning confocal laser microscopy
and staining with the LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen),
demonstrated that furanone #1 at 60 µg/ml decreased the biofilm thickness by 52%
and reduced the percentage of live cells by 87%. However, the furanone showed no
effect on cell growth in suspension cultures with concentrations up to 100 µg/ml,
suggesting that the inhibition was not caused by repression of general metabolism.
The confocal images of the vertical sections of biofilms revealed that the presence
of furanone #1 led to damage of the biofilm structure (for instance, decreased water
channels). Hence, the cell death may be caused by nutrient depletion and accumu-
lation of toxic wastes. In a later study, Ren et al. (2004c) reported that furanone #1
also inhibited the air-liquid biofilm formation of E. coli JM109 in 96 well plates
without affecting suspension growth.
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Table 2 Representative natural and synthetic brominated furanones (Note: Different numbering
systems have been used in the literature, attention should be paid to the structures when referring
to other publications)

Number Structure Activities

1 Inhibits swarming of Serratia
liquefaciens (Givskov et al. 1996),
bioluminescence and virulence of
V. harveyi (Manefield et al. 2000),
quorum sensing of AI-2 (Ren et al.
2004b), and swarming and biofilm
formation of E. coli (Ren et al.
2001). Represses siderophore syn-
thesis of P. putida and stimulates
that of P. aeruginosa (Ren et al.
2005). Accelerates the turnover of
V. fischeri LuxR expressed in E. coli
(Manefield et al. 2002). Inhibits
swarming of Proteus mirabilis
(Gram et al. 1996). Inhibits the
growth of B. anthracis (Jones et al.
2005), growth, swarming, and
biofilm formation of B. subtilis
(Ren et al. 2002) and the corrosion
of mild steel by Desulfotomaculum
orientis (Ren and Wood 2004)

2 Inhibits the growth of B. anthracis
(Jones et al. 2005)

3 (also known as com-
pound 56) Affects biofilm development of

P. aeruginosa and promotes slough-
ing (Hentzer et al. 2002). Accel-
erates the turnover of V. fischeri
LuxR expressed in E. coli (Mane-
field et al. 2002)

4 (also known as com-
pound 30) Represses quorum sensing (QS)

and virulence factor expression
of P. aeruginosa PAO1. Increases
its susceptibility to SDS and
tobramycin. Improve clearance
of PAO1 from mouse lungs
(Hentzer et al. 2003). Accelerates
the turnover of V. fischeri LuxR
expressed in E. coli (Manefield
et al. 2002). Inhibits the growth of
B. anthracis (Jones et al. 2005)
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Table 2 (continued)

Number Structure Activities

5 Inhibits the growth of B. anthracis
(Jones et al. 2005)

6 Inhibits QS-controlled exoenzyme
virulence factor production and car-
bapenem antibiotic synthesis in Er-
winia carotovora (Manefield et al.
2001) Accelerates the turnover of
V. fischeri LuxR expressed in E. coli
(Manefield et al. 2002)

7
Inhibits biofilm formation of S. epi-
dermidis on polymer materials
through surface modification by
physical adsorption (Baveja et al.
2004b) or covalent binding (Hume
et al. 2004)

8 Inhibits QS-regulated swarming of
S. liquefaciens (Givskov et al.
1996)

1.7.2 P. aeruginosa Biofilm Formation

Among the biofilm-forming bacteria, P. aeruginosa has attracted particular attention
among researchers because it is the most common gram-negative bacterium found in
nosocomial infections, especially in immunocompromised individuals (Van Delden
and Iglewski 1998). P. aeruginosa is also the major pathogen causing lung infections
in cystic fibrosis patients (Singh et al. 2000). Biofilm and QS play a critical role in
these infections, and QS has been found to control P. aeruginosa biofilm formation
(Davies et al. 1998).

Hentzer et al. (2002) studied the effect of furanone #3 (C-56; see Table 2) on
biofilm formation of P. aeruginosa PAO1. This strain was labeled with constitu-
tively expressed red florescence protein to quantify the biofilm mass and study the
effect of furanone on biofilm development in flow cells. Furanone #3 showed no ap-
parent effects on day 1. By day 7, however, furanone #3 at 5 µg/ml had significantly
lowered the amount of biomass (61±6 µm without furanone versus 23±4 µm with
furanone). The biofilm in the presence of furanone #3 was strongly similar to that
of P. aeruginosa PAO1 lasI mutant (Davis et al. 1998), supporting the mechanism
that furanone treatment promotes sloughing of the biofilm and leads to defects in
the maturation of P. aeruginosa biofilm.
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Hentzer et al. (2003) also studied the effects of synthetic furanone #4 (C-30; see
Table 2) on P. aeruginosa biofilm removal. Although this compound had no effect
on general cell growth, it significantly decreased the drug resistance of P. aeruginosa
PAO1. Compared with the control sample (no furanone treatment), furanone caused
efficient removal of biofilm when treating biofilm together with 0.1% sodium dode-
cyl sulfate (SDS). Furthermore, furanone #4 increased the sensitivity of P. aerugi-
nosa biofilm to tobramycin. The antibiotic was found to kill 85–90% of furanone-
treated biofilm cells, whereas the tobramycin alone could kill only the cells on the
surface of the biofilm (Fig. 8). In a mouse pulmonary model, furanone #4 was found
to improve the clearance of P. aeruginosa infection by immune system. This result
was also corroborated by another report (Wu et al. 2004), in which furanones #3
and #4 were studied for inhibiting P. aeruginosa infection in lungs using a mouse
model. Both compounds were found to inhibit bacterial colonization, improve the
clearance of bacteria from the host, and reduce the tissue damage in lungs.

Fig. 8 Furanone #4 (C-30; refer to Table 2) enhances the sensitivity of P. aeruginosa biofilms to
tobramycin. The biofilms were grown with (left panel) or without (right panel) 10 µM furanone #4
for 3 days. Then the biofilms were exposed to tobramycin (100 µg/ml) for 24 h. The images were
obtained with scanning confocal laser microscopy after staining the biofilms with the LIVE/DEAD
BacLight Bacterial Viability Kit. The red color represents dead cells, and the green color indicates
that the cells are alive. The samples were exposed to (a) 100 µg/ml tobramycin and no furanone,
(b) 100 µg/ml tobramycin and 10 µM furanone #4, (c) untreated control, or (d) 10 µM furanone
#4 and no tobramycin. (Reprinted by permission from Macmillan Publishers, The EMBO Journal;
Hentzer et al. 2003, © 2003.)
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1.8 Mechanisms of Inhibition by Furanones

Unlike traditional antibiotics, furanones inhibit the biofilm formation and other phe-
notypes of gram-negative bacteria at concentrations noninhibitory to growth. The
structural similarity between furanones and AHLs (see Fig. 2 in the chapter Bac-
terial Cell-to-Cell Communication) led to the hypothesis that furanones may in-
terrupt the QS circuits (Givskov et al. 1996). QS is based on specific chemical
(autoinducer)-protein (transcriptional activator) interactions, and changes in autoin-
ducer structure could lead to low affinity or inhibitory effects (Schaefer et al. 1996;
Koch et al. 2005). It has been shown that furanones are a class of antagonists of both
AHL and AI-2 QS (Ren et al. 2001).

1.8.1 Furanones Inhibit AHL-Mediated QS

Using 3H-labeled N-3-(oxohexanoyl)-L-homoserine lactone (OHHL) and the V. fis-
cheri LuxR overexpressed in E. coli, Manefield et al. (1999) demonstrated that fura-
nones displaced the [3H]OHHL from E. coli cells overexpressing LuxR protein and
that the effect was dose dependent. Furanone #6 (Table 2) was found to have the
highest inhibitory activities, followed by furanone #1 and #2 (Table 2). It is worth
noticing that no reaction was found between [3H]OHHL and furanone #6, and fu-
ranones had no apparent effects on general metabolic activities as evidenced by
comparison of protein expression profiles using two-dimensional gel electrophore-
sis. These data suggest that the inhibition was a result of competition between the
OHHL and furanones for binding to the receptor (Manefield et al. 1999).

Because furanones disrupt the QS circuit of gram-negative bacteria with no effect
on general cell growth and metabolism, it is a conceivable hypothesis that furanones
may affect the fate of the transcriptional regulator R protein. To test this hypothesis,
Manefield and colleagues (2002) studied the effects of two natural furanones (#1,
6; Table 2) and three synthetic homologs (#2, 3, and 4; Table 2) on the stability of
LuxR of V. fischeri overexpressed in E. coli. It was found that furanones increased
the turnover of LuxR in a concentration-dependent manner. Furanones #4 and #6
exhibited the strongest effects, followed by furanones #1 and #3 (Table 2) with
moderate activity. Furanone #2 (Table 2) showed no apparent effect. Consistent with
the inhibitory effects of furanones on QS, the QS signal OHHL was found to protect
the LuxR from turnover by furanone #4 (Table 2). However, the protection could be
obtained only if the OHHL was added before furanone.

Inhibition of QS was also observed in biofilms. Hentzer et al. (2002) used the syn-
thetic furanone #3 (Table 2) to study the inhibition of QS in P. aeruginosa biofilms.
To investigate the expression level of QS-controlled virulence gene lasB, a reporter
was constructed by fusing the lasB promoter to an unstable gfp gene and moni-
toring fluorescence. The unstable version of gfp gene was constructed by adding
a short peptide sequence (ASV) to its C-terminal, making it more susceptible to
the protease activity (Andersen et al. 1998). In the suspension culture of P. aerug-
inosa PAO-JP2 (the lasI rhlI double mutant of the wild type P. aeruginosa PAO1
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(Pearson et al. 1997)), it was found that furanone #3 inhibited the QS-mediated flo-
rescence in a concentration-dependent manner; for example, furanone #3 repressed
the florescence by 50% in the presence of 100 nM QS signal OdDHL. The effect
was reversible by the addition of pure OdDHL. Furanone #3 at 10 µg/ml affected
neither the growth of P. aeruginosa PAO1 and PAO-JP2 nor the protein synthesis of
PAO1, suggesting that the inhibition was specifically on the las QS system. In sup-
port of this hypothesis, the inhibition was found to be titrated with increasing con-
centrations of OdDHL, and intensified with increasing concentrations of furanone.
However, complete inhibition was not achieved. To ensure the constant dosage of
the reporter gene, the lasB-gfp (ASV) was also integrated into the PAO-JP2 chro-
mosome. The PAO-JP2 cells were allowed to grow for 24 h in flow cells before the
OdDHL and furanone were applied. As expected, the addition of OdDHL induced
the florescence of the cells. However, furanone #3 at 2 µg/ml repressed the flores-
cence with the presence of 40 nM OdDHL. This inhibitory effect was found to be
dose dependent; for instance, the inhibition was rescued with 80 nM OdDHL and
regained when furanone concentration was increased to 4 µg/ml.

Wu et al. (2000) studied QS inhibition by furanone #3 and #4 (Table 2). Using
luxR-PluxI-gfp-labeled E. coli MT102 in a mouse model, they found that both fura-
none #3 and #4 could repress OHHL-based QS, while furanone #4 was more effi-
cient. In addition, the inhibition by furanones was found to be titrated by increasing
concentrations of the QS signal OHHL, suggesting that the furanone compounds
inhibited the GFP by interrupting QS.

In addition to the above studies using traditional methods, the novel DNA mi-
croarray technology has been used to identify the genes controlled by AHL and
furanones on a genome-wide scale. Hentzer et al. (2003) used DNA microarrays to
study the P. aeruginosa genes affected by furanone #4 and compared them with the
genes differentially expressed when in contact with the QS signals. It was found that
furanone #4 repressed 85 genes and induced 10 genes more than fivefold. Interest-
ingly, 80% of the genes repressed by furanone were also induced by QS, suggesting
that furanone #4 specifically interrupts the QS circuit of P. aeruginosa.

Overall, both the in vitro and in vivo experiments (see below) suggest that fura-
nones are specific blockers of AHL-mediated QS, where some may and others may
not compete with the AHLs for binding to the transcriptional activator (Koch et al.
2005). Binding, however, disrupts the function of the receptor and consequently
represses the expression of QS-regulated genes. Furanones do not kill the cells di-
rectly; however, they can disrupt the bacterial multicellular structure and ease the
clearance of bacteria by other drugs and the host’s immune system.

1.8.2 Furanones Inhibit AI-2-Mediated QS

In addition to the well-documented inhibition on AHL-mediated QS, furanone #1
(Table 2) was found to inhibit QS via AI-2. Using the AI-1 and AI-2 reporter sys-
tems based on V. harveyi (Surette and Bassler 1998), Ren et al. (2001) reported
that furanone #1 at 10 µg/ml inhibited by 3300-fold the QS of V. harveyi via AI-1
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and inhibited by 5500-fold that of V. harveyi via AI-2, as well as inhibited by 26 600-
fold the QS of E. coli via AI-2. This provided the first experimental proof that fura-
nones can affect both QS systems found in gram-negative bacteria. Furanone #1 at
100 µg/ml was also found to reduce AI-2 production in E. coli by 49% (Ren et al.
2004b).

The inhibition was also evidenced by a genomic study. Ren et al. (2004c) reported
that furanone #1 specifically inhibited the AI-2 QS in E. coli. As shown in the DNA
microarray results, 79% of the genes repressed by furanone #1 were also induced by
AI-2, including the genes for chemotaxis, flagellar synthesis, and motility. Motility
has been shown to be critical for initial attachment and maturation of E. coli biofilms
(Pratt and Kolter 1998; Wood et al. 2006). This result may help understand the
inhibition of E. coli biofilm formation by furanones (Ren et al. 2004b).

1.8.3 Additional Targets of Furanones

In addition to the inhibition of AHL and AI-2 QS systems, several lines of evidence
indicate the existence of other targets of furanones. First, furanone #1 (Table 2)
was found to inhibit the biofilm formation and swarming motility of E. coli XL1-
blue, which has neither AHL nor AI-2 activity (Ren et al. 2001). The inhibition
was obtained at concentrations without any effects on growth rate, suggesting that
furanone #1 affected a specific pathway rather than the general metabolism. In ad-
dition, both furanone #1 and AHL were found to positively regulate the siderophore
synthesis in P. aeruginosa, contradictory to the inhibitory effect of furanone #1 on
AHL-mediated QS (Ren et al. 2005; Stintzi et al. 1998).

As discussed previously, the genomic studies on gram-negative bacteria showed
specific interaction between furanones and QS systems. However, none of the genes
for QS signal synthesis or detection was affected, suggesting that inhibition was
at a posttranscriptional level (Hentzer et al. 2003; Ren et al. 2004b). Consistently,
Defoirdt et al. (2007) reported that furanone #1 (Table 2) can decrease the DNA
binding activity of V. harveyi LuxR protein.There are a number of genes affected
only by furanones or QS in each microarray dataset. Further study on these genes
may help identify other targets of furanones.

Since QS plays a central role in controlling bacterial physiology (Bassler 1999),
and because furanones are QS blockers for gram-negative bacteria, it is not sur-
prising that furanones control other phenotypes in addition to biofilm development.
In fact, a number of studies have shown that furanones inhibit a broad spectrum
of phenotypes of gram-negative bacteria, including the swarming of S. liquefaciens
(Givskov et al. 1996), Proteus mirabilis (Gram et al. 1996), and E. coli (Ren et al.
2001); bioluminescence and virulence of V. harveyi (Manefield et al. 2000); exoen-
zyme virulence factor production; and carbapenem antibiotic synthesis in Erwinia
carotovora (Manefield et al. 2001).

Several furanones have been found to repress the growth of gram-positive bac-
teria (Jones et al. 2005), a finding that cannot be explained by the mechanism of
inhibiting AHL QS (see Sect. 2.4). Further studies are essential to understand the
furanones’ activity and to help find better antagonists.
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1.9 Toxicity of Furanones

Although furanones inhibit a variety of detrimental bacterial phenotypes, the tox-
icity of furanones to animal cells must be addressed before they can be used for
therapeutic or engineering applications. Current data suggest that some furanones,
especially the synthetic ones, could repress bacterial phenotypes without inhibiting
animal cells. Several furanones, including #1, #4, and #7 (Table 2), have been found
to inhibit the growth of gram-positive bacteria at concentrations not inhibitory to
gram-negative bacteria and mammalian cells. In addition, Baveja et al. (2004a) re-
ported that furanone #7 is not cytotoxic as evidenced by a study using human blood.
There were negligible changes in expression of the surface receptors of neutrophils
(CD11b, CD18, and CD44) with and without furanone, while the positive control
using lipopolysaccharide significantly changed the expression of these factors. This
result suggests that this synthetic furanone will not cause significant acute inflamma-
tory responses. In vivo studies using QSIs against gram-negative bacterial infections
are presented in the chapter In Vivo Studies: Inhibiting Biofilm-Associated Bacterial
Infections Using QSIs.

1.10 Effect of QSIs of Gram-Negative Bacteria on Components
of Host Immune System

A histopathological investigation of mice lungs revealed that those receiving treat-
ment with garlic extract were inflamed to a much higher degree on day 5 postin-
fection. In concert with the inflammation, a high number of PMNs and monocytes
were detected in the lungs of garlic extract treated mice indicating that the immune
system is actively removing the bacteria. This fits well with the finding that P. aerug-
inosa contain a QS-controlled system that paralyzes polymorphonuclear leukocytes
(PMNs) and other cells of the host immune system. This can be visualized with
a P. aeruginosa biofilm present in a flow cell. When PMNs were inoculated on
top of a P. aeruginosa biofilm, the PMNs failed to become activated and devel-
oped oxidative burst. In contrast, when the biofilm was formed in the presence of
QSIs including garlic extract, the PMNs developed oxidative burst (Bjarnsholt et al.
2005a,b). Similarly, the PMNs were unable to graze on the communicating biofilms,
while the QSIs including garlic-extract-treated biofilms were readily phagocytosed
by the neutrophils (Bjarnsholt et al. 2005a,b). This indicates that QSI compounds
including garlic extract block the system(s) in P. aeruginosa that is (are) responsible
for paralyzing the PMNs. If this is true in vivo, administration of a QSI drug will be
expected to flip the balance between the biofilm and immune system in favor of the
host’s defense clearance mechanisms. (Refer to the information the chapter In Vivo
Studies: Inhibiting Biofilm-Associated Bacterial Infections Using QSIs).
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2 Inhibitors of QS in Gram-Positive Bacteria4

2.1 Inhibitors of QS in Staphylococci

Inhibitors to staphylococcal QS 1 (SQS 1), which inhibit the RAP/TRAP system
(see section 2.1.1 in the chapter Bacterial Cell-to-Cell Communication), have been
extensively studies in vivo and are discussed in detail in section 2 in the chapter In
Vivo Studies: Inhibiting Biofilm-Associated Bacterial Infections Using QSIs. These
include RNAIII-inhibiting peptide (RIP), RAP-binding peptides, and anti-TRAP an-
tibodies. In the following sections, inhibitors to SQS 2 (the agr system) will be
discussed.

2.2 Inhibitors to SQS 2

In contrast to the vast in vivo data on inhibitors to SQS 1 (see section 2 in the
chapter In Vivo Studies: Inhibiting Biofilm-Associated Bacterial Infections Using
QSIs), very little in vivo data are available on the use of inhibitors to SQS 2, and
published data (Mayville et al. 1999; Wright et al. 2005) include only studies using
very few mice (n = 3). In addition to that, the type of studies reported may have
little practical relevance because they included pretreatment of a very specific type
of S. aureus with a very specific type of inhibitor. Thus, the clinical significance of
these inhibitors is not yet known.

The structure of SQS 2 inhibitors has been extensively reviewed (e. g., Abraham
2006; Chun et al. 2004) and will only be briefly described below.

The agr-encoded autoinducing peptide (AIPs) are short (eight or nine amino
acids) peptides containing a thiolactone structure in which the carboxyl group of
the C-terminal amino acid is linked to the sulfhydryl group of a cysteine, which is
always the fifth amino acid from the C-terminus of the peptide (an exception is S. in-
termedius). The high-energy thiolactone linkage appears to be necessary for activity
of the peptides. One unique aspect of the agr system is that AIPs activate the agr and
virulence expression in one group of S. aureus strains also inhibit agr and virulence
expression in other groups of S. aureus strains (Lyon et al. 2000). Evolutionary di-
vergence within the agr locus has given rise to multiple specificity groups, of which
there are four in S. aureus and at least 20 others in non-aureus staphylococci. As
mentioned above, a key feature of this diversity is that heterologous AIPs competi-
tively inhibit agr activation by the cognate ligand (Wright et al. 2005). Switching the
receptor-histidine kinase of AIP, AgrC, between strains of different agr specificity
types has shown that intragroup activation and intergroup inhibition are mediated
by the same group-specific receptors. These results have been suggested to facili-
tate the development of a global inhibitor of virulence in S. aureus, but this has not
yet been tested in vivo. This variant, a truncated AIP group II peptide lacking the
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tail, is proposed to act by interfering with AIP binding to the receptor (Lyon et al.
2000).

In the two in vivo studies that have been reported using inhibitory AIPs (Mayville
et al. 1999; Write et al. 2005), S. aureus agr type I was incubated with supernatants
of S. aureus type II (containing AIP II) prior to injection into the mice (using the
murine cellulites/abscess mouse model). The clinical significance of these studies
is not yet known, not only because of the low number of animals used but also be-
cause clinical infections are caused by various agr types of S. aureus, so the use
of an inhibitor of one type of S. aureus might actually activate another one. For
example, biofilm formation and agr type II strains were associated with nosoco-
mial methicillin-resistant S. aureus infections (Manago et al. 2006); agr type III
strains were associated with noninvasive infections; agr type I strains were asso-
ciated with invasive infections, especially bacteremia (Ben Ayed et al. 2006); agr
group IV strains were associated with generalized exfoliative syndromes; and endo-
carditis strains mainly belonged to agr groups I and II (Jarraud et al. 2002). Put
together, because agr pheromones or derivatives may have strongly varying ac-
tivity against different staphylococcal strains, it will not be easy to evaluate their
therapeutic use in a patient who normally carries different staphylococcal strains.
Furthermore, the selection of resistant strains may quickly occur, as might have
occurred already during the competition between staphylococcal strains during evo-
lution.

2.3 Inhibition of Streptococcus Pneumoniae Virulence
by Synthetic Competence-Stimulating Peptide

Two main patterns of gene expression of S. pneumoniae have been observed by
quantitative real-time reverse transcription polymerase chain reaction during infec-
tion in the host; one was characteristic of bacteria in blood and one of bacteria in
tissue, such as brain and lung. Gene expression in blood was characterized by in-
creased expression of pneumolysin, while pneumococci in tissue infection showed
increased expression of neuraminidases, metalloproteinases, oxidative stress, and
competence genes. In vitro situations with similar expression patterns have been de-
tected in liquid culture and in a pneumococcal model of biofilm, respectively. The
biofilm model was dependent on the addition of synthetic competence-stimulating
peptide (CSP), and no biofilm was formed by CSP receptor mutants. Induction of
the competence system by the QS peptide, CSP, not only induced biofilm formation
in vitro but also increased virulence in pneumonia in vivo. In contrast, a mutant for
the ComD receptor, which did not form biofilm, also showed reduced virulence in
pneumonia.

These results were in contrast to those found in a bacteremic sepsis model of
infection, in which the competence system was downregulated. When pneumococci
in the different physiological states were used directly for challenge, sessile cells
grown in a biofilm were more effective in inducing meningitis and pneumonia,
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while planktonic cells from liquid culture were more effective in inducing sepsis.
Using in vivo gene expression and in vivo modulation of virulence data, it has been
postulated that there is a distinction between two main types of disease. During
bacteremic sepsis, pneumococci resemble planktonic growth, while during tissue
infection, such as pneumonia or meningitis, pneumococci are in a biofilm-like state
(Oggioni et al. 2006). For detail in this topic, refer to the chapter Quorum Sensing
in Streptococci. .

2.4 Effect of Furanones on Biofilm Formation
of Gram-Positive Bacteria

In addition to the phenotypes of gram-negative bacteria discussed above, furanones
have also been found to control biofilm formation of gram-positive bacteria. How-
ever, furanones appear to be toxic to gram-positive cells, and the mechanism of
inhibition is not yet understood.

Ren et al. (2002) reported that furanone #1 (Table 2) inhibits biofilm formation
of B. subtilis BE1500 on mild steel surfaces in a concentration-dependent man-
ner. The presence of 40 µg/ml of furanone led to significant cell death (64%) and
decreased biofilm thickness (25%). Because this furanone was found to have bacte-
ricidal effects on B. subtilis, the inhibition of biofilm was likely due to the toxicity
of furanone #1.

Furanone #1 (Table 2) was also tested for inhibiting biofilm formation of a gram-
positive sulfate-reducing bacterium, D. orientis. Sulfate-reducing bacteria (SRB)
are a group of anaerobic bacteria that use sulfate as the terminal electron acceptor
and produce hydrogen sulfide as the reduced product (Hamilton 1985). SRB (both
gram-positive and gram-negative) are a major source of microbial-induced corrosion
and are estimated to be responsible for 50% of all corrosion problems (Hamilton
1985). Furanone #1 at concentrations of 20 µg/ml and 40 µg/ml inhibited 58% and
96% of the D. orientis growth, respectively. Consequently, biofilm formation on
mild steel surfaces was inhibited as evidenced by surface analysis using scanning
electron microscopy (Fig. 9), and the weight loss was reduced up to 80% (Ren and
Wood 2004). These results suggest that biofilm inhibition by furanones also has
engineering applications.

In addition to the experiments in free solution, furanones have been studied to
develop novel coating methods. Baveja et al. (2004b) modified surfaces with fura-
none #7 (Table 2) through physical adsorption. Six polymer materials were tested,
including poly(vinyl chloride), silicone, polyethylene, polypropylene, polyether
polyurethane, and polytetrafluoroethylene. All of the modified materials were found
to reduce the bacterial load and slime production of S. epidermidis 24 h after inocu-
lation. No apparent changes in surface hydrophobicity or roughness were identified,
suggesting that the effects were due to the inhibitory effects of furanone #7.

To further improve the surface modification, Hume et al. (2004) modified mate-
rials with furanone #7 (Table 2) through covalent binding, either by copolymerizing
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Fig. 9 Furanone #1 (refer to Table 2) at 40 µg/ml protects mild steel from corrosion of D. orientis.
Images show the scanning electron microscope analysis of unprotected (a) and protected (b) mild
steel coupons from batch experiments. The scale bar is 250 µm. (Reprinted with permission from
Blackwell Publishing; Ren and Wood 2004.)

into polystyrene or by coating catheters by plasma-1-ethyl-3-(dimethylaminopropyl)
carbodiimide reaction. The modified materials were found to reduce the biofilm for-
mation of S. epidermidis by 89% (polystyrene-furanone disks) and 78% (furanone-
coated catheters), respectively. In an in vivo study using a graft sheep model (done
in a similar fashion to the rat graft model described in the chapter Quorum Sensing
in Streptococci), furanone-coated catheters inhibited biofilm formation for 65 days.
However, the furanone leached off between 65 and 84 days after implementation
(Hume et al. 2004).

In addition to biofilm formation, furanones have been shown to inhibit the growth
of B. anthracis (Jones et al. 2005) as well as the growth and swarming of B. sub-
tilis (Ren et al. 2002). Compared with the well-described QS inhibition in gram-
negative bacteria, the inhibitory effects of furanones on growth of gram-positive
bacteria are less understood. Recent study has shown that deletion of the B. an-
thracis luxS gene (AI-2 synthesis gene) leads to apparent defects in cell growth
(Jones and Blaser 2003). Hence, furanones may interfere with some signaling path-
ways of gram-positive bacteria. Ren et al. (2004a) used DNA microarrays to study
the effects of furanone #1 on B. subtilis gene expression at a sublethal concentration
(5 µg/ml). Consistent with the furanones’ inhibition on growth, heat-shock genes
were induced. This study, however, was based on a single time point and single fu-
ranone concentration. More studies with multiple conditions could be helpful for
understanding the molecular basis of growth inhibition by furanones.
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Mathematical Modeling of Quorum-Sensing
Control in Biofilms

John Ward

Abstract This chapter begins with an overview of the relevant literature on theoret-
ical approaches to modeling biofilms, quorum sensing in bacteria, and anti-quorum-
sensing treatment. Following this, new mathematical models are proposed to inves-
tigate anti-quorum-sensing treatment in batch cultures and in biofilm environments.
Details for the models’ derivation are aimed so that readers with a nonmathematical
background will have a good idea of how such models are constructed and stud-
ied. Three anti-quorum-sensing targets are investigated, and a wide variety of out-
comes in terms of successful treatment are predicted depending on treatment type,
strength, and timing. The many interesting conclusions that can be drawn from the
presented results are discussed in detail, including ideas for new experiments, many
of which would be considered routine, that will provide deeper insights into how
anti-quorum-sensing treatments could be highly effective means of controlling bac-
terial behavior in a variety of situations and environments.

1 Introduction

The application of mathematics to biology in antiquity was probably little more than
a tool to assist in the counting of sheep or cattle. The modeling of population growth
seems to have had its beginnings in the Middle Ages, the most famous work being
that of Fibonacci of Pisa. In Liber Abaci, published in 1202, he derived a formula
for rabbit population growth which states that the current population is given by the
sum of those of the previous two months, thereby generating his famous eponymous
sequence (1, 1, 2, 3, 5, 8, 13, 21, 34, 55, etc.), which essentially amounts to expo-
nential growth. There have, of course, been considerable advancements in the fields
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of science, mathematics, and computation since then; however, the basic modeling
process is no different from that undertaken by Fibonacci. The aim of mathematical
modelers is to formulate a model based on scientifically motivated mechanisms, in-
vestigating the resulting system of equations to see whether they can reproduce ob-
servations and make new predictions to motivate further experimentation. Ideally,
through repeated cycles of model development, validation, and modification, sig-
nificantly more insight into a problem will be gained than would be possible from
experimentation alone. The modeling of quorum-sensing (QS) inhibition therapies
in biofilms is in the first such cycle of model development.

Because of their importance in many industrial processes, there has been a long
history in biofilm modeling by mathematicians and engineers. Broadly speaking,
most mathematical modeling falls into two categories:

1. Continuum models, i.e., models that generate differential equations. See, for ex-
ample, Atkinson and Davies (1974a,b), Bakke et al. (1984), Dillon et al. (1996),
Dockery and Klapper (2001), Freter et al. (1983), and Rittmann and Manem
(1992). More examples are discussed below. A pre-1999 review is given in
Chaudhry and Beg (1998).

2. Cellular automata, i.e., computational models that use probabilistic “rules” to
describe movement and growth from one time-step to the next. See, for exam-
ple, Eberl et al. (2000), Gonpot et al. (2000), Kreft (2004), Kreft et al. (1998),
Noguera et al. (1999), Picioreanu et al. (1998a,b, 2000, 2004), and Wimpenny
and Colasanti (1997).

The first approach has the advantage of being more amenable to mathematical anal-
ysis and is usually computationally less expensive. In this chapter, a continuum
model will be presented that views the biofilm as a multiphase fluid whose growth
is principally governed by nutrients that diffuse into the biofilm from the surround-
ing fluid. This general approach has been adopted by a number of authors investi-
gating single-species biofilm growth (Pritchett and Dockery 2001; Stewart 1994),
multispecies biofilm growth (Wanner and Gujer 1986; Wanner and Reichert 1995),
growth in porous media (Chen-Charpentier 1999; Tiwari and Bowers 2001), growth
in conduits (Szego et al. 1993), the role of the biofilm matrix (Cogan et al. 2005),
and antimicrobial resistance (Cogan and Keener 2004).

The mathematical modeling of QS has less history, starting with the near simul-
taneous publications from three groups, namely James et al. (2000), Dockery and
Keener (2001), and Ward et al. (2001). The first two of these papers modeled QS
at the molecular level, using the law of mass action to formulate a model consist-
ing of a system of ordinary differential equations. Here, the relevant timescale is in
the order of minutes, whereby the population will remain approximately constant
and thus act as a parameter in their system. Within appropriate parameter regimes,
the authors’ analyses showed that there exists a population threshold between very
low and very high QS activity. Fagerlind et al. (2003, 2005) extended the work of
James et al. (2000) to model the QS system of Pseudomonas aeruginosa to study
in detail the QS regulatory hierarchy (Fagerlind et al. 2003) and the role of an en-
dogenously produced acyl-homoserine lactone (AHL) antagonist (Fagerlind et al.
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2005). Recently, Gorychev et al. (2006) used the same modeling approach to in-
vestigate the role of AHL binding with dimeric transcriptional regulators, conclud-
ing that dimerization enhances the QS switchlike behavior. Dockery and Keener
(2001) and Nilsson et al. (2001) extended these ideas to investigate QS behavior in
biofilms, though biofilm growth was not considered in detail. The majority of mod-
els have focused on LuxRI homolog systems in gram-negative bacteria, Koerber
et al. (2005) used a stochastic modeling approach to describe the QS system em-
ployed by the gram-positive Staphylococcus aureus. In particular, they studied the
role of QS of individual bacteria internalized by nonprofessional phagocytes within
endosomes (Hudson et al. 1995), a pathogenic trait that enables bacteria to repro-
duce within living cells, which is believed to play an important part in prolonging
infection.

In the interest of developing a model that can be parametrized using results from
routine batch culture experiments, as well as one that can be easily extended to
model more complicated situations, Ward et al. (2001) proposed a simple popula-
tion scale model of QS activity. The timescale of interest is in the order of hours,
and the model tracks changes in total population and in subpopulations, the latter re-
flecting QS activity governed by AHL concentration. The model has relatively few
parameters, and data fitting was made possible using results from batch cultures of
several strains of P. aeruginosa, whereby hourly samples were taken and analyzed to
obtain population density and concentrations of the AHLs 3-oxo-C12-homoserine
lactone (OdDHL) and N-butanoyl-l-homoserine lactone (BHL). The model predicts
that the switch from a principally downregulated to an upregulated population oc-
curs very rapidly in comparison to population growth. Ward et al. (2004) extended
this model to investigate a range of negative feedback mechanisms known to be
involved in QS. A key result was the prediction that a population that would be con-
sidered to be QS-active may consist only of a small proportion of upregulated cells
at any one time (approximately 5–20%). A simple model for QS in a wound was
investigated by Koerber et al. (2002). This model couples the QS model of Ward
et al. (2001) with a compartmentalized representation of a wound in which AHL
molecules can be lost to the bacteria through diffusion into neighboring regions.
Interestingly, the model predicts a rapid jump in QS activity just like that observed
in batch cultures, indicating that the QS process is robust even when AHL loss by
diffusion is an issue.

Chopp et al. (2002, 2003) and Ward et al. (2003) studied models that coupled
biofilm growth and QS, with the aim of identifying key parameters (kinetics, biofilm
depth) that govern QS activity. The modeling of biofilms by Chopp et al. is very sim-
ilar to that described in Sect. 2.2; however, the QS aspects are handled differently.
These researchers imposed a critical concentration in their models above which
AHL production is massively enhanced; this is not necessary in the model proposed
in the next section, as such enhancement of production occurs naturally from the
dynamics.

Whereas Chopp et al. (2002, 2003) studied a depth-based model, Ward et al.
(2003) modeled biofilms growing over a substratum. The biofilm growth model was
not mechanistic (not governed by nutrient concentration) but was chosen so that
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the number of parameters is minimal, yet growth can be “made to measure” with
regard to how fast the biofilm grows up and along the substratum. This model was
coupled with the QS model of Ward et al. (2001) so that the level of AHL buildup
within a biofilm can be assessed. This model, and indeed the models of Chopp et al.,
predict that the shift from low to high QS activity occurs very rapidly throughout
the biofilm.

The only publications to date regarding the mathematical modeling of QSIs (as
well as antibiotic treatments) are a series of papers by Anguige et al. (2004, 2005,
2006). To explicitly model the effects of furanones (Manefield et al. 1999, 2002;
Hentzer et al. 2003) and anti-AHL lactonases (Dong et al. 2002; Lee et al. 2002;
Ulrich 2004; Xu et al. 2003), it was necessary to focus on the detailed biochemistry
of QS, akin to the approach of James et al. (2000) and Dockery and Keener (2001).
The three papers covered the scenarios of batch cultures (Anguige et al. 2004), early
biofilm development (Anguige et al. 2005), and mature biofilm development and ex-
opolysaccharide (EPS) production (Anguige et al. 2006). Because of the complexity
of these models, the predicted dynamics can be very complex; however, an impor-
tant result is that the amount of QSI required to be effective in biofilms increases
exponentially with biofilm depth. Other key results discussed in these papers will be
reproduced by the model studied in this chapter.

In the next section, simplified versions of the mathematical models of Anguige
et al. (2004, 2005, 2006) are presented to describe anti-QS treatments in batch cul-
tures and biofilms. This will involve the systematic scale-up from the molecular
level to the population level, based on the assumption that the biochemical pro-
cesses operate on a considerably faster timescale to that of growth. The modeling
will consider three QSIs applied to P. aeruginosa colonies, namely anti-LasR (e.g.,
furanones), anti-AHL (e.g., lactonases), and a putative anti-LasI agent. Results from
simulations are presented and discussed in the subsequent two sections, and the key
points are summarized in the final section.

2 Mathematical Modeling

The anti-QS models developed and studied by Anguige et al. (2004, 2005, 2006)
were simplified using the basic ideas of Ward et al. (2001, 2004). The key features
of the former studies are maintained, but the new model has fewer parameters, many
of which should be determinable using fairly routine experiments.

The model is constructed on the basis of the biochemical pathways involved
in the LasRI QS system of P. aeruginosa, although it will be applicable to most
LuxRI homolog systems. The population of cells (planktonic or sessile) is assumed
to consist of two subpopulations:

Downregulated cells. Population density Nd. These cells have an empty lux-box
and, in the case of P. aeruginosa, are nonvirulent and produce AHLs and biofilm
matrix EPS at a very low background rate.
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Upregulated cells. Population density Nu. These cells have a LasR-AHL complex-
bound lux-box and will express virulent characteristics and produce AHLs and
EPS at a significantly enhanced rate.

The total population density is thus NT = Nd + Nu. It is unclear during cell divi-
sion and chromosomal replication whether a LasR-AHL complex will remain bound
to the lux-box or not; it will be assumed for simplicity that a downregulated cell will
divide into two downregulated cells and that an upregulated cell will divide into one
up- and one downregulated cell. The upregulation of downregulated cells is medi-
ated by QS, and downregulation occurs spontaneously (detailed below).

The modeling for QS is based on the work of Ward et al. (2001, 2004); however,
because the modeling details are important for the anti-QS therapies, they will be
discussed at some length here. Figure 1 shows a schematic LasR/LasI system in
P. aeruginosa showing the reactions relevant to the modeling. Within all cells it is
assumed that LasR (concentration R) is produced at a constitutive rate R0, binds
within a reversible reaction with AHL (A) to form the LasR-AHL complex (P), and

Fig. 1 Schematic of the quorum sensing system LasR/LasI system in P. aeruginosa used in the
modeling. The figure shows the reactions that are assumed to be occurring in all bacteria, apart
from those in the dashed box which occur only in the upregulated cells. The grey stars represent
the reaction between the C12-ACP and S-adenosylmethionine that produces the AHL 3-oxo-C12-
homoserine lactone (Fuqua and Greenberg 2002), the wavy lines represent transcription of the
relevant protein and the “*” represent breakdown products. The reaction rate constants for each of
the chemical reactions are shown
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decays naturally, hence

dR
dt

= R0 − kraAR + kpP−λRR . (1)

The LasR-AHL complex equation is given by

dP
dt

= kraAR− kpP−λpP , (2)

in which natural decay of P is also assumed. In upregulated cells, output of LasI
occurs at a constant rate and decays naturally according to

dL
dt

= L0 −λLL . (3)

The AHL concentration A represents the measurable AHL concentration in the fluid
growth media. Pearson et al. (1999) observed for the AHL 3-oxo-C12-homoserine
lactone that the equilibration between internal and external concentrations occurs
quickly (in less than 5 min), with internal concentration partitioned to be about
three times that of the external. This simply means that Ainternal = δA (here δ ≈ 3)
and the relevant parameters below have contained within them this factor δ . AHLs
are produced at some background level κd and decay or become sequestered in
fluid with rate constant λ ; this, together with the reaction with LasR, yields for
downregulated cells

the rate of change of AHL in downregulated cells = κd−kraAR+kpP−λ A , (4)

and for upregulated cells

the rate of change of AHL in upregulated cells = kaL+ κd − kraAR + kpP−λ A ,

(5)

where kaL describes the massive increase in production of AHLs by upregulated
cells. We note that the rate of change of AHL in the external media is simply −λ A.
Compared with cell division time, the timescale adopted in the modeling, these re-
actions occur very rapidly, and it is reasonable to assume that Eqs. 1–3 are in equi-
librium (mathematically, that means dR/dt = dP/dt = dL/dt = 0). Hence,

L = L∞ , P =
P∞

R∞
RA , R =

R∞

1 + µRA
,

where L∞ = L0/λL, R∞ = R0/λR, P∞ = R∞kra/(kp +λp) and µR = λpP∞/λRR∞. Fit-
ting the resulting model to experimental data as described in Ward et al. (2004) in-
dicates that µRA ≈ 0 (i.e., very small), suggesting that most of the LasR is degraded
before binding with AHL. For simplicity we will assume that the LasR concentra-
tion remains roughly constant at R = R∞, from which we deduce P = P∞A. We note
that dimerization of R can be modeled in the same way, and it does add a small
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amount of complexity to the problem, but the reduction to R = R∞ will nevertheless
result. Substituting these approximations into the AHL production rate equations
gives

the rate of change of AHL in downregulated cells = κd −σA−λ A (6)

the rate of change of AHL in upregulated cells = κu + κd −σA−λ A , (7)

where κu = kaL∞ and σ = λpP∞. We note in the earlier models (Ward et al. 2001,
2003, 2004; Koerber et al. 2002) that κd was absorbed into the κu term; however,
in order to model the action of the anti-LasI agent explicitly, we shall maintain the
terms in their current form. The upregulation rate of cells is assumed to be propor-
tional to the complex concentration P∞A; letting αa be the constant of proportional-
ity, then

upregulation rate = αA ,

where α = αaP∞. The downregulation rate of cells is governed by the decay rate of
lux-bound complexes, which is taken to be β ; it is possible that bound complexes
have the same degradation properties as their free-floating counterparts, whereby
β = λp. Three forms of QSI therapies will be investigated. The first two involve the
action of molecules currently being investigated by a number of experimental inves-
tigators and discussed by Anguige et al. (2004–2006). The third therapy involves
the action of a putative anti-LasI agent.

1. Anti-LuxR (homolog) agents, such as halogenated furanones. Using Q1 to rep-
resent the concentration of this agent (to be consistent with the earlier papers),
the assumed reaction with LasR can be summarized as follows:

LasR+ Q1

k1−→ (1−ν1)Q1 + by product(s) ,

where ν1 is the average amount of Q1 lost by the reaction. Using a simi-
lar argument to that above, at equilibrium the LasR concentration is given by
R = R∞/(1+ γ1Q1), where γ1 = k1/kR. This leads the upregulation rate and the
LasR-AHL binding rate to be reduced by a factor of (1 + γ1Q1); i.e., the “con-
stants” α and σ now become α/(1 + γ1Q1) and σ/(1 + γ1Q1), respectively.

2. Anti-AHL agents, such as lactonases that degrade/quench AHLs. Let Q2 be
the concentration of the lactonase, and then the modeling of lactonase action is
based on the simple reaction

AHL+ Q2

µ2−→ (1−ν2)Q2 + by product(s) ,

where ν2 is the average amount of Q2 lost by the reaction. This results in an
additional “−µ2Q2A” term in Eqs. 6 and 7.
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3. Anti-LuxI (homolog) agents, putative to the author’s knowledge. Let Q3 be
the concentration of this agent, and then we assume

AHL+ Q3

µ3−→ (1−ν3)Q3 + by product(s) ,

where ν3 is the average amount of Q3 lost by the reaction. Similar to the action
of Q1 on LasR, the LasI equilibrium level L∞ will be reduced to L∞/(1+ γ3Q3)
by the agent, where γ3 = k3/λL. Thus, the AHL output rate term κu for upregu-
lated cells now becomes κu/(1 + γ3Q3).

All the quantities involved in the modeling are assumed to evolve continuously in
time and space, with random stochastic effects neglected. The solutions, therefore,
are a prediction of the “average” outcome to be observed experimentally or in situ.

2.1 Anti-QS Treatment in Batch Cultures

The system of equations below is derived from the application of the assumptions
given above. For the discussion in the subsequent sections, we will focus on batch
culture colony during the exponential phase of growth (doubling time = ln(2)/r),
with the drug being introduced either at the start of an experiment or being drip-fed
at a rate φi (i = 1,2,3 for Q1,Q2,Q3, respectively). The equations are

dNd

dt
= rNT −

αA
1 + γ1Q1

Nd + β Nu , (8)

dNu

dt
=

αA
1 + γ1Q1

Nd −β Nu , (9)

dA
dt

=
κu

1 + γ3Q3
Nu + κdNT −

σA
1 + γ1Q1

NT −λ A− µ2Q2A , (10)

dQ1

dt
= φ1 −

µ1Q1

1 + γ1Q1
NT −λ1Q1 , (11)

dQ2

dt
= φ2 − µ2ν2AQ2 −λ2Q2 , (12)

dQ3

dt
= φ3 −

µ3Q3

1 + γ3Q3
Nu −λ3Q3 , (13)

where NT = Nu + Nd. Equations 8–10 in the absence of any drugs are similar to
those investigated by Ward et al. (2004), the main difference being that “σANT”
replaces “A(αNd +ηNT)” in Eq. 10 and in the absence of the negative feedback term
g(A) in Eq. 10. These modifications lead to an adjustment in the best-fit parameters
(notably with α and β ; see Table 1), but the main results from the mathematical
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Table 1 The model parameters and estimated values used in the simulations to follow. The pa-
rameters relevant to batch cultures are given above the dividing line, and the additional parameters
required for the biofilm are below this line. The values labeled “CS” (current study) are obtained in
a semisystematic fashion using best-fit approximation to experimental data (Ward et al. 2004). (For
reasons noted in this paper, the best-fit values quoted here are order-of-magnitude approximations
and should not be considered as fundamental rate constants.) Figure 2a shows the best-fit solution.
L = Lewandowski et al. (1991), S = Stewart (1994), W1 = Ward et al. (2001), W2 = Ward et al.
(2004), E = estimated value, A = assumed value

Parameter Units Description Value Source

r h-1 Cell birth rate 0.5 W2
α µM-1 h-1 Maximal upregulation rate 9 × 104 CS
β h-1 Downregulation rate 5.8 × 104 CS
κu µM ml cell-1 h-1 AHL prod. rate by upregulated cells 2.8 × 10-8 CS
κd µM ml cell-1 h-1 AHL prod. rate by downregulated cells 1.7 × 10-14 CSa

λ h-1 AHL decay rate 1.5 W1
b

σ ml h-1 cell-1 AHL loss rate by LasR/AHL binding 3.8 × 10-8 CS
µ1, µ3 ml h-1 cell-1 Drug loss rate due to QSI action 1 A
µ2 µM-1 h-1 Drug loss rate due to QSI action 6 × 105 A
γ1,γ3 µM-1 1/conc. when QSI is 50% effective 1.7 × 10-6 A
ν1 Dimensionless Mean Q2 loss in reaction with AHL 1 A
ϕ i µM h-1 Drip rate of QSI i varied –
λ i h-1 Decay rate of QSI i 0.06 Ac

W0 Dimensionless Void fraction at maximum bacterial packing 0.3 E
H0 cm Initial biofilm depth 0.0002 –
θ Dimensionless EPS-generated pore space constant 30 E
ω Cell/ml biofilm Maximum density of cells in biofilms 1012 A
κE h-1 Max. EPS prod. rate by upregulated cells 1 A
E0 h-1 Background EPS production rate 10-4 A
λ E h-1 EPS decay rate 0 Ad

Da cm2 h-1 Diffusion rate of AHL 9 × 10-3 Ee

Di cm2 h-1 Diffusion rate of species (Qi) 9 × 10-3 = Da

Dc cm2 h-1 Diffusion rate of oxygen 9 × 10-2 S
Qa cm h-1 Surface AHL mass transfer rate 90 Af

B1 h-1 Maximum birth rate 0.1 S
B2 h-1 Maximum death rate 0.1 E
cext µM Dissolved O2 concentration 2.3 L
c1 µM Half max. birth rate oxygen concentration 0.47 L
c2 µM Half max. death rate oxygen concentration 0.47 = c1
τ Dimensionless Sets minimum death rate (= B2(1 − τ)) 1 E
ρ µM Oxygen consumption constant 4 × 105 L

a too small to be estimated reliably; b measurement in bovine serum; c 10 hour half life; d assumed
negligible in the timescale of interest; e assumed 1/10th that of oxygen; f biofilms are assumed to
readily leak AHLs into the environment, hence a large Qa/Da is imposed

analysis described in the earlier work are entirely relevant to the current model. The
parameters yet to be defined are the rate constants µ1 = ν1k1 and µ3 = ν3k3.

Figure 2a shows that the best-fit solutions of Eqs. 8–10 are in good agreement
with experimentally measured AHL concentrations; the parameter values are listed
in Table 1. The data were obtained from a batch culture experiment during the expo-
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Fig. 2 Plot a shows the evolution of 3-oxo-C12-HSL concentration against time in an exponentially
growing bacterial colony in a batch culture; the solid line is the solution of the model equations
(8)–(10) using the parameters in Table 1, and “•” indicate the experimental values. Plot b depicts
the fraction of upregulated cells for the same simulation

nential growing phase of P. aeruginosa strain PAB1 (a clinical burn wound isolate).
Full details of the experimental work are given in Ward et al. (2001, 2004).

2.2 Anti-QS Treatment in Biofilms

To model biofilms it is necessary to consider bacterial cell distributions as functions
of time t and space z, where z is the “perpendicular” distance from the base of
the biofilm such that the biofilm surface is located at z = H(t). Here, the bacterial
subpopulations Nu and Nd are to be viewed as volume fractions, so that the volume
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fraction of living cells is Nu + Nd = NT. Through continued nutrient deprivation,
cells die and occupy a volume fraction M; it is assumed that dead cells remain intact
for the timescale of interest (a few days). The remaining space in the biofilm is
occupied EPS (volume fraction E) and water (volume fraction W ), hence NT +M +
E +W = 1. In the report by Anguige et al. (2006), it was further assumed that as
EPS is produced, the resulting pore space increases proportionately, thus entraining
more water, i.e., W = W0 +θE for constants W0 and θ (in Anguige et al. 2006, α is
used instead of θ ). This leads to the condition

NT + M +(1 + θ )E = 1−W0 , (14)

where 1−W0 is the maximum fraction of space that cells occupy. For example, if
cells are spherical, then, according to Kepler’s conjecture (or perhaps more famil-
iarly, the “grocer’s orange-stacking problem”), W0 ≈ 0.26 (Sloane 1998). Biofilm
growth is assumed to be governed by the QS-regulated EPS production and nutrient
concentration c (entering the biofilm by diffusion through the surface); although the
relevant parameters regarding nutrients are based on oxygen, the modeling can be
used to consider any nutrient. The local changes in volume by cell division, death,
and EPS production cause movement within the biofilm; this process is called ad-
vection, and the speed of movement is described by velocity v. The growth rate of
the biofilm surface is thus given by the surface value of v. The QS process is mod-
eled in exactly the same way as that of the batch culture described above. The AHL,
QSIs, and nutrient are assumed to be diffusible compounds, and all, apart from the
anti-AHL agent Q2, can enter and leave cells in such a way that the internal and ex-
ternal concentrations equilibrate rapidly (in a few minutes) compared to the biofilm
growth timescale (hours). After a little simplification in the same manner as that
described by Anguige et al. (2006), the system of equations is as follows:

∂NT

∂ t
+

∂vNT

∂ z
= NT(Fb(c)−Fd(c)) , (15)

∂M
∂ t

+
∂vM
∂ z

= NTFd(c) , (16)

∂Nu

∂ t
+

∂vNu

∂ z
=

αA
1 + γ1Q1

Nd −β Nu , (17)

∂E
∂ t

+
∂vE
∂ z

= (E0NT + κENu)Fb(c)−λEE , (18)

0 = Da
∂ 2A
∂ z2 +

κ∗
u

1 + γ3Q3
Nu + κ∗

d NT −
σ∗A

1 + γ1Q1
NT −λ A− µ2Q2A , (19)

0 = D1
∂ 2Q1

∂ z2 − µ∗
1 Q1

1 + γ1Q1
NT −λ1Q1 , (20)
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0 = D2
∂
∂ z

(
W

∂Q2

∂ z

)
− µ2ν2AWQ2 −λ2WQ2 , (21)

0 = D3
∂ 2Q3

∂ z2 − µ∗
3 Q3

1 + γ3Q3
Nu −λ3Q3 , (22)

0 = Dc
∂ 2c
∂ z2 −ρNTFb(c) , (23)

∂v
∂ z

=
1

1−W0

(
NTFb(c)+ (1 + θ )(E0NT + κENu)Fb(c)−λEE

)
, (24)

dH
dt

= v(H,t) . (25)

Here, functions Fb and Fd are the birth and death rates of living cells, respectively,
so the cell growth rate is simply the difference between the two functions in Eq. 15.
Equation 16 states that living cells die at a rate FdNT, although M can be eliminated
from the system using Eq. 14 since M = 1−W0 −NT − (1 + θ )E . The right-hand
side of Eq. 17 is the same as Eq. 9, where the volume fraction of downregulated cells
can be obtained from Nd = NT −Nu. Equation 18 states that the EPS is produced
at a background level by all living cells (at rate E0NTFb), but the production rate
is significantly enhanced by upregulated cells (kENuFb). Equations 10–13 become
Eqs. 19–22 to account for diffusion; for simplicity we have assumed the quasisteady
(no time derivatives) form of these and the nutrient (Eq. 23) equations, due to as
is generally the case, the fact that the chemical diffusion processes are rapid in
comparison to growth. Because the anti-AHL concentration within the water is Q2,
the overall concentration is thus W Q2 (recalling W =W0+θE), hence Eq. 21 results.
The constants labeled with ∗ are modified versions of the batch culture case due
to the change of definition from cell density to cell fraction, so that κ∗

u = ωκu,
where ω is the maximum number of cells per millileter of biofilm (approximately
1012 cells/ml-1); constants κ∗

d , σ∗, µ∗
1 and µ∗

3 are similarly redefined. Equation 24
is derived by summing Eqs. 15, 26, and θ× Eq. 18 and applying Eq. 14. The last
equation states that the speed of the biofilm surface moves at the same velocity
as the cells on the surface. The functions Fb(c) and Fd(c) are bacterial cell birth
and death rates, respectively, as functions of c; typically, the birth rate increases
and the death rate decreases as the nutrient increases. In the simulations to follow,
Michaelis-Menten (or monod)-type kinetics are used, namely

Fb(c) = B1
c

c1 + c
, Fd(c) = B2

(
1− τ

c
c2 + c

)
.

The rate of cell birth is assumed to reflect the amount of general activity a cell is
undertaking; hence, EPS production and nutrient consumption are assumed to be
proportional to Fb(c). Equations 15–25 require a set of initial boundary conditions
to be fully specified. The simulations are assumed to start shortly after the first few
bacteria have settled onto a substrate. There are no upregulated cells or EPS. The
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following are imposed:

t = 0 NT = 1−W0 , Nu = 0 , E = 0 , H = H0

z = 0
∂A
∂ z

= 0 ,
∂c
∂ z

= 0 ,
∂Q1

∂ z
= 0 ,

∂Q2

∂ z
= 0 ,

∂Q3

∂ z
= 0 , v = 0

z = H(t) c = cext , Da
∂A
∂ z

= −QaA .

The conditions at x = 0 are no flux conditions; that is, no material is allowed to
cross x = 0. The nutrient concentration is assumed to be of fixed concentration cext
(oxygen dissolved in water at saturated levels is imposed), and the condition on
AHL means that the flux of AHL out of the biofilm is proportional to the difference
of internal A and external (assumed zero) concentrations.

We note that the model described here is one-dimensional, with growth occur-
ring perpendicular to a solid surface. We therefore do not intend to describe the
elaborate spatial structures (water channels, mushrooms) that are often observed in
experimental studies (Hentzer et al. 2001). Describing these features requires a sig-
nificant development of the modeling specifically, the fluid-dynamic aspects, which
are beyond the scope of the current study. Furthermore, no mechanisms are included
in the model that will lead to growth limitations, such as planktonic cell escape or
sloughing of biofilm material due to the effect of shear forces on its surface from
the fluid media. However, the current model should describe fairly well the first few
days of development, during which time most experimental studies are undertaken.

In the next two sections, simulations of the models described above are presented
to investigate the effect of the three types of QSIs on the QS process. In the absence
of specific data, particularly with regard to drug kinetics, the simulations are aimed
at presenting the key qualitative results that might be expected in experiments, along
with their implications for effective treatment for biofilms. We will first consider
the batch culture case and how QSI potency and dosage affect upregulation. For
biofilms, this too will be considered together with the key issues of treatment timing
and drug delivery via diffusion.

3 Anti-QS Therapies in Batch Cultures

Figure 2 shows a typical time evolution of AHL concentration and upregulated cell
fraction (Nfrac

u , given by Nfrac
u = Nu/NT) for an exponentially growing population

in an untreated batch culture. Figure 2b demonstrates the key characteristic feature
of QS. After an initial period in which very little upregulation occurs, there is very
rapid upregulation (here, at around 3 h), whereby a maximally upregulated popula-
tion is reached. It is worth noting that the concept of “critical AHL concentration”
is not included in the model, and such a phenotypic shift is in fact due to the basic
dynamics of the QS system at a molecular level. However, a fascinating prediction
by the model is that only a portion of cells in an “upregulated” population will be
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upregulated (here, about 12–13%) at any time. The model predicts this because there
is a balance between AHL molecule production and upregulation rates against AHL
loss by unused LasR-AHL complex formation and by spontaneous downregulation
by upregulated cells.

The key mechanisms involved in upregulating bacteria in batch cultures are de-
pendent on the growth phase. Using the mathematical methods described by Ward
et al. (2001, 2004), it can be shown that to get substantial upregulation in a LuxR-
LuxI homolog QS system, the parameter values must satisfy the following:

exponential growth phase: Θ = ακu −σ(β + r)>0 (26)

stationary phase: Ψ = ακuK −β (σK + λ )>0 , (27)

where K is the total population density at the stationary phase. The parameters to
the left of the “−” sign are concerned with the mechanisms that promote QS, while
those to the right are inhibiting mechanisms. Thus, Θ and Ψ are formulations rep-
resenting the balance between the positive and negative QS mechanisms for each
of the two growth phases. Using the data in Table 1, we have Θ ≈ 3× 10−3 and
Ψ ≈ 3 × 106 (assuming a stationary phase density of 1010 cells/ml), both being
positive, meaning that substantial upregulation is expected. Using the same math-
ematical methods, when Θ>0 and Ψ>0, the fraction of upregulated cells Nfrac

u in
a quorate population can be calculated:

exponential growth phase: Nfrac
u = 1− σ(β + r)

ακu
,

stationary phase: Nfrac
u = 1− β (σK + λ )

ακuK
.

Given appropriate data, we can use these formulas to estimate how virulent a bac-
terial colony can be. Furthermore, they make explicit how targeting a parameter,
using a putative QSI, will restrict QS and perhaps prevent expression of virulence
characteristics.

In the next two subsections, solutions to the model equations are discussed for
the cases in which the the QSI is administered by drip-feeding or by pretreatment of
the growth media. The former case is perhaps more relevant to anti-QS treatment of
biofilms discussed in Sect. 4, in which diffusion acts as a “feeding” mechanism to
cells deep within the colony.

3.1 Drip-Feed Administration of QSI

Figure 3 shows the steady-state AHL concentration and upregulated cell fraction
against population size K for an untreated culture 3a and for cultures drip-fed with
QSIs 3b–d. Because very little data are currently available regarding the dynamics
of the QSIs, the parameters were chosen so that the rapid jump in Fig. 3b and the
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right-most fold in Fig. 3c and d occur at about the same population density (approx-
imately 2×1010 cells/ml). In the absence of treatment, Fig. 3a shows that increasing
K leads to a smooth increase in upregulated cell fraction, rising very sharply (at K =
Kjump ≈ 2×108 cells/ml), beyond which a maximal level is reached (approximately
12–13% of cells). In contrast to the predictions of the modeling of Dockery and
Keener (2000), the current model does not predict a hysteresis response; this is due
to the assumption here that LasR production is not upregulated by QS (see Anguige
et al. 2004).

Figure 3b–d demonstrates the range of results that can occur with the anti-AHL
treatments. Anti-LasR agents lead to results that are qualitatively similar to those of
the no-treatment case, while AHL and LasI blocking agents can lead to a hysteresis
response. The rather unexpected hump around 1010 cells/ml in the left graph of
Fig. 3b is due to there being less LasR present to soak up the AHLs, leading to
greater accumulation; with increasing population, the anti-LasR agents become less
effective, so AHL levels decrease to those of the no-treatment case. Two rather bold
observations can be made from these figures with regard to effectiveness of QSI:

1. Direct comparison of the potency of the QSI can be meaningfully made only
between the anti-LasR and anti-LasI, due to these having similar kinetic terms.
Of particular interest, given that the rate constants are same, is that the drip-feed
rate of the anti-LasI agent is 100 times less than that of the anti-LasR agent,
suggesting that an anti-LasI agent will, by a considerable margin, be the more
effective of the two treatments.

2. In practice, application of QSIs will be combined with antibiotics, and hystere-
sis is an unfavorable property for effective treatment. For the cases shown in
Fig. 3c and d, an established quorate population will require more antibiotic
drug to force the population density to levels below the left-hand folds in the
curves. In this respect, anti-LasR treatment seems likely to be the most effective
QSI.

Of course, these observations are based on a particular parameter set, and any con-
clusions must be treated with some caution. However, they highlight the need for
experimental data to determine the parameters involved so that assertions such as
these can be made with more confidence.

The evolution of upregulated cell fraction is shown in Fig. 4, in which the effects
of each QSI can be compared with the untreated case. Here the population density
is growing exponentially, starting with a density of 107 cells/ml. As expected, each
treatment delays the onset of substantial upregulation, but in these simulations they
will not prevent substantial upregulation as the exponentially growing population
will eventually exceed the critical densities depicted in Fig. 3. However, as would
be expected in practice, the limitations on attainable population density mean that
sufficient drug will totally inhibit QS in batch cultures. The contrast in qualitative
behaviors between the agents is interesting. For both the anti-LasR and anti-AHL
cases, there is a rapid jump in cell fraction at about t = 18h, roughly correspond-
ing to the time when the population density reaches the critical level; the hump in
the anti-LasR case is due to a brief overshoot in AHL concentration resulting from
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Fig. 3� Log-log plots showing the steady-state 3-oxo-C12-HSL concentration (left) and upregulated
cell fraction (right) as functions of the population density for a untreated cultures, b with anti-LuxR
agent (with ϕ1 = 3.3 × 10-3µM/h), c anti-AHL agent (ϕ2 = 5 × 10-3 µM/h) and d anti-LuxI agent
(ϕ3 = 3.3 × 10-5 µM/h). Figures c and d exhibit hysteresis, the solid and dashed curves indicating
the stable and unstable solutions respectively. The remaining parameters are given in Table 1

Fig. 4 Evolution of the upregulated cell fraction against time for exponentially growing bacterial
colonies for untreated and drip-fed treated cultures (drip-feed rates were the same as those used
in Fig. 3). In this simulation, the anti-AHL and anti-LasR cases are superimposed. The remaining
parameters are given in Table 1

less available LasR at this point to soak up the AHLs. The gradual rise of upreg-
ulation in the anti-LasI case is a result of the relatively low drip-feed rate, leading
to considerably less agent being present at the critical time when the population be-
comes quorate. However, this is very sensitive to the drip-feed rate; for example,
doubling the rate to φ3 = 6.6× 10−5 requires the population density to reach un-
physical levels (approximately 2× 1013) before a jump to quorate levels can occur
(not shown).

3.2 Quorum Sensing in Pretreated Media

Probably the simplest way to investigate the effects of QSIs on QS is to grow batch
cultures in pretreated growth media. Figure 5 shows a simulation of such an experi-
ment, with the initial agent concentration chosen so that the colony becomes quorate
at around the same time (note that the drip-feed component of the model has been
“switched off”, i.e., φi = 0). The time interval required to sufficiently consume the
QSI as the population grows leads to a delay in the onset of extensive upregulation,
as expected. The anti-LasI agent compares well against the anti-LasR agent in that
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Fig. 5 Evolution of the upregulated cell fraction against time for exponentially growing bacte-
rial colonies for an untreated culture and cultures grown in pretreated media. The initial concen-
trations of the anti-LasR, anti-AHL, and anti-LasI agents are 1.7 × 10-2µM, 1.7 × 10-2µM, and
5 × 10-5µM, respectively. The remaining parameters are given in Table 1

significantly less agent was initially required to produce similar results (recall that
the equivalent kinetic rate constants are the same for each).

Figure 6 shows the effects of the initial QSI concentration on the timescale for
substantial upregulation. As expected, low concentrations of the agent have min-
imal impact, and the concentration needs to be above a certain threshold before
the effects are noticeable. Interestingly, the curves for anti-LasR and anti-AHL are

Fig. 6 The effects of the initial QSI concentration on the timescale for substantial upregulation
(taken to be when Nu/NT = 10%) for batch culture colonies grown in pretreated media. The re-
maining parameters are given in Table 1
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qualitatively similar; we note that the quantitative similarity is an accident of pa-
rameter choice. Noting that the horizontal scale is logged, the model predicts that
beyond the concentration threshold of anti-LasR or anti-AHL agent, the timescale
increases in a logarithmic fashion; this means that a substantial increase in agent is
required to effect a noticeable delay in upregulation. Once again, the anti-LasI agent
has apparently outperformed the other two agents by inducing considerable delays
in upregulation at much lower concentrations. We note that in these simulations the
population density is increasing exponentially and the stationary phase of growth
has not been accounted for; if the agent succeeds in suppressing QS upregulation
into the stationary phase, then the timescales shown in Fig. 6 will be pessimistic
lower bound.

4 Anti-QS Therapies in Biofilms

Results from a typical simulation of growth of an untreated biofilm are shown in
Figs. 7 and 8. The vast majority of experimental results discussed in the literature
tend to be qualitative rather than quantitative in terms of biofilm growth, so accurate
estimation of the parameters concerning growth is not possible. The parameters for
the simulations were chosen so that the biofilm grows at a rate of approximately
6 µm/h, with a thickness of around 450 µm after 100 h, which seems reasonable
given various experimental data. The model predicts that after an initial acceleration
of growth, because of all bacterial cells being adequately nourished and undergoing
cell division, the biofilm growth rate will slow down, eventually growing linearly in
time without limitation (Fig. 7a,b). Of course, it is not possible for biofilms to grow
indefinitely, but, as stated above, the aim is to have a good description of growth
in the first few days of development. The linear growth phase results from nutri-
ent diffusion limitations, in which only cells within a certain, eventually fixed, dis-
tance from the surface will have adequate nutrients to divide and produce EPS; cells
deeper in the biofilm will be nonreproductive or dead. The assumption that EPS pro-
duction is regulated by QS leads, as expected, to the significantly enhanced growth
rate of the simulated wild-type over the QS-ve strain, in qualitative agreement with
the experimental observations of Davies et al. (1998). This will have a significant
effect on the delivery of the QSIs (discussed below) and, indeed, antibiotics (see
Anguige et al. 2005, 2006). Plots of growth rate against time give a good indication
of the timescale and extent of upregulation within the biofilms, and they will be used
to illustrate the efficacy of the QSIs.

The advance toward high levels of QS activity is illustrated in Fig. 7c and d. For
the first 26 h, AHL levels increase but remain relatively low [(see panels (a) and (b)];
thus, the growth rates between wild-type and QS-ve strains are indistinguishable.
However, within a time interval of 1 h, there is a substantial rise in AHL levels
(approximately 10000-fold increase), leading to rapid upregulation (see Fig. 6d)
and divergence between the growth rates as the EPS production rate by wild-type
cells is greatly enhanced. Here, the total upregulated cell fraction U(t) is defined
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Fig. 7 Selected plots of simulated growth of an untreated biofilm. Comparison of the evolution of
biofilm depth (a) and biofilm growth rate (b) for a wild-type and a QS-ve strain. Quorum sensing
activity of the wild-type strain is demonstrated using AHL distribution at various time intervals up
to 35 h (c) and the total upregulated cell fraction against time (d). Parameter values are given in
Table 1

mathematically to be

U(t) =
∫ H

0 Nu(z,t)dz∫ H
0 NT(z,t)dz

,

which can be viewed as the mean upregulated fraction divided by the mean live cell
fraction over the entire the biofilm. Soon after, the spatial structure of the biofilm
settles to the profiles indicated in Fig. 8, which move along as the biofilm grows.
The overshoot in growth rate of the wild-type cells around t = 30 is due to the slow
death rate of anoxic cells. In time, these cells die, reducing the depth at which EPS
is produced and leading to a marginal slowing down of growth.

The distributions of living cells, upregulated cells, EPS, and water after 100 h
are shown in Fig. 8c. The living cells are located in a region near the surface, cor-
responding to an area where there is a nonnegligible concentration of nutrients. The
biofilm structure mainly consists of water (about 70%), and EPS occupies a volume
percentage of 3%, which is in broad agreement with observations in fairly mature
biofilms (Boyle et al. 1999). Because the dynamics are such that in optimum con-
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Fig. 8 Spatial distribution of live cell, EPS, water, and upregulated cell fractions (a) and AHL
and nutrient concentration (b) at t = 100 h for an untreated wild-type biofilm. Parameter values are
given in Table 1

ditions only 10% of cells will be upregulated, the upregulated cell fraction remains
fairly low; however, this may still represent a population that is significantly viru-
lent. The AHL distribution shown in Fig. 8b is elevated deep in the biofilm, dropping
off sharply toward the edge because of the relatively high mass transfer rate com-
pared with diffusion at the surface. The drop in live cell fraction moving deeper into
the biofilm is paralleled by the drop in nutrient concentration (Fig. 8b), whereby
much of the biofilm is predicted to be anoxic within a few days.

In the simulations to follow, the effectiveness of QSI will mostly be assessed by
comparing the growth rate (i.e., dH/dt) of a treated biofilm with those of the wild-
type and QS-ve strains, since EPS production and the enhanced growth it generates
are markers for QS activity. The treatment will be presumed effective if the growth
rate is reduced to that of the QS-ve strain, reflecting very low levels of QS activity,
virulence, and EPS production.

4.1 Biofilm Growth in Media Pretreated with QSIs

Figure 9 shows the evolution of the growth rates and total upregulated cell fraction
for biofilms grown in media containing a fixed concentration of QSI. Interestingly,
for all treatments the shift in growth rates from the maximal to the minimal levels
occur within an order of magnitude (on the µM scale) of drug concentration and is
particularly sharp in the anti-AHL case.

Qualitatively, the results of the anti-LasR and anti-LasI agents are similar, there
being a smooth transition down to the minimal growth rate as the drug concentration
increases. For intermediate agent levels, the outer cells mostly remain downregu-
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Fig. 9 The effects of applied concentrations (values in µM) of anti-LuxR (a and b), anti-AHL
(c and d), and anti-LasI (e and f) agents on biofilm growth. Figures a, c, and e show the biofilm
growth rate, and b, d, and f show the upregulated cell fraction (Nu/NT) against time up to t = 100.
Parameter values are given in Table 1

lated but prevent sufficient agent penetration to those cells deeper in the biofilm. As
observed before, significantly less anti-LasI agent is required in the media to pro-
duce the desired effect. In terms of virulence (Fig. 9b,f), it can be observed that even
when the agent has significantly reduced the speed of growth, the fraction of upreg-
ulated cells is considerably higher than the minimal levels (Fig. 7d), so a number of
cells express virulent characteristics that could be significant in a clinical setting.
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In contrast, increasing anti-AHL agent concentration makes little difference in
long-term biofilm development until a threshold is reached (here, about
3.783×10−2 µM). The existence of the sharp transition, typical of systems with
underlying hysteresis in the dynamics as described in Sect. 3, is due to the nature
of the agent’s target. Anti-AHL agents do not prevent production of AHLs, as these
will always be produced at a background level and diffuse throughout the biofilm.
The penetration of the anti-AHL agent, however, is limited by both diffusion and
AHL reaction in the living cell region of the biofilm. Consequently, if insufficient
anti-AHL agents reach the regions deep within the biofilm, the AHLs will accumu-
late there, forming a reservoir that will supply the living cells, eventually reaching
a critical level that will induce mass upregulation of cells. The resulting AHL out-
put will be sufficient to swamp the incoming anti-AHLs so that their effect will
be negligible. We note that the concept of “critical concentration” of AHLs is not
straightforward; the critical level of AHLs in biofilms will also depend on the bacte-
rial growth rate, nutrient diffusion, and consumption rate, i.e., a host of parameters
not directly related to QS dynamics. It is also clear from Fig. 9d that the anti-AHL
agent must be above the threshold to have any effect on the eventual level of upreg-
ulation and, hence, on virulent behavior.

4.2 Growth Response to Delayed Application of QSIs

To investigate whether a more mature biofilm will have greater resistance to anti-
AHLs than a nascent one, the biofilm was simulated to grow untreated for 36 h
before the QSI was applied. Figure 10 illustrates the main results.

As before, for the anti-LasR and anti-LasI agents (Fig. 10a,c), the outcomes are
similar; here, the concentrations used are exactly those that just brought about min-
imal growth in the pretreated media case. Both agents induced a rapid decline in
growth, eventually settling to the minimal growth rate (the fact that the curves ap-
pear identical is coincidental). The sharp jump is due to the assumed fast dynamics
of the biochemical processes. In the anti-LasR case (Fig. 10a), the agent will dif-
fuse in rapidly, resulting in a near immediate shutdown of upregulation throughout,
so the upregulated cells that spontaneously downregulated are not replaced. For the
set of parameters used, the concentration Q1(H,t) = 1.2×10−3 will always reduce
growth to the minimal level. The results for the anti-LasI case (Fig. 10c) are surpris-
ing because it would be expected that when the agent is applied, the LasI present in
the upregulated cells near the surface would, for a period, be sufficient to limit the
agent’s effect deeper into the biofilm. Although this is probably true in many situa-
tions, here the parameters are such that the processes of LasI removal, spontaneous
downregulation of upregulated cells, and downturn in AHL production happen very
rapidly, leading to the dramatic drop in biofilm growth rate. The results suggest that
these drugs can be applied at any time and that the growth rate will be reduced ac-
cordingly. Of course, the biofilm with the delayed treatment has had a head start
and will be thicker than a pretreated biofilm (Fig. 10d). This may be significant with
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Fig. 10 The effects of a delayed application (36 h) of QSIs on the biofilm growth rate (Figs. a–c)
and biofilm depth (Fig. d); the dashed lines are the corresponding curves for untreated wild-type
and QS-ve bacteria (same as those shown in Fig. 7a and b). Figure a shows the effects of the anti-
LasR agent (Q1(H,t) = 1.2 × 10-3µM), b anti-AHL (external concentrations as shown in µM) and
c and d are the results for the anti-LasI agent (Q3(H,t) = 2.2 × 10-5 µM). The dashed curves in d
shows the growth rate of the wild-type (upper) and QS-ve strain (lower) and the treated biofilm is
shown by the solid line. Parameter values are given in Table 1

regard to antibiotic penetration when a combined therapy is used; however, at the
very least, the bacteria should not be virulent.

For the anti-AHL agent, a thicker biofilm has enormous implications (Fig. 10b).
In these simulations, the concentration needed to induce a notable effect on the
growth rate is over 10 times that for the pretreated case. This is to be expected,
as after 36 h the level of upregulation is such that AHL production is at near-full
capacity; consequently, there is ample AHL present to soak up the drug near the
surface before it penetrates deep into the biofilm. Unlike the pretreated case, there is
no longer a threshold concentration, the growth rate declining steadily as the agent
increases.

4.3 Role of QSI Diffusion

One of the key issues in delivering a drug to a site of action involves its diffusive
properties. Broadly speaking, larger molecules diffuse more slowly, so more of the



Mathematical Modeling of Quorum-Sensing Control in Biofilms 103

drug will need to be administered for it to reach the target areas. The effects of the
QSI diffusion coefficient on biofilm growth rate and total upregulated cell fraction
are shown in Fig. 11; only anti-LasR and anti-AHL simulations are shown because
the anti-LasI produced results similar to the former agent. In the simulations up
to now, the diffusion coefficients of AHL and QSIs have been assumed to be the
same, which would be expected if the molecular masses are roughly the same (the
molecular mass of 3-oxo-C12-HSL being 297).

Figure 11a and b shows the results of biofilm development in pretreated me-
dia containing an anti-LasR concentration of 1.7×10−3 µM, well within the range
that would restrict biofilm growth to minimal levels given a drug diffusion of
D1 = 9×10−3 cm2 h−1. As expected, the reduced drug penetration that results from
decreasing the diffusion coefficient enhances biofilm growth and upregulation.

Interestingly, within the physical ranges of the diffusion coefficient D2, the crit-
ical concentrations of anti-AHL agent in pretreated media varied very little (re-
sults not shown); for example, reducing the diffusion coefficient 100 times to

Fig. 11 The effects of the QSI diffusion coefficient (values shown have units cm2 h-1) on the evo-
lution of the biofilm growth rate and upregulated cell fraction. Parts a and b show growth in media
containing a fixed anti-LasR concentration Q1(H,t) = 1.7 × 10-3 µM, and c and d shows the re-
sponse to a 36-h delayed application of anti-AHL agent, at concentration Q2(H,t) = 1.7 µM. The
dashed curves are the results from the untreated wild-type and QS-mutant. Parameter values are
given in Table 1
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D2 = 9×10−5 cm2 h−1 increases the critical concentration by less than 10%. This is
mainly due to the anti-AHLs being present in the biofilm from the start of growth,
so the transport properties of the agent are not crucial in preventing AHL accumu-
lation. However, it is a different story when the agent is administered to a mature
biofilm. Figure 11c and d shows the results of a very high anti-AHL dose (1.7 µM)
administered at 36 h. Here, relatively small changes to the diffusion coefficient can
have a significant effect on the outcome of biofilm development and in particular
the level of upregulation that occurs (Fig. 11d). This again illustrates the underlying
hysteresis in the dynamics of anti-AHL agents.

5 Concluding Remarks and Scope for Further Experimentation

The mathematical modeling described here and by Anguige et al. (2004, 2005,
2006) are the first attempts at modeling the effects of anti-QS therapies on bacteria
growth, biofilm development, and virulence. These models incorporate biologically
and physically relevant mechanisms and, in the absence of data, produce results that
seem reasonable. Despite the current paucity of quantitative data regarding QSIs,
through simulation and mathematical analysis a number of qualitative predictions
and assertions can be made from the modeling:

1. In both batch cultures and biofilms, early application of a sufficient amount of
QSI will delay or prevent the onset of mass upregulation. In a clinical setting,
delaying QS and virulence is perhaps all that is needed for an agent to be useful,
as this could buy sufficient time for the immune system to respond effectively
and for an infected wound to heal normally.

2. During the exponential phases of growth in both batch cultures and biofilms,
the amount of QSI required to suppress QS increases exponentially. This is
illustrated for the anti-AHL and anti-LasR agents in Fig. 6 and has been shown
(mathematically) by Anguige (2005) to be the case for biofilms. If dosing levels
of an anti-AHL drug are an issue, then early application would be essential.

3. The dynamics of anti-AHL and anti-LasI agents have an underlying hysteresis.
It is possible that once a population is upregulated, a considerable amount of
agent will be needed to force downregulation. This again stresses the need for
early application of QSIs, ideally prior to the onset of substantial upregulation.
If hysteresis dynamics are observed experimentally for the anti-LasR agent,
then it is likely that LasR is upregulated by QS (Anguige 2004); the models
will need to be modified accordingly.

4. For biofilms, the range of concentrations of applied QSI that separate minimal
and maximal QS suppression seems to be quite narrow, particularly in the anti-
AHL case. Furthermore,when the growth rate is even slightly above the minimal
level, the fraction of upregulated cells present is many times greater than that
for a fully QS-suppressed colony; virulence expression in the biofilm could well
be significant in such circumstances.
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5. The simulations consistently suggest that the putative anti-LasI treatment seems
to be the most potent one for suppressing QS. Of course, this is very much
dependent on the parameter values, but its effectiveness is due largely to the
fact that when few upregulated cells are present, there is very little LasI present
to soak up the agent.
Given the lack of relevant experimental data regarding anti-AHL and anti-LasR,
it is difficult to make bold conclusions as to their relative merits based on results
from the mathematical models. Typically, there will be considerably less LasR
in the system than AHL, so less anti-LasR would be required. However, the anti-
LasR must be able to get inside the cell, which may be a significant restriction
in a practical setting.

Some of these qualitative predictions should be experimentally verifiable, the re-
sults of which would provide a means of validating the models and continuing the
mathematical modeling cycle referred to in the introduction of this chapter.

To make quantitative, rather than qualitative, predictions and conclusions from
the mathematical models, good quantitative experimental data are needed. Even
with the addition of QSIs in the current model, there are only a handful of parame-
ters to be fitted. Some of these parameters, such as the diffusion and decay rates of
QSI, should be determinable from nonculture experiments. The remaining parame-
ters can be obtained using data from batch cultures grown in media that are treated
and untreated with QSIs; hourly measurements of population density, AHL concen-
tration, and QSI concentration can be fitted to the model in the manner described by
Ward et al. (2001). Such experiments will assist enormously in the development of
the current mathematical model so that they can be more predictive and capable of
offering further insights into the action of anti-QS treatments.
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Animal Models Commonly Used to Study
Quorum-Sensing Inhibitors

Naomi Balaban1, Michael Givskov2, Thomas Bovbjerg Rasmussen3,
Andrea Giacometti4, Oscar Cirioni5

Abstract Multiple animal models exist for the study of biofilm infections and their
inhibitors in vivo. The infection models described in this chapter range from the
simple nematode-killing and amoeba-plate-killing assays, to models with more rel-
evance to human disease like the pulmonary and cellulitis infection models in mice,
the graft prosthesis, and the central venous catheter infection models in rats, and the
endocarditis and osteomyelitis infection models in rabbits.

Multiple animal models exist for the study of biofilm and the effect of quorum sens-
ing inhibitors (QSIs) in vivo. Below are a few.

1 Nematode Caenorhabditis Elegans

One of the simplest infectious models is in the nematode Caenorhabditis elegans.
These 1-mm-long worms feed on bacteria from its surroundings. In a laboratory set-
ting they feed well, for example, on a nonpathogenic E. coli lawn on top of an agar
plate. If the E. coli strain is replaced by a pathogenic bacterium such as P. aerug-
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inosa or S. aureus, the worms are killed by virulence factors regulated by quorum
sensing (QS). P. aeruginosa QS-deficient mutant, for instance, kills only 10% of the
worms as compared to 100% when the worms feed on the wild-type strain. This
indicates that QS is indeed important for the infectious process in C. elegans (Ras-
mussen et al. 2005a; Darby et al. 1999; Mahajan-Miklos et al. 1999; Tan et al. 1999;
Sifri et al. 2003; Bae et al. 2004).

1.1 Nematode Killing Assay

Bacteria are grown overnight at 37 °C in tryptone soya (TS) broth supplemented
with selective antibiotics as needed. A 1:10 dilution of the saturated culture is made
in culture broth, and 10 µl of the diluted culture is spread on 3.5-cm-diameter plates
containing culture broth agar supplemented with 5 µg of nalidixic acid/ml. The
plates are incubated at 37 °C for 4–6 h and are then allowed to equilibrate to room
temperature for 30–60 min before being seeded with worms. Next, 30–40 L4-stage
nematodes are added per plate (in triplicate). The plates are incubated at 25 °C and
scored for live and dead worms at least every 24 h. A worm is considered dead when
it fails to respond to plate tapping or gentle touch with a platinum wire (Sifri et al.
2003).

2 Amoeba Dicyostelium Discoideum

The haploid social soil amoeba Dictyostelium discoideum has been established as
a host model for several pathogens, including P. aeruginosa, Cryptococcus neofor-
mans, Mycobacterium spp., and Legionella pneumophila. A functional RhlIR QS
system has been found to be important for establishing P. aeruginosa infections in
the amoeba, where RhlR controls the production of rhamnolipid, which lyses the
amoeba (Cosson et al. 2002; Pukatzki et al. 2002; Steinert and Heumer 2005).

2.1 Plate Killing Assay

Bacteria are grown in culture broth for 16 h, pelleted by centrifugation, washed once,
and resuspended in SorC (16.7 mM Na2H/KH2PO4/50 µM CaCl2, pH 6.0) at a final
optical density of 5.5 at 600 nm. D. discoideum cells from midlogarithmic cultures
are collected by centrifugation (1000×g; 4 min), washed once with SorC, and added
to the bacterial suspensions at a final concentration of 5×102 cells/ml suspension;
0.2 ml of this mixture is plated out on SM/5 plates and allowed to dry under a sterile
flow of air. Plates are incubated for 3–5 days and examined for plaques formed by
Dictyostelium amoebae (Pukatzki et al. 2002).
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3 Mouse Pulmonary Infection Model2,3

A model with more relevance for humans is the pulmonary infection model in mice.
The initial stages of a chronic lung infection can be mimicked by casting P. aerugi-
nosa into seaweed alginate beads and surgically installing them through the trachea
into the mouse lung. Under normal circumstances, the activity of the mucociliary es-
calator clears the lungs of foreign particulate matter such as dust and bacteria. The
alginate beads partly impair the function of the escalator, and neutrophils are then
recruited to the sites of infection (Pedersen et al. 1990). For a short period of time,
this is reminiscent of the situation in the cystic fibrosis lung. When the mice are in-
fected with a QS mutant, both mortality of the mice as well as horizontal spread and
dissemination are significantly reduced compared to the situation with the wild type
(Rumbaugh et al. 1999; Bjarnsholt et al. 2005a). If rodents are infected with a QS-
deficient mutant, the immune response is faster, the polymorphonuclear leukocytes
(PMNs) respond with a stronger oxidative burst, and antibodies accumulate faster in
the infected lungs (Smith et al. 2002a; Wu et al. 2001). Recent research points to the
fact that the wild type P. aeruginosa contains a QS-controlled defense system that
suppresses the powerful cellular immune response by paralyzing the PMNs (Bjarn-
sholt et al. 2005a). For more details, see section 1 in the chapter In Vivo Studies:
Inhibiting Biofilm-Associated Bacterial Infections Using QSIs

4 Mouse Cellulitis Model

This model is based on the fact that staphylococci have an affinity to dextran
beads with positive-charged DEAE groups throughout matrix (Cytodex microcar-

Fig. 1 Mouse cellulitis/abscess model. Mice (outbred, immunocompetent hairless male mice, strain
Crl : SKH1(hrhr)Br], (n = 10) were injected subcutaneously with S. aureus and Cytodex together
with the quorum-sensing inhibitor RIP (top) or without RIP (bottom). The lesion can be measured
after 2 days
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rier beads, GE Healthcare). When the bacteria are mixed with the beads and injected
subcutaneously, a biofilm is formed, leading to a lesion or abscess that can be mea-
sured (Fig. 1). Such infections are highly dependent on the ability of the bacteria to
produce toxins, and because toxin production is regulated by QS, this model is very
useful in testing QSIs (Balaban et al. 1998, 2000; Gov et al. 2004).

5 Rat Graft Prosthesis Model4,5

The rat graft model allows for the direct quantification of bacteria on the graft itself.
In the case of staphylococci, a biofilm is formed by the second day after bacterial
challenge, and the graft can be removed up to 7 days after that for quantification of
the bacteria on the graft. This model allows testing of compounds aimed at prevent-
ing an infection in addition to testing compounds aimed at treating an infection once
a biofilm is formed.

In this model (Fig. 2), sterile collagen-sealed double velour knitted polyethylene
terephthalate (Dacron) grafts are utilized as medical devices. Adult male Wistar
rats (n = 5–15) are used, and experimental groups include control groups (no graft
contamination), contaminated groups that do not receive any antibiotic or QSI pro-
phylaxis, and treated groups that receive QSI alone or combined with other antimi-
crobial agents. Rats are anesthetized, the hair on the back is shaved, and the skin

Fig. 2 Diagram of the rat graft model



Animal Models Commonly Used to Study Quorum-Sensing Inhibitors 113

is cleansed with 10% povidone-iodine solution. Subcutaneous pockets are made on
each side of the median line by a 1.5-cm incision. Aseptically, 1-cm2 sterile Dacron
grafts are implanted into the pockets. Before implantation, the Dacron graft seg-
ments are impregnated (or soaked) with different concentrations of each compound.
The pockets are closed by skin clips, and a physiological solution (1 ml) containing
the bacteria (e. g., staphylococcal strains at a concentration of 2×107 CFU/ml; Bala-
ban et al. 2005) is inoculated onto the graft surface using a tuberculin syringe to cre-
ate a subcutaneous fluid-filled pocket. The animals are returned to individual cages
and thoroughly examined daily. All grafts are explanted at 7–10 days following im-
plantation. The explanted grafts are placed in sterile tubes, washed in sterile saline
solution, and placed in tubes containing 10 ml of phosphate-buffered saline and son-
icated (Fisher Scientific 300) at 20 000 Hz for 5 min to remove adherent bacteria.
Quantitation of viable bacteria is obtained by performing serial dilutions and cultur-
ing each dilution on blood agar plates. The organisms are quantitated by counting
the number of colony-forming units (CFUs) per plate. In the case of staphylococci,
a biofilm will have already formed by the second day. Therefore, soaking the graft
in QSI before bacterial challenge allows for testing QSIs for prevention of infec-
tion, while injecting QSI intraperitoneally for 2 days postimplantation, for example,
allows for testing the reagent as a therapeutic (Balaban et al. 2007).

6 Central Venous Catheter-associated Infection Rat Model1,4,5

This model is very relevant clinically because more than 2 500 000 central venous
catheters (CVCs) are annually implanted in the United States alone (statistics ob-
tained from the U.S. National Center for Health Statistics, 2004), and 5% of them
are associated with infectious complications leading to morbidity and mortality. The
CVC may become colonized by two main routes: from the skin along the outside of
the catheter or via the catheter lumen (Raad 1998; Donlan et al. 2002; Atela et al.
1997). Initial colonization is followed by development of a biofilm structure, usually
developing within 3 days of catheterization (Raad 1998; Hall-Stoodly et al. 2004;
Costerton et al. 1999). This model was used to evaluate the efficacy of the staphy-
lococcal QSI RIP in preventing bacterial contamination of the CVC (Cirioni et al.
2006).

As in the graft model, these studies include control groups (no CVC infection),
contaminated groups that do not receive any antibiotic or QSI prophylaxis, and
contaminated groups that receive QSI-treated CVC and several schemes of antibi-
otic lock technique therapy (n = 12). Animals are anesthetized. Silastic catheters
are inserted into the jugular vein and advanced into the superior vena cava. The
proximal portions of the catheters are tunnelled subcutaneously to exit in the
midscapular space. The catheters are then flushed with a heparin solution. A ro-
dent restraint jacket is used to protect the catheters and to allow access to them.
Twenty-four hours after CVC placement, blood cultures are obtained from the
catheters to verify sterility. When established (24 h after implantation), the catheters
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are filled with QSI. After 30 min the rats are challenged via the CVC, such
as with 1.0× 106 CFU staphylococci in a volume of 0.1 ml sterile saline. Sev-
eral animals are sacrificed 24 h after bacterial challenge to verify, by quantita-
tive cultures, the presence of infection. At the same time, the antibiotic lock tech-
nique can be initiated for additional delivery of QSIs or antibiotics. The drugs
are allowed to dwell for 1 h, and the catheters are then flushed with a heparin
solution.

Quantitative peripheral blood cultures and quantitative cultures of the catheters
and surrounding venous tissues can be performed as follows: On day 9 the ani-
mals are sacrificed. For quantitative peripheral blood cultures, peripheral blood is
obtained by aseptic percutaneous transthoracic cardiac puncture and cultured on
sheep-blood agar plates. Plates are incubated at 37 °C for 24–48 h, and the number
of CFUs per plate is determined. The isolates are identified by morphological and
cultural characteristics, gram stain, etc. For quantitative cultures of the catheters and
surrounding venous tissues, the location of the distal tip of the CVC in the superior
vena cava is confirmed visually, and the catheters and surrounding venous tissue are
removed aseptically. The explanted catheters/venous tissues are placed in tubes con-
taining 50 ml of saline solution and are sonicated (Fisher Scientific 300 at 20000 Hz
for 5 min) to remove adherent bacteria. The solution is then cultured by performing
serial dilutions (0.1 ml) of the bacterial suspension and by culturing each dilution
and determining CFU.

7 Rabbit Endocarditis Model

Another clinically relevant model is the rabbit endocarditis model (Garrison and
Friedman 1970). Bacterial endocarditis is a lethal infection that requires the ad-
ministration of high levels of bactericidal antibiotics for prolonged periods of time
for cure. A significant percentage of patients with endocarditis fail therapy or suf-
fer relapse, either because resistance develops or because not all of the infection
was cleared (Oramas-Shirey et al. 2001). Native valve acute endocarditis usually
has an aggressive course and is often caused by S. aureus or group B streptococci.
Alpha-hemolytic streptococci or enterococci often cause subacute endocarditis that
usually has a more indolent course. Staphylococci, gram-negative bacilli, and Can-
dida species often cause early prosthetic valve endocarditis, which occurs within
60 days of valve implantation. Late prosthetic valve endocarditis occurs 60 days or
more after valve implantation and is often caused by alpha-hemolytic streptococci,
enterococci, or staphylococci. S. aureus is the most common cause of endocardi-
tis related to intravenous drug use, which commonly involves the tricuspid valve
(Baddour et al. 2005).

As reported by Oramas-Shirey et al. (2001), experiments are performed on male,
specific pathogen-free (SPF) New Zealand White rabbits weighing-
2.0–2.5 kg (n = 5–15). With the use of sterile surgical technique under anesthesia,
a polyethylene catheter (PE-50) is inserted into the right carotid artery and advanced
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across the aortic valve into the left ventricle. The catheter is sutured in place for the
duration of the study. Of note is that only data from animals with correct catheter
placement upon autopsy are included. Rabbits are infected 24 h after surgery, such as
with 3.5×106 CFU of S. aureus with or without QSI and/or antibiotics. Forty-eight
hours after infection, control rabbits are sacrificed, and treatment with QSIs and/or
antibiotics is given. Rabbits are sacrificed 8–12 h after the final dose of material in
question. Aortic valve vegetations, blood, and ventricular myocardium are removed
and homogenized, and quantitative bacterial counts are determined by serial dilution
and expressed as CFU/g of tissue (Oramas-Shirey et al. 2001).

8 Rabbit Osteomyelitis Model

Direct observations of the surfaces of orthopedic prostheses that have failed and
of bone affected by osteomyelitis with and without the presence of prosthesis have
shown that the bacteria that cause these infections live in well-developed biofilms
(Costerton 2005). While the following model of osteomyelitis (Brady et al. 2006;
Mader 1985) requires a large organism inoculation, it produces clinical manifesta-
tions like those seen in cases of human chronic osteomyelitis, including disruption
of the normal bone architecture and periosteal elevation. Also produced is the hall-
mark of chronic osteomyelitis, the involucrum, which is live, encasing bone that
surrounds infected dead bone within a compromised soft tissue envelope (Pesanti
and Lorenzo 1998; Ehrlich et al. 2004). In addition, the recalcitrance to clearance
by antimicrobial agents and the host immune system that is mediated by a biofilm
mode of growth is evident after 28 days of infection (Brady et al. 2006).

In this model, 8-week-old New Zealand White female rabbits (n = 3) are used.
Rabbits are anesthetized, and an 18-gauge needle is inserted percutaneously through
the lateral aspect of the left tibial metaphysis into the intramedullary cavity. Sodium

Fig. 3 Rabbit osteomyelitis model. A localized S. aureus osteomyelitis was surgically induced
in the rabbit left lateral tibial metaphysis into the intramedullary cavity (arrow). Infection was
allowed to progress, and the severity of osteomyelitis was determined radiographically. (Image
kindly provided by Dr. Mark Shirtliff.)
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morrhuate solution; 0.1 ml of S. aureus (106 CFU), for example; and sterile saline
are injected sequentially. The needle is removed and the rabbits returned to their
cages. The infection is allowed to progress for 42 days, with sera being drawn at
days 0, 14, 28, and 42. QSI inhibitors and/or antibiotics can be administered together
with the bacteria or by systemic administration at that time or after challenge. The
severity of osteomyelitis can be determined radiographically at 10, 20, and 30 days
following infection (Balaban et al. 2000; Fig. 3). At the conclusion of the study,
rabbits are sacrificed, and both tibias are removed (one to be used as a pathogen-
free control), dissected free of all soft tissue, and processed for bacterial cultures
(Brady et al. 2006).
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In Vivo Studies: Inhibiting Biofilm-Associated
Bacterial Infections Using QSIs

Naomi Balaban1, Michael Givskov2, Thomas Bovbjerg Rasmussen3

Abstract This chapter reviews animal studies carried out using quorum-sensing in-
hibitors of Gram-negative and Gram-positive bacterial biofilm infections. Animal
studies include the use of biofilm inhibitors to suppress Pseudomonas aeruginosa
lung infections in mice, and the use of biofilm inhibitors to suppress antibiotic-
resistant staphylococcal infections like methicillin-resistant Staphylococcus aureus
in rat graft and central venous catheter models and mouse cellulitis models. The ad-
vantages of using biofilm inhibitors over those of conventional antibiotics, and the
choice of inhibitor to be used are discussed.

The use of quorum-sensing inhibitors (QSIs) to treat bacterial biofilm infections as
opposed to conventional therapies such as antibiotics offers many advantages. Be-
cause QS blockers usually act as suppressors of virulence without directly killing
bacterial cells, the development of resistant strains by natural selection is likely
minimized. However, in bacteria that harbor more than one autoinducer or QS sys-
tem, it may be necessary to disarm each system in order to attenuate virulence. If
bacteria contain multiple QS systems that act in a hierarchical manner, it would be
necessary to inhibit the one that is most upstream. Also, inhibitors that prevent QS
in planktonic cells might not necessarily have optimal efficiency in biofilms. There-
fore, it is important to test the effectiveness of a QS inhibitor in biofilms grown in
vivo. Because attenuating QS in a specific bacterial species may have unpredictable
synergistic effects that could lead to an unfavorable ecological imbalance, testing
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these cell-signaling blockers in vivo is a critical step in such studies. The following
is a description of studies carried out using QSIs in animal models.

1 Inhibition of Gram-Negative Bacterial Infections Using QSIs2,3

Only a few of many QSI compounds have been reported to have been tested in vari-
ous infectious in vivo models. The halogenated furanone #1 (see Table 2 in the chap-
ter Quorum-Sensing Inhibitory Compounds) is able to interfere with QS-dependent
virulence of the marine bioluminescent bacterium V. harveyi. The bacterium is
a primary pathogen in many aquaculture systems in which invertebrates are raised.
V. harveyi uses QS to control both bioluminescence and production of a 100 kDa
toxin termed T1. With V. harveyi grown in the presence of furanone #1, both biolu-
minescence and T1 production were reduced in a concentration-dependent manner.
If specimens of Panaeus monodon (black tiger prawn) were injected with cell-free
supernatant of cultures grown with and without the furanone compound, a signif-
icant reduction in morality was recorded in the group of prawns injected with the
treated culture compared with the untreated group. Likewise, if supernatant from
the untreated culture was injected into mice, the survival rate was 20%, whereas it
was 90% in the case of supernatant from the furanone-treated culture. This indi-
cates that the furanone compound indeed interferes with the virulence of V. harveyi
(Manefield et al. 2000).

Furanone compounds are able to attenuate P. aeruginosa in a mouse model.
Encapsulating P. aeruginosa harboring a lasB-gfp fusion into alginate beads and
installing these beads in the lungs of mice (see the chapter Animal Models Com-
monly Used To Study Quorum-Sensing Inhibitors) allows for the study of QSI ef-
ficacy in vivo. When the QS systems are activated, the infecting bacteria express
green fluorescence. About 5 h after injection of furanone compounds #3 and #4
(see Table 2 in the chapter Quorum-Sensing Inhibitory Compounds) into the tail
veins of the mice, the Gfp signal was reduced to the level of the noninduced
state, indicating that the QS compounds had traveled through the blood stream,
entered the lungs, and blocked QS in the infecting bacteria (Hentzer et al. 2003;
Hentzer and Givskov 2003). Five hours is the approximate turnover time of the
unstable Gfp reporter used. Because the bacteria were also equipped with con-
stitutive red fluorescent tags, it was possible to determine that the bacteria were
not killed or cleared. At 8–10 h after the injection, de novo Gfp expression com-
menced, indicating that the furanone compounds had been turned over by the host
organism. This system therefore offers a rough pharmacokinetic estimate of the
test compound. The model also offers an estimate of the effect on bacterial at-
tenuation (Fig. 1). If the bacterial load of the infected lungs was followed over
a period of time, mice treated with 0.7 µg/g body weight (BW) of furanone #4
(C-30) (three injections a day at 8-h intervals) had a bacterial content 1000-fold
lower than an untreated group on day 5 postinfection. Also, the mortality of infected
mice could be reduced by treatment with the furanone compounds. In the untreated
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Fig. 1 The pulmonary dose-response model. A Mice were challenged intratracheally with alginate
beads containing P. aeruginosa. B Photomicrographs of mouse lung tissue infected with P. aer-
uginosa. The arrow points at an alginate bead surrounded by numerous polymorphonuclear leuko-
cytes. C Quorum-sensing drugs (quorum-sensing inhibitors) can be injected intravenously in the
tail vein. D, E Mouse lung tissue infected with P. aeruginosa carrying the LasR-based monitor
PlasB-gfp for detection of cell–cell signaling (green fluorescence) and a tag for simple identifica-
tion in tissue samples (red fluorescence) examined by scanning confocal laser microscopy (SCLM).
D Mice were administered furanone #4 (C-30) via intravenous injection at time zero. E Infected
animals were sacrificed in groups of three at the time point indicated, and the lung tissue samples
were examined by SCLM according to Hentzer et al. (2003)

half, 88% of the mice died, whereas only 55% in the treated group died (Hentzer
et al. 2002, 2003). Taken together, these results indicate that the halogenated fura-
none compounds are able to attenuate P. aeruginosa in vivo.

In the nematode worm C. elegans model, 100% of the worms are killed when
feeding on wild-type P. aeruginosa. If the growth medium is supplemented with
100 µM 4-nitro-pyridine-N-oxide (4-NPO) or 2% garlic extract, the mortality of the
worms is reduced to 5% and 40%, respectively (Rasmussen et al. 2005a). In a similar
fashion in the chronic lung infection model in mice, garlic extract reduces mortality
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Fig. 2 Two different groups of BalB/c mice were treated either with quorum-sensing inhibitory
garlic extract or placebo (saline). The treatment and placebo were given as subcutaneous injec-
tions every 24 h and continued for 8 days. The treatment concentration given was calculated to
be 2% of the total mouse volume, which was estimated to be approximately 20 ml. After 3 days
of prophylactic treatment, the mice were intratracheally challenged (at day 0) with alginate beads
containing approximately 107 CFU/lung P. aeruginosa. In the placebo group, the bacteria grew to
an average of 57 CFU/lung (day 1). Mice were sacrificed on days 1, 3, and 5 postinfection, and
the bacterial content in the lungs was determined. At the time of sacrifice, each group contained
a minimum of seven mice. The statistical significance of difference in clearance was tested by
a Kruskal–Wallis test (analysis of nonparametric data), and P-values for the difference at days
1, 3, and 5 were 0.0636, 0.0087, and 0.0015, respectively. Data obtained from Bjarnsholt et al.
2005b

from 72% when untreated to 32% when treated with 1.5% of the extract. The clear-
ance of bacteria is also enhanced when the mice are treated with garlic. With sub-
cutaneous treatment of 2% garlic extract (v/w) the mice had a bacterial load in the
lungs of three orders of magnitude lower than their untreated counterparts already
at the second day after start of the infection and treatment. On day 5 postinfection,
the treated mice had cleared their lungs whereas the mice in the untreated group
harbored 105 colony-forming units (CFUs)/lung (Fig. 2) (Bjarnsholt et al. 2005b).

The QSI compound patulin isolated from fungi was also able to affect viru-
lence of P. aeruginosa in the described infection mouse model. When treated with
2.5 µg/g BW once a day, the mice in the treated group showed a 20-fold lower bac-
terial load in the lungs on day 3 postinfection. Also, mortality was less than half
in the patulin-treated group compared with the untreated group (Rasmussen et al.
2005b).

2 Inhibition of Gram-Positive (Staphylococcal) Bacterial
Infections Using QSIs1

As reviewed in section 2 of the chapter Bacterial Cell-to-Cell Communication,
S. aureus pathogenesis is regulated by two QS systems, termed SQS 1 and SQS 2.
SQS 1 consists of the autoinducer RNAIII-activating protein (RAP) and its target
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molecule TRAP (Balaban et al. 1998, 2001; Gov et al. 2004; Korem et al. 2003,
2005). SQS 1 induces the synthesis of SQS 2, which consists of the components
of the agr system, including autoinducing peptide (AIP), its sensor AgrC, and the
effector molecule RNAIII (Lyon et al. 2000). Extensive data exists on the success-
ful use of inhibitors to SQS 1 in vivo, whereas very little data are available on the
use of inhibitors to SQS 2, and those studies that are published included very few
mice (n = 3; Mayville et al. 1999; Wright et al. 2005). The reason for that may
be due to the fact that SQS 1 is highly conserved among staphylococci whereas
SQS 2 is highly divergent (Ji et al. 1997; Qiu et al. 2005). In addition, inhibition
of SQS 1 may be more successful in terms of treatment because SQS 1 regulates
not only SQS 2-regulated virulence factors but also additional factors important for
virulence and biofilm formation (see section 2 of the chapter Bacterial Cell-to-Cell
Communication as well as Korem et al. 2005). Below is a summary of some of the
animal studies using inhibitors to SQS 1.

2.1 RNAIII-Inhibiting Peptide

Staphylococcal pathogenesis can be inhibited by the linear heptapeptide RNAIII-
inhibiting peptide (RIP; Gov et al. 2001). RIP interferes with SQS 1 by competing
with RAP, thus inhibiting TRAP phosphorylation and agr expression (Balaban et al.
2001). RIP was originally discovered in the supernatants of a coagulase-negative
staphylococci assumed to be S. xylosus or S. warnerii (Balaban and Novick 1995b;
Balaban et al. 1998), but it is now synthesized commercially. The sequence of RIP
(YSPWTNF-NH2) is similar to the sequence of residues 4–9 of RAP (YKPITN),
and several RIP derivatives designed according to the 4–9 AA sequence of RAP

Fig. 3 RIP/RIP combination therapy (local/systemic) in the rat graft model. Grafts were soaked in
RIP (20 min, 20 mg/l) combined with parenteral administration of RIP (intraperitoneal injection of
10 mg/kg). Strains tested: MSSA, MRSA, GISA MSSE, MRSE, GISE. Asterisk (*) indicates that
no bacteria were detected (Dell’Acqua et al. 2004)
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Fig. 4 RIP is synergistic to antibiotics as tested in the rat graft model. Asterisk (*) indicates that no
bacteria were detected. A Local treatment: Grafts were soaked with RIP (20 min, 10 mg/l) and/or
mupirocin (100 mg/l) and tested on MSSA, MRSA, MSSE, MRSE, and GISE. B Local/parenteral
treatment: Grafts were soaked in RIP (20 min, 10 mg/l), and animals were injected with teicoplanin
(intraperitoneal injection of 10 mg/kg). Strains tested: MSSA, MRSA, MSSE, MRSE, GISE (Bal-
aban et al. 2003a; Giacometti et al. 2003). C Local treatment: Grafts were soaked with RIP and/or
temporin (20 min, 10 mg/l) and tested on VISA and VISE (Cirioni et al. 2003). D Local treatment:
Grafts were soaked for 20 min with RIP (10 mg/l) and/or bismuth thiol (0.1 mg/l) and tested on
MSSA, MRSA, MSSE, and MRSE (Domenico et al. 2004)

compete with RAP and repress toxin production (Abraham 2006; Vieira-da-Motta
2001; Gov et al. 2001). This suggests that RIP is structurally similar to a segment
of RAP and that RAP probably acts as an agonist and RIP as an antagonist to
the same target protein (TRAP). Synthetic linear RIP has already been shown to
prevent numerous types of S. aureus and S. epidermidis infections in vivo, includ-
ing medical-device-associated infections (tested against methicillin-resistant S. au-
reus, methicillin-resistant S. epidermidis, vancomycin-intermediate S. aureus, and
vancomycin-intermediate S. epidermidis; Dell’Acqua et al. 2004; Balaban et al.
2000, 2003a, 2004, 2005, 2007; Cirioni et al. 2003, 2006; Domenico et al. 2004;
Giacometti et al. 2003, 2005; Anguita-Alonso et al. 2006) (see Figs. 3–6). These
findings indicate that RIP can suppress virulence of any staphylococcal strain, which
is not surprising considering that the signaling molecule it targets (TRAP) is highly
conserved across strains and staphylococcal species (Gov et al. 2004).
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Fig. 5 Suppression of central venous catheter S. aureus biofilm infection (a) and bacteremia (b) by
RIP and/or antibiotics. Asterisk (*) indicates that no bacteria were detected (Cirioni et al. 2006)

Fig. 6 Treatment of S. aureus biofilm infection with RIP: Using the rat graft model, rats were
challenged with S. aureus strain Smith diffuse and injected parenterally 2 days later with multiple
doses of RIP. Grafts were removed on day 10, and the bacterial load on grafts was determined and
expressed as CFU/ml (Balaban et al. 2007)

2.2 Anti-TRAP Approach

A peptide TA21 (SWFDNFLYPTHD) was identified by screening a 12-mer phage-
displayed peptide library using anti-TRAP antibodies. Mice vaccinated with
Escherichia coli engineered to express TA21 on their surface (FTA21) were pro-
tected from S. aureus infections using sepsis and cellulitis mice models (Table 1,
Fig. 7). By sequence analysis, it was found that the TA21 is highly homologous
to the C-terminal sequence of TRAP (AA 156–167), which is conserved among
staphylococci, suggesting that peptide TA21 may be a useful broad vaccine to pro-
tect from infection caused by various staphylococcal strains (Yang et al. 2005).
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Table 1 Mice immunized with FTA21 are protected from S. aureus sepsis

Number of mice that died on days
Mice immunized
with

1–3 days 3–5 days 5–7 days Mice survival

FTA6 5 2 1 0
FTA21 0 0 0 8
Control 3 5 0 0

Fig. 7 Anti-TRAP approach, mouse cellulitis model. Mice were preimmunized with E. coli without
fusion peptide or with E. coli expressing the TRAP-like epitope (FTA21). Mice were challenged
with S. aureus mixed with Cytodex. The lesions were measured 72 h after injection (Yang et al.
2005)

2.3 RAP-Binding Peptides

RAP (native and recombinant) was used to select RAP-binding peptides (RBPs)
from a random 12-mer phage-displayed peptide library. Two RBPs were shown to

Fig. 8 Anti-RAP approach, mouse cellulitis model. S. aureus was preincubated with RAP-binding
peptide (RBP) or controls for 90 min, mixed with Cytodex, and injected subcutaneously into im-
munocompetent hairless mice (n = 8). The lesions were measured 72 h later. Bacteria were treated
with PBS control, nonrelated GST-fusion peptide, and GST fusion of RBP15 (RAP-binding pep-
tide)



In Vivo Studies: Inhibiting Biofilm-Associated Bacterial Infections Using QSIs 127

inhibit RNAIII production in vitro (RNAIII was used as a marker for pathogenesis).
The peptide WPFAHWPWQYPR, which had the strongest inhibitory activity, was
chemically synthesized and also expressed in E. coli as a GST fusion. Both syn-
thetic peptide and GST-fusion peptide decreased RNAIII levels in a dose-dependent
manner. The GST-fusion peptide was also shown to protect mice from S. aureus
infection in vivo (tested in a murine cutaneous S. aureus infection model; Fig. 8).
These results suggest the potential use of RAP-binding proteins in treating clinical
S. aureus infections (Yang et al. 2003, 2006).

In summary, the RAP/TRAP QS system in staphylococci (SQS 1) is a very at-
tractive target site for therapy due to its essential role in pathogenesis and its con-
servation among staphylococcal strains. RIP is now under clinical development to
be used both systemically and for coating medical devices (Centegen).
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Quorum Sensing in Streptococci

M. Dilani Senadheera, Fengxia Qi, Dennis Cvitkovitch

Abstract Emerging studies aimed at understanding the molecular underpinnings
of streptococcal infections highlight the importance of quorum sensing (QS) for
biofilm formation and virulence in many streptococcal species. Among streptococci,
the best characterized quorum sensing system belongs to Streptococcus pneumo-
niae. Although initially QS was believed to act mainly to acquire and incorpo-
rate foreign DNA into the host chromosome, studies implicating its involvement
in biofilm formation, fratricide as well as virulence suggested a broader and more
varied role for this system in S. pneumoniae. In this chapter, we will discuss the
QS system of pneumococci, as well as other streptococci including Streptococcus
mutans and Streptococcus pyogenes. Furthermore, we will also discuss some inter-
esting studies that have been conducted recently to target QS as a tool to combat or
modulate infections associated with streptococcal biofilms.

1 Streptococcal Biofilms

In humans, most members of the genus Streptococcus belong to the normal com-
mensal flora that inhabit the mouth, skin, intestine, and upper respiratory tract. In-
fections such as strep throat, dental caries, meningitis, bacterial pneumonia, endo-
carditis, and necrotizing fasciitis (infamously known as the “flesh-eating” disease)
are caused by pathogenic streptococcal strains whose disease etiology has been stud-
ied extensively. In contrast to the original view that most of these bacteria act as in-
dividual unicellular organisms, the discovery of quorum sensing (QS) and how this
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elegant mechanism can synchronize the production of virulence actors concomi-
tant to cell population density has shed new light on understanding and conquering
infectious diseases caused by these bacteria. Moreover, the finding that streptococ-
cal QS plays a major role in maintaining the structural and functional integrity of
the biofilm phenotype makes QS an attractive and rather promising target to at-
tenuate virulence caused by these strains. In this chapter we will discuss some of
the recent findings pertaining to QS-based virulence modulation strategies that are
being developed for use in Streptococcus pneumoniae, Streptococcus mutans, and
Streptococcus pyogenes infections as potential chemotherapeutic agents to control
or prevent streptococcal biofilm-mediated infections.

2 Peptide-Based Quorum Sensing in Streptococci

There is a growing body of literature strongly implicating the switch from plank-
tonic to sessile growth as a major phenotypic shift required for streptococcal vir-
ulence (Cvitkovitch et al. 2003). One of the most well-known and best-studied
pathogenic biofilms predominated by streptococci is human dental plaque, which
harbors hundreds of species of bacteria (Kroes et al. 1999). This chapter will fo-
cus on the QS systems of streptococci that reside permanently or transiently in the
human oral cavity and the ways that biofilms are linked to infection and signal-
ing processes. The primary components and mechanisms utilized for QS by S. mu-
tans, Streptococcus gordonii, and other streptococci are essentially the same as for
S. pneumoniae. The phenotype originally associated with density-dependent signal-
ing was the induction of genetic competence, the transient physiological state that
bacteria enter to facilitate uptake and incorporation of exogenous DNA (Morrison
and Lee 2000).

The signal molecule associated with the QS phenomenon is called competence-
stimulating peptide, or CSP (Håvarstein et al. 1995a). CSP in S. pneumoniae and
S. mutans and competence factor in S. gordonii are derived from their precursor
propeptide molecules that contain a typical Gly–Gly cleavage site and an N-terminal
leader sequence that is removed via proteolysis by the ComAB transporter dur-
ing export to produce the biologically active autoinducer peptide (Håvarstein et al.
1995b). The S. pneumoniae CSP is a 17-amino-acid (aa) peptide processed from
a 41-aa precursor (Håvarstein et al. 1995a), whereas the S. gordonii competence fac-
tor comprises 19 aa obtained from a 50-aa precursor (Lunsford and London 1996).
The leader sequence of the S. pneumoniae CSP was found to belong to a family of
double-glycine-type leader peptides that contained the consensus LSX2ELX2IXGG
with hydrophobic residues at positions −4, −7, −12, and −15 relative to the Gly–
Gly cleavage site (Håvarstein et al. 1994, 1995b). Sequence analysis of the S. mu-
tans genome database allowed deduction of its CSP to consist of a 21-aa CSP de-
rived from a 46-aa precursor, and the addition of synthetic CSP to growing cultures
confirmed its identity (Li et al. 2001b).
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In pneumococci, the QS system is encoded by two distinct genetic loci, comCDE
and comAB (Håvarstein et al. 1995a). The comC, comD, and comE genes encode
the CSP peptide-precursor, the histidine kinase (HK), and response regulator (RR),
respectively (Cheng et al. 1997; Håvarstein et al. 1995a, 1996; Pestova et al. 1996).
The secretion apparatus necessary for CSP maturation and export is encoded by
the comA and comB genes. Based on the model proposed in Streptococcus pneu-
moniae, when the mature CSP peptide reaches a threshold concentration, it binds
to the membrane-bound HK sensor ComD, causing its autophosphorylation. Phos-
phorylated ComD then transfers the phosphate group to its cognate intracellular RR
ComE, which then activates the transcription of comX encoding an alternative sigma
factor. ComX (Luo et al. 2003) together with the ComW protein (Luo et al. 2004;
Sung and Morrison 2005) enable transcription of several late competence-related
genes involved in DNA uptake and integration.

The first evidence that QS was involved in streptococcal biofilm formation came
from a study of S. gordonii, a commensal bacterium in human dental plaque (Loo
et al. 2000). These investigators recovered a biofilm-defective mutant following
transposon mutagenesis that had an inactivated comD gene encoding the HK re-
ceptor that detects the QS autoinducer peptide. More recently, Gilmore et al. used
real-time polymerase chain reaction to study the expression of S. gordonii genes
known or assumed to be involved in biofilm formation. They demonstrated that
both comD and comE – which comprise the two-component signal transduction
system in its QS – were both upregulated in the biofilm phase (Gilmore et al.
2003).

Following the pioneering work in S. gordonii, a link between biofilm formation
and QS was solidly established in Streptococcus mutans (Li et al. 2001b, 2002).
This bacterium, which resides in the oral cavity, is strongly regarded as a principal
etiologic agent of dental caries, which is one of the most prevalent chronic childhood
ailments (more common than asthma). In the mouth, S. mutans relies on a biofilm
mode of growth for its survival by anchoring itself to hard surfaces and evading the
hostility of the salivary flow.

The linkage between QS and biofilm formation in S. mutans was established by
demonstrating that mutants defective in any of the comC, comD, comE, or comX
genes formed abnormal biofilms (Li et al. 2001b, 2002), and the addition of exoge-
nous CSP to a comC mutant restored the normal biofilm architecture (Li et al. 2002).
Other phenotypes activated by CSP were an increased resistance to acid (Li et al.
2001a) and modulation of bacteriocin production (Kreth et al. 2006).

In a recent study, Oggionni et al. (2004, 2006) established a link between the CSP
QS system and biofilm formation in S. pneumoniae. CSP was able to induce biofilm
formation in vitro, and a mutant defective in the ComD receptor, which did not form
biofilms, also showed reduced virulence. These results were in contrast to those
found in a bacteremic sepsis model of infection, in which the competence system
was downregulated. These researchers also found that when the infective bacteria
from different physiological states were used to infect mice, biofilm-grown cells
were more effective in inducing meningitis and pneumonia whereas liquid-grown
planktonic cells were more effective at inducing sepsis.
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One can now argue that the simple transient phase of competence was merely
the first discovery of the multiple roles of CSP-mediated QS in most streptococci,
which we propose is the “master switch” between planktonic and biofilm lifestyles.

3 Population-Density-Dependent Cell Death

Although natural genetic transformation of pneumococci was extensively investi-
gated for over eight decades following its initial discovery by Frederick Griffith in
the 1920s, the source of donor DNA for transformation was traditionally regarded as
DNA that originated from dead cells that fell apart from natural causes. Despite this
belief, accumulating evidence from recent experiments shows that in S. pneumo-
niae, recipient or competent cells are capable of ensuring the availability of donor
DNA by coordinating competence with the lysis of noncompetent cells of the same
strain in the population (Steinmoen et al. 2002, 2003). Moreover, in S. mutans it was
observed that the addition of exogenous CSP in excess of the amount necessary for
competence inhibited cell growth and that a further increase of CSP led to cell death
(Qi et al. 2005). Clearly, during a time in which there is a great need to develop novel
strategies to combat virulence, these studies come as positive news in getting us one
step closer to developing successful drugs against biofilm-mediated infections. In
the following sections we will discuss competence-induced cell death in S. pneumo-
niae and S. mutans, as well as how we can possibly exploit QS mechanisms of these
bacteria to design novel therapies against bacterial infections.

3.1 QS-Induced Allolysis in S. Pneumoniae

Steinmoen et al. (2002) recently demonstrated that during cocultivation, competent
streptococci grown in liquid culture were able to actively acquire transforming DNA
by killing 5–20% of their noncompetent siblings when exposed to CSP. These re-
searchers showed that lysis and DNA release were initiated with the induction of
the competence state and that the efficiency of this process was influenced by cell
density (Steinmoen et al. 2003). The discovery of this fratricide phenomenon has
enormous significance from an evolutionary perspective in enhancing the genetic
plasticity of S. pneumoniae. Although identification of the molecular underpinnings
of this cell-lysis mechanism is still in the early stages, a two-peptide bacteriocin
called CibAB is believed to be required for the allolysis. Moreover, competence-
induced allolysis also requires the production of the major autolysin LytA and the
lysozyme LytC, which can be supplied by the competent cells or the targeted cells
(Guiral et al. 2005; Knutsen et al. 2004; Moscoso and Claverys 2004; Steinmoen
et al. 2002, 2003). In addition, it was also observed that a QS-mutant deficient in the
comE gene was incapable of cell lysis, thereby linking the ComDE signal transduc-
tion system with DNA release and uptake (Steinmoen et al. 2002).
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In their reports, Steinmoen et al. (2002, 2003) claimed that the fratricide phe-
nomenon was present in S. pneumoniae to ensure the presence of sufficient homol-
ogous DNA during genetic transformation. However, a more recent investigation
by Moscoso and Claverys (2004) showed that although competence decreased after
20 min following the addition of CSP, the amount of liberated DNA continued to
increase and reached a maximum in the stationary phase, when cells were no longer
capable of DNA uptake (Moscoso and Claverys 2004). Hence, they argued against
the role of fratricide as a means to acquire DNA for maximized genetic exchange
and suggested a different role for this observation, including a possible role in nu-
trient acquisition, biofilm formation, or the release of toxins (such as pneumolysin,
teichoic, and lipoteichoic acids).

3.2 CSP-Induced Cell Death in S. Mutans

In S. mutans, the ComCDE QS system regulates several physiological properties,
including competence development, biofilm formation, acid tolerance, and bacte-
riocin production. The induction of the latter three phenotypes especially suggests
that the CSP-induced QS system likely responds to environmental stress; therefore,
it is also likely that an overreaction to stress may cause a detrimental effect on
the cells. Recently this idea was tested by Qi et al. by overdosing S. mutans with
CSP at a concentration higher than that normally used to induce competence (Qi
et al. 2005). It was demonstrated that at a slightly higher than normal (0.65 versus
0.5 µM) concentration of CSP, growth of S. mutans was inhibited in planktonic and
biofilm cells. Further analyses revealed that CSP exerted this effect by inhibiting cell
division, ultimately leading to cell death, while mutational analyses suggested that
the ComDE QS pathway mediated CSP-induced cell death in a ComX-independent
manner. A preliminary examination of the inhibitory effect of CSP on other S. mu-
tans strains suggested that the effect was highly variable among strains. Even within
the sensitive strain, only about 20% of the cell population progressed to cell death
after CSP treatment. Whether this partial inhibition in a cell population would give
commensal streptococci a head start to become dominant awaits further experimen-
tation. It remains to be determined whether the higher-than-normal doses of CSP
used in the various studies have relevance in the context of a biofilm in which the
local concentration of peptide is likely to be high.

3.3 Competence-Induced Bacteriocin Production by S. Mutans

The involvement of CSP in multiple cellular functions has prompted scientists to
search for its ecological functions in a multispecies environment such as dental
biofilm. In a recent study (Kreth et al. 2005), it was demonstrated that CSP was
required to activate a group of bacteriocin (mutacin) genes in S. mutans. One of the
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mutacins, mutacin IV, was shown to have activities specifically against a group of
oral streptococci, the “mitis” group streptococci, which comprise the pioneer colo-
nizers during dental biofilm development and which are known to have antagonistic
activities toward S. mutans. Further studies demonstrated that mutacin production
was required to cause DNA release from neighboring streptococcal species when
S. mutans became competent (Kreth et al. 2006). More interestingly, there was
a programmed time delay for competence development after the addition of CSP.
Although mutacin production responds to CSP within 30 min after CSP addition,
competence does not develop until 2–2.5 h after the addition of CSP. This time delay
was suggested as a mechanism to ensure DNA availability when the cells become
competent. Recently, a lantibiotic mutacin, Smb, was also found to be regulated by
CSP in strain GS-5. Whether this regulation is also related to DNA release from
other streptococcal species has yet to be determined.

4 Targeting Streptococcal Quorum Sensing

4.1 CSP as a Potential Therapeutic Agent

An important study (Oggioni et al. 2004) used an in vivo sepsis mouse model to
assay the effect of exogenous CSP addition on virulence. This group found that
CSP-treated infected mice had a significant increase in survival rates, reduced pneu-
mococcal blood counts, and increased length of survival relative to control mice. In
vitro CSP addition at the same concentration used in the mice elicited a transient
growth inhibition. A receptor HK mutant did not have a bacteriostatic phenotype
in vitro and was not responsive to CSP in vivo. This work shows that CSP induces
a temporary growth arrest that alters the outcome of the infection. Interestingly,
this therapeutic effect was somewhat unexpected because the positive effect was
obtained by activating the target molecule rather than inhibiting it.

In addition to being used as a pheromone to disrupt a cell’s normal metabolic
activity, the target specificity of CSP was also used recently as a homing device
to deliver antimicrobial peptide to the target bacterium (Eckert et al. 2006). Eckert
et al. demonstrated that by fusing the C-terminal 16 aa of the S. mutans CSP (the
full-length CSP is 21 aa) to a wide spectrum, defensin-derived antimicrobial pep-
tide G2, they could specifically eliminate S. mutans from mixed cell cultures with
other closely related streptococcal species. Furthermore, the species specificity of
the C16 peptide could be further narrowed down to 8 aa (C8). Interestingly, the tar-
get specificity of C16 and C8 is independent of ComD, suggesting that CSP may
have a secondary binding site on the cell surface. It is worth noting that a similar
process was also attempted in S. aureus, where the CIP pheromone fused to colicin
was shown to be able to kill S. aureus.

Two studies have recently revealed structure-function relationships between
S. mutans CSP and its competence- and bacteriocin-inducing abilities. The first
of these studies showed that a peptide similar to CSP but lacking the three
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C-terminal residues was more potent than CSP at inducing competence, biofilm
formation, and bacteriocin production (Petersen et al. 2006). A subsequent study
examined the ability of synthetic CSP analogs to activate or inhibit competence and
modulate expression from the comC promotor (Syvitski et al. 2007). The use of
truncated CSP peptides in conjunction with circular dichroism and nuclear mag-
netic resonance revealed that the S. mutans CSP has at least two functional do-
mains. The C-terminal end is required for activating the signal transduction path-
way, while the alpha-helical core is required for binding to the ComD receptor. If
three or more peptides were deleted from the C-terminus, genetic competence was
not induced, but QS could be competitively inhibited in the presence of wild-type
CSP. These data suggest that at least in vitro, modulation of the CSP regulon can
be manipulated by CSP analogs. Further research into their effectiveness in animal
and human models may demonstrate chemotherapeutic potential of these or other
QS analogs.

4.2 QS Modulation of Infection in Group A Streptococcus

S. pyogenes, or group A streptococcus (GAS), is responsible for causing a num-
ber of infections in humans, from the most common form of bacterial pharyngitis
(strep throat) to the highly invasive and often fatal necrotizing fasciitis (Cunning-
ham 2000). It has been recently suggested that a functional QS peptide modulates
the pathogenic potential of this bacterium (Hidalgo-Grass et al. 2004). The SilCR
peptide, or SilC, has features typical of QS signal peptides in gram-positive bacteria
(Hidalgo-Grass et al. 2004; Miller and Bassler 2001). The sil locus was originally
described in an M14 serotype strain of S. pyogenes demonstrated to be involved in
invasive disease and DNA transfer (Hidalgo-Grass et al. 2002). This five-gene lo-
cus encodes a putative two-component system (silA and silB), a region similar to
an ATP-binding cassette transporter (silD and silE), and a small open reading frame
preceded by a combox-like promoter (silC). The SilCR region encodes a predicted
41-aa propeptide with a typical glycine-glycine sequence motif that facilitates cleav-
age, producing a 17-aa mature peptide. SilCR is proposed to be a QS signal peptide
that modulates the expression of several unidentified genes in S. pyogenes (Hidalgo-
Grass et al. 2004).

The exogenous application of SilCR to infection wound sites was shown to affect
the outcome of infection in mice inoculated with invasive isolates of S. pyogenes.
In this study, decreased lesion formation and size were observed in mice infected
with S. pyogenes in the presence of exogenously added SilCR (Hidalgo-Grass et al.
2004).

Subsequent genomic analyses of several M serotypes of S. pyogenes indicated
that either the silCR gene or other genes in the operon were mutated or absent in
the genomes of invasive isolates. It was suggested that SilCR has a regulatory ef-
fect on the invasive potential of S. pyogenes, somehow reducing invasiveness when
present since strains with an intact expressed operon were considered noninvasive.
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The therapeutic effect of SilCR was dose dependent and was shown to reduce lesion
size with the addition of as little as 3.0 µg of peptide.

The mechanism of SilCR is believed to involve the downregulation of GAS
chemokine trypsin-like protease activity responsible for an increase in the migra-
tion of neutrophils to the infection site, thus limiting bacterial spread (Hidalgo-Grass
et al. 2006). Three serine proteases of S. pyogenes were believed to be modulated:
X-propyl-dipeptidyl aminopeptidase (PepXP), HtrA/DegP, and PrtS/CspA, enzymes
capable of degrading interleukin 8, thus inhibiting neutrophil recruitment to the site
of infection.

Further study of SilCR will likely focus on PepXP and PrtS/CspA and other
GAS genes and will determine whether SilCR directly affects the expression of host
factors.

5 Conclusions and Future Perspectives

It is becoming apparent that QS is nearly always involved in streptococcal biofilm
infections. It is therefore logical to study these processes and manipulate these sig-
nals to alter disease outcome. The three modes of action of signal perturbation dis-
cussed in this article involve application of native signal to alter the colonization
stage of infection or addition of CSP analogs to either overstimulate or inhibit CSP
action. These works are in their infancy, and further testing of these concepts in
animal and human subjects will ultimately determine whether they are feasible ther-
apeutic agents.
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Ironing Out the Biofilm Problem:
The Role of Iron in Biofilm Formation

E. Peter Greenberg, Ehud Banin

Abstract The opportunistic pathogen Pseudomonas aeruginosa causes chronic
biofilm-associated infections in the lungs of cystic fibrosis patients that cannot be
eradicated by antibiotics. Like most other pathogens, P. aeruginosa is under intense
competition with the host for iron. Recent studies show that even when there is suffi-
cient iron for growth, this element serves as a signal for biofilm development. Here,
we summarize our knowledge of the role iron plays in P. aeruginosa biofilm devel-
opment. Novel therapeutic approaches that target iron homeostasis as an antibiofilm
target are also presented.

1 Introduction to the Problem

P. aeruginosa exhibits considerable nutritional and metabolic versatility, which al-
lows it to colonize a wide variety of environments. It can be isolated from soil, water,
plants, and animals. Like most organisms, P. aeruginosa requires iron for growth, as
iron serves as a cofactor for enzymes that are involved in many basic cellular func-
tions and metabolic pathways (Andrews et al. 2003). Recent reports show that iron
also serves as an environmental signal for biofilm development (Banin et al. 2005;
Singh et al. 2002).

P. aeruginosa causes chronic biofilm-associated infections in the lungs of CF pa-
tients (Costerton et al. 1999; Lyczak et al. 2000; Parsek and Singh 2003; Singh et al.
2000). CF is an autosomal recessive disorder resulting from a mutation in a gene
coding for a chloride ion channel, the CF transmembrane conductance regulator
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(reviewed in Rowe et al. 2005). This single genetic defect has pleiotropic effects on
the development and function of several tissues and organs. The mutation results
in a hypersusceptibility of CF patients to bacterial infection and to P. aeruginosa
in particular. Chronic P. aeruginosa infection of the lungs currently accounts for
the majority of the morbidity and mortality seen in CF (Chernish and Aaron 2003;
Davies 2003).

Although the battle to treat and cure CF is far from over, in the last decade a sub-
stantial increase in the life span of CF patients has been achieved, mainly due to
improvements in antimicrobial therapy and treatment regimes. In fact, in its 2006
patient registry data report, the American Cystic Fibrosis Foundation announced
that in the last 4 years alone, more than 5 years have been added to the median
survival age of CF patients, which currently stands at 36.8 years. Unfortunately,
one must remember that despite this encouraging improvement, half of the patients
suffering from CF will not reach this age, reemphasizing the need for novel antimi-
crobial therapeutic approaches that can effectively eradicate P. aeruginosa chronic
infection in the lungs.

As an opportunistic pathogen, one of the biggest challenges for P. aeruginosa is
the acquisition of iron in the host. While iron was readily available and soluble at
the beginning of life on earth, the increase of oxygen in the atmosphere as our planet
matured dramatically reduced iron solubility and exposed the toxic effects associ-
ated with this element due to its ability to mediate the production of oxygen radicals
(Touati 2000). Bacteria have developed sophisticated mechanisms to scavenge iron
from dilute environments and to maintain iron homeostasis (reviewed in Andrews
et al. 2003). It is interesting that as life on earth continued to evolve, the role of iron
as an essential element was maintained. In fact, it is so crucial for life that a cen-
tral part of the mammalian and human host defense against invading pathogens is
based on the ability to maintain free iron concentrations at extremely low levels
(< 10−18 M) (reviewed in Schaible and Kaufmann 2004). Proteins such as lacto-
ferrin and transferrin that tightly bind iron provide an efficient first line of defense
against bacterial infections. Thus, there is intense competition for iron with the host,
and bacterial acquisition of iron is recognized as one of the key steps in the estab-
lishment of an infection (Ratledge and Dover 2000; Schaible and Kaufmann 2004).

Although the role of iron in supporting microbial growth has been known for
many years, only recently has it been reported that this metal also serves as a sig-
nal for biofilm development. In this chapter we review the current knowledge of
how iron mediates biofilm formation, and we discuss the potential of targeting iron
uptake and homeostasis as a novel antibiofilm therapeutic approach.

2 Iron Acquisition and Regulation in P. aeruginosa

2.1 Iron Uptake

The ability of P. aeruginosa to colonize a wide range of environments is, not sur-
prisingly, accompanied by a very sophisticated and versatile iron acquisition sys-
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tem. Under iron-limiting conditions, P. aeruginosa synthesizes two bacterial ferric
ion chelating molecules (i.e., siderophores), pyoverdine and pyochelin (reviewed
in Poole and McKay 2003). These siderophores bind ferric ions and transport them
into cells via specific outer membrane receptors in a process that is driven by the cy-
tosolic membrane potential and is mediated by the energy-transducing TonB-ExbB-
ExdD system (reviewed in Moeck and Coulton 1998). Of the two siderophores,
pyoverdine has the higher affinity and can successfully compete for iron with trans-
ferrin and lactoferrin (Wolz et al. 1994; Xiao and Kisaalita 1997). Furthermore, mu-
tants defective in pyoverdine synthesis and transport are avirulent in several animal
infection models (Meyer et al. 1996; Takase et al. 2000). Interestingly, pyoverdine
can also act as a signaling molecule. The binding of ferripyoverdine to the outer
membrane receptor FpvA induces, via a cell surface signaling pathway consisting
of two extracytoplasmic function (ECF) sigma factors, transcription of its recep-
tor, genes required for the production of pyoverdine, and genes encoding several
virulence factors (Beare et al. 2003; Lamont et al. 2002).

Beside its endogenous siderophores, P. aeruginosa is also able to utilize a variety
of heterologous iron-binding molecules such as heme, enterobactin, ferric citrate,
and ferrioxamine to acquire iron (reviewed in Poole and McKay 2003). Two re-
ceptors, PhuR and HasR, are involved in the utilization of heme (Ochsner et al.
2002), and two, PfeA and PirA, mediate the uptake of enterobactin (Dean and Poole
1993; Ghysels et al. 2005). Our laboratory has recently shown that P. aeruginosa
can utilize ferric citrate via a FecI/R-like system (PA3899-3901) and ferrioxamine
via two receptors, FoxA (PA2466) and FiuA (PA0470) (Banin et al. 2005). FiuA
has also been shown to promote ferrichrome transport (Llamas et al. 2006). It is in-
teresting to note that these receptors probably represent only a small sample of the
real iron-acquisition potential of P. aeruginosa. An in silico analysis of the P. aer-
uginosa genome revealed an impressive total of 34 genes encoding putative TonB-
dependent outer membrane receptors (Cornelis and Matthijs 2002). Combined with
the endogenous siderophores, these may give P. aeruginosa the ability to “steal” iron
from other microorganisms, providing a competitive advantage in the environment.

2.2 Iron Regulation

Because bacteria require iron, which in itself is toxic, cellular iron levels must be
tightly regulated. Two independent microarray analyses have revealed that over 200
P. aeruginosa genes are differently regulated by iron (Ochsner et al. 2002; Palma
et al. 2003). Like many other Proteobacteria, iron regulation in P. aeruginosa is
orchestrated by the ferric uptake regulator (Fur), which appears to be essential for
the viability of P. aeruginosa (Ochsner et al. 1995; Vasil and Ochsner 1999). Fur
binds to specific DNA sequences (Fur boxes) and represses iron-responsive genes.
Fur is dependent on intracellular iron because it requires Fe2+ as a cofactor for its
DNA-binding activity. Although Fur is a repressor, it can also activate expression of
specific genes (such as genes coding for iron storage proteins) through its control of
a pair of small regulatory RNAs, PrrF1 and PrrF2 (Wilderman et al. 2004).
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Fur is not the only regulator that governs the iron response of P. aeruginosa. An-
other group of regulators consists of the iron starvation ECF sigma factors (reviewed
in Visca et al. 2002). These environmentally responsive transcription factors enable
bacteria to respond to the presence of specific siderophores in the environment as
well as to levels of intracellular iron. Visca et al. (2002) utilized the availability
of the P. aeruginosa genome and identified 14 gene clusters that may encode iron-
responsive ECF sigma factor-regulated systems. The best-studied member of this
group in P. aeruginosa is the ECF sigma factor PvdS, which is known to regulate
the synthesis of pyoverdine genes and genes coding for several virulence factors
(Beare et al. 2003; Lamont et al. 2002). The combination of Fur, sRNAs, and iron
starvation ECF sigma factors provides P. aeruginosa a highly regulated system that
can efficiently respond to changes in extracellular and intracellular iron concentra-
tions.

3 Iron and P. aeruginosa Biofilm Development

3.1 Low Iron – The Lactoferrin Effect

In 2002 Singh and colleagues reported that lactoferrin blocked P. aeruginosa micro-
colony formation on glass surfaces by virtue of its ability to sequester iron (Singh
et al. 2002). These authors were intrigued by the ability of healthy hosts to prevent
bacterial biofilm formation. They speculated that antimicrobial peptides and pro-
teins produced by mammals might be able to interfere with biofilm development.
Mucosal secretions are known to be rich in such antimicrobial factors as lactoferrin,
lysozyme, and defensins. The authors’ initial study focused on lactoferrin because it
is abundant in mucosal secretions. Lactoferrin is a mammalian iron chelator that can
limit bacterial growth by sequestering iron. It also has bactericidal activity involv-
ing its ability to bind lipopolysaccharides and disrupt membranes (reviewed in Orsi
2004). The effect of subgrowth inhibitory concentrations of lactoferrin on biofilm
development was examined (Singh et al. 2002). Using a continuous flow-cell biofilm
system as a model to study biofilm development, the authors grew P. aeruginosa
PAO1 carrying a green-fluorescent-protein-containing plasmid in the presence and
absence of lactoferrin. In the absence of lactoferrin, P. aeruginosa cells attached and
within 48 h formed microcolonies that developed to characteristic mushroom-like
structures by 96 h (Fig. 1). In the presence of a subinhibitory concentration of lacto-
ferrin, cells attached and multiplied but failed to form microcolonies and structured
biofilms. Rather, they remained as a flat thin layer of cells attached to the glass sur-
face (Fig. 1). Iron-saturated lactoferrin did not cause this inhibition, suggesting that
the antibiofilm activity was dependent on lactoferrin’s iron chelation activity.

To further investigate the antibiofilm activity of lactoferrin, Singh et al. (Singh
et al. 2002; Singh 2004) carried out time-lapse microscopy experiments. They ob-
served that in the absence of lactoferrin, cells attached to the surface and multi-
plied, and the daughter cells in most cases remained near the point of division.
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Fig. 1 Role of iron in P. aeruginosa biofilm development. A Schematic representation of the ef-
fects lactoferrin and high iron have on development of P. aeruginosa biofilms. Normally, bacteria
attach, multiply, and develop into microcolonies that mature into structured biofilms. In the pres-
ence of subinhibitory concentrations of lactoferrin, the cells show increased surface motility; they
attach and multiply, but daughter cells move away from the point of replication and thus do not
form microcolonies or structured biofilms. Later, a thin, flat cell layer develops on the surface. In
the presence of high iron, cells attach normally and multiply but do not remain attached to the
glass surface, and biofilms do not form. B Effects of lactoferrin and high iron on P. aeruginosa
biofilm development. GFP-labeled P. aeruginosa was grown for 4 days in continuous culture flow
cells. The growth medium was 1% TSB (control) with subinhibitory concentrations of lactoferrin
(20 µg/ml) or FeCl3 (200 µM). Reconstructed three-dimensional images are presented; squares are
23 µm/side
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This behavior was maintained as cells continued to divide and led to the forma-
tion of microcolonies. In the presence of lactoferrin, however, daughter cells used
surface-associated motility, presumably twitching motility, to move away from the
point of division. This constant movement on the surface interfered with the forma-
tion of sessile structures. The authors hypothesized that by chelating iron, lactofer-
rin induced twitching motility, which caused the cells to wander across the sur-
face and thus disrupted their ability to settle and form structured communities.
As support for this hypothesis, Singh et al. (2002) showed, by using a standard
assay for twitching motility, that low iron induced P. aeruginosa twitching. Fur-
thermore, they studied a twitching mutant in the flow-cell. Although not exactly
resembling the wild-type biofilms in the absence of lactoferrin, the mutant was
able to form microcolonies and structured biofilms even in the presence of lacto-
ferrin.

The importance of iron for bacterial growth has been known for many years.
The study by Singh et al. provided evidence that even when there is sufficient iron
for planktonic growth, this element serves as a signal for biofilm development. In
a recent paper, Berlutti et al. (2005) provided further evidence for the role of iron in
cell aggregation and biofilm formation. They reported that in the liquid phase, iron
limitation (1 µM) induced motility and transition to the planktonic mode of growth,
while high iron concentrations (100 µM) facilitated cell aggregation and biofilm
formation.

To further investigate the role of iron in biofilm development, we utilized a ge-
netic approach and systematically screened mutants defective in iron acquisition and
regulation for biofilm formation in the presence and absence of lactoferrin (Banin
et al. 2005). Initially we examined the role of the two endogenous siderophores (py-
overdine and pyochelin) in biofilm formation. While biofilms formed by a pyoche-
lin mutant were indistinguishable from the wild type, a pyoverdine mutant formed
flat biofilms even in the absence of lactoferrin. Complementing the mutations or
adding a conditioned medium containing pyoverdine restored normal biofilm devel-
opment to the pyoverdine mutant. Because pyoverdine serves as an iron chelator
and a signaling molecule (Lamont et al. 2002), we wanted to distinguish between
these activities. We reasoned that if the activity is mediated through iron uptake,
then the addition of iron should complement the mutation; however, if the activity
is due to signaling, then the addition of iron would not influence biofilm develop-
ment in a pyoverdine mutant. The addition of 50 µM iron was sufficient to restore
biofilm formation in a pyoverdine mutant. This result suggested that the pyover-
dine iron uptake activity, and not the signaling activity, is important for biofilm
development. We also asked whether additional heterologous siderophores can re-
store biofilm formation in a pyoverdine mutant. We demonstrated that ferric cit-
rate and ferrioxamine can both be utilized by P. aeruginosa pyoverdine mutant and
that the pyoverdine mutant formed normal biofilms when these iron chelators were
added to the culture medium. A P. aeruginosa genome sequence analysis revealed
homologs of the ferric citrate and ferrioxamine uptake systems, and we showed
that these systems are involved in the uptake of citrate or ferrioxamine chelated
iron.
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Our genetic analysis (Banin et al. 2005) indicated that P. aeruginosa requires
an active iron uptake system to support biofilm development in vitro. It can utilize
its endogenous siderophores pyoverdine (at low iron concentrations) and pyoche-
lin (at high iron concentrations), or it can utilize other chelators for which it has
an uptake system. Furthermore, by systemically screening mutants with defects in
putative iron starvation ECF-sigma factors, we concluded that these systems are
most likely not directly involved in signaling of biofilm development, but rather
facilitate iron uptake of heterologous iron sources. Based on these results, we spec-
ulated that internal iron concentration is critical for normal biofilm development.
Consistent with this hypothesis, mutants with abnormally functional Fur organized
into structured biofilms under low iron, a condition in which the parent formed
flat biofilms. The two known Fur-controlled small regulatory RNAs (PrrF1 and F2;
Wilderman et al. 2004) did not appear to mediate iron control of biofilm develop-
ment.

Besides being an essential nutrient for growth and a signal for biofilm develop-
ment, iron stabilizes the extracellular polymeric matrix of P. aeruginosa biofilms
(Chen and Stewart 2002). The viscosity of a mixed P. aeruginosa–Klebsiella pneu-
moniae biofilm suspension is affected by various cations. The addition of iron
salts significantly increases biofilm viscosity. Electrostatic interactions contribute to
biofilm cohesion, and iron cations are potent cross-linkers of the biofilm matrix. In
support of these findings, we have demonstrated that chelation of iron, mediated by
the addition of ethylenediamine tetraacetic acid (50 mM), initiated the detachment
of cells from mature P. aeruginosa biofilms (Banin et al. 2006). Taken together,
these results demonstrate that iron is important both as a signal for biofilm develop-
ment and as a stabilizing cation of the biofilm matrix.

3.2 High Iron

The role of iron in biofilm development became even more intriguing with the
work of Musk et al. (2005). Using a high throughput biofilm screen, the authors
tested a library of over 4500 compounds for nonantibiotic biofilm inhibitors against
P. aeruginosa PA14. One of the compounds that inhibited biofilm formation was
ferric ammonium citrate. Neither ammonium nor citrate ion was responsible for
this activity. Conversely, when other iron salts (ferric chloride, ferric sulfate, and
ferrous sulfate) were examined, they showed biofilm inhibition similar to that of
ammonium ferric citrate inhibition. The biofilm inhibition was significant at iron
concentrations >100 µM, but this iron level did not affect P. aeruginosa growth.
The authors utilized a flow-cell system to further characterize the inhibitory effect
of iron on biofilm formation. Growing P. aeruginosa in flow cells in the presence of
200 µM ferric ammonium citrate completely inhibited biofilm formation, while in
the absence of added iron, the cells formed robust structured biofilms (Fig. 1). The
inhibition of biofilm formation was not due to reduced adhesion of cells to the sur-
face, and initial biofilm formation at 10 h was similar under both conditions. Rather,



148 E.P. Greenberg, E. Banin

iron seemed to disrupt the later stages of biofilm development, leaving very few
cells adhering to the surface by 48 h. Fourteen of the 17 clinical isolates that could
form biofilms (82%) displayed >40% inhibition in biofilm formation when grown
in the presence of 250 µM ferric ammonium citrate, and 41% had >60% inhibition.
Interestingly, three of the strains were resistant to the treatment but were not further
characterized.

Exposing mature biofilms to ferric ammonium citrate (200 µM) caused biofilms
to disperse, resulting in complete clearing of the biofilms after 5 days (Musk et al.
2005). Thus, excess iron not only blocked biofilm formation but also disrupted ex-
isting biofilms. It is important to note that the addition of nutrients (such as carbon
sources) to existing biofilms has been shown to induce biofilm dispersal, and this
could be a more general response to nutrient excess rather than a specific response
to iron (Sauer et al. 2004). The work by Musk et al. suggests that in vitro there is ac-
tually an optimal range of iron for biofilm growth and maintenance: approximately
1–100 µM) (Musk et al. 2005). When the iron concentration is too low (<1 µM)
or too high (>100 µM), cells will abort normal biofilm development. It remains
unclear by which mechanism high iron inhibits biofilm development and triggers
dispersal.

4 Iron and Biofilm Formation In Vivo

The studies demonstrating an involvement of iron (both high and low) in biofilm de-
velopment and persistence were carried out in vitro using biofilms grown on abiotic
surfaces. An important question asks how relevant these findings are to the situation
in vivo. The literature contains several interesting observations regarding the iron
content in the CF lung that may shed light on the role iron plays in the ability to
form biofilms in vivo.

4.1 Lactoferrin Activity in the Cystic Fibrosis Lung

An important piece of evidence supporting the in vitro findings comes from stud-
ies evaluating the activity of lactoferrin. Britigan et al. (1993) initially reported that
lactoferrin underwent proteolytic cleavage in the lungs of CF patients, having de-
tected lactoferrin cleavage products in bronchoalveolar lavage (BAL) samples from
patients with CF. Such cleavage products were not detected in BAL samples from
healthy controls. The authors also demonstrated partial cleavage of lactoferrin when
lactoferrin was incubated with high concentrations of Pseudomonas elastase (an
alkaline protease) and neutrophil elastase for prolonged periods. The authors spec-
ulated that this in vivo cleavage of lactoferrin and transferrin by neutrophil- and/or
bacterial-derived proteases may have an important role in the acquisition of iron in
the lungs by P. aeruginosa. In a more recent study, Jesaitis et al. (2003), investi-
gating neutrophil interactions with Pseudomonas biofilms, postulated that a signif-
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icant fraction of lactoferrin released during neutrophil degranulation was probably
degraded by neutrophil-derived proteases. Rogan et al. (2004) demonstrated that
cathepsins (lysosomal proteases) in CF secretions are responsible for complete and
rapid cleavage of lactoferrin and that this cleavage results in the loss of lactoferrin’s
microbicidal and antibiofilm activity. Furthermore, lactoferrin levels and activity
in sputum obtained from P. aeruginosa-infected and noninfected CF patients were
compared. P. aeruginosa-positive sputum showed significantly higher cathepsin ac-
tivity and lower levels of lactoferrin than P. aeruginosa-negative sputum. There was
also reduced antimicrobial and antibiofilm lactoferrin activity in P. aeruginosa-
positive compared with P. aeruginosa-negative sputum samples. Taken together,
these studies suggest that lactoferrin in the CF lung is highly susceptible to cleav-
age and has substantial lower antimicrobial and antibiofilm activity compared with
lactoferrin in healthy individuals.

4.2 Iron in the Cystic Fibrosis Lung

In light of the lactoferrin results, what is the iron content in the CF lung? It is esti-
mated that the levels of free iron in human secretions are maintained at extremely
low concentrations (>10−18 M), which limits the growth of invading pathogens.
Apparently, a high percentage of CF patients suffer from iron deficiency, which is
attributed to a combination of factors such as poor dietary intake, inflammation, and
gastrointestinal problems (Ehrhardt et al. 1987; Pond et al. 1996). In this condition
the patient has a much lower iron pool than a healthy individual, and this implies
that an invading bacterial pathogen might encounter even lower iron concentrations.
However, work examining the iron content in the lungs suggests that despite the iron
deficiency (which is measured as the amount of iron in the serum), sputum from CF
patients is actually replete with iron. Stites et al. (1998, 1999) have examined the
iron and ferritin content in the sputum of CF patients, and their results demonstrate
that the concentrations of extracellular iron and ferritin are substantially higher in
CF patients compared with healthy individuals. In addition, Reid et al. (2002) ex-
amined the correlation between iron deficiency, lung disease, and P. aeruginosa
chronic infection. They demonstrated that iron and ferritin levels in the sputum of
CF patients are much higher than in normal controls. These studies imply that the
iron content in the lungs of CF patients is higher, which is advantageous for biofilm
formation. However, we note that the confounding factor in these investigations is
that the patients were already colonized with bacteria, which probably changed the
environmental iron concentration.

4.3 P. aeruginosa Response to Iron In Vivo

It is well known that invading pathogens are in intense competition for iron with the
host. However, iron content in the CF lungs might be substantially different from
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that in healthy individuals, providing favorable conditions for infection and biofilm
formation. Therefore, evaluating the iron response of P. aeruginosa in the lungs may
serve as a marker for the type of environment the bacteria actually face. Haas et al.
(1991) initially reported the identification of pyoverdine in sputum isolated from CF
patients. This led to the conclusion that P. aeruginosa in the lungs most likely expe-
riences a low iron environment and in turn secretes siderophores to scavenge iron.
Wang et al. (1996) used an in vivo selection system (IVET) to identify P. aeruginosa
genes that are specifically induced by respiratory mucus derived from CF patients.
One of the genes they identified was FptA (the receptor for pyochelin); the induc-
tion was suppressed by the addition of exogenous iron, further demonstrating that
the mucus is iron depleted.

It is now recognized that P. aeruginosa isolates from CF patients appear to origi-
nate from the environment but adapt to the milieu of the patient’s airway. Beckmann
et al. (2005) attempted to characterize the antigen response in early-infected CF pa-
tients during their first year of infection. By screening serum from these patients
against a phage display peptide library, the authors were able to identify over 150
reactive clones. When these were sequenced and compared with the P. aeruginosa
published genome, 76 genes encoding outer membrane and secreted proteins were
identified. The majority of these were proteins involved in small-molecule trans-
port, membrane structural proteins, and secreted factors. Interestingly, several of the
genes identified by this technique were involved in iron acquisition (e.g., FptA and
several siderophore receptor proteins). Furthermore, the transcriptome responses of
P. aeruginosa exposed to differentiated human epithelia has revealed a significant
overlap with the iron-responsive regulon (Chugani and Greenberg 2007). Of the set
of 97 genes identified in a previous study as induced upon growth in iron-deficient
conditions, 80% were induced when P. aeruginosa was exposed to epithelia. Taken
together, these studies suggest that the bacteria are challenged by the deficiency of
available iron in the epithelial milieu during the initial phase of infection.

If one continues to follow the adaptation of P. aeruginosa as a marker for the
iron content in the airways, there is evidence that this condition may change as the
infection progresses. A study examining genomic variation in P. aeruginosa strains
isolated from children with CF (6 months to 8 years of age) revealed that several
strains had a deletion in the pyoverdine locus, which eliminated biosynthesis and
uptake of pyoverdine (Ernst et al. 2003). It actually appears that the pyoverdine
locus is highly divergent and that some of the pvd genes may be under positive
selective pressure (Smith et al. 2005). De Vos et al. have also reported that pyover-
dine synthesis mutants seemed to accumulate as a function of the lung colonization
time (De Vos et al. 2001). Although this is highly speculative, the accumulation
of mutants that lose their major and most powerful siderophore (i.e., pyoverdine)
may imply that the conditions in the lungs (as the disease progresses) change during
colonization from iron-limiting to iron-sufficient.
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5 Iron as a Signal for Biofilm Formation in Other Bacteria

Is iron involved in signaling biofilm development of other bacterial species? And
if so, what is the mechanism? We found several reports in the literature that have
addressed these questions (summarized in Table 1). O’Toole and Kolter (1998b) re-
ported that, similar to our observation of P. aeruginosa, the addition of iron could
restore biofilm development by several Pseudomonas fluorescens attachment mu-
tants. Vibrio cholerae also requires iron for normal biofilm development. A wild-
type V. cholera strain formed reduced biofilms in an iron-deficient medium com-
pared with iron-replete conditions (Mey et al. 2005). This iron response is mediated
in part by Fur through the sRNA ryhB. A ryhB mutant showed reduced chemotaxis
in low iron and was unable to form wild-type biofilms. The biofilm defect was sup-
pressed by the addition of iron (Mey et al. 2005).

Interestingly, we also found several reports on the negative regulation of iron on
biofilm formation. In the gram-negative human pathogen Acinetobacter bauman-
nii, biofilm formation is significantly enhanced under low iron conditions (Tomaras
et al. 2003). The authors characterized a novel chaperone/usher pilus system that is
involved in biofilm development and identified a potential Fur box upstream of the
first gene in the operon. The authors speculated that this Fur-mediated pilus syn-
thesis results in reduced biofilm formation under high iron conditions. Two gram-
positive bacteria (S. mutans and S. aureus) also demonstrated improved biofilm
formation under iron-depleted conditions. Berlutti et al. (2004) reported that iron-
deprived saliva (<0.1 µM Fe3+) increases S. mutans aggregation and biofilm for-
mation, whereas iron-loaded saliva (>1 µM Fe3+) inhibits both phenomena. These
results suggest that aggregation and biofilm formation are negatively controlled by
iron. The authors hypothesized that lactoferrin that is readily found in saliva may
mediate this response. In agreement with this hypothesis, subinhibitory concentra-
tions of lactoferrin stimulated biofilm formation, while iron-saturated lactoferrin de-
creased aggregation and biofilm formation (Berlutti et al. 2004). In Staphylococcus
aureus, iron depletion was shown to promote biofilm formation, and this response
was partially regulated by Fur (Johnson et al. 2005).

Table 1 Iron and biofilm development in diverse bacteria

Strain Biofilm
development
in low iron

Motile organism Mode of regulation Refs.

P. aeruginosa Reduced Yes Fur Banin et al. 2005;
Singh et al. 2002

P. fluorescens Reduced Yes Unknown O’Toole and Kolter 1998b
V. cholera Reduced Yes Fur, RyhB Mey et al. 2005
A. baumannii Increased No Fur (?) Tomaras et al. 2003
S. mutans Increased No Unknown Berlutti et al. 2004
S. aureus Increased No Fur (partially) Johnson et al. 2005
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One common theme that arises when comparing the role iron plays in mediating
biofilm development in all these bacterial species is motility (see Table 1). The three
bacterial species that showed reduced biofilm formation under low iron conditions
are motile bacteria (P. aeruginosa, P. fluorescens, and V. cholera). All of the non-
motile bacteria (A. baumannii, S. mutans, and S. aureus) had induced biofilm for-
mation under iron-depleted conditions. Motility is crucial to biofilm development
in several motile species (O’Toole and Kolter 1998a; O’Toole et al. 2000). Fur-
thermore, in the case of P. aeruginosa, induction of surface motility has provided
an explanation for impaired biofilm formation in the presence of lactoferrin (Singh
et al. 2002; Singh 2004). An important question is whether surface motility is di-
rectly controlled by iron directly or whether iron controls cell–cell adhesion, which
in turn affects motility and biofilm formation. Further work will be needed to char-
acterize the role motility plays in mediating the dependence of biofilm development
on iron and how it is regulated.

6 Iron Metabolism as an Antibiofilm Target

The absolute requirement of iron for growth in most bacteria makes iron an ap-
pealing target for antimicrobial therapy. An initial concept was to replace Fe3+ with
a nonmetabolizable metal ion such as scandium or indium in an effort to block iron
uptake by competitive inhibition of the transport proteins (Rogers et al. 1982). Al-
though initial results were encouraging for Sc3+ treatment of Escherichia coli and
Klebsiellla pneumoniae mouse infections (Rogers et al. 1980), Sc3+ proved toxic to
the animals (Plaha and Rogers 1983). A similar approach was taken in Mycobac-
terium tuberculosis using molybdenum, cobalt, and scandium, but with no major
effect (Barclay and Ratledge 1986). A promising development came with the use of
gallium-portoporphyrin, which had antimicrobial activity against Yersinia enteroco-
litica, methicillin-resistant S. aureus, and Mycobacterium smegmatis (Stojiljkovic
et al. 1999). The gallium-porphyrin complex enters bacteria via heme transport sys-
tems and was assumed to interfere with respiration, generating reactive oxygen rad-
icals that presumably killed the cells (Stojiljkovic et al. 1999). The gallium com-
plexes had no toxic effect on human fibroblasts or other animal cell lines, further
highlighting the potential for clinical use.

Another strategy to target bacterial homeostasis was the use of siderophore-
antibiotic conjugates. This “Trojan horse” approach is based on molecules found in
nature, such as albomycins, which contain an iron-binding domain (similar to fer-
richrome) and a toxic molecule. Several microorganisms can introduce albomycin
through the ferrichrome uptake system. Once internalized, the toxic molecule is
cleaved and damages the cell (Benz et al. 1982). Imitating this strategy, several
groups have chemically synthesized siderophore-antibiotic complexes and tested
them for their antimicrobial activity. The most common approach was to conjugate
beta-lactam antibiotics with a siderophore moiety (Ghosh et al. 1996; Ghosh and
Miller 1995). These complexes show excellent anti-Pseudomonas activity in vitro
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and in several animal infection models (Basker et al. 1984, 1989; Budzikiewicz
2001). The emerging data on the role of iron as a P. aeruginosa biofilm signal
suggests that these Trojan-horse approaches might be particularly well suited for
treating chronic P. aeruginosa infections.
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Clinical Wound Healing Using Signal Inhibitors

Randall D. Wolcott

Abstract The cases presented in this chapter demonstrate the amazing improvement
in wound-healing trajectory that is best explained by the suppression of biofilms.
The individual patient with a chronic wound is not much better served today than
a decade ago despite all of the advances achieved. The rate of major limb amputa-
tion and mortality is not decreasing, and the quality of life of these patients is not
improving. Chronic wounds have a much higher prevalence rate of biofilms than
acute ones, suggesting that presence of a biofilm is an important factor in the lack
of healing of chronic wounds. As shown in this chapter, the implementation of the
quorum-sensing inhibitor RNAIII-inhibiting peptide in managing complex wounds,
along with other anti-biofilm strategies like lactoferrin, has dramatically changed
the positive outcomes for many of the most desperate wounds.

1 Biofilm and Chronic Wound Infection

There has been an unprecedented technological explosion in science over the last
decade, allowing for rapid expansion of our knowledge at the molecular and cellu-
lar levels of wound healing. Despite all our newfound knowledge, the general state
of wound care is best summed up by Falanga, who stated, “Undoubtedly, we still
have some way to go in the way we provide optimal care for our patients. A ma-
jor stumbling block is the poor understanding of how chronic wounds fail to heal
and what is their intrinsic pathogenesis that needs to be corrected” (Falanga 2001).
Chronic wounds, and indeed most chronic human infections, continue to evade solid
scientific explanation.
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Chronic human infections, including chronic wounds, constitute up to 80% of all
human infectious disease (Costerton et al. 1995). The cost of these chronic infec-
tions is a major portion of the healthcare budget and continues to grow at exponen-
tial rates (Smith 2004). Although the big picture of chronic infections is dismal, the
devastation of this problem is best understood by looking at the individual patient.

The individual patient with a chronic wound is not much better served today
than a decade ago despite all the advances in our understanding. The outcomes for
a patient with a diabetic foot ulcer remain bleak. The rate of major limb ampu-
tation is not decreasing, the mortality associated with a major limb amputation is
not declining, and the quality of life reported by these patients is not improving
(Buzato et al. 2002; Peters et al. 2001). Based on the human suffering and mounting
costs, innovative explanations and management of chronic human infections must
be sought.

The dominant view of most human infections is based on a “planktonic” concept.
For chronic wounds it is very common to see the bacterial burden on the surface of
the wound explained as a “contamination-infection continuum” (Fig. 1).

This continuum suggests that bacteria randomly land on the surface of the wound,
and if they can divide, they can then “colonize” the surface. These individual bac-
teria can then further divide, invading a short distance into the host. This is termed
“critical colonization” and is identified clinically by local increased erythema, heat,
pain, and swelling. If the individual bacteria can invade the host, broader involve-
ment (infection) results. The only problem with the contamination-infection contin-
uum is that there is no scientific validation for it, and it is a very minor pathway
regarding how bacteria behave on a surface.

Endocarditis, prostatitis, sinusitis, otitis media, osteomyelitis, and other chronic
biofilm infections all occur on surfaces. When a bacterium encounters a surface to
which it can attach, it quickly forms a biofilm. A biofilm offers bacteria much more
survivability, and therefore is the preferred phenotype in which bacteria choose to
exist. Biofilm may be the best explanation for many of the clinical observations
associated with chronic infections (Table 1).

As noted in other chapters, a biofilm is a colony of bacteria expressing differ-
ent proteins (phenotypes) to fulfill the needs of the colony (Sauer et al. 2002).
A biofilm should be considered a true multicellular organism with each individual
under molecular control by the colony. The bacteria that constitute a biofilm usually
arise from a number of bacterial species that work in synergy to ensure the colony’s
survival.

Chronic infections are very resistant to conventional treatments such as antibi-
otics because of the defenses that the biofilm colonies possess. Biofilms possess an
extracellular polymeric substance (EPS) that protects the bacteria from environmen-
tal attacks (Costerton et al. 1999). Biofilms are also very resistant to biocides such
as hydrogen peroxide, bleach, acetic acid, and others (Costerton and Stewart 2001).
The biofilm phenotype, along with the physical barrier and structure provided by the
EPS, makes biofilm almost impervious to host defenses (Stoodley et al. 2002). In
fact, a strategy of suppression rather than eradication has yielded the best outcomes
in chronic wounds (see below).
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Fig. 1 A planktonic explanation for surface bacteria involved in wounds is not scientifically valid.
Planktonic bacteria quickly form into microcolonies and then mature into formidable wound
biofilm that evades host defenses and impairs wound healing

The process that may take place in the genesis of a chronic wound or other
biofilm-based infection is as follows (Costerton et al. 1999): A planktonic bacterium
finds its way through the first lines of defense, such as through a skin break, mu-
cous membrane, or alveoli, and attaches to the underlying tissue (Fig. 2A). Once
the bacterium attaches to exposed extracellular matrix components, it rapidly be-
gins biofilm behavior to express new proteins and EPS. If the host immune system,
mainly the innate system, fails to clear the bacteria before it is protected within
its EPS fortress, then the immune system becomes irrelevant. Once the micro-
colony (early biofilm) is firmly entrenched on the tissue surface, it rapidly matures
into a biofilm, which is protected from the host immune response and antibiotics
(Fig. 2B,C).
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Table 1 Observations in chronic wounds explained by the presence of a biofilm

Observation Planktonic concept Biofilm concept

In vitro Planktonic bacterium (seed)
expresses proteins and
structures for motility and
attachment (flagella, fimbria).
Its function is to spread
the colony to a different
location.

Biofilm (vegetation) is a com-
plex colony of bacteria that can
express different proteins (phe-
notype) to fulfill different roles
to help the community survive.
Biofilm is stationary, protecting
its location with multiple de-
fenses.

In vivo Planktonic bacteria are suscep-
tible to antibiotics, biocides,
and the immune system.

Biofilms are resistant to antibi-
otics and biocides. Once biofilm
is established, it cannot be erad-
icated by the immune system.

Acute wounds heal in 2–4
weeks; chronic wounds in the
same area heal in 4–6 months

Acute wounds have intact
defenses and clear planktonic
bacteria not allowing
biofilm formation.

Random planktonic bacteria
evade host defenses and set up
biofilm. Biofilm possesses de-
fenses against the host immune
system and strategies to keep
the wound open.

Antibiotics not effective in
chronic wounds but work in
acute wounds

Sensitive planktonic bacteria
show a rapid 4- to 5-log
reduction.

Sensitive biofilm phenotype
bacteria show only a grudging
1- to 2-log reduction and quick
adaptation.

Biocides not effective
in chronic wounds

Nonspecific biocides eradicate
planktonic bacteria.

Nonspecific biocides eradicate
host healing cells and host de-
fenses, doing little damage to
the biofilm.

Drying the wound (open to air,
heat lamp, etc.) is ineffective in
chronic wounds

Planktonic bacteria are very
sensitive to the environment.

Biofilms are very resistant to
drying and other environmental
changes.

Closing a traumatic wound after
4–12 h leads to increased
dehiscence

Planktonic phenotypes
dominate the surface early on
(1–2 h) and are sensitive to bio-
cides and amenable to closure.

Biofilms form in 1–2 h and are
resistant to surgical scrubs. Clo-
sure of the wound puts two sur-
faces in contact with the biofilm
and leads to dehiscence.

Increased surgical site
infections in patients with
chronic wounds

Surgical preps and prophylactic
antibiotics are highly effective
planktonic bacteria.

Chronic wounds shed biofilm
fragments continuously. These
fragments have all the defenses
of biofilm and are resistant to
surgical preps and prophylactic
antibiotics.

Wet-to-dry dressings are
detrimental to chronic wounds

Planktonic bacteria quickly
(6 h) seed gauze and form
biofilm on gauze.

Detachment fragments foul the
gauze dressing, forming biofilm
that produces fragments, toxins,
etc., that are detrimental to the
wound.

The biochemical impairment on the surface of a chronic wound is well docu-
mented. There are very high levels of MMP8, which is the major matrix metallo-
protease of neutrophils. Yeager and Nwomeh have stated, “Virtually all the available
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Table 1 (continued)

Observation Planktonic concept Biofilm concept

Autograft or allograft failure
on wounds

Planktonic cells are easily
cleared by neutrophils,
antibodies, and common
wound-bed preparations.

Laying unprotected cells over
biofilm just adds a second sur-
face and a food source, lead-
ing to the rapid deterioration of
the graft, with increased exu-
date, inflammation, and odor.

Negative wound cultures Most clinical bacteria in
planktonic phenotype are easily
cultured.

Wounds have bacteria on their
surface yet culture negative
when only biofilm phenotype
(i.e., viable but not culturable)
is present.

Wounds “stuck” in chronic
inflammatory state

Planktonic bacteria are easily
cleared by host’s inflammatory
response and try to avoid
causing inflammation.

Biofilms are impervious to the
host’s inflammatory response
and can even feed off the exu-
date produced by inflammation.
Biofilms try to cause inflamma-
tion.

Corticosteroids known to slow
the host healing response help
heal some chronic wounds

Steroids decrease the host
immune response, making
planktonic infections worse.

Steroids rob biofilms of nutri-
tion by decreasing the host in-
flammatory response.

No blood clot formation
on chronic wound

Planktonic bacteria are
overwhelmed by host defenses
after injury, and clot will form
on wound surface.

Biofilms prevent clot formation
on the surface of a wound post-
debridement by direct compe-
tition and an increased prote-
olytic environment.

evidence supports a role for neutrophils in the pathophysiology of chronic wounds”
(Yager and Nwomeh 1999). Diegelman concurred, stating, “In contrast, the ulcer
microenvironment appears to be an area of massive destruction due to the invasion
of tremendous numbers of neutrophils and their destructive enzymes” (Diegelmann
2003).

There have been tremendous advances in imaging over the last decade, yet very
few studies have examined the wound bed itself. Diegelman’s study looking at
tissue gram stains to demonstrate the presence of excessive neutrophils inadver-
tently demonstrated the presence of wound biofilm in the same area (Diegelmann
2003). The presence of wound biofilm can explain the elevated proinflammatory
cytokines, elevated matrix metalloproteases, and excessive neutrophils seen in all
chronic wounds.

There is now good evidence that chronic wounds are different from acute wounds
because the former possess biofilm on their surface. Electron microscopy studies
along with tissue gram stains conducted at the Center for Biofilm Engineering found
that chronic wounds had a high prevalence of biofilm on the surface of the wound
(Fig. 3a), whereas acute wounds rarely exhibited any biofilm (Fig. 3b) (James et al.,
unpublished). This would indicate that the difference between an acute and a chronic
wound is the presence of biofilm on the chronic wound (Fig. 4).
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Fig. 2 Diagram of implant infection. A Planktonic bacteria are susceptible to the host’s immune
response and to antibiotics. B Bacteria form biofilms, such as on medical devices, where they
are resistant to immune response and to antibiotics. C Phagocytes attach to the biofilm. They are
unable to phagocytose the bacteria, but degrading enzymes are released, destroying surrounding
tissue. Some bacteria are released, leading to dissemination of infection to neighboring tissue.
(Y antibodies, ∆-antibiotics) (Illustration by Mike Beshiri, Tufts University, Cummings School of
Veterinary Medicine, Department of Biomedical Sciences, Division of Infectious Diseases, North
Grafton, MA, USA)

Chronic wounds, and indeed all biofilm-based human infections, are locked in
a persistent chronic inflammatory state in a high proteolytic environment. As noted
above, chronic wounds seem to have significant biofilm, whereas acute wounds
(which do not exhibit a chronic inflammatory state) have very little biofilm on their
surface. Intuitively, it makes sense for the presence of a colony of bacteria to produce
a vigorous immune response from the host. But is it biofilm on the wound’s surface
that is causing the chronic inflammation and thus impairing healing? If wound heal-
ing improves with the use of agents that only target the biofilm behavior of bacteria,
then the biofilm must be contributing to the impairment in healing. This provides
indirect evidence of the role of biofilm in nonhealing chronic wounds.
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Fig. 3 a Wound biofilm as seen in this electron micrograph covers most of the surface of chronic
wounds regardless of the etiology. b Acute wounds show expanses of extracellular matrix with
occasional planktonic bacteria. Acute wounds have little biofilm on their surface

Fig. 4 This series of photographs captures the development of a full-thickness acute wound in the
same region as a chronic wound. The acute wound healed in 3 weeks, but the chronic wound did
not. The difference may be biofilm

Quorum-sensing inhibitors (QSIs) have the unique property of affecting only the
biofilm behavior of bacteria. As noted in other chapters, quorum-sensing molecules
are specific signaling agents that control the behavior of biofilms by regulating the
gene expression of each of the colony bacteria. The original name given to these
signaling molecules was quorum-sensing molecules because a critical density of in-
dividual bacteria (a quorum) is required to trigger biofilm gene expression. In other
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words, a certain number of these molecules need to be present to cause upregula-
tion or downregulation of suites of genes (operons and regulons) responsible for
biofilm formation. It was clear from the beginning that if this communication lan-
guage could be understood, certain behaviors could be manipulated (inhibited), thus
averting the impenetrable defenses of biofilm.

As noted in other chapters, RIP is a staphylococcal QSI that blocks biofilm
behavior and toxin production. Animal studies using rat graft or central venous
catheter models show that animals treated with RIP were able to clear S. aureus
and S. epidermidis biofilms and that RIP is synergistic with commonly used antibi-
otics. RIP suppressed any type of staphylococcal infection, including drug-resistant
ones such as methicillin-resistant S. aureus (MRSA), methicillin-resistant S. epi-
dermidis, vancomycin-intermediate S. aureus, and vancomycin-intermediate S. epi-
dermidis (e.g., Balaban et al. 2005). This is a very exciting step toward specific,
well-understood agents that may be useful in a clinical setting.

2 Use of a Quorum-Sensing Inhibitor
to Treat Chronic Wound Infections

Two cases demonstrate the potential power of a QSI (RIP) in clinical application
for controlling biofilm-based infectious diseases. RIP was used in these two cases
of chronic wounds with osteomyelitis in patients who had exhausted all other op-
tions. Although the methods of using RIP are still in development, these two cases
demonstrate the potential of QSIs for future clinical use.

2.1 Case History 1

A man with severe peripheral vascular disease and diabetes mellitus sustained minor
trauma to his right little toe. In his minor diabetic foot ulcer he was found to have
MRSA, Enterobacter cloacae, Pseudomonas species, Citrobacter species, E. coli,
and group D enterococci. Over the next 6 months, the patient had aggressive con-
servative wound care. This included topical products such as Iodosorb, Hydrofera
Blue, Acticoat, silver gels, enzymes, Promogran, and many other topical prepara-
tions. The wound underwent debridement frequently. Despite these measures, there
was a continual dying back into the forefoot. Perfusion and oxygenation studies
showed that there was adequate blood flow and oxygenation of the tissues for heal-
ing. Yet the wound relentlessly worsened. There was extensive osteomyelitis across
the forefoot within 4 months. The patient was offered major limb amputation on
several occasions but refused. After 7 months (Fig. 5a), the patient had just com-
pleted 2 weeks of intravenous Cubicin at 6 mg/kg along with topical application of
Hydrofera Blue on a daily basis, offloading, and nutritional support. The foot was
clearly worsening. After 8 months, a gel preparation of RIP at 1.7 mcg/ml was ap-
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plied topically to the wound on a daily basis along with continued use of Cubicin
4 mg/kg for 3 weeks. By that time, the wound had shown significant improvement.
The Cubicin was stopped, but the RIP gel was continued with steady improvement
noted throughout the next few months (Fig. 5b). Three months after that, Apligraf
grafting was instituted every 2–4 weeks for the next 8 months to completed healing
(Fig. 5c). In summary, RIP, as a topically applied agent used adjunctively with in-
travenous antibiotics, cleared the biofilm that was slowly eroding through the foot.
This treatment produced a spectacular salvage of this patient’s limb.

2.2 Case History 2

A man with severe insulin-dependent diabetes mellitus presented with a hot, swollen
left foot with blood sugars greater than 600. He was febrile and hypotensive and
was immediately admitted to the hospital for intravenous antibiotics and surgical
management of his left foot. The surgical decision was made to amputate the left
lower extremity, which the patient refused. Local surgery was done on the foot,
which had significant pus in the forefoot with osteomyelitis involving the tarsal and
metatarsals. The organisms cultured were MRSA and group D enterococci. The pa-
tient was placed on Cubicin 6 mg/kg and continued to do poorly (Fig. 6a). He was
dismissed from orthopedic and medical care because he continued to refuse ampu-
tation of his left lower extremity. He was placed in outpatient therapy with daily
Cubicin 6 mg/kg and was injected with RIP in the tarsal area (25 mg/5 ml Mar-
caine). This injection was done on a daily basis for three visits. The local wound
care consisted of daily ultrasonic debridement followed by sharp debridement to
open up any undermining and tunneling and to remove any necrotic material. Ap-
plied topical preparations included lactoferrin 10 mg/ml, xylitol 5% by weight, and
RIP 1.7 µg/ml. The compounded gel was placed on the foot on a daily basis. Af-
ter 1 week, the patient’s blood sugars had normalized, his malaise had cleared, and
the wound was much improved. The foot edema and erythema completely resolved
within 10 days (Fig. 6b). The injection of RIP in the area of obvious S. aureus
biofilm (osteomyelitis) markedly changed the patient’s clinical course and led to
resolution of the osteomyelitis as well as healing of the diabetic foot ulcer (Fig. 6c).

QSIs are not the only signal-inhibiting agents that have been shown to improve
wound healing by suppressing biofilm. Lactoferrin applied topically to a chronic
wound has shown good ability to block reaccumulation of biofilm after debridement
(see case history 3, below). Xylitol and other alcohol sugars have demonstrated an
ability to weaken EPS, and therefore can be the first line of defense to improve
wound outcomes. In fact, a number of excellent antibiofilm agents are well docu-
mented in the literature from other fields (Domenico et al. 2004; Katsuyama et al.
2005; Tapiainen et al. 2004; Veloira et al. 2003). The fact that these agents pro-
duce better outcomes in chronic biofilm infections demonstrates that the approach
of direct biofilm suppression may be a valuable medical tool.
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Fig. 5 Case history 1. The patient had continued dying back of the foot (a) secondary to infection
caused by methicillin-resistant S. aureus, Enterobacter cloacae, Pseudomonas spp, Citrobacter
species, E. coli, and group D enterococci. Once RIP was added to the regimen, there was a dramatic
turnaround (b), and the patient went on to healing (c)

Fig. 6 Case history 2. The patient presented with overwhelming infection of the foot with os-
teomyelitis (a). The use of RIP injected in the tarsal and metatarsal region in conjunction with
appropriate antibiotics (b) allowed for limb salvage (c)

Fig. 7 Case history 3. The patient presented with overwhelming infection of the foot with os-
teomyelitis (a). The initial culture showed methicillin-resistant S. aureus, with subsequent culture
showing Enterococcus and E. coli. Debridement was carried out at 1-week intervals. The patient
was placed on Daptomycin 6 mg/kg for over 6 weeks (b). The topical regimen was lactoferrin
33 mg/cc, Xylitol 5%, and silver (Acticoat) (c), and later Apligraf and Oasis, allowing for limb
salvage (d)
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3 The Use of Lactoferrin in Wound Care

As noted in other chapters, lactoferrin is used in many products, as well as in meat
packing plants, to treat meat surfaces to prevent biofilm formation and as a dietary
supplement. It has been a popular nutritional supplement for a number of decades,
a situation that may have contributed to a lack of rigorous study of this very pow-
erful component of the innate immune system. Copious amounts of lactoferrin are
secreted in human external secretions (tears, saliva, mucous, milk, etc.). Because
lactoferrin is a main component of the innate immune system and is ubiquitous in
surface secretions, it seems logical that lactoferrin would play a significant role in
antimicrobial surface protection of the host. Exactly what roles it plays and how it
plays these roles is just now coming to light.

The initial work of looking into the antimicrobial activity of lactoferrin suggested
that the protein’s affinity for iron (transferrin) was its main mechanism of action. It
was demonstrated that lactoferrin sequesters iron, depleting this essential bacterial
nutrient and causing a bacteriostatic action against bacteria (Bullen 1975). How-
ever, this research and several subsequent studies focused on planktonic bacteria,
not biofilms (Weinberg 1993). It was only recently that the biofilm-lactoferrin con-
nection was made (Weinberg 2004).

By 1977 there was some suggestion that the role of lactoferrin was more complex
than just its ability to bind iron (Arnold et al. 1977). In planktonic bacteria, lacto-
ferrin was found to have a direct bactericidal effect. Lactoferrin was found to bind
to the lipopolysaccharide portion in the outer membrane of gram-negative bacteria.
This binding to the phosphate group in the lipid A region of the membrane causes
rigidification of acyl chains of the lipopolysaccharides, which causes rapid release
of lipopolysaccharides and increased membrane permeability. It is increased mem-
brane permeability that causes planktonic bacterial cell death (Brandenburg et al.
2001; Appelmelk et al. 1994; Ellison III et al. 1988).

Recently, a number of different functions have been identified for this versatile
protein. For example, a definite protease activity has been identified. Lactoferrin acts
as a serine protease that can cleave arginine-rich sequences. Independent from its
iron binding capacity, it has been shown to induce degradation of bacterial secreted
proteins necessary for attachment (Ochoa et al. 2003).

An important new finding is that lactoferrin works synergistically with polymor-
phonuclear cells to produce bactericidal activity. Lactoferrin acts as a reservoir for
iron which is required for catalyzing hydroxyl radical production, one of the main
weapons in the polymorphonuclear cells’ armamentarium. It was found that lacto-
ferrin remains stable and continues to bind iron even at a very low pH. The activated
neutrophil binds lactoferrin-containing granules with the acidic phagolysosome, re-
sulting in the needed iron source for its bactericidal activity (Ward et al. 2002).

Lactoferrin has been shown to prevent free-floating (planktonic) P. aeruginosa
from attaching to a surface. If the attachment is prevented, then biofilm formation
is prevented (Singh et al. 2002). It seems that as a planktonic bacterium adheres
to a surface in the presence of lactoferrin, the movement of the individual bacteria
(referred to as twitching) is increased. If twitching is increased for the parent cell
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and all its progeny, they fail to group into microcolonies, which is the first step in
expressing biofilm behavior. In that study, P. aeruginosa cultures without lactoferrin
demonstrated thick biofilm formation. When lactoferrin was added, the planktonic
bacteria were able to divide but not attach, so no biofilm structures were identified
(Singh et al. 2002). Lactoferrin worked purely to prevent the attachment of plank-
tonic bacteria, thus preventing biofilm formation.

To determine whether lactoferrin is effective in managing wounds, our group
conducted an 8-week prospective randomized controlled study of 50 patients.
Twenty-five patients with a total of 37 wounds were randomly placed in the lactofer-
rin gel treatment group. The control group consisted of 25 patients with 30 wounds,
and they received the same gel without lactoferrin. The study demonstrated that pa-
tients receiving the lactoferrin gel had a higher percentage of complete healing in
the 8 weeks. Overall, lactoferrin was an effective agent for improving the healing of
chronic wounds (see case history 3).

3.1 Case History 3

A man had acute onset of necrosis of all the toes of his right foot, with critical limb
ischemia. A stent was placed in the superficial femoral artery. The patient did reper-
fuse the foot but was still recommended to have a below-knee amputation (Fig. 7a).
At the initial visit, the patient’s TcPO2 in the right foot was 23 mmHg. Over the
course of treatment it rose slightly to 25 mmHg. Initial culture showed MRSA, with
subsequent culture showing Enterococcus and E. coli. Biofilm-based wound man-
agement was initiated. Initially, debridement was targeted on removing all necrotic
material and shaping the wound to benefit the host (Fig. 7b). Debridement was car-
ried out at 1-week intervals. The patient was placed on daptomycin 6 mg/kg for over
6 weeks because he had osteomyelitis of the metatarsals; daptomycin has shown ef-
ficacy against biofilm phenotype bacteria. The topical regimen used was a mixture
of lactoferrin 33 mg/cc, xylitol 5%, and Acticoat; lactoferrin, xylitol, and silver
have shown good synergy in preventing reaccumulation of biofilm after removal
by debridement (Fig. 7c). Surface management was continued on a weekly basis
using ultrasonic debridement. By the 6th month, the biofilm was suppressed suf-
ficiently to allow proactive agents such as Apligraf and Oasis to be applied to the
wound to promote wound healing. These agents have worked effectively, and al-
though the limb remained hypoxic, healing was almost complete by the 9th month
(Fig. 7d).

Healing of a difficult, hypoxic wound in an elderly patient is difficult, and this
case illustrates the relative contribution of wound biofilm in preventing wound heal-
ing. With wound biofilm suppressed, even difficult wounds demonstrate the ability
to heal. It appears that wound biofilm is a major barrier to wound healing; there-
fore, specific targeting of wound biofilm should result in better wound healing out-
comes.
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4 Concluding Remarks

From a medical perspective, biofilm needs rigorous scientific attention. Wounds and
other biofilm-based diseases account for a major portion of current healthcare ex-
penditures. Biofilm diseases cause significant suffering, major disability, loss of
limb, and loss of life. Molecular and cellular evaluation of biofilm and the host
biofilm interaction is an important first step to mitigate this desperate situation.

The answer to biofilm infections will probably not be found in a single agent
such as a single QSI. More likely, the answer will be found in a coordinated ap-
proach using multiple simultaneous strategies such as frequent repetitive removal
of the biofilm, specific biocides, antibiofilm antibiotics (Cubicin) and multiple an-
tibiofilm agents (Fux et al. 2005). Antibiofilm agents include QSIs that can act at
different pathways to manipulate biofilm behavior. Using QSIs to attack biofilms
simultaneously at attachment, differentiation, EPS production, and so on, may be
a more robust approach. This gives much hope for eventually controlling biofilm to
the point where it no longer produces devastating disease.
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