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Abstract

The study of peptide signaling is yielding both fascinating and valuable information regard-
ing bacterial biofilm development and helping to elucidate the disease processes caused by
several human pathogens. Peptide signaling potentially impacts all stages of the biofilm
“life-cycle” for many bacterial species, from attachment to maturation and detachment.
While the particular roles of the signaling systems in biofilm formation varies among spe-
cies, the implications of several phenomena, from natural transformation of streptococci to
quorum sensing variant generation in staphylococci, may only be fully appreciated in the
context of biofilms and cell-to-cell signaling, Understanding the mechanisms by which the
peptide signaling systems exert their effects on biofilms may yield therapeutic strategies
with limited, but important, uses.

Introduction

The role of peptide signaling (also known as quorum sensing) in bacterial biofilm develop-
ment continues to attract significant attention, in no small part due to the potential of
disrupting biofilm formation, preventing expression of pathogenic factors, and understand-
ing certain disease processes. However, as quickly becomes evident through review of rel-
evant literature, the contribution of peptide signaling to pathogenesis and biofilm behavior
can vary significantly not only species to species but even within species. The pleotropic
regulatory effects exerted by these signaling systems, their interaction with other regulatory
elements, and the effects of varied growth conditions can make for somewhat conflicting
results from study to study. Still, important insights are being made into the physiological
and signaling processes involved in biofilm development, including both the commonalities
and differences between species.

While bacteria have historically been studied in planktonic cell cultures, it is clear
that biofilm-associated organisms are different by just about any measure. They exhibit
markedly different gene and protein expression profiles as compared to planktonic cells
and are remarkably resistant to treatment with antimicrobials. Furthermore, the frequently
heterogeneous nature of the biofilm environment (gradients in carbon sources, oxygen,
metabolic by-products, etc.) makes for a correspondingly heterogeneous population of cells
unlike those in fairly uniform planktonic cultures. Yet, elements of the traditional batch cul-
ture appear to translate meaningfully to various stages of biofilm formation, perhaps best
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illustrated by the staphylococci (Figure 8.1). Expression of staphylococcal cell surface-as-
sociated adhesins occurs during early growth at low cell densities in planktonic cell culture
when peptide signal concentrations are also low. These adhesins, such as the fibrinogen-
binding and fibronectin-binding proteins, can mediate attachment to biological surfaces
through ligand—receptor interactions. Large cell-surface proteins, including the adhesins,
can also enhance attachment to abiotic substrates through non-specific physiochemical
means, such as hydrophobic interactions. Correspondingly, these colonizing factors would
be important in vivo when initial cell densities are relatively low and nutrient supply non-
limiting. In contrast, once staphylococcal planktonic cell cultures reach high densities and
nutrient supply is limited, signal concentrations are high and the cultures tend to produce
extracellular enzymes (e.g. proteases, lipases and hemolysins), immunostimulatory factors
(e.g. superantigens) and even some molecules with surfactant properties (e.g. staphylococcal
d-toxin). In vivo, such cell density and limited nutrient supply could be found in biofilms or
abscesses, and these extracellular factors may contribute to cell detachment and dissemina-
tion though cleavage of cell-to-cell or cell-to-host bonds and degradation of surrounding
host tissue. The increased vascular permeation that accompanies expression of extracellular
virulence factors may also enhance the spread of organisms from one site to another. Once
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Figure 8.1 Model of staphylococcal virulence gene expression in vitro and in vivo. Expression
of cell surface-associated adhesins enhances colonization and proliferation of staphylococci at
the site of infection. Growth of the staphylococcal colony leads to a mature biofilm. Expression
of extracellular enzymes, toxins and surfactants facilitates escape of staphylococci from the
localized infection and subsequent colonization of secondary sites or hosts.



Peptide Signaling in Bacterial Biofilms | 143

released from the colony, cells experience low signal concentrations and revert to expression
of surface adhesins that mediate attachment, enabling colonization of secondary sites. This
model can only be presented in a simplistic fashion in Figure 8.1 as the specific bacterial
agents involved in this process, the timing of their induction, and their activity will vary
from species to species, and even within species, based on the disease process. Yet, as this
chapter will show, evidence of interplay between peptide signaling, cell density, and bacterial
products involved in colonization and dissemination is widespread enough among certain
bacteria to deserve further investigation into the regulatory systems that control the biofilm
“life-cycle” of cell attachment, biofilm growth and maturation, cell detachment, and finally,
cell attachment at secondary sites.

Though peptide-based signaling systems have been identified in some Gram-negative
bacteria, little is known regarding their role, if any, in biofilm formation. Thus, this chapter
will focus on the biology of peptide signaling and biofilm formation by Gram-positive
bacteria. Among these, the signaling systems have been best characterized in three genera,
Staphylococcus, Streptococcus, and Enterococcus. Unlike the acyl-homoserine lactone signals
found in many Gram-negative bacteria (Atkinson et al., this volume), the peptide signals
that mediate quorum sensing in these Gram-positive bacteria cannot freely diffuse through
the cell membrane. Instead, these signaling systems are generally characterized by two-
component regulatory systems that sense and respond to secreted signals. Usually, distinct
genetic loci exist that encode the two-component system, the peptide signal precursor, and
proteins likely involved in the processing and/or secretion of the signal.

Peptide signaling and Staphylococcus biofilms

Staphylococci are remarkably adept at causing a variety of human and animal diseases.
These range from relatively benign skin infections, such as impetigo, to much more serious
ones, including toxic shock syndrome. Many staphylococcal infections appear to take the
form of biofilms, including endocarditis, osteomyelitis, and even some skin infections. In
fact, biofilm formation is considered to be the primary “virulence factor” of certain coagu-
lase-negative staphylococci, including S. epidermidis, a common cause of implanted medical
device-related infections.

The Agr quorum-sensing system

Since the identification of the accessory gene regulator (Agr) quorum sensing system in
Staphylococcus aureus and subsequently in other staphylococcal species it has been assigned
a central role in the regulation of staphylococcal virulence (Kong et al., 2006; Novick,
2003; Novick, 2006; Yarwood, 2006). As such, it has attracted substantial attention as
a potential target for controlling staphylococcal disease. While virulence gene regulation
by Agr appears to be considerably more complex in vivo than initially understood from in
vitro studies, expression of Agr, or even lack thereof, remains an important determinant
in staphylococcal disease development. agr mutants have been shown to be attenuated
for virulence in some animal models of infection, including a murine arthritis model, an
osteomyelitis model, and a skin abscess model (Novick, 2003). It has also been shown that
expression of Agr, and Agr-regulated exotoxins, facilitates escape of S. aureus internalized

by epithelial cells (Shompole et al., 2003). Now evidence is accumulating that the Agr sys-
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tem plays a significant role in biofilm formation, development and behavior, with important
implications for human disease.

This chapter will focus primarily on the Agr system of S. aureus, in which Agr, and viru-
lence in general, has been best studied, and to a lesser extent, S. epidermidis. Agr homologs
have been identified in many additional staphylococcal species, but little or no investigation
has been conducted into regulation of biofilm formation by Agr in these staphylococci.

The agr locus consists of two divergent operons (Figure 8.2) (Novick, 2003). The
P2 operon (agrACDB) encodes the proteins necessary for signal synthesis, processing,
secretion, and recognition, while the transcript of the P3 operon, RNAIII, mediates the
regulatory effects of Agr expression. The autoinducing peptide (AIP) signal is formed by
cleavage and processing of the AgrD protein. A characteristic thiolactone ring is formed
between a generally conserved central cysteine and the peptide’s C-terminal carboxyl group,
and this cyclical structure is generally required for the activity of AIP. Both the cleavage
of AgrD and the secretion of AIP are thought to be mediated by the membrane protein
AgrB, though other proteins may be involved as well. In comparison of AIP sequence from
multiple Staphylococcus species, only the central cysteine and the five-membered thiolactone

ring are generally conserved (Novick, 2003; Otto, 2001). The length of the N-terminal
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Figure 8.2 Model of the Staphylococcus aureus Agr system (see text for additional description).
The agrD product is processed in part by AgrB into AIP and secreted into the extracellular
environment. Recognition of AIP by AgrC triggers transfer of a phosphate group between AgrC
and AgrA. AgrA, together with the transcriptional regulator SarA, acts to increase transcription
of both the P2 and P3 operons. The transcript of the P3 operon, RNAII, is the effector molecule
of the agr locus and encodes &-toxin (h/d) as well.
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tail varies from two and four amino acids, which results in pheromones with seven to nine
residues in all. Lengthening or shortening the tail of an S. epidermidis AIP by a single amino
acid residue results in a lack of biological activity in this bacterium, suggesting that AIP
length is important for biological activity.

Four distinct Agr groups, based on the identity of the AIP produced, have been de-
scribed in S. aureus (Novick, 2003). AIP produced by one group generally inhibits signaling
by staphylococci from a different Agr group by competitive binding to the AgrC receptor.
In addition, one AIP produced by S. epidermidis inhibits signaling by three of the four S.
aureus Agr groups. Conversely, S. aureus Agr group IV is the only one capable of inhibiting
S. epidermidis signaling,

In planktonic cultures, the amount of AIP in the medium generally increases in cor-
relation with increasing cell density. Upon reaching sufficient AIP concentration (this has
been reported to be during the mid-log phase, though the timing may vary from strain to
strain) signaling via the AgrA-AgrC system leads to increased transcription of both the
P2 and P3 operons. AgrA and AgrC form the response regulator and histidine kinase
receptor, respectively, of a two-component regulatory system that responds to the secreted
AIP. AgrA is thought to be constitutively phosphorylated, thus its activation may require
dephosphorylation. Binding of AgrA to the agr promoters has not been demonstrated, and
other regulatory proteins such as staphylococcal accessory regulator A (SarA) likely are a
critical component of Agr autoinduction and response to the AIP.

The transcript of the P3 operon, RNAIII, is considered to be the effector of the agr
locus in mediating the repression or induction of quorum-controlled genes. Levels and
timing of RNAIII transcription vary from strain to strain, and can be correlated with the
relative levels of Agr-regulated secreted or surface factors (Li et al., 1997). 8-toxin (hld) is
also translated from the RNAIII molecule, though disruption of 6-toxin translation does
not appear to impair the regulatory capabilities of RNAIIL Though the RNAIII nucleo-
tide sequence is not well conserved, the secondary structure is, including several stem-loop
motifs. When RNAIII from S. epidermidis, S. simulans, and S. warneri were expressed in S.
aureus, they completely repressed expression of the protein A (spa) gene, similar to native
S. aureus RNAIIL, and they stimulated expression of 0i-toxin (hla) and serine protease,
suggesting conservation of some important regulatory function among species (Tegmark
et al., 1998).

Much remains unknown of how RNAIII exerts its regulatory effects, though RNAIII
is capable of regulation both at the transcriptional and translational levels (Novick, 2003).
For instance, the transcription termination loop of RNAIII is necessary for repression
of spa transcription, whereas the 3" end of RNAIII is complementary to the translation
initiation site of spa mRNA and reportedly blocks its translation. In regulation of hla
translation, the 5 region of RNAIII is complementary to the hla mRINA leader sequence.
The hla mRNA leader folds into an untranslatable form unless prevented from doing so
by RNAIIL Benito et al. (2000) proposed that several structurally different populations of
RINATII might coexist in vivo, and that RNAIII undergoes conformational changes neces-
sary for specific functions.

In fact, many of the regulatory effects exerted by RNNAIII are likely to be indirect.
An analysis of Agr regulation of sed expression suggests that the late log growth phase
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increase in sed transcription occurs via the Agr-mediated reduction in Rot (repressor of
toxin) activity rather than a direct effect of Agr (Tseng et al., 2004). This was supported by
the observation that the sed promoter is not regulated by the Agr system in a rot mutant
background. Agr does not appear to affect rot transcription. However, it has been shown to
downregulate Rot activity by an as yet undefined mechanism. One explanation is that Rot
might be an RNAIII-binding protein, and activation of agr results in titration of Rot from
its gene targets (McNamara et al., 2000).

Agr-regulated genes

In general, Agr expression in planktonic cultures of S. aureus leads to the increased expres-
sion of secreted virulence factors and the decreased expression of several surface-associated
adhesins and virulence factors. For most strains this occurs during the transition from late-
log growth to early stationary phase, also known as the postexponential phase. A model for
how this might affect biofilm development in vivo was presented in the introduction to this
chapter (see Figure 8.1).

With the exception of capsular polysaccharides, secreted factors upregulated by the Agr
system with particular significance for virulence can generally be divided into two classes,
exoenzymes and exotoxins (Novick, 2006). Exoenzymes, such as lipase and the proteases,
contribute to host tissue degradation, perhaps to create a source of nutrients or to facilitate
escape from the localized infection. Also, proteases degrade host proteins important for the
immune response, such as the neutrophil defensins, platelet microbicidal proteins, and anti-
bodies, thus providing some protection from host immunity. Proteases may also contribute
to the degradation of cell-to-cell or cell-to-host bonds formed by staphylococcal cell surface
adhesins. Regulation of lipase production itself may be due to the upregulation by Agr of
proteolytic activity, enhancing conversion of the pro-form of the lipase to mature lipase,
rather than regulation at the transcriptional level. Fatty-acid modifying enzyme (FAME)
is also strongly activated by Agr. FAME can inactivate bactericidal lipids often found in
staphylococcal abscesses through esterification of the lipids into alcohols. These lipids are
frequently released from glycerides in the abscess, perhaps by the action of staphylococcal
lipase. Accordingly, most S. aureus strains that produce lipase also produce FAME.

Exotoxins upregulated by Agr include the hemolysins (0-, B-, 8-, and y-toxin), which
have general lytic activity against a broad range of host cells, and the pyrogenic toxin supe-
rantigens (SAgs), which have broad immunostimulatory activity. 0i-and &-toxins are both
thought to be pore-forming agents strongly regulated by Agr. 0i-toxin is positively regulated
at both the transcriptional and translational levels by RNAIIIL, whereas 6-toxin is directly
encoded via RNAIIL o-toxin is a highly potent toxin, killing erythrocytes, mononuclear
immune cells, epithelial and endothelial cells. -toxin is a small, surfactive protein and
is active against many types of membranes. B-toxin is likely a sphingomyelinase, causing
hydrolysis of sphingomyelin in the membrane outer leaflet patches of erythrocytes and
eventual collapse of the lipid bilayer. Y-toxin is a member of a family of bi-component toxins
of S. aureus in which their pore-forming activity is mediated by two synergistically acting
proteins, and is strongly hemolytic but much less leukotoxic.

SAgs generally exert their effects through non-antigen speciﬁc binding of professional
antigen-presenting cells and T-cells, Typical antigens might stimulate one out of 10 000
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T-cells that specifically recognize that particular antigen; superantigens may stimulate and
cause polyclonal proliferation of 20% or more of all circulating T-cells. This results in the
release of high levels of cytokines, leading to the symptoms of toxic shock such as vascular
dilation, loss of blood pressure, and subsequent organ damage and failure. It is possible that
the increased permeability of organs and tissues due to this immune response could also
facilitate the spread of staphylococci from one site to another by fluid flow.

In general, most of the SAgs are activated by the Agr system, though there are some
exceptions. Staphylococcal enterotoxin A (SEA), for instance, is produced throughout
growth in an Agr-independent manner. It is not clear what the significance of this Agr-
independent expression and the relative contribution of Agr-independent toxins versus
Agr-activated toxins in a particular infection type might be. Many of the SAgs are also
enterotoxins, exhibiting emetic activity which is separable within the protein from their
superantigenic activity, and are responsible for the dominance of S. aureus as a leading cause
of food poisoning.

There are numerous factors important for colonization and virulence that are down-
regulated by Agr as well. These include several surface-associated adhesins such as protein
A, fibronectin-binding proteins (fnbA, fnbB), vitronectin-binding protein and coagulase
(Novick, 2006). Many of these proteins can also be found in substantial quantities in the
growth medium, suggesting that their release from the cell may have importance as well.
This release may be due in part to proteolytic activity, particularly at high cell densities.

Protein A was the first staphylococcal surface protein to be characterized and is noted
for its ability to bind the Fc region of mammalian IgG. By binding IgG, Protein A may
interfere with phagocytosis of opsonized bacteria. Protein A can also mediate staphylo-
coccal adherence to von Willebrand factor, a host extracellular matrix protein, suggesting
that protein A influences several aspects of the colonization and infectious processes. Two
structurally similar proteins, FnbpA and FnbpB, have been shown to mediate S. aureus
binding to fibronectin. Fibronectin is a ubiquitous protein found in the extracellular matrix
of most tissues, as well as in soluble form in many body fluids, and is necessary for the adhe-
sion of almost all cell types. Fibronectin is one of the host proteins that rapidly coat foreign
objects, such as an intravascular catheter, thus facilitating adherence of staphylococci to this
de facto biological surface. The fibronectin-binding proteins may also play a role in invasion
of host cells by binding soluble fibronectin which is then recognized by integrins on the
host cell. This results in phagocytosis of the host protein-coated bacteria. Vitronectin is an
adhesive glycoprotein found in circulation at several extracellular matrix sites, particular
during tissue or vascular remodeling. Similar to fibronectin- or fibrinogen-binding pro-
teins, vitronectin-binding likely facilitates colonization by staphylococci of host tissues or
host-protein coated implanted devices. Coagulase production is the primary criterion used
to distinguish S. aureus from other staphylococcal species in a clinical microbiology setting.
Coagulase binds soluble fibrinogen and also binds human prothrombin to form a complex
which converts soluble fibrinogen to insoluble fibrin. Coagulase is cell-wall associated,
though does not have a cell-wall anchoring sequence. The role of coagulase in staphylococ-
cal pathogenesis is not well understood. It could be that fibrin clotting around infection foci
protects the bacteria from elements of host immunity.
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A transcriptome analysis of Agr function in S. aureus identified 104 genes induced and
34 genes repressed in an Agr-dependent manner (Dunman et al., 2001). This study sup-
ports in general the idea that extracellular virulence factors are activated by Agr and surface
adhesins repressed. However, the majority of genes identified as being Agr-regulated were
in fact not known virulence factors, but were instead involved in such cellular processes
as amino acid metabolism and nutrient transport. Considering this evidence, as well as
the identification of Agr homologs in other, less virulent staphylococci, one can speculate
that the Agr system may not have evolved originally to facilitate virulence, but perhaps for
the coordination of more basic biological functions. Some of these biological functions
could well include colonization and dissemination at appropriate cell densities—functions
essential to biofilm development.

Several aspects of the in vitro model of the Agr regulatory circuit were confirmed in an
experimental endocarditis model, although with an intriguing exception (Xiong et al., 2002).
As might be expected, maximal RNAII activation in vegetations occurred early, followed by
increasing RNAIII expression. This correlated with increased bacterial densities within the
vegetations (as compared to lower densities in kidney and spleen tissues), supporting the
idea that RNAIIT activation in vivo is time and cell-density dependent, and perhaps also
tissue-specific. Surprisingly, RNAIII activation was also observed in vegetations formed
using Agr signaling mutants (though to a lesser extent than the wild type), suggesting that
an RNAII-independent mechanism of RNAIIT activation may exist in vivo. Also, there was
no correlation between RNAII promoter activity and vegetation densities.

The plasma protein fibrinogen is an important component of the acute inflammatory
response. It helps to promote neutrophil migration and adhesion, induction of cytokine
synthesis, coating of foreign bodies, walling off of infection sites, and initiation of wound
healing. As discussed eatlier, S. aureus possesses several cell-associated and secreted factors
that directly interact with fibrinogen or its soluble precursor, fibrin. In a murine abscess
model, transient depletion of the animal of ﬁbrinogen signiﬁcandy reduced the bacterial
burden and overall morbidity and mortality in the animals (Rothfork et al., 2003). This
was not observed in infection by an agr mutant. Fibrinogen depletion also inhibited in vivo
activation of RNAIII transcription, as well as expression of the quorum-activated virulence
factors O-toxin and capsule. The data suggest that fibrinogen-mediated clumping is suf-
ficient to concentrate the autoinducer and promote quorum sensing. The same effects could
also mediated by fibronectin. This study provides an important mechanistic link between
the innate immune response and pathogenesis of S. aureus, as well as insight into regulation
of agr expression in vivo.

Peptide signaling in Staphylococcus epidermidis

In general, the Agr system in S. epidermidis appears to be highly similar to thatin S. aureus
(Van Wamel et al., 1998; Vuong et al., 2000a). Agr expression is growth-phase dependent,
and with a few exceptions, upregulates exoprotein production while downregulating several
surface-associated proteins. In particular, both lipase and protease activity are greatly down-
regulated in a S. epidermidis agr mutant. Overall, homology of the agr loci between S. aureus
and S. epidermidis is 68%. The O-toxin presumably encoded by the S. epidermidis RNAIII

molecule differs in three amino acids from that produced by S. aureus, and is upregulated in
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post-exponential phase, as is RNAIIL §-toxin activity was found in 21 of 23 S. epidermidis
strains tested. Agr was also shown to be indirectly involved in production of the lantibiotic
epidermin by S. epidermidis via regulation of EpiP, a protease involved in the formation of
mature epidermin (Kies et al., 2003).

Agr and staphylococcal biofilms
There are at least three important stages in staphylococcal biofilm development and be-
havior, similar to those for many other bacterial species. The first is the initial attachment
of cells to a biotic or abiotic surface, usually mediated by surface adhesins. The second, or
maturation, stage involves the accumulation of cells into multi-layered clusters enclosed in
an at least partly self-produced matrix, or glycocalyx. The third stage of biofilm develop-
ment involves detachment of cells from the biofilm which may facilitate the colonization
of distant sites from the original infection site. The factors contributing to detachment
are both external and internal to the biofilm. Physical factors such as shear and physical
disruption of the biofilm induce large-scale detachment, while emerging evidence suggests
that biofilm-associated bacteria may also actively promote their own detachment (see also
Webb, this volume).

There are mechanisms whereby Agr expression might impact each of these stages of
biofilm development, based on a limited number of in vitro studies.

Initial attachment

There appear to be two general mechanisms by which staphylococci attach to a surface as
illustrated by colonization of an intravascular catheter. During insertion of the catheter,
attachment to the naked polymer surface occurs through non-specific, physiochemical
interactions, such as hydrophobic interactions. Subsequent to implantation, the catheter
surface becomes coated with components of the host matrix, such as fibrinogen, fibronec-
tin, and collagen. This facilitates more specific interactions between the staphylococci and
what is now a biological surface mediated by specific receptors on the staphylococci, such
as the fibrinogen- and fibronectin-binding proteins. Several of these specific staphylococcal
receptors are negatively regulated by Agr. In some staphylococcal species large proteins that
might mediate non-specific, hydrophobic interactions with the uncoated polymer surface

are also regulated by Agr (e.g. the autolysin AtlE in S. epidermidis).

Maturation

Little evidence exists for or against a contribution of the Agr system to the maturation of
biofilms. The matrix is thought to usually consist of the polysaccharide intercellular adhe-
sion (PIA), and the expression of PIA (encoded by the ica locus) is not regulated by Agr
(Vuong et al., 2003). In the host milieu, however, it is not entirely clear whether PIA is in
fact required to form a biofilm-like community. Through intracellular binding mediated by
host cell matrix components [e.g. fibrinogen (Rothfork et al., 2003)], a biofilm-like struc-
ture could be achieved together with the important characteristics of a biofilm (nutritional
gradients, protection from host immune factors and predation, etc.) without the presence
of PIA. Thus, continued expression of surface adhesins through downregulation of Agr
might enhance accumulation in the host of staphylococcal cells in a biofilm.
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Detachment

Expression of -toxin, a protein with surfactant properties and encoded by the agr locus is
though to contribute to detachment of cells from a biofilm (Vuong et al., 2000b). Thus, in
combination with the downregulation of surface adhesins, Agr may well play an important
role in facilitating release of staphylococcal cells from the biofilm. Indeed, we have observed
enhanced detachment of Agr-expressing cells from a biofilm (Yarwood et al., 2004), but
have not been able to confirm the contribution of Agr to this phenomenon. Large-scale
detachment events would also be expected to influence mature biofilm structure, at least
temporarily, thus potentially influencing the maturation stage of biofilm development as
well.

At first glance, studies of the role of the Agr system in staphylococcal biofilm forma-
tion and behavior appear somewhat inconsistent in their conclusions. A survey of S. aureus
strains found a strong correlation between lack of Agr activity (as measured by &-toxin
production) and ability to adhere to polystyrene (Vuong et al., 2000b). This was attributed,
at least in part, to the surfactant properties of O-toxin, as addition of increasing concen-
trations of O-toxin decreased attachment of S. aureus to polystyrene. In two studies with
somewhat conflicting results agr mutants were first found to demonstrate increased adher-
ence to immobilized fibrinogen, increased induction of platelet aggregation, and had little
impact on adherence to immobilized fibronectin, von Willebrand factors, bovine corneal
extracellular matrix and endothelial cells (Shenkman et al., 2001). The difference in adher-
ence properties developed primarily under flow conditions, suggesting different adhesion
mechanisms under static and flow conditions. In the second study, it was concluded that
RNAIII downregulated S. aureus adherence to fibrinogen under static conditions while
upregulating S. aureus adherence to fibronectin and endothelial cells under both static and
flow conditions (Shenkman et al., 2002). In addition, the contribution of activated platelets
to S. aureus adherence to endothelial cells was downregulated by RNAIIIL likely due to de-
creased adherence to fibrinogen, a plasma protein thought to bridge S. aureus, platelets, and
endothelial cells. Finally, pleotropic effects were shown of both the agr and sar operons on
expression of surface molecules responsible for binding to substrata (Pratten et al., 2001).

To address whether the variable results found in the literature were the result of dif-
ferent strains or different growth conditions, biofilms of an isogenic pair (wild type versus
agr mutant) were grown under several conditions (Yarwood et al., 2004). In this study, the
contribution of Agr to biofilm development was found to be dependent on growth condi-
tions. In some cases, Agr expression decreased bacterial attachment and biofilm formation.
Under other conditions, it enhanced biofilm formation or, in the case of flow-cell biofilms,
appeared to have little effect on biofilm structure at discrete time points even when clearly
expressed. However, in time-course studies Agr expression did often precede cell detach-
ment. Given these results and those of other studies, it is clear that the Agr contribution to
biofilm formation is heavily dependent on growth conditions (medium, shear, temperature,
etc.), surface character (e.g. biological or abiotic), and strains used. Going forward, the most
useful results will likely come from either in vitro studies that closely mimic the in vivo
environment, or from animal models of staphylococcal biofilm infection.

In the first study of its kind to address directly the biofilm-forming capabilities of agr
mutants in vivo, Vuong et al. (2004) found that a S. epidermidis agr mutant shows increased
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binding to epithelial cells and a higher colonization rate in a rabbit model of an indwelling
medical device-related infection. They also confirmed that deletion of agr or inhibition of
Agr activity leads to thicker biofilms in vitro. These results were consistent with a study
conducted eatlier by the same laboratory group in which a S. epidermidis agr mutant
showed increased primary attachment and biofilm formation, as well as expression of the
cell surface-associated autolysin AtlE (Vuong et al., 2003). (Repetitive sequences in AtlE
are thought to interact hydrophobically with abiotic surfaces.) Like S. aureus, production
of PIA by the S. epidermidis agr mutant was similar to the wild type. As expected, the agr
mutant lacked 8-hemolysin production. Addition of increasing concentrations of 6-toxin
resulted in decreased attachment of S. epidermidis cells to polystyrene, where 10 llg/ml
d-toxin was sufficient to reduce biofilm formation of the agr mutant strain to the same
levels found using the agr wild-type strain.

Interestingly, there may also be some role for Agr expression in the resistance of staphy-
lococcal biofilms to antibiotic exposure. Under conditions where an agr mutant formed a
smaller biofilm than its wild-type parent, the mutant was also more sensitive to rifampicin
treatment, but not oxacillin (Yarwood et al., 2004). The basis for this variation in sensitiv-
ity is unknown, though there is precedent for the regulation of other antibiotic resistance
mechanisms by Agr. Regulation of NorA, a multi-drug efflux pump involved in resistance
to quinolones, by the DNA-binding protein NorR was found to require an intact Agr
system (Truong-Bolduc et al., 2003).

Agr variants

Agr variants (cells either in which expression of Agr is significantly higher or lower as
compared to the parental strain) have been frequently isolated from cultures in vitro, sug-
gesting that staphylococci maintain some capacity to alter their Agr phenotype or maintain
Agr-negative subpopulations. Somerville et al. (2002) found that repeated passage of S.
aureus in vitro resulted in the loss of Agr function in a large percentage of the population,
along with corresponding hemolytic and aconitase activity. The authors hypothesized that
frequent mutations of agr create a mixed population of bacteria, with some cells express-
ing colonization factors, while others would tend to express secreted exotoxins. Under a
particular environment with specific ecological and/or immunological selection, the Agr
variant best able to adapt would emerge.

Agr mutants are frequently found among clinical isolates. One study (Vuong et al.,
2004) showed that the percentage of strains with defective quorum-sensing systems was
significantly higher among isolates from patients with infections of joint prostheses than
among isolates from the skin of healthy controls (36% versus 5%, respectively). Another
study found that 26% of S. aureus isolates failed to produce d-toxin, indicating that they
were deficient in quorum-sensing-mediated regulation (Vuong et al., 2000b). When
staphylococci were isolated from the lungs of cystic fibrosis patients, not only did the
strains generally express low levels of RNAIIIL, but several isolates were also found to be
Agr-negative (Goerke et al., 2000).

Fowler et al. (2004) showed that the percentage of S. aureus isolates recovered from
patients with persistent bacteremia with defective 6-toxin production (a consistent indica-
tor of Agr activity) was higher than in isolates from patients with resolving bacteremia
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(71% versus 39%, respectively). The authors postulated that lack of Agr expression might
contribute to persistent bacteremia through the increased expression of the S. aureus
surface adhesion gene, fubA, in these mutants. The fibronectin-binding protein encoded
by fnbA has been shown to enhance S. aureus adhesion to, invasion of, and persistence
within endothelial cells. Intracellular invasion may contribute to resistance to antibiotics,
as vancomycin penetrates poorly into endothelial cells. Thus, lack of Agr expression may
facilitate a protected intracellular reservoir for S. aureus. Indeed, an agr mutant is incapable
of escape from the endosome (Shompole et al., 2003) or inducing apoptosis (Wesson et al,,
1998), suggesting a prominent role for Agr in invasion of and persistence in host cells.

One area of particular concern in staphylococcal pathogenesis is the emergence of
staphylococci with intermediate resistance to glycopeptide antibiotics (GISA). Interestingly,
GISA are frequently isolated from biomedical device-related infection, which are also likely
to be biofilm-associated, and these same GISA have been shown to be predominantly Agr-
negative (Sakoulas et al., 2002). The same study also suggested that loss of Agr function
might in fact contribute to the development of vancomycin tolerance, an intriguing idea yet
to be confirmed.

Behavior of mixed populations of hyper-hemolytic, hemolytic, and non-hemolytic
variants was examined in a murine abscess model of infection (Schwan et al., 2003). The
percentage of non-hemolytic variants, likely representing Agr-negative bacteria, recovered
from the wound increased over time, whereas the number of hyper-hemolytic variants
(Agr overexpressors) decreased dramatically over the same time period. A wound infec-
tion model demonstrated the same trend, though to a lesser degree. In contrast, hemolytic
variants seemed to be favored in isolates recovered from murine livers and spleens in a
model of systemic infection. Thus, Agr activity likely facilitates survival and pathogenesis
in some host environments, but not others. Additional studies will be of great importance
in monitoring Agr phenotypes of clinical isolates from various infection types (preferably
multiple isolates from each patient) and determining any correlation to disease progression
and outcome.

It can be hypothesized that Agr-negative variants are better suited to biofilm forma-
tion and long-term, chronic infection as they tend to (1) express the surface adhesins that
mediate cell-to-cell and cell-to-surface interactions, while downregulating factors that may
facilitate detachment, such as 8-toxin, and (2) express more immuno-evasive factors, such
as protein A, than immuno-stimulatory ones (such as the superantigens). In addressing the
firstidea, our laboratory has found that Agr-negative variants become the predominant form
in biofilms grown in a serum-based medium (Yarwood, 2004; Yarwood and Greenberg,
2006). It is not yet clear whether this is due to a selective pressure against Agr-positive
cells, increased generation of Agr variants in the biofilm, active detachment of cells express-
ing Agt, or some combination of all three. Also, the results indicate that the Agr-positive
population is not completely lost from the biofilm (J.M. Yarwood, unpublished data), sug-
gesting a mechanism to retain the capability to express invasive factors at an appropriate
stage of infection. Indeed, we have detected the frequent detachment of cells expressing Agr
from the biofilm (Yarwood et al.,, 2004). This may have important clinical implications, as
detaching cells expressing Agr are also likely to be expressing extracellular virulence factors
important in causing acute infection. The frequency at which variants arise also appears
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to vary from strain to strain, and with cell density (J.M. Yarwood, unpublished data), and
much work remains to be done to understand the mechanisms of variant generation and
the importance of these functional Agr variants in the disease process.

One potential model of S. aureus Agr evolution in the context of a chronically infected
host was presented previously (Yarwood, 2006) and is summarized here. Upon establish-
ment of infection, mutations (often point mutations) accumulate in the agr loci of S. aureus
cells. These mutations result in the conversion of a significant part of the population to a
quorum-sensing negative phenotype. The Agr-negative phenotype confers some protection
to the staphylococcal population as a whole due to increased expression of immuno-eva-
sive factors and facilitates attachment and accumulation through increased expression of
host proteinabinding factors. This protected environment is conducive to the continued
growth of staphylococci and additional accumulation of mutations in the agr locus. On very
rare occasions, appropriate mutations are acquired by the Agr-negative variant to return
functionality to the agr locus, such as alteration of the AgrC receptor to recognize an AIP
variant, These new Agr specificity group cells detach from the biofilm through expression
of invasive virulence factors or production of d-toxin and establish infection elsewhere in
the host or, alternatively, colonize a secondary host. In some cases, appropriate ecological
pressures are present to allow emergence of this new Agr specificity group from among the
established groups. The combined rarity of these events—accumulation of several, eventu-
ally positive mutations, and selection for any emergent Agr specificity group would only
give rise to a major new S. aureus Agr group very infrequently. This would be consistent
with the identification of only four distinct S. aureus Agr groups thus far, despite frequent
mutation of the agr locus. The driving force behind this cycle is, in part, the advantage
conferred by maintaining a mixed population of cells, where Agr-negative variants prevent
recognition by immune surveillance, and cells expressing Agr provide additional nutrient
sources through host tissue degradation or facilitate escape from the localized infection at
appropriate times. Thus, the emergence of distinct Agr groups may be a byproduct of this
mode of Agr evolution in which the generation of variants is itself important. However, it
is noteworthy that this Agr-negative phenotype is often generated through non-reversible
mutation of the agr locus, rather than a reversible, conditional switching of Agr expression
on and off. This is consistent with some evolutionary or pathological advantage for genera-
tion of distinct Agr specificity groups.

RIP/RAP

With some degree of controversy, a second quorum-sensing system has been described
in S. aureus that is proposed to regulate Agr activity (see references Balaban et al., 1998;
DellAcqua et al., 2004; Novick, 2003 and other studies by N. Balaban and colleagues).
This system consists of the auto-inducer RNAIIT activating protein (RAP) and its target
molecule TRAP. RAP is described as an ortholog of the ribosomal protein L2 that is
synthesized early in growth. Reportedly, when RAP reaches a threshold concentration, it
induces the histidine phosphorylation of the membrane protein TRAP. This event leads
to the upregulation of agr transcription through an undescribed mechanism. Once AIP
is made, it has been reported to lead to the downregulation of TRAP phosphorylation.
Immunization against RAP was shown to mitigate pathology in a murine cutaneous S.
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aureys infection model. A protein produced by S. xylosus and resembling in the N-terminal
sequence of RAP, RNAIII inhibiting peptide (RIP), has been reported act as an agonist of
TRADP, inhibiting its phosphorylation and, consequently, agr expression. Treatment with
synthetic RIP inhibits several types of S. aureus and S. epidermidis infections, including
those that are biofilm-related or caused by multiple drug-resistance staphylococci. Appar-
ently, these therapeutic effects can be observed when RIP is applied locally or systemically.

The RAP/TRAP/RIP story thus far is somewhat unsatisfying. Little has been de-
scribed regarding the properties of RIP, and even its amino acid sequence and structure
remain questionable. It is also conceivable that when used at high concentrations, RIP has
sufficient amphipathic, or surfactant, properties to prevent bacterial attachment, not unlike
many other proteins, including staphylococcal 8-toxin, Most of the in vivo experiments
have administered RIP before or coincident with bacterial challenge and it is clear that, in
these cases, RIP inhibits bacterial adherence to surfaces. However, there is no evidence that
RIP has any effect against established biofilm, and little data is available as to the overall
effect of RIP on bacterial physiology or virulence. It is also not clear whether a RIP-impreg-
nated intravascular catheter would continue to inhibit staphylococcal adhesion against the
more or less continual “challenge” that likely occurs in vivo—either from the epithelium or
transient bacteremias. Implanted devices are soon coated with host matrix proteins, a fact
that limits the efficacy of many device surface treatments as the now biotic surface provides
several protein receptor specific targets for staphylococci to bind to. Furthermore, very
little is known as to the regulatory targets of this system. Besides being reported to inhibit
Agr activation, no other gene targets have been conclusively identified. This is particulatly
unsatisfying, as inhibition of Agr activity would be expected to increase bacterial adhesion,
yet, in fact, the RIP-treated cells are less likely to adhere, and suggests that RIP may in fact
simply be acting as a surfactant-like molecule. Finally, other laboratory groups have been
unable to detect the RNAIII-activating activity in supernatants of agr-null strains, despite
the presumed presence of RAP, contributing to the controversy as to the true nature of this

molecule (Novick, 2003; Novick et al., 2000).

Peptide signaling and Streptococcus biofilms

Streptococci are the causative agents of numerous diseases, from indigenous microflora that
cause dental caries to exogenous pathogens that are the etiologic agents of both relatively
benign infections, such as impetigo, and potentially fatal diseases, including necrotizing fas-
ciitis. First described in S. pneumoniae in its relationship to natural transformation, peptide
signaling has also been shown to be involved in streptococcal virulence, biofilm formation,
acid tolerance and bacteriocin production (Cvitkovitch et al., 2003; Suntharalingam and
Cvitkovitch, 2005). Highly homologous competence-stimulating peptide (CSP) quorum
sensing systems have been identified in several streptococcal species, including strains in the
mitis (including S. pneumoniae), anginosus (including S. intermedius), and mutans (includ-
ing S. mutans) groups.

Streptococcal quorum sensing, particularly in its relationship to competence induction
and transformation, has been most extensively studied in S. pneumoniae (Figure 8.3). The
CSP precursor is encoded by comC. Two secretory proteins, ComA, an ATP-binding cas-
sette transporter, and ComB, described as an accessory protein to ComA, are involved in
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Figure 8.3 Model of the Streptococcus pneumoniae competence-stimulating peptide (CSP)
system (see text for additional description). The comC product is processed by the ComA/
ComB complex and secreted as CSP into the extracellular environment. Recognition of CSP by
CombD triggers transfer of a phosphate group between ComD and ComE. ComE acts to increase
transcription of both the operons encoding the CSP system itself (comAB and comCDE) as well
as comX, encoding the alternative sigma factor ComX. ComX activates the transcription of late
competence genes, including those involved in DNA uptake and integration into the host cell
genome.

the processing and export of a 17-amino acid CSP. Interaction of the CSP with its histidine
kinase receptor, ComD, initiates a series of temporally distinct transcription profiles via the
response regulator ComE. Among the eatliest operons to be induced are those encoding
the cell-to-cell signaling system itself, comAB and comCDE, and an alternative sigma fac-
tor, ComX. ComX is integral to later stages of competence development, inducing genes
involved in DNA uptake and integration. Many of the S. pneumoniae operons regulated by
ComX have a com-box consensus sequence (5'-TACGAATA-3’) in their promoter regions
recognized by the sigma factor. The presence of com-boxes in S. mutans late-competence
genes suggest ComX behaves similarly in this organism. ComX also regulates a mechanism
whereby a small fraction of the bacterial population initiates lysis and release of donor
DNA.

In vitro, accumulation of the CSP in the growth medium triggers a short (20—40 min-
utes) window of competence throughout the culture. In vivo, the ability to take up DNA
through natural transformation may enable the streptococci to acquire novel genes, such as
antibiotic-resistance cassettes and virulence factors, that provide a selective advantage over
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neighboring bacteria competing for the same resources. Also of note, recent transcriptional
analyses during S. pneumoniae competence development showed that only 23 of 124 CSP-
inducible genes were required for transformation, at least in laboratory conditions. It re-
mains to be seen what role many of the remaining gene products might have in cell-density
dependent responses, such as nutrient adaptation, biofilm formation, or stress responses.

The mechanics and effects of the CSP quorum sensing systems vary somewhat among
the streptococci. While some streptococcal species (particularly the anginosus group) en-
code and respond to identical CSPs, CSPs are often species, and sometimes strain, specific
(streptococci responding to the same CSP signal are identified as a “pherotype”). In many
species the genes encoding the CSP, histidine kinase receptor and the cognate response
regulator are organized as a single operon. In S. mutans, however, comC is divergently tran-
scribed from the comDE operon. Competence can be completely abolished in S. pneumoniae
by inactivation of the ComDE two-component system; in S. mutans, inactivation of this
system only reduces competence. In S. pneumoniae, competence development affects most
of the cell culture; in S. mutans, competence development affects only a small number of
cells.

While many species of streptococci have been found to form biofilms, the relationship
between biofilm formation, peptide signaling, and pathogenesis has been best studied in
the oral streptococci (Cvitkovitch et al., 2003; Suntharalingam and Cvitkovitch, 2005). The
oral cavity is one of the most microbiologically diverse environments on earth, with as many
as 500 species residing in the human mouth. Dental plaque is also one of the more complex
representations of bacterial biofilms, with multiple species colonizing the tooth surface
in multiple stages. Furthermore, the oral cavity is a particularly stressful environment for
bacteria, with wide swings in nutrient availability, low pH, high osmolarity, and presence
of host-produced enzymes and antimicrobials. Thus, biofilm formation likely provides oral
bacteria a protected environment, as well as facilitating genetic exchange.

The first indication that a CSP quorum sensing system was involved in streptococcal
biofilm formation came when transposon mutants of comD in the oral bacterium S. gordonii
were shown to be defective in biofilm formation (Loo et al., 2000). A subsequent study in
S. mutans found that inactivation of any component of the ComCDE pathway in results
in abnormal biofilms (Li et al., 2002). Biofilms of the comC mutant lack the wild-type
architecture (which can be restored by addition of synthetic CSP), whereas biofilms of the
comD and comE mutants have reduced biomass. In S. intermedius, biofilm formation is en-
hanced in the presence of CSP without affecting the organism’s growth rate (Petersen et al.,
2004). While little is known as to the mechanisms by which the CSP systems contribute to
streptococcal biofilm development, initial evidence indicates that CSP influences the early
stages of biofilm formation rather than later maturation steps, at least for S. mutans and S.
intermedius. S. mutans comD or comE mutants adhere less to surfaces, while S. intermedius
CSP appears to enhance the early buildup of cells in a biofilm.

Of particular interest is the observation that S. mutans and S. intermedius biofilm cells
are much more eflicient in incorporating foreign DNA than corresponding planktonic cells
(Li et al., 2001b). Furthermore, the CSP quorum sensing system appears to be transcrip-
tionally upregulated in biofilm-associated S. gordonii and S. mutans. It seems likely that
the high cell density of the biofilm likely enhances transformation efficiency through both
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increased CSP cell-to-cell signaling and the presence of relatively high concentrations of ex-
tracellular genetic material. It may well be that the heterogeneous biofilm environment also
provides gradients of CSP signal and other growth conditions that sustain localized clusters
of cells with a competence window significantly longer than the 20—-40 minutes typically
seen in planktonic cultures (Suntharalingam and Cvitkovitch, 2005). Indeed, observations
via confocal microscopy of a comX-gfp reporter in a S. mutans biofilm demonstrated spatial
heterogeneity; it appeared that cells in denser areas of the biofilm had increased comX
activity and likely were genetically competent (Aspiras et al., 2004).

Peptide signaling and the acid-tolerance response

One of the hallmarks of tooth decay (dental caries) associated with colonization by S.
mutans is the production of acid from fermentable dietary carbohydrates that leads to
demineralization of the tooth surface. In the dental biofilm, S. mutans encounters pH shifts
from above 7 to nearly 3 during ingestion of these carbohydrates. Thus, S. mutans’ tolerance
to low pH is critical to its survival and pathogenicity. The acid tolerance response (ATR)
by S. mutans requires de novo synthesis of proteins apparently required for adaptation to
an acidic environment and is pH-inducible—exposure of S. mutans to mildly acidic pH
(5-6) results in enhanced survival at lower pH values (3.0-3.5). In many bacteria, the
ATR is also growth phase- and time-dependent, leading to speculation that it might be
quorum-regulated in S. mutans. Indeed, mutations in the comC, comD, or comE genes result
in a diminished log-phase ATR in S. mutans, whereas addition of synthetic CSP to a comC
mutant restores the ATR (Li et al.,, 2001a). Correspondingly, cell density enhances the
ATR—planktonic S. mutans taken from a high cell density culture or from a biofilm are
more resistant to a killing pH (3.5) than planktonic cells taken from a lower cell density
culture. Thus, both low pH induction and cell-to-cell communication (including, but not
limited to, CSP) appear important for optimal development of acid adaptation.

Peptide signaling and bacteriocin production

Bacteriocins are antimicrobial peptides produced by many bacteria, including streptococci,
presumably to enhance their ecological fitness by controlling competing populations of
bacteria. In planktonic culture, S. pneumoniae releases chromosomal DNA after addition of
CSP, a process that is ComDE-dependent (Moscoso and Claverys, 2004). Concentrations
of released DNA are highest in stationary phase, coinciding with maximum bacteriocin
production. Thus, it has been hypothesized that bacteriocins might aid in release of DNA
from surrounding organisms through permeabilization of their cytoplasmic membranes.
This liberated DNA might contribute to the biofilm extracellular matrix, serve as a nutrient
source, and enhance overall DNA uptake and recombination.

Some evidence is emerging to support these hypotheses. Expression of nlmAB, genes
which encode the two-peptide non-lantibiotic bacteriocin mutacin IV in S. mutans, is high-
est at high cell density and is abolished with disruption of the comDE genes (van der Ploeg,
2005). Kreth et al. (2005) also found that CSP induced coordinated expression of compe-
tence and mutacin IV in S. mutans. Furthermore, in mixed cultures, plasmid transfer from
S. mutans to S. gordonii, which is sensitive to mutacin I'V, was CSP and mutacin-dependent.
The authors proposed that the coordinated expression of bacteriocins and competence may
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exist to effectively acquire DNA from other species living in the same ecological niche. This
is consistent with the extensive genomic diversity among S. mutans strains, which may well
have resulted in part from horizontal gene transfer.

Peptide signaling and Enterococcus biofilms
The Gram-positive commensal bacterium Enterococcus faecalis, a normal member of the hu-
man intestinal microflora, has emerged as a leading cause of nosocomial infections. Diseases
caused by this organism range from endocarditis to urinary tract and dental infections. A
majority of clinical isolates form biofilms in vitro (Mohamed et al., 2004), though biofilm
formation per se has yet to be demonstrated as essential for enterococcal virulence. E. faecalis
biofilms have been observed on dental root canals (Distel et al., 2002), urethral catheters
(Tunney and Gorman, 2002), and heart valves (Donlan and Costerton, 2002). It is also
worth nothing that, while an E. faecalis strain may not form a biofilm in vitro in the clas-
sical sense (i.e. surrounded by a self-produced polymeric matrix), the vegetations that the
organism forms in vivo may functionally and physiologically mimic a classic biofilm. These
vegetations are thought to be an aggregation, in part, of fibrin and platelets and contain
very high cell densities (McCormick et al., 2001; McCormick et al., 2002). The vegetation
provides an immunologically protected environment for the bacteria similar to what would
be expected of an entirely self-produced biofilm (McCormick et al., 2002).

In a survey of the 17 two-component regulatory systems identified in the genome of E.
faecalis, only one system was identified as affecting biofilm formation (Hancock and Perego,
2004a; Hancock and Perego, 2004b). This system, known as Enterococcus faecalis regulator
(encoded by the fsr locus; Figure 8.4), is similar in many respects to the staphylococcal
Agr system. fsrA, fsrB, and fsrC are homologous to the staphylococcal agrA, agrB, and
agrC genes, respectively. Furthermore, The 3’-end of fsrB is homologous to agrD, the gene
responsible for encoding the staphylococcal auto-inducing peptide. Indeed, a 11-residue
cyclic peptide was identified in culture supernatants of E. faecalis that was able to induce
early gelatinase production (Nakayama et al., 2001). This pheromone corresponds to a C-
terminal portion of FsrB. The Fsr system is autoregulated (expression of fsrB and fsrC is
cell density dependent), and regulates two downstream genes, gelE (encoding gelatinase, a
secreted thermolysin-like M4 protease) and sprE (encoding a secreted serine protease) in
a cell-density dependent manner (Qin et al., 2001). The reported percentage of E. faecalis
isolates carrying the fsr locus varies widely depending on patient group from 24% to 100%
(Jones and Deshpande, 2003; Pillai et al., 2002; Roberts et al., 2004). Some studies have
found that isolates from patients with endocarditis (Pillai et al., 2002) and from ICU pa-
tients with urinary tract infections (Jones and Deshpande, 2003) are enriched for the fsr
locus. While one study contradicted these results by finding similar levels of the fsr locus
among isolates from diseased and healthy patients (Roberts et al., 2004), it did not address
whether presence of the fsr locus or gelatinase affects the severity of disease, as they do in
animal models of infection (Engelbert et al., 2004; Sifri et al., 2002; Singh et al., 1998).

The Fsr system appears to regulate E. faecalis biofilm formation, at least in part,
through control of gelE expression (Hancock and Perego, 2003; Hancock and Perego,
2004a). Disruption of both the fsr and gelE genes attenuates E. faecalis biofilm develop-

ment. Expression of the gelatinase gene in trans restores a biofilm positive phenotype,
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Figure 8.4 Model of the Enterococcus faecalis Fsr system (see text for additional description).
The GBAP pheromone is liberated from the C-terminal portion of FsrB and secreted by an as
yet undefined mechanism into the extracellular environment. Recognition of GBAP by FsrC
leads to the phosphorylation of FsrA, which acts to upregulate the fsrBC operon as well as the
adjacent gelE and sprE genes. “P” indicates distinct promoter regions.

even in the absence of a functional Fsr system. Observations by Pillai et al. (2004) also
indicated that Fsr exerted its effects on biofilm control via the downstream protease genes
(they did not isolate GelE activity from that of SprE). Interestingly, the same study found
that glucose-mediated augmentation of biofilm occurred in wild-type E. faecalis, but not in
either a fsrA mutant or a protease mutant. This indicated that catabolite control of biofilm
formation occurs via the Fsr system. Catabolites, such as glucose, have dramatic effects on
biofilm production by several bacterial species, yet the mechanisms by which these effects
are exerted are poorly understood.

The mechanism by which gelatinase might exert its effect on enterococcal biofilm
development is still unclear, nor is it well established what role gelatinase plays in virulence
overall (Carniol and Gilmore, 2004). Mohamed et al. (2004) found that disruption of the
fsr locus resulted in less E. faecalis biofilm formation, and proposed that the effect was due
to decreased primary attachment. Since gelatinase, a secreted protease, tends to cleave
its substrates at hydrophobic residues, it is possible that gelatinase activity increases the
hydrophobicity of the cell surface, thus promoting non-specific interaction between many
surfaces and the cell (Carniol and Gilmore, 2004; Hancock and Perego, 2004a). It has also
been proposed that expression of gelatinase, induced in late stages of growth by cell-density
dependent mechanisms, enables the dissemination of the organism in vivo from vegeta-
tions (Waters et al., 2003). Gelatinase appears capable of degrading polymerized fibrin,
which likely coats the vegetation, as well as a broad range of other substrates (Carniol and
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Gilmore, 2004). Gelatinase could aid in bacterial dissemination by cleaving bacterial at-
tachment proteins and host tissue proteins. The Fsr-controlled serine protease SprE may
also be involved in this step, even though it doesn't appear to be involved in biofilm forma-
tion (Hancock and Perego, 2004a). This would be consistent with the model presented
by Rasmussen and Bjorck (2002) who argued that initial stages of streptococcal infection
and colonization are characterized by low levels of protease activity, whereas higher levels
of protease activity during later stages of infection, when bacterial density is high, facilitate
detachment and spreading of the bacteria.

In the end, many questions remain to be answered regarding the mechanisms by which
enterococcal biofilms form, and how peptide signaling contributes to that process in vivo.
While many endocarditis-derived isolates do not produce gelatinase, a majority of endo-
carditis-derived isolates do form biofilms in vitro, and recent studies have failed to find a
correlation between gelatinase activity and biofilm formation in E. faecalis (Mohamed and
Murray, 2005; Rosa et al., 2006). It may well be that Fsr exerts its effects on biofilm forma-
tion both through gelatinase production as well as other mechanisms, particularly in vivo,
depending on environmental conditions. Indeed, fsr locus mutants were found to be more
attenuated in a rabbit endophthalmitis than the protease mutants, suggesting additional
pleotropic effects by Fsr disruption (Engelbert et al., 2004). Disruption of gelE does attenu-

ate virulence in several animal models of infection (Carniol and Gilmore, 2004).

Inhibition of peptide signaling as a therapeutic tool
Given the role that peptide signaling plays in biofilm control and in virulence factor regula-
tion in several Gram-positive species, the control of peptide signaling by artificial means
remains an area of significant interest for inhibiting pathogenesis. However, due to the
varied nature of the signals, the complex responses to those signals, and the potential trade-
offs for manipulating the quorum response, the practical use of signaling inhibitors remains
a challenging proposition. For instance, inhibition of quorum sensing has been proposed as
one mechanism for controlling staphylococcal infections (Ji et al., 1997). In a skin abscess
model co-administration of the synthetic Agr group II AIP together with the bacterial
inoculation significantly attenuated an infection caused by an Agr group I strain (Mayville
et al., 1999). However, use of cross-inhibiting pheromones mimics agr mutations in both
S. aureus and S. epidermidis and enhances biofilm formation (Vuong et al., 2003; Vuong et
al., 2004; Vuong et al., 2000b). This result calls for extreme caution in the use of signaling
inhibitors, as it is conceivable that such treatments, while mitigating the acute phase of
infections, might facilitate chronic, biofilm-associated infections, at least by staphylococci.
Use of quorum sensing inhibitors has also been proposed to as a method for preventing
CSP-mediated biofilm formation in streptococci (Suntharalingam and Cvitkovitch, 2005).
Since eatly evidence suggests quorum sensing appears to positively regulate attachment
by streptococci, downregulating CSP activity might inhibit biofilm formation without the
additional risk of upregulating other virulence factors, particularly in the oral streptococci.
Indeed, synthetic CSPs have been used to study and manipulate streptococcal quorum
sensing already. Interestingly, addition of CSP beyond levels required for induction of
competence inhibits the growth of S. mutans, and at higher levels, even lead to cell death
(Qi et al., 2005).
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Whether these peptide signaling systems can be effectively manipulated for therapeutic
purposes is an open question. Regardless of the answer, the role of peptide signaling in
biofilm formation remains an intriguing area of study, and promises to greatly enhance our
understanding of the physiology and pathogenesis of many important human pathogens.
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