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A biofilm may be defined as a microbially derived,
sessile community characterized by cells that attach
to an interface, embed in a matrix of exopolysaccha-
ride, and demonstrate an altered phenotype. This re-
view covers the current understanding of the nature
of biofilms and the impact that molecular interactions
may have on biofilm development and phenotype us-
ing the motile gram-negative rod Pseudomonas aeru-
ginosa and the nonmotile gram-positive cocci Staphy-
lococcus aureus as examples.

Introduction

A biofilm may be defined as a microbially derived sessile
community characterized by cells that attach to a sub-
stratum or interface or to each other, embed in a matrix
of extracellular polymeric substance, and exhibit an al-
tered phenotype with respect to growth, gene expres-
sion, and protein production [1]. Biofilm thickness can
vary between a single cell layer to a thick community of
cells embedded within a thick polymeric matrix. Recent
structural analyses have demonstrated that these thick
biofilms possess a sophisticated architecture in which
microcolonies can exist in discrete pillar- or mushroom-
shaped structures [2]. Between these structures, an in-
tricate channel network provides access to environmen-
tal nutrients.

By adopting this sessile mode of life, biofilm-embed-
ded microbes enjoy a number of advantages over their
planktonic counterparts. One advantage is the ability
of the polymeric matrix to capture and concentrate a
number of environmental nutrients, such as carbon, ni-
trogen, and phosphate [3]. Another advantage to the
biofilm mode of growth is it enables resistance to a
number of removal strategies, such as antimicrobial and
antifouling agent removal, shear stress, host phagocytic
clearance, and host oxygen radical and protease de-
fenses. This inherent resistance to antimicrobial factors
is mediated through very low metabolic levels and dras-
tically downregulated rates of cell division (e.g., small
colony variants) of the deeply embedded microbes [4].
In fact, one researcher went as far as to conclude that
Pseudomonas aeruginosa stationary phase cells and
biofilm cells have similar resistance to killing by antimi-
crobials [5]. While low metabolic rates may explain a
great deal of the antimicrobial resistance properties of
biofilms, other factors may play a role. One such factor
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may be the ability of biofilms to act as a diffusion barrier
to slow down the penetration of some antimicrobial
agents [6]. For example, reactive chlorine species (such
as hypochlorite, chloramines, or chlorine dioxide) in a
number of antimicrobial/antifouling agents may be de-
activated in the outer layers of the biofilm faster than
they can diffuse into the lower layers [7].

The last advantage to the biofilm mode of growth is the
potential for dispersion via detachment. As mentioned,
microcolonies can exist in discrete mushroom-shaped
structures. These microcolonies may detach under the
direction of mechanical fluid shear or through a geneti-
cally programmed response that mediates the detach-
ment process [8]. Under the direction of fluid flow, this
microcolony travels to other regions to attach and pro-
mote biofilm formation on virgin areas. In addition, de-
tachment and seeding of virgin surfaces may be accom-
plished by the evacuation of single, motile cells from
attached microcolony cores [9]. Therefore, this advan-
tage allows a persistent bacterial source population that
is resistant to antimicrobial agents and host immune
clearance, while at the same time enabling continuous
shedding to promote bacterial spread.

Developing an understanding of the mechanisms in-
volved in initial attachment, development, and matura-
tion of the biofilm phenotype is important to elucidate
the impact on medical, industrial, and public health are-
nas. In this review we will explore the current under-
standing of the nature of biofilms and the impact that
molecular interactions between the bacteria themselves
and bacteria and the surface may have on biofilm devel-
opment and phenotype using the motile gram-negative
rod P. aeruginosa and the nonmotile gram-positive coc-
cus Staphylococcus aureus as case study bacterial
species.

Pseudomonas aeruginosa Biofilms

P. aeruginosa is a gram-negative, ubiquitous, free-living
bacterial species that is able to survive in a wide variety
of environmental extremes. It has a predilection for moist
environments and it can infect plants, insects, lower
animals, and humans [10]. This bacterial species has
been described as the quintessential opportunist in hu-
man infections and is capable of causing fatal systemic
disease in certain conditions. Some of these conditions
arise when normal cutaneous or mucosal barriers have
been breached or bypassed, when immunologic de-
fense mechanisms have been compromised, when the
protective function of the normal bacterial flora has been
disrupted by broad-spectrum antibiotic therapy, and/
or when the patient has been exposed to reservoirs
associated with a hospital environment [11]. Infections
with this pathogen are particularly common in patients
with cystic fibrosis. Virtually all people with this respira-
tory disease eventually develop a P. aeruginosa infec-
tion, and it is the cause of death in more than 90% of
these patients [12]. It also causes a number of other
infections, including skin and soft tissue infections,
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medically implanted device infections, osteomyelitis,
pneumonia, malignant external otitis, endophthalmitis,
endocarditis, meningitis, and septicemia, through its
ability to form conglomerates and biofilm.

P. aeruginosa biofilms may develop on devitalized
tissue and medically implanted devices to produce an
infection. In one study by O’Toole and Kolter, biofilm
formation was found to be initiated by flagella and
twitching motility [13]. In their study, they found that one
class of mutants had a greatly reduced ability to attach
to polyvinylchloride plastic to form a biofilm monolayer;
these mutants were nonmotile strains that were defec-
tive in the production of the flagellum. Another class of
mutants was able to form a monolayer but was unable
to produce small cellular aggregates, termed microcol-
onies. This class of mutants was defective in the produc-
tion of type IV pili. Therefore, it has been hypothesized
that biofilm formation initially requires flagellar-depen-
dent association and binding with a surface to form a
single-cell monolayer. Individual cells on this monolayer
then conglomerate into a number of microcolonies
through twitching motility via type IV pili [13]. Also, this
organism produces neuraminidase that enhances pili
binding by removing sialic acid residues from host gly-
coprotein Gy, making it a better receptor for the pili
[14]. Once attached and twitching motility begins, this
organism can form fully mature biofilm structures com-
posed of complex channel systems that provide even
deeply embedded bacteria access to nutrients in this
modular community. High molecular weight alginate
polymers and possibly microbial DNA in the early stages
of biofilm development [15] are used to efficiently retain
P. aeruginosa cells within the biofilm matrix. However,
once the biofilm gains maturity, detachment processes
ensue. This occurs partly through the detachment of
large conglomerates of cells that diffuse away from the
parental biofilm and reattach to the surface, thereby
enabling biofilm spread in the mature biofilm form. This
large-scale detachment may be mediated by stress due
to hydrodynamic flow and/or by pseudomonal pro-
grammed responses such as upregulation of alginate
lyase (encoded by algL) production. This enzyme is ca-
pable of alginate degradation and therefore may induce
biofilm sloughing and dispersion [8]. Detachment was
also found to occur in P. aeruginosa biofilms through
the evacuation of single, motile cells from the central
portions of large, mushroom-shaped cell clusters, leav-
ing behind void spaces [9]. Prior to evacuation, these
motile cells appeared to “swim” within this central clus-
ter region and were surrounded by nonmotile cells in
the cluster walls. The observed stages of attachment-
mature biofilm formation-dispersion may not be the final
story. Another study has potentially identified a cycle
of increased biofilm biomass followed by a significant
detachment phase and then a return to increasing bio-
mass in P. aeruginosa biofilms [16]. Therefore, biofilm
development may be cyclical in nature.

Two recent studies have evaluated the differential ge-
nomic and proteomic expression profiles seen in P. aer-
uginosa grown under planktonic and biofilm conditions.
The differential gene expression studies utilized a mi-
croarray that enabled the simultaneous evaluation of
mRNA levels of 5500 of the 5570 predicted P. aeruginosa

genes [17]. In this study, only approximately 1% of the
total genome displayed differential gene expression be-
tween the two modes of growth. Although the quorum-
sensing system was not evaluated in this study, since
planktonic control cultures and biofilms were both suffi-
ciently dense to activate quorum-dependent genes [18],
the small number of differentially regulated genes was
surprising. This may be especially true when one notes
that approximately 35% (or 525 proteins) had differential
production between each stage of biofilm development
when proteomics were used as the analytical method
[9]. These differences were amplified when researchers
compared the protein expression profile of planktonic
P. aeruginosa to mature biofilms. In this case, over 50%
of the proteome showed altered levels of production.
These studies also found different proteins to be upregu-
lated in the mature biofilm condition. The differences
between the two studies may have been due to a number
of factors, including very different growth conditions,
different sensitivities of the two analytical approaches,
altered rates of turnover between mRNA (for genomic
studies) and proteins (for the proteomic studies), or the
possibility that transcription is not a true measure of
translation.

P. aeruginosa Cell-to-Cell Signaling

A large number of other bacterial species are known to
possess quorum-sensing systems. These systems all
stimulate an autoinduction response that occurs when
the bacteria respond to concentrations of a secreted
compound reached only if the cell population collec-
tively represents a critical density. Therefore, the func-
tion of this system is to assure an individual cell of a
critical population density before it induces the expres-
sion of specialized functions [19]. In gram-negative bac-
teria (and possibly fungi), the signaling molecule is a
derivative of an N-acylated homoserine lactone (HSL)
that is usually synthesized in its active form. The HSL
is passively and/or actively secreted from the cell and
accumulates in the extracellular milieu [20]. As the HSL
accumulates, the intracellular concentration of HSL also
increases through equilibration (especially with the
freely diffusible short chain HSLs), thereby enabling it
to bind to an autoinducer-responding element. This
complex is then able to control the expression of the
respective quorum-sensing-regulated genes. Therefore,
bacterial species are able to incorporate this system
into regulatory circuits whenever multicellular control is
adaptively useful [19]. The quorum-sensing ability in P.
aeruginosa is dependent upon two distinct but interre-
lated systems, las and rhl. There is a definite hierarchy
between these systems, with the /las system taking pre-
cedence. These two systems work in concert to upregu-
late a number of pseudomonal factors that enable this
pathogen to survive in highly diverse environments (see
Figure 1).

LasR/Lasl System

P. aeruginosa regulates virulence gene expression in a
cell density-dependent manner, known as quorum sens-
ing. The ability of P. aeruginosa to detect cell density
and regulate gene expression is accomplished through
two separate but interrelated and homologous quorum-
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Figure 1. Model of the las/rhl Quorum-Sensing System in P. aeruginosa
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sensing systems, las and rhl. These systems are ar-
ranged in a hierarchy where las is dominant over rhl
[21]. In the Jas quorum-sensing system, the lasl gene
product directs the formation of the extracellular autoin-
ducing signal N-(3-oxododecanoyl) homoserine lactone
(3-oxo0-C;,-HSL) (see Figure 1), whose secretion to the
extracellular environment is aided by P. aeruginosa ef-
flux pumps encoded by the mexA-mexB-ompR operon
[20]. As 3-0x0-C;,-HSL concentrates in the extracellular
environment, it is taken up by P. aeruginosa cells and
interacts with the LasR transcriptional activator. This
LasR-3-0x0-C;,-HSL complex is then able to activate
the expression of a number of genes, including lasB
(elastase), lasA (a serine protease that nicks elastin and
works synergistically with elastase), apr (alkaline prote-
ase), toxA (exotoxin A), both xcp operons (xcpPQ and
xcpR-Z, encoding the type Il secretion apparatus), rhiR,
and lasl itself [21]. The transcription of /asR is induced
in response to glucose limitation, and this induction is
mediated through the vir-cAMP complex (see below) [22].

The second P. aeruginosa quorum-sensing system
consists of the regulatory protein RhIR and the diffusible
autoinducer N-butyryl homoserine lactone (C,-HSL) (see
Figure 1) synthesized by the product of rhll. In contrast
to 3-ox0-C;,-HSL, C,-HSL is freely permeable. Apparently
the length and/or degree of substitution of the N-acyl
side chain determines whether an autoinducer is freely
diffusible or is subject to active efflux by P. aeruginosa.
Like the homologous las system, once the diffusible
autoinducer C,-HSL attains adequate levels, it binds and
activates the RhIR transcriptional regulator. RhIR-C,-
HSL has been shown to regulate the rhamnolipid biosyn-
thesis operon rhlAB, alkaline protease, pyocyanin, PA-
IL and PA-IIL lectins, the lasB-encoded elastase, and
rhil itself [21]. The hierarchy of the las/rhl system is aided
by the inhibitory action of the unbound /as autoinducer
3-0x0-C;,-HSL on the binding of C,-HSL to the RhIR

transcriptional activator. The upregulation of /asR tran-
scription and the resulting elevated concentrations of
the LasR-3-0x0-C;,-HSL complex allow the rhl system
to be subsequently activated. The rhl quorum-sensing
system has also been recently shown to be inhibited by
the alternative sigma factor RpoS [23] and activated by
the gac two-component regulatory system that responds
to growth phase (see Figure 2) [24]. In addition, the
formation of the Rhll-C,-HSL complex is aided by the
formation of the LasR-3-0x0-C,,-HSL complex [25].

It has also been theorized that at low cell density,
Rsal inhibits transcription of /as/ by binding to the /as/
operator region, thereby blocking activation by LasR-
3-o0x0-C,,-HSL [26]. As the cell density increases, so
does the intracellular concentration of 3-oxo-C;,-HSL,
which enables sufficient LasR-3-oxo-C,,-HSL formation
to competitively inhibit RsaL for binding to the las/ oper-
ator. Thus, it appears that during the early stages of
growth, RsalL blocks the quorum-sensing cascade by
inhibiting the transcription of /asl. Finally, it was found
that this organism produces another intercellular signal
termed the Pseudomonas quinolone signal (PQS) that
was identified as a 2-heptyl-3-hydroxy-4-quinolone [27].
PQS is produced maximally at late stationary phase and
works by activating transcription of the rhll gene (and
to a lesser degree lasR and rhiR). It is not known what
activates the production of PQS, but this molecule is
probably not involved in sensing cell density.

While the 3-oxo0-C;,-HSL and the C,-HSL of the las
and rhl systems, respectively, have been well studied,
up to five additional HSLs have been identified in P.
aeruginosa and include N-hexanoyl-L-homoserine lac-
tone (C¢-HSL), N-(3-oxohexanoyl)-L-homoserine lactone
(3-ox0-Ce-HSL), N-(3-oxooctanoyl)-L-homoserine lac-
tone (3-oxo-Cg-HSL), N-(3-oxodecanoyl)-L-homoserine
lactone (3-oxo-C,,-HSL), and N-(3-oxotetradecanoyl)-L-
homoserine lactone (3-oxo-C,,-HSL) (refer to Figure 3).
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In a normal, differentiated P. aeruginosa biofilm, cells
are embedded within a thick polymeric matrix in which
an intricate channel network provides lower levels of
the structure with access to environmental nutrients. A
recent study has suggested that the development and
maintenance of this fully mature biofilm phenotype may
be under the direction of the las/rhl quorum-sensing
systems [28]. In this study, a las/ mutant that was defi-
cient in the production of the autoinducer 3-oxo-C;,-
HSL formed biofilm cell clusters that were 20% of the
wild-type biofilm thickness and were sensitive to deter-
gent removal. These mutant biofilms were composed of
single continuous sheets without the highly developed
and differentiated structure of the wild-type strain. When
the 3-oxo-C;,-HSL was added to the system, the las/
mutant was once again able to form normal biofilms.
Other researchers have found that inhibiting the quo-
rum-sensing system with a synthetic halogenated fu-
ranone compound (derived from the Australian mac-
roalga Delisea pulchra) enhanced bacterial detachment
[29]. However, recent studies have challenged these
findings. Stoodley et al. were unable to find significant
structural differences when the biofilms of lasR las/ mu-
tants and the wild-type strain were compared, even
though biofilms were grown under similar laminar and
turbulent flow conditions with minimal glucose medium
[30]. These confounding results were also found in other
recent studies of P. aeruginosa biofilms grown under
flow and static conditions [31, 32]. Therefore, while the
quorum-sensing HSLs are produced by P. aeruginosa
biofilms in both the clinical setting [33, 34] and in the
environment [35] and seem important for virulence, their
exact role in biofilm formation is still a source of debate.

As mentioned previously, biofilms can spread through
the detachment of large conglomerates of cells that
diffuse away from the parental biofilm and reattach to
virgin areas or through the individual escape of plank-
tonic, motile cells. The control of biofilm detachment by
the pseudomonal quorum-sensing system was evalu-
ated in a set of preliminary experiments in which the
number of cells, dispersal mode, growth rate, and the
effect of shear were compared in the biofilms of wild-
type P. aeruginosa (PAO1) and mutants defective in the
production of either C,-HSL or 3-oxo-C,,-HSL [36]. Re-
searchers found that mutants defective in the produc-
tion of the longer chain signaling molecule produced a
biofilm that dispersed through erosion and was relatively
thin even though this biofilm had bacterial concentra-
tions equal to wild-type biofilms. Since the wild type
and mutant had equal numbers of cells per unit of biofilm
volume, the difference in biofilm thickness may be due
to a number of factors, including the alignment of the
individual alginate polymers, the levels of biofilm hydra-
tion, or the amount of exopolysaccharide produced per
cell. However, the researchers did not further elucidate
this scientific observation. When the properties of the
C,-HSL mutant were evaluated, they found that the bio-
films were much thicker, contained 10-fold more cells,
detached as large sloughs, and were very sensitive to
shear. Therefore, this shorter chain HSL may be respon-
sible for either limiting the size of the biofilm or upregu-
lating detachment.

Environmental Cues and P. aeruginosa Biofilms
While the quorum-sensing system is an extremely im-
portant determinant of virulence factor expression in P.
aeruginosa, this bacterial species must also be able to
adaptively respond to environmental stimuli, and this is
accomplished by the complex interaction between a
number of regulatory cascades. For example, the pro-
duction of both biofilms and Exotoxin A, the diptheria-
like toxin responsible for protein synthesis disruption in
eukaryotic cells, is regulated by a number of environ-
mental and quorum-sensing signals (see Figure 2). Some
of the environmental signals that P. aeruginosa re-
sponds to include the presence of glucose, iron and
nitrogen availability, oxygen levels, temperature varia-
tions, pH, osmolarity, amino acid starvation, and ultravi-
olet damage.

P. aeruginosa response to glucose limitation is medi-
ated through the virulence factor regulator (Vfr) that
demonstrates significant homology to the cAMP recep-
tor protein (CRP) of E. coli [22]. When glucose is in
short supply, the intracellular concentration of cAMP is
upregulated in most microbes. In P. aeruginosa, two
cAMP molecules bind the inactive Vfr dimer. This cAMP-
Vfr complex is then able to bind a consensus dyad sym-
metrical sequence in the promoter region of a number of
operons, including the quorum-sensing regulator (lasR)
and genes required for the utilization of various carbon
sources, through a helix-turn-helix binding motif [22].
Upon binding, the complex promotes the localization of
the RNA polymerase holoenzyme (RNAP) to the pro-
moter region through interaction between the 8 subunit
of the RNAP and the cAMP-Vfr complex. This complex
is able to increase the expression of type IV pili, resulting
in increased twitching motility and biofilm formation [37,
38]. In addition, this complex is able to activate the
transcription of /asR, thereby activating the quorum-
sensing cascade when the autoinducer 3-oxo-C;,-HSL
is present at significant levels, which may indirectly af-
fect biofilm development.

Another carbon metabolite regulator, termed the ca-
tabolite repression control (Crc) protein, has been re-
cently found. This protein is able to sense carbon source
availability and repress carbohydrate catabolism en-
zymes, possibly through BkdR, the transcriptional acti-
vator of the inducible multienzyme complex branched-
chain keto acid dehydrogenase [39]. This protein also
affects expression of the type IV pili structural subunit
PilA to promote microcolony formation on biofilms. As
demonstrated in mutation studies, P. aeruginosa Crc
mutants are only capable of forming thin biofilm mono-
layers instead of conglomerating into a number of micro-
colonies through type IV-dependent twitching motility
[40]. Therefore, Crc may represent a link between carbon
availability and the decision of whether or not to enter
into a biofilm mode of growth.

Since P. aeruginosa prefers aerobic metabolism that
utilizes a number of iron-containing enzymes, this micro-
bial species has evolved a number of strategies to obtain
iron from its environment [41]. In order to conserve en-
ergy and resources, P. aeruginosa tightly regulates the
expression of its iron acquisition systems to limit their
activity in iron-rich environments. This iron-dependent
regulation centers upon the activity of a recently isolated



Chemistry & Biology
864

A Gram Negative Bacteria o \
o 9 C,-HSL
H
(&)
O
/M AL CeHSL
H
O
6} O ‘\
A O .
AN A 3-0x0-C4-HSL
H
(8]
O
A O
a5 Cg-HSL

AN AL soxoceHsL
(8]
0 o0
/\W\/@’ 3-0x0-C,-HSL

5 3-0x0-C,,-HSL
H

(8] O

$ 3-0x0-C,,-HSL

Gram + Bacteria (Streptomyces)

RI=0H.0
R2 = (CH2),(CH3), .

on (8]
Fungi y N
O, PsiA of Aspergillus nidulans

Synthetic Antagonists

y-butyrolactones

1,2 fluorodecal HSL

wrs-I-51

RI
O

Eukaroyote (Delisea pulchra) e s
R, R,
1B B / Furanone Basic Structure
2 H Br
H 0

B Staphylococcus aureus - Thioester-containing octapeptide

(Group I) (Group 1) (Group III)

Figure 3. Microbial Quorum-Sensing Signaling Compounds

Some common acylated homoserine lactones and derivatives (A) and thioester-containing octapeptides (B) for S. aureus groups I-lll. See
text for gene descriptions.



Review
865

homolog of the ferric uptake regulator (Fur) in E. coli
[41, 42]. When iron is in ample supply, Fur binds Fe?* and
is able to attach to a palindromic consensus sequence
(termed the “Fur box”) in the promoter regions of iron-
regulated genes, thereby repressing their expression.
When P. aeruginosa is grown in iron-limiting conditions,
Fe?" dissociates from the complex, causing Fur release
and repression removal. Some of the genes controlled
either directly or indirectly by the fur system include
those that code for other regulatory proteins (e.g., the
sigma factor PvdS); iron-scavenging proteins (e.g., pyo-
chelin and pyoverdin siderophores); proteases that de-
grade the iron binding host proteins; the cytotoxin exo-
toxin A, which enables iron release from susceptible
host cells; proteins involved in basic metabolic pro-
cesses (e.g., Krebs cycle); and proteins responsible for
oxidative stress survival (e.g., superoxide dismutase)
[43-45]. While alterations in iron concentrations have
been shown to affect the quorum-sensing system, this
interaction may be mediated indirectly through the vfr
regulation system as seen in V. fischeri [46]. The effect
of iron limitation on biofilm growth was recently studied
by Singh et al. [47]. It was found that iron chelation
resulted in the formation of thin monolayer biofilms that
did not display the intricate three-dimensional biofilm
architecture seen in other studies. The authors con-
cluded that twitching motility was induced by iron limita-
tion, thereby preventing microcolony formation. This
conclusion seems to contradict previous findings by
O’Toole and Kolter that twitching motility was required
for microcolony and biofilm development [13]. However,
the disparity between these two studies can be resolved
when one takes into account that the O’Toole and Kolter
study was performed on static biofilms for a short dura-
tion (8 hr), while the Singh et al. study was performed
over 13 days in a dynamic laminar flow system. There-
fore, twitching motility may be only required in young
biofilms and may be used as an effective spreading
mechanism in order to allow P. aeruginosa to colonize
the entire substrate [31].

In reference to respiration, P. aeruginosa can utilize
inorganic electron acceptors (other than oxygen) for
growth. However, this species is incapable of fermen-
tative metabolism and generally grows more fastidiously
in oxygenated environments since it prefers aerobic me-
tabolism. Therefore, it is not surprising that this organ-
ism alters its gene expression in response to oxygen
levels. This control is mediated through the oxygen-
sensing transcriptional regulator protein ANR (anaerobic
nitrate respiration) that is homologous to the FNR in E.
coli [48]. This protein forms a [4Fe-4S]?* cluster under
conditions of low O,. This cluster formation has been
shown to promote dimerization and binding to promoter
regions of genes that facilitate adaptation to growth
under anaerobic conditions (e.g., denitrification en-
zymes and/or their regulators) [49]. There is no data to
support the direct role of ANR on the regulation of the
quorum-sensing system. However, O, levels must be
taken into account when evaluating biofilm experimental
data, since ANR has been shown to activate the tran-
scription of a large number of enzymes associated with
anaerobic metabolism while repressing the expression
of those enzymes responsible for aerobic metabolism.

By taking into account the effect of oxygen-dependent
regulation, one may avoid the incorrect assumption of
causal relationships between gene expression and bio-
film formation.

This organism has been shown to adapt to amino
acid starvation through a complex series of regulatory
events, termed the stringent response, which has been
described as a global regulation mechanism. Briefly,
this response (well elucidated in E. coli) is mediated
through the accumulation of uncharged cognate tRNA.
When the ratio of aminoacyl-charged to -uncharged
tRNA falls below a critical threshold, occupation of the
vacant mRNA codon at the ribosomal A site by un-
charged cognate tRNA leads to stalling of peptide chain
elongation. Also, the synthesis of the pseudomonal nu-
cleotide (p)ppGpp from GTP and ATP is induced in a
ribosomal-dependent idling reaction [50, 51]. It has been
demonstrated in E. coli that the (p)ppGpp inhibits RNA
polymerase, causing the downregulation of a wide range
of energetically demanding cellular processes (e.g., the
synthesis of stable RNA), stimulation of certain amino
acid synthesis pathways (e.g., isoleucine), and the in-
duction of stationary phase-specific genes through the
effects of the stationary-phase/stress-specific sigma
factor (a.k.a. o° or RpoS) [50, 52]. While the ¢™ (a.k.a. ¢P)
factor is responsible for the transcription of constitutive-
expressed and housekeeping genes, RpoS has been
implicated in the transcription regulation of over 50
genes in E. coli in response to not only amino acid
starvation, but also osmotic stress, acid shock, heat
shock, oxidative DNA damage, and transition to station-
ary phase. Transcriptional regulation of rpoS expression
has been demonstrated to be under positive control by
(P)PPGpp and negatively by the cAMP receptor protein.
Also, translational control has been ascribed to a num-
ber of other factors including an RNA binding protein
(Hfq), a nucleoid histone-like protein (H-NS), and a small
regulatory RNA (dsrA RNA) that destabilizes the second-
ary structure in rpoS mRNA to allow translational initia-
tion. However, proteolysis of RpoS by the ClpPX prote-
ase (due to the removal of protection of RpoS by the
chaperone protein DnaK) seems to be the main regula-
tion mechanism in E. coli [53]. The role of RpoS in P.
aeruginosa biofilm formation was recently evaluated us-
ing an rpoS mutant. The biofilm architecture developed
by this mutant was significantly thicker than the struc-
tures of the corresponding wild type. Therefore, RpoS
may act to limit the size of the biofilm under stationary
conditions of growth (such as those seen in deeper
biofilm layers) in order to maintain access to the limited
nutrients.

P. aeruginosa also mediates changes in gene expres-
sion through a complex array of other alternative RNA
polymerase sigma factors in response to a number of
environmental stressors. Heat shock is one example of
an environmental stress, and the pseudomonal re-
sponse is mediated through the combined effect of the
extracytoplasmic stress factor, of (a.k.a. AlgT or AlgU)
and o' (a.k.a. RpoH or ¢*) [54]. AlgT/U and RpoH re-
spond to the accumulation of misfolded proteins in the
periplasmic and cytosolic bacterial compartments, re-
spectively. Specifically, AlgT/U is able to upregulate its
own expression as well as the expression of genes cod-
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ing for RpoH and the enzymes of the alginate biosyn-
thetic pathway [54]. The antisigma factor products of
mucA and mucB normally inhibit the activity of AlgT/U
[55, 56]. However, in patients suffering from cystic fibro-
sis, these antisigma factor coding regions are often mu-
tated resulting in the conversion of nonmucoid strains
into the mucoid variety by allowing for the constitutive
overproduction of alginate [56, 57]. This excess of algi-
nate production in P. aeruginosa results in the formation
of biofilm microcolonies consisting of exopolysacchar-
ide-embedded cells. These biofilm microcolonies dem-
onstrate high-level resistance to host or antimicrobial
clearance strategies. The enzymes of the alginate bio-
synthetic pathway are also under the negative regulation
of a sigma factor that responds to nitrogen depletion
(6% or RpoN) [58, 59]. In reference to RpoH, many of
its regulatory effects can be linked to its activation of
GroESL proteins [25]. These proteins act as chaperonins
to sequentially promote correct folding of a number of
proteins and aid in the formation of protein complexes,
possibly including the LasR quorum-sensing regulator
with the Lasl product 3-oxo-C;,-HSL and the formation
of the RhIR-C,-HSL complex [21, 25]. Another environ-
mental stressor that regulates gene expression through
an alternative sigma factor includes the need for flagellin
(mediated by of, a.k.a. ¢ or RpoF coded by fliA) [60].
All of these sigma factors discussed above have been
well studied in E. coli, but their role in pseudomonal
stress response or biofilm formation remains to be fully
elucidated.

GacA and GacS are highly conserved among Pseu-
domonas spp. and demonstrate upregulation of expres-
sion upon entry into stationary phase due to an unknown
signal [24]. gacS encodes the cognate sensor kinase
that activates the response regulator coded for by gacA
by phosphorylation [61]. This GacS/GacA system strictly
controls the expression of extracellular products (antibi-
otics, exoenzymes, and hydrogen cyanide) when cells
are in the transition from exponential to stationary
phase. This system has also been found to increase the
production of the C,-HSL autoinducer of the pseudomo-
nal rhl quorum-sensing system [24]. It was hypothesized
that activated GacA, by virtue of its typical C-terminal
helix-turn-helix DNA binding motif, regulated the tran-
scription of target genes. However, recent evidence
points to posttranscriptional control by interacting with
the mRNA ribosomal binding site of GacA-controlled
genes [62]. The importance of this regulatory system in
the development of biofilms can be demonstrated by a
study in which a gacA mutant of P. aeruginosa had a
significantly reduced thickness (one-tenth the size of
wild-type biofilms) and reduced virulence [63, 64].

Staphylococcus aureus Biofilms

S. aureus is a gram-positive, ubiquitous bacterial spe-
cies, with the predominant reservoir in nature being hu-
mans. The carriage rate of this organism in humans is
reported to be between 11% and 32% in healthy adults
[65, 66]. In the preantibiotic era, bacteremia with S.
aureus resulted in a 90% death rate [67]. Due to the
increasing involvement of S. aureus in foreign body-

related infections, the rapid development and exhibition
of multiple antibiotic resistance by these organisms, and
their great propensity to change from an acute infection
to one that is persistent, chronic, and recurrent, this
pathogen is once again receiving significant attention.
S. aureus causes a wide variety of infections, each asso-
ciated with significant morbidity and mortality. Some of
the diseases mediated by this species of bacteria in-
clude tropical pyomyositis, lower respiratory infections
(pneumonia), superficial skin infections (boils, sties, car-
buncles), localized abscesses, endocarditis, osteomy-
elitis, toxic shock syndrome, serious skin infections (fu-
runculosis), food poisoning, bacteremia, empyema,
pyopneumothorax, and exfoliative diseases. It is be-
lieved that one of the mechanisms by which S. aureus
is able to persist is through the formation of a well-
developed biofilm.

Staphylococcus spp. can produce a multilayered bio-
film embedded into a glycocalyx [68]. The glycocalyx
develops on devitalized tissue and bone (such as the
involucrum) or medically implanted devices to produce
an infection [69]. In addition, dental water supplies and
saliva ejectors may also be areas for cross contamina-
tion between patients [70]. The presence of implants
are a predisposing factor in the development of infection
since they are coated in host proteins soon after implan-
tation, and this host protein coating provides an excel-
lent source of attachment for any bacteria remaining
after debridement surgery [71]. Once attached, the bac-
teria can form the glycocalyx, or slime layer, which pro-
tects the bacteria from normal host defenses and sys-
temic antibiotics [72].

Early studies reported the solid component of the
glycocalyx to be mainly composed of teichoic acids
(80%) and staphylococcal and host proteins [73]. Host
derived proteins such as fibrin may have been derived
from the conversion of fibrinogen by the staphylococcal
coagulase-prothrombin complex [74]. Later studies
were able to isolate a specific polysaccharide antigen
named polysaccharide intercellular antigen (PIA) that is
composed of 3-1,6-linked N-acetylglucosamine resi-
dues (80%-85%) and an anionic fraction with a lower
content of non-N-acetylated D-glucosaminyl residues
that contains phosphate and ester-linked succinate
(15%-20%) [75]. PIA is a polymer of approximately 130
residues and other sizes of these $3-1,6-linked N-acetyl-
glucosamine have been identified, termed PNAG-I (the
immunogenic 460 kDa compound), -1l (100 kDa), and -lll
(21 kDa) [76]. PIA is synthesized in vitro from UDP-N-
acetylglucosamine by products of the intercellular adhe-
sion (ica) locus [77]. The genes and products of the
ica locus (icaR [regulatory] and icaADBC [biosynthetic]
genes) have been shown to be required for biofilm for-
mation and virulence and are upregulated in response to
anaerobic growth like the conditions seen in the biofilm
environment [78]. While the regulation mechanism of
this locus has not yet been discerned in S. aureus, the
homologous Staphylococcus epidermidis locus is regu-
lated with the reversible inactivation by insertion se-
quence (IS256) phase variation in 25%-33% of variants
[79]. Other levels of control in S. epidermidis are accom-
plished through IcaR-mediated transcriptional repres-
sion (relieved by ethanol stress) and the sigB operon
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product ¢® (regulated by operon genes rsbU and rsbV)
[79, 80]. Since a number of insertion sequences (e.g.,
IS1181 and 1S431), icaR homologs, and the sigB operon
have been found in most S. aureus strains (e.g., Mu50,
N315, MW2, and Newman), these regulatory mecha-
nisms may also hold true.

In addition to PIA, a number of other studies have
identified important genes and their products in the for-
mation of staphylococcal biofilms. There is recent evi-
dence that attachment of bacterial cells to a polymer
surface, thereby representing the prerequisite for biofilm
formation, may be aided by an autolysin of S. epider-
midis [81]. Therefore, the homolog in S. aureus (atl) may
also function in this manner. A two-component regula-
tory gene locus that mediates adhesion and affects bio-
film formation in S. aureus has also been recently stud-
ied. This locus is a system encoded by ar/lRS, a member
of the OmpR-PhoB family of response regulators, that
is regulated by the agr and sarA loci [82, 83]. When
upregulated, the product of arlS gene inhibits biofilm
formation and may control attachment to polymer sur-
faces by affecting the secreted peptidoglycan hydrolase
activity. Teichoic acid structure is also extremely impor-
tant in the development of biofilms. Specifically, the
addition of D-alanine esters to teichoic acids via dItA
may be an important factor in imparting the correct
charge balance on the gram-positive cell surface to en-
able initial attachment and subsequent biofilm forma-
tion. Transposon mutagenesis was able to identify an-
other S. aureus gene biofilm-associated protein (Bap)
that was required for biofilm formation on inert surface.
However, since only 5% of bovine mastitis isolates and
none of the 75 clinical isolates tested possessed the
coding sequence for Bap, the in vivo importance of this
protein may be questionable. In another study, the differ-
ential gene expression between planktonic (shaken) and
biofilm (not shaken) cultures in S. aureus was evaluated
and five biofilm-upregulated genes were identified [84].
These included three oxygen starvation response genes,
the gene encoding threonyl-tRNA synthetase (upregu-
lated by amino acid starvation), and a stress response
gene that encodes ClpC ATPase. As mentioned above,
biofilm formation has been shown to be upregulated by
anaerobic, osmotic, and ethanol stress due to the
stress-induced alternative sigma factor o® [85].

The Genetics of Signaling in S. aureus

The effect of the quorum-sensing system in S. aureus
on biofilm formation has been recently studied in a pre-
liminary sense. Although S. aureus has a quorum-sens-
ing system that satisfies the same principal of autoin-
duction in response to a secreted compound whose
concentration is based on cell density, the system does
demonstrate some reasonable differences. While gram-
negative bacteria passively and actively secrete HSL
derivatives that are synthesized in their active form, S.
aureus utilizes peptide signaling molecules that are orig-
inally translated in an inactive form and then secreted.
During this secretion process, it has been hypothesized
that the polypeptide is converted into a thiolactone-
containing peptide that is then able to accumulate in
the local environment and act as an external signaling

molecule [86]. This signaling peptide interacts with atwo
component regulatory system in which a cell membrane
receptor, usually a histidine kinase, transmits the signal
to anintracellular activator, which activates the quorum-
sensing-dependent phenotype [87, 88].

S. aureus produce a large number of extracellular and
cell-associated products that may contribute to viru-
lence and development of persistent infections. During
early exponential growth when cell density is low, pro-
teins that promote adherence and colonization are ex-
pressed. When cell growth reaches high densities, the
production of the adherence and colonization factors
is suppressed, while secreted toxins and enzymes are
expressed. Many of these postexponential phase pro-
teins are involved in damaging the host, obtaining nutri-
ents from the host for pathogen growth, and dissemina-
tion after the staphylococci have adequately colonized
and increased in number to promote an active infection.

The expression of most of these staphylococcal prod-
ucts is under partial or complete control of the staphylo-
coccal accessory regulator (sar) and the accessory gene
regulator (agr) system. During early logarithmic growth,
a protein encoded by rot (repressor of toxins) inhibits
the expression of agr-activated virulence factors [89].
Once activation of the agr and sar regulatory loci occurs
during late exponential phase, there is an increased
transcription of a regulatory RNA molecule known as
RNAIII (which is a product of agr) [90]. RNAIll immedi-
ately blocks transcription of surface protein genes and,
with a hypothesized timing signal, upregulates tran-
scription of extracellular pathogenicity factors (such as
exotoxins). The primary regulatory function of RNAIIl is
at the level of transcription by an undetermined mecha-
nism but may involve one or more regulatory proteins
[87]. This regulatory RNA molecule is also capable of
controlling production of at least two virulence factors,
«-hemolysin (hla) and Protein A (spa), at the level of
translation. At the beginning of exponential-phase
growth, the expression of a-hemolysin is normally inhib-
ited through intramolecular base pairing that blocks the
ribosomal binding site [87, 91]. Later in exponential-
phase growth, RNAIIl is expressed and folds into a sta-
ble but inactive regulatory molecule. After a significant
lag, the secondary structure of RNAIIl changes through
an unknown agent, and the 5’ region of RNAIll is then
able to hybridize with a complementary 5’ untranslated
region of a-hemolysin mRNA, thereby making the tran-
scripts accessible for translation initiation [91]. Conversely,
the 3’ region of RNAIIl contains sequences complemen-
tary to the leader sequence of spa, and hybridization is
believed to inhibit translation of Protein A.

The activity of RNAIll is regulated through a popula-
tion-sensing autocrine system (quorum sensing) en-
coded by the accessory gene regulator locus (agr) [92-
94]. This locus consists of two divergent transcription
units, driven by promoters P2 and P3. The P2 operon
contains four genes, agrB, agrD, agrC, and agrA, and
the P3 operon codes for RNAIIl (see above) [92]. An
octapeptide with a unique thioester ring structure (re-
ferred to as the agr auto inducing peptide [AIP]) is gener-
ated from its precursor, AgrD, and secreted out of the
cell through the action of the AgrB membrane protein
[86]. As the concentration of AIP increases in the extra-
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cellular microenvironment, the interaction between AIP
and the histidine kinase receptor protein, AgrC, also
increases. This interaction enables AgrC to phosphory-
late and thereby activate an intracellular agr-encoded
protein (AgrA) [87, 88]. AgrA~P then increases transcrip-
tion at the P2 promoter. With SarA (the major transcript
of the sar operon), AgrA~P also increases the transcrip-
tion at the P3 promoter, resulting in elevated intracellular
levels of RNAIII [95]. Therefore, as AIP concentrates in
the extracellular environment, the level of RNAIIl in-
creases, enabling the growth phase-dependent reduc-
tion in adherence factor production and increase in ex-
tracellular pathogenicity factor production. AIP is not
only capable of activating the agr regulon in self strains,
but can also inhibit the agr activation of other S. aureus
strains.

One study evaluated the ability of S. aureus to adhere
to polystyrene in 105 isolates of agr-positive and nega-
tive isolates [96]. Researchers found that 78% of the agr-
negative mutants were able to attach and form biofilms
while only 6% of the agr-positive isolates were able
demonstrate this growth phenotype. Therefore, the quo-
rum-sensing system in S. aureus seemed to have inhib-
ited the formation of biofilms. This inhibition was con-
firmed by using quorum-sensing blockers and was
shown to be independent of changes in autolysin (Atl)
and PIA. While this group experimentally demonstrated
that the reduction in biofilm formation can be mediated
by the well-known surfactant abilities of delta hemolysin
[97], more study is needed. It is interesting to note that
there is a high frequency of naturally occurring agr mu-
tants (26%). Therefore, a defective quorum-sensing sys-
tem may enable the microbe to have a low pathogenic
and immunogenic activity, but simultaneously enable
biofilm formation and persistence.

In addition to the agr system, virulence factor expres-
sion is also mediated by the sar loci in which SarA (the
primary product of sar that is acted upon by ¢®) been
shown to directly interact with the promoter regions of
a number of genes, including the coding regions for the
P2 and P3 promoter of agr, collagen receptor, Protein
A, fibronectin binding protein, staphylococcal entero-
toxin A, a-hemolysin, and the sar loci itself [98, 99].
However, the biofilm-specific interactions of this com-
plex system are still being determined.

Future Research

The research linking biofilm formation with environmen-
tal signal response systems and quorum-sensing sys-
tems in bacteria is still in its beginning stages. Therefore,
a greater understanding of the specific genes and prod-
ucts whose expression and production demonstrate al-
tered regulation in a single species (and multispecies)
biofilm system is needed. Also, the relative gene expres-
sion, the regulators, and the target genes of these sys-
tems and their role during initial attachment, develop-
ment, and maturation of the biofilm phenotype must
also be determined. Studies utilizing microarray technol-
ogy, 2-D gel electrophoresis, specific reporters, and
knockouts may eventually allow researchers to assem-
ble a biofilm development model. However, these stud-

ies must be performed in growth conditions that take
into account the altered gene expression and produc-
tion that necessarily results from bacterial cell-cell com-
munication and environmental stimuli in order to draw
correct conclusions and discern causal relationships.

References

1. Donlan, R.M., and Costerton, J.W. (2002). Biofilms: survival
mechanisms of clinically relevant microorganisms. Clin. Micro-
biol. Rev. 15, 167-193.

2. Costerton, J.W., Lewandowski, Z., Caldwell, D.E., Korber, D.R.,
and Lappin-Scott, H.M. (1995). Microbial biofilms. Annu. Rev.
Microbiol. 49, 711-745.

3. Beveridge, T.J., Makin, S.A., Kadurugamuwa, J.L., and Li, Z.
(1997). Interactions between biofilms and the environment.
FEMS Microbiol. Rev. 20, 291-303.

4. Brown, M.R., Allison, D.G., and Gilbert, P. (1988). Resistance of
bacterial biofilms to antibiotics: a growth-rate related effect? J.
Antimicrob. Chemother. 22, 777-780.

5. Spoering, A.L., and Lewis, K. (2001). Biofilms and planktonic
cells of Pseudomonas aeruginosa have similar resistance to
killing by antimicrobials. J. Bacteriol. 183, 6746-6751.

6. Xu, K.D., McFeters, G.A., and Stewart, P.S. (2000). Biofilm resis-
tance to antimicrobial agents. Microbiology 746, 547-549.

7. De Beer, D., Srinivasan, R., and Stewart, P.S. (1994). Direct
measurement of chlorine penetration into biofilms during disin-
fection. Appl. Environ. Microbiol. 60, 4339-4344.

8. Boyd, A., and Chakrabarty, A.M. (1994). Role of alginate lyase
in cell detachment of Pseudomonas aeruginosa. Appl. Environ.
Microbiol. 60, 2355-2359.

9. Sauer, K., Camper, A.K., Ehrlich, G.D., Costerton, J.W., and
Davies, D.G. (2002). Pseudomonas aeruginosa displays multiple
phenotypes during development as a biofilm. J. Bacteriol. 184,
1140-1154.

10. Rahme, L.G., Ausubel, F.M., Cao, H., Drenkard, E., Goumnerov,
B.C., Lau, G.W., Mahajan-Miklos, S., Plotnikova, J., Tan, M.W.,
Tsongalis, J., et al. (2000). Plants and animals share functionally
common bacterial virulence factors. Proc. Natl. Acad. Sci. USA
97, 8815-8821.

11. Ramphal, R., and Vishwanath, S. (1987). Why is Pseudomonas
the colonizer and why does it persist? Infection 15, 281-287.

12. Costerton, J.W., Stewart, P.S., and Greenberg, E.P. (1999). Bac-
terial biofilms: a common cause of persistent infections. Science
284, 1318-1322.

13. O’Toole, G.A., and Kolter, R. (1998). Flagellar and twitching mo-
tility are necessary for Pseudomonas aeruginosa biofilm devel-
opment. Mol. Microbiol. 30, 295-304.

14. Singh, A., Hazlett, L., and Berk, R.S. (1991). Characterization of
pseudomonal adherence to unwounded cornea. Invest. Oph-
thalmol. Vis. Sci. 32, 2096-2104.

15. Whitchurch, C.B., Tolker-Nielsen, T., Ragas, P.C., and Mattick,
J.S. (2002). Extracellular DNA required for bacterial biofilm for-
mation. Science 295, 1487.

16. Stoodley, P., Dodds, l., Boyle, J.D., and Lappin-Scott, H.M.
(1999). Influence of hydrodynamics and nutrients on biofilm
structure. J. Appl. Microbiol. 85, S19-S28.

17. Whiteley, M., Bangera, M.G., Bumgarner, R.E., Parsek, M.R.,
Teitzel, G.M., Lory, S., and Greenberg, E.P. (2001). Gene expres-
sion in Pseudomonas aeruginosa biofilms. Nature 413, 860-864.

18. Stephens, C. (2002). Microbiology: breaking down biofilms.
Curr. Biol. 19, R132-R134.

19. Shapiro, J.A. (1998). Thinking about bacterial populations as
multicellular organisms. Annu. Rev. Microbiol. 52, 81-104.

20. Pearson, J.P., Van Delden, C., and Iglewski, B.H. (1999). Active
efflux and diffusion are involved in transport of Pseudomonas
aeruginosa cell-to-cell signals. J. Bacteriol. 187, 1203-1210.

21. Pearson, J.P., Pesci, E.C., and Iglewski, B.H. (1997). Roles of
Pseudomonas aeruginosa las and rhl quorum-sensing systems
in control of elastase and rhamnolipid biosynthesis genes. J.
Bacteriol. 179, 5756-5767.



Review

869

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Albus, A.M., Pesci, E.C., Runyen-Janecky, L.J., West, S.E., and
Iglewski, B.H. (1997). Vfr controls quorum sensing in Pseudomo-
nas aeruginosa. J. Bacteriol. 179, 3928-3935.

Whiteley, M., Parsek, M.R., and Greenberg, E.P. (2000). Regula-
tion of quorum sensing by RpoS in Pseudomonas aeruginosa.
J. Bacteriol. 182, 4356-4360.

Wick, M.J., Frank, D.W., Storey, D.G., and Iglewski, B.H. (1990).
Structure, function, and regulation of Pseudomonas aeruginosa
exotoxin A. Annu. Rev. Microbiol. 44, 335-363.

Adar, Y.Y., and Ulitzur, S. (1993). GroESL proteins facilitate bind-
ing of externally added inducer by LuxR protein-containing E.
coli cells. J. Biolumin. Chemilumin. 8, 261-266.

de Kievit, T., Seed, P.C., Nezezon, J., Passador, L., and Iglewski,
B.H. (1999). RsaL, a novel repressor of virulence gene expres-
sion in Pseudomonas aeruginosa. J. Bacteriol. 187, 2175-2184.
McKhnight, S.L., Iglewski, B.H., and Pesci, E.C. (2000). The Pseu-
domonas quinolone signal regulates rhl quorum sensing in
Pseudomonas aeruginosa. J. Bacteriol. 182, 2702-2708.
Davies, D.G., Parsek, M.R., Pearson, J.P., Iglewski, B.H., Coster-
ton, J.W., and Greenberg, E.P. (1998). The involvement of cell-
to-cell signals in the development of a bacterial biofilm. Science
280, 295-298.

Hentzer, M., Riedel, K., Rasmussen, T.B., Heydorn, A., Ander-
sen, J.B., Parsek, M.R., Rice, S.A., Eberl, L., Molin, S., Hoiby,
N., et al. (2002). Inhibition of quorum sensing in Pseudomonas
aeruginosa biofilm bacteria by a halogenated furanone com-
pound. Microbiology 748, 87-102.

Stoodley, P., Jorgensen, F., Williams, P., and Lappin-Scott, H.M.
1999. The role of hydrodynamics and AHL signalling molecules
as determinants of the structure of Pseudomonas aeruginosa
biofilms. In Biofilms: The Good, The Bad and The Ugly, J. Wim-
penny, P. Gilbert, J. Walker, M. Brading, and R. Bayston, eds.
(Bioline: Cardiff, UK, p. 223-230.

Heydorn, A., Ersboll, B., Kato, J., Hentzer, M., Parsek, M.R.,
Tolker-Nielsen, T., Givskov, M., and Molin, S. (2002). Statistical
analysis of Pseudomonas aeruginosa biofilm development: im-
pact of mutations in genes involved in twitching motility, cell-
to-cell signaling, and stationary-phase sigma factor expression.
Appl. Environ. Microbiol. 68, 2008-2017.

Brooun, A, Liu, S., and Lewis, K. (2000). A dose-response study
of antibiotic resistance in Pseudomonas aeruginosa biofilms.
Antimicrob. Agents Chemother. 44, 640-646.

Stickler, D.J., Morris, N.S., McLean, R.J., and Fuqua, C. (1998).
Biofilms on indwelling urethral catheters produce quorum-sens-
ing signal molecules in situ and in vitro. Appl. Environ. Microbiol.
64, 3486-3490.

Singh, P.K., Schaefer, A.L., Parsek, M.R., Moninger, T.O., Welsh,
M.J., and Greenberg, E.P. (2000). Quorum-sensing signals indi-
cate that cystic fibrosis lungs are infected with bacterial bio-
films. Nature 407, 762-764.

McLean, R.J., Whiteley, M., Stickler, D.J., and Fuqua, W.C.
(1997). Evidence of autoinducer activity in naturally occurring
biofilms. FEMS Microbiol. Lett. 154, 259-263.

Allison, D.G., Heys, S.J.D., Willcock, L., Holah, J., and Gilbert,
P. 1999. Cellular detachment and dispersal from bacterial bio-
films: A role for quorum sensing? In Biofilms: The Good, The
Bad and The Ugly, J. Wimpenny, P. Gilbert, J. Walker, M. Brad-
ing, and R. Bayston, eds. (Bioline: Cardiff, UK), p. 279-286.
Beatson, S.A., Whitchurch, C.B., Sargent, J.L., Levesque, R.C.,
and Mattick, J.S. (2002). Differential regulation of twitching mo-
tility and elastase production by Vfr in Pseudomonas aerugi-
nosa. J. Bacteriol. 184, 3605-3613.

Beatson, S.A., Whitchurch, C.B., Semmler, A.B., and Mattick,
J.S. (2002). Quorum sensing is not required for twitching motility
in Pseudomonas aeruginosa. J. Bacteriol. 184, 3598-3604.
Hester, K.L., Lehman, J., Najar, F., Song, L., Roe, B.A., Mac-
Gregor, C.H., Hager, P.W., Phibbs, P.V., Jr., and Sokatch, J.R.
(2000). Crc is involved in catabolite repression control of the
bkd operons of Pseudomonas putida and Pseudomonas aerugi-
nosa. J. Bacteriol. 182, 1144-1149.

O’Toole, G.A., Gibbs, K.A., Hager, P.W., Phibbs, P.V., and Kolter,
R. (2000). The global carbon metabolism regulator Crc is a com-
ponent of a signal transduction pathway required for biofilm

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

development by Pseudomonas aeruginosa. J. Bacteriol. 182,
425-431.

Vasil, M.L., and Ochsner, U.A. (1999). The response of Pseudo-
monas aeruginosa to iron: genetics, biochemistry and virulence.
Mol. Microbiol. 34, 399-413.

Barton, H.A., Johnson, Z., Cox, C.D., Vasil, A.l., and Vasil, M.L.
(1996). Ferric uptake regulator mutants of Pseudomonas aerugi-
nosa with distinct alterations in the iron-dependent repression
of exotoxin A and siderophores in aerobic and microaerobic
environments. Mol. Microbiol. 27, 1001-1017.

Hassett, D.J., Howell, M.L., Ochsner, U.A., Vasil, M.L., Johnson,
Z., and Dean, G.E. (1997). An operon containing fumC and sodA
encoding fumarase C and manganese superoxide dismutase
is controlled by the ferric uptake regulator in Pseudomonas
aeruginosa: fur mutants produce elevated alginate levels. J.
Bacteriol. 179, 1452-1459.

Hassett, D.J., Sokol, P.A., Howell, M.L., Ma, J.F., Schweizer,
H.T., Ochsner, U., and Vasil, M.L. (1996). Ferric uptake regulator
(Fur) mutants of Pseudomonas aeruginosa demonstrate defec-
tive siderophore-mediated iron uptake, altered aerobic growth,
and decreased superoxide dismutase and catalase activities.
J. Bacteriol. 178, 3996-4003.

Ochsner, U.A., and Vasil, M.L. (1996). Gene repression by the
ferric uptake regulator in Pseudomonas aeruginosa: cycle se-
lection of iron-regulated genes. Proc. Natl. Acad. Sci. USA 93,
4409-4414.

Dunlap, P.V. (1992). Mechanism for iron control of the Vibrio
fischeri luminescence system: involvement of cyclic AMP and
cyclic AMP receptor protein and modulation of DNA level. J.
Biolumin. Chemilumin. 7, 203-214.

Singh, P.K., Parsek, M.R., Greenberg, E.P., and Welsh, M.J.
(2002). A component of innate immunity prevents bacterial bio-
film development. Nature 417, 552-555.

Winteler, H.V., and Haas, D. (1996). The homologous regulators
ANR of Pseudomonas aeruginosa and FNR of Escherichia coli
have overlapping but distinct specificities for anaerobically in-
ducible promoters. Microbiology 742, 685-693.

Arai, H., Kodama, T., and Igarashi, Y. (1997). Cascade regulation
of the two CRP/FNR-related transcriptional regulators (ANR and
DNR) and the denitrification enzymes in Pseudomonas aerugi-
nosa. Mol. Microbiol. 25, 1141-1148.

Cassels, R., Oliva, B., and Knowles, D. (1995). Occurrence of
the regulatory nucleotides ppGpp and pppGpp following induc-
tion of the stringent response in staphylococci. J. Bacteriol.
177, 5161-5165.

Haseltine, W.A., Block, R., Gilbert, W., and Weber, K. (1972). MSI
and MSII made on ribosome in idling step of protein synthesis.
Nature 238, 381-384.

Jorgensen, F., Bally, M., Chapon-Herve, V., Michel, G., Lazdun-
ski, A., Williams, P., and Stewart, G.S. (1999). RpoS-dependent
stress tolerance in Pseudomonas aeruginosa. Microbiology
145, 835-844.

Loewen, P.C., Hu, B., Strutinsky, J., and Sparling, R. (1998).
Regulation in the rpoS regulon of Escherichia coli. Can. J. Micro-
biol. 44, 707-717.

Schurr, M.J., and Deretic, V. (1997). Microbial pathogenesis in
cystic fibrosis: co-ordinate regulation of heat-shock response
and conversion to mucoidy in Pseudomonas aeruginosa. Mol.
Microbiol. 24, 411-420.

Hughes, K.T., and Mathee, K. (1998). The anti-sigma factors.
Annu. Rev. Microbiol. 52, 231-286.

Schurr, M.J., Yu, H., Martinez-Salazar, J.M., Boucher, J.C., and
Deretic, V. (1996). Control of AlgU, a member of the sigma E-like
family of stress sigma factors, by the negative regulators MucA
and MucB and Pseudomonas aeruginosa conversion to mu-
coidy in cystic fibrosis. J. Bacteriol. 178, 4997-5004.

Boucher, J.C., Yu, H., Mudd, M.H., and Deretic, V. (1997). Mu-
coid Pseudomonas aeruginosa in cystic fibrosis: characteriza-
tion of muc mutations in clinical isolates and analysis of clear-
ance in a mouse model of respiratory infection. Infect. Immun.
65, 3838-3846.

Jin, S., Ishimoto, K., and Lory, S. (1994). Nucleotide sequence
of the rooN gene and characterization of two downstream open



Chemistry & Biology
870

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

reading frames in Pseudomonas aeruginosa. J. Bacteriol. 176,
1316-1322.

Boucher, J.C., Schurr, M.J., and Deretic, V. (2000). Dual regula-
tion of mucoidy in Pseudomonas aeruginosa and sigma factor
antagonism. Mol. Microbiol. 36, 341-351.

Starnbach, M.N., and Lory, S. (1992). The fliA (rpoF) gene of
Pseudomonas aeruginosa encodes an alternative sigma factor
required for flagellin synthesis. Mol. Microbiol. 6, 459-469.
Rahme, L.G., Stevens, E.J., Wolfort, S.F., Shao, J., Tompkins,
R.G., and Ausubel, F.M. (1995). Common virulence factors for
bacterial pathogenicity in plants and animals. Science 268,
1899-1902.

Blumer, C., Heeb, S., Pessi, G., and Haas, D. (1999). Global
GacA-steered control of cyanide and exoprotease production in
Pseudomonas fluorescens involves specific ribosome binding
sites. Proc. Natl. Acad. Sci. USA 96, 14073-14078.

Parkins, M.D., Ceri, H., and Storey, D.G. (2001). Pseudomonas
aeruginosa GacA, a factor in multihost virulence, is also essen-
tial for biofilm formation. Mol. Microbiol. 40, 1215-1226.
Parkins, M.D., Ceri, H., and Storey, D.G. (2000). Differential viru-
lence factor expression in Pseudomonas aeruginosa biofilms.
American Society for Microbiology Biofilms (B2K), Big Sky,
Montana Abstract 27, 24, 7-16.

Millian, S.J., Baldwin, J.N., and Rheins, M.S. (1960). Studies on
the incidence of coagulase-positive staphylococci in a normal
unconfined population. Am. J. Pub. Health 50, 791.

Tuazon, C.U., and Sheagren, J.N. (1974). Increased rate of car-
riage of Staphylococcus aureus among narcotic addicts. J. In-
fect. Dis. 129, 725-727.

Smith, .M., and Vickers, A.B. (1960). Natural history of 338
treated and untreated patients with staphylococcal septicae-
mia. Lancet 7, 1318-1322.

Gristina, A.G., Oga, M., Webb, L.X., and Hobgood, C.D. (1985).
Adherent bacterial colonization in the pathogenesis of osteomy-
elitis. Science 228, 990-993.

Akiyama, H., Torigoe, R., and Arata, J. (1993). Interaction of
Staphylococcus aureus cells and silk threads in vitro and in
mouse skin. J. Dermatol. Sci. 6, 247-257.

Barbeau, J., ten Bokum, L., Gauthier, C., and Prevost, A.P.
(1998). Cross-contamination potential of saliva ejectors used in
dentistry. J. Hosp. Infect. 40, 303-311.

Herrmann, M., Vaudaux, P.E., Pittet, D., Auckenthaler, R., Lew,
P.D., Schumacher-Perdreau, F., Peters, G., and Waldvogel, F.A.
(1988). Fibronectin, fibrinogen, and laminin act as mediators of
adherence of clinical staphylococcal isolates to foreign material.
J. Infect. Dis. 158, 693-701.

Oie, S., Huang, Y., Kamiya, A., Konishi, H., and Nakazawa, T.
(1996). Efficacy of disinfectants against biofilm cells of methicil-
lin-resistant Staphylococcus aureus. Microbios 85, 223-230.
Hussain, M., Wilcox, M.H., and White, P.J. (1993). The slime of
coagulase-negative staphylococci: biochemistry and relation to
adherence. FEMS Microbiol. Rev. 70, 191-207.

Akiyama, H., Ueda, M., Kanzaki, H., Tada, J., and Arata, J. (1997).
Biofilm formation of Staphylococcus aureus strains isolated
from impetigo and furuncle: role of fibrinogen and fibrin. J. Envi-
ron. Pathol. Toxicol. 16, 2-10.

Mack, D., Fischer, W., Krokotsch, A., Leopold, K., Hartmann,
R., Egge, H., and Laufs, R. (1996). The intercellular adhesin
involved in biofilm accumulation of Staphylococcus epidermidis
is a linear beta-1,6-linked glucosaminoglycan: purification and
structural analysis. J. Bacteriol. 178, 175-183.

Maira-Litran, T., Kropec, A., Abeygunawardana, C., Joyce, J.,
Mark, G., lll, Goldmann, D.A., and Pier, G.B. (2002). Immuno-
chemical properties of the staphylococcal poly-N-acetylglucos-
amine surface polysaccharide. Infect. Immun. 70, 4433-4440.
Cramton, S.E., Gerke, C., Schnell, N.F., Nichols, W.W., and Gotz,
F. (1999). The intercellular adhesion (ica) locus is present in
Staphylococcus aureus and is required for biofilm formation.
Infect. Immun. 67, 5427-5433.

Cramton, S.E., Ulrich, M., Gotz, F., and Doring, G. (2001). Anaer-
obic conditions induce expression of polysaccharide intercellu-
lar adhesin in Staphylococcus aureus and Staphylococcus epi-
dermidis. Infect. Immun. 69, 4079-4085.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

1.

92,

93.

94,

95.

96.

Conlon, K.M., Humphreys, H., and O’Gara, J.P. (2002). icaR
encodes a transcriptional repressor involved in environmental
regulation of ica operon expression and biofilm formation in
Staphylococcus epidermidis. J. Bacteriol. 184, 4400-4408.
Knobloch, J.K., Bartscht, K., Sabottke, A., Rohde, H., Feucht,
H.H., and Mack, D. (2001). Biofilm formation by Staphylococcus
epidermidis depends on functional RsbU, an activator of the
sigB operon: differential activation mechanisms due to ethanol
and salt stress. J. Bacteriol. 183, 2624-2633.

Heilmann, C., Hussain, M., Peters, G., and Gotz, F. (1997). Evi-
dence for autolysin-mediated primary attachment of Staphylo-
coccus epidermidis to a polystyrene surface. Mol. Microbiol.
24,1013-1024.

Fournier, B., and Hooper, D.C. (2000). A new two-component
regulatory system involved in adhesion, autolysis, and extracel-
lular proteolytic activity of Staphylococcus aureus. J. Bacteriol.
182, 3955-3964.

Fournier, B., Klier, A., and Rapoport, G. (2001). The two-compo-
nent system ArIS-AriR is a regulator of virulence gene expres-
sion in Staphylococcus aureus. Mol. Microbiol. 41, 247-261.
Becker, P., Hufnagle, W., Peters, G., and Herrmann, M. (2001).
Detection of differential gene expression in biofilm-forming ver-
sus planktonic populations of Staphylococcus aureus using mi-
cro-representational-difference analysis. Appl. Environ. Micro-
biol. 67, 2958-2965.

Rachid, S., Ohlsen, K., Wallner, U., Hacker, J., Hecker, M., and
Ziebuhr, W. (2000). Alternative transcription factor sigma(B) is
involved in regulation of biofilm expression in a Staphylococcus
aureus mucosal isolate. J. Bacteriol. 182, 6824-6826.

Ji, G., Beavis, R., and Novick, R.P. (1997). Bacterial interference
caused by autoinducing peptide variants. Science 276, 2027~
2030.

Morfeldt, E., Tegmark, K., and Arvidson, S. (1996). Transcrip-
tional control of the agr-dependent virulence gene regulator,
RNAIIl, in Staphylococcus aureus. Mol. Microbiol. 21, 1227-
1237.

Mayville, P., Ji, G., Beavis, R., Yang, H., Goger, M., Novick, R.P.,
and Muir, T.W. (1999). Structure-activity analysis of synthetic
autoinducing thiolactone peptides from Staphylococcus aureus
responsible for virulence. Proc. Natl. Acad. Sci. USA 96, 1218-
1223.

McNamara, P.J., Milligan-Monroe, K.C., Khalili, S., and Proctor,
R.A. (2000). Identification, cloning, and initial characterization
of rot, a locus encoding a regulator of virulence factor expres-
sion in Staphylococcus aureus. J. Bacteriol. 182, 3197-3203.
Novick, R.P., Ross, H.F., Projan, S.J., Kornblum, J., Kreiswirth,
B., and Moghazeh, S. (1993). Synthesis of staphylococcal viru-
lence factors is controlled by a regulatory RNA molecule. EMBO
J. 12, 3967-3975.

Morfeldt, E., Taylor, D., von Gabain, A., and Arvidson, S. (1995).
Activation of alpha-toxin translation in Staphylococcus aureus
by the trans-encoded antisense RNA, RNAIIl. EMBO J. 14, 4569~
4577.

Novick, R.P., Projan, S.J., Kornblum, J., Ross, H.F., Ji, G.,
Kreiswirth, B., Vandenesch, F., and Moghazeh, S. (1995). The
agr P2 operon: an autocatalytic sensory transduction system
in Staphylococcus aureus. Mol. Gen. Genet. 248, 446-458.
Rao, L., Karls, R.K., and Betley, M.J. (1995). In vitro transcription
of pathogenesis-related genes by purified RNA polymerase
from Staphylococcus aureus. J. Bacteriol. 177, 2609-2614.
Balaban, N., Goldkorn, T., Nhan, R.T., Dang, L.B., Scott, S.,
Ridgley, R.M., Rasooly, A., Wright, S.C., Larrick, J.W., Rasooly,
R., et al. (1998). Autoinducer of virulence as a target for vaccine
and therapy against Staphylococcus aureus. Science 280,
438-440.

Cheung, A.L., Bayer, M.G., and Heinrichs, J.H. (1997). sar Ge-
netic determinants necessary for transcription of RNAIl and
RNAIIl in the agr locus of Staphylococcus aureus. J. Bacteriol.
179, 3963-3971.

Vuong, C., Saenz, H.L., Gotz, F., and Otto, M. (2000). Impact of
the agr quorum-sensing system on adherence to polystyrene
in Staphylococcus aureus. J. Infect. Dis. 182, 1688-1693.



Review
871

97. Heatley, N.G. (1971). A new method for the preparation and
some properties of staphylococcal delta-haemolysin. J. Gen.
Microbiol. 69, 269-278.

98. Wolz, C., Pohimann-Dietze, P., Steinhuber, A., Chien, Y.T.,
Manna, A., van Wamel, W., and Cheung, A. (2000). Agr-indepen-
dent regulation of fibronectin-binding protein(s) by the regula-
tory locus sar in Staphylococcus aureus. Mol. Microbiol. 36,
230-243.

99. Chakrabarti, S.K., and Misra, T.K. (2000). SarA represses agr
operon expression in a purified in vitro Staphylococcus aureus
transcription system. J. Bacteriol. 182, 5893-5897.



