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The biofilms that many bacteria and fungi produce enable
them to form communities, adhere tightly to surfaces, evade
host immunity, and resist antibiotics. Pathogenic microorgan-
isms that form biofilms are very difficult to eradicate and thus
are a frequent source of life-threatening, hospital-acquired
infections. This series of five minireviews from the Journal of
Biological Chemistry provides a broad overview of our current
understanding of biofilms and the challenges that remain. The
structure, biosynthesis, and biological function of the biofilms
produced by pathogenic fungi are the subject of the first article,
by Sheppard and Howell. Gunn, Bakaletz, and Wozniak focus on
the biochemistry and structure of bacterial biofilms, how these
structures enable bacteria to evade host immunity, and current
and developing strategies for overcoming this resistance. The
third and fourth articles present two of the best understood cell
signaling pathways involved in biofilm formation. Valentini and
Filloux focus on cyclic di-GMP, while Kavanaugh and Horswill
discuss the quorum-sensing (agr) system and the relationship
between quorum sensing and biofilm formation. Mechanisms of
antibiotic resistance, particularly the role of efflux pumps and
the development of persister cells, are the topics of the final
article by Van Acker and Coenye. The advances described in this
series guarantee that ongoing interdisciplinary and interna-
tional efforts will lead to new insights into the basic biology of
biofilm formation, as well as new strategies for therapeutic
interventions.

Many bacterial and fungal cells have the ability to form bio-
films that enable them to exist as communities and to adhere
tightly to surfaces. Biofilm formation requires a switch from a
motile to a sessile life style, as well as generation of an extracel-
lular matrix. The biofilms of pathogenic microorganisms are a
major medical issue, because they are difficult to eradicate and
thus contribute to many chronic infections. Well known bacte-
rial examples include Staphylococcus aureus, which causes dis-
eases that range from simple skin infections to sepsis, endocar-
ditis, and osteomyelitis, and Pseudomonas aeruginosa, often
associated with respiratory tract infections in cystic fibrosis.
The yeast Candida albicans is an example of a fungus with
biofilm-forming abilities that enable it to colonize mucosal sur-
faces and contaminate the surfaces of surgical equipment.

Understanding how biofilms form, respond to environmen-
tal cues, and contribute to disease is a complex, multi-faceted
challenge. This thematic minireview series focus on five major

aspects: the structure, biosynthesis, and function of both bac-
terial and fungal biofilms; the roles of biofilms in acute and
chronic disease; signaling by cyclic di-GMP; the relationship
between quorum sensing and biofilm formation; and the role of
efflux pumps and persister cells in promoting antibiotic toler-
ance and resistance.

Sheppard and Howell (1) discuss the structure, biosynthesis,
and function of biofilms formed by the pathogenic fungi, Can-
dida albicans and Aspergillus fumigatus, and compare them
with their better known bacterial counterparts. Despite the lack
of sequence homology among the fungal and bacterial biosyn-
thetic enzymes, Sheppard and Howell report striking functional
similarities in the enzymes and the glycans they produce in
biofilm formation, drug resistance, and immune evasion.
Potential therapeutic strategies with either specific enzyme
inhibitors or enzymes that degrade components of the biofilm
show promise for the treatment of these biofilm-associated
fungal infections.

The biochemistry of the extracellular material of bacterial
biofilms, how this structure enables pathogenic bacteria to
avoid host immunity, and existing and developing strategies to
overcome this evasion are the subjects of the minireview by
Gunn, Bakaletz, and Wozniak (2). Three Gram-negative bacte-
ria (Pseudomonas aeruginosa, Haemophilus influenzae, and
Salmonella enterica) are used as examples. The extracellular
material in the biofilms of these organisms has four major com-
ponents, exopolysaccharides, extracellular DNA, several types
of proteins, and outer membrane vesicles, all of which contrib-
ute to promote resistance to host immunity. The physical struc-
ture of the biofilm impedes penetration and engulfment by host
cells, the DNA and polysaccharides bind and sequester antimi-
crobial molecules produced by host cells, and the vesicles are
believed to traffic materials. The bacterial cells also respond by
producing factors that limit the oxidative and non-oxidative
capabilities of phagocytic cells and by producing additional
extracellular material. Developing novel therapeutic strategies
for treating both acute infections and chronic diseases associ-
ated with these pathogens requires sophisticated animal mod-
els and effective methods for disrupting biofilms both in vivo
and in vitro. The review concludes with an assessment of exist-
ing animal models and the use of matrix-degrading enzymes,
immunotherapeutics, and small molecule inhibitors to disrupt
biofilms.

The transition between motile and sessile lifestyles during
biofilm formation involves metabolic, physiological, and phe-
notypic changes that are coordinated by intracellular signaling
pathways that respond to environmental cues. The second mes-
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senger cyclic di-GMP (c-di-GMP)2 acts as the transducing sig-
nal for many of these pathways and is the subject of the mini-
review by Valentini and Filloux (3). Cellular levels of c-di-GMP
depend on the relative activities of two families of enzymes,
diguanylate cyclases (DGCs) and phosphodiesterases (PDEs).
Although each family has a characteristic structural motif, indi-
vidual members have additional domains that may segregate
their activity temporally or spatially, thus enabling different
members of each family to respond to different signals and reg-
ulate different cellular processes. Valentini and Filloux describe
biofilm formation as a developmental process in which cells use
c-di-GMP as a checkpoint for transitions between distinct
phases, using P. aeruginosa as a model organism. Emerging
opportunities and challenges include new imaging methods for
detecting heterogeneous c-di-GMP levels in individual cells,
investigating cross-talk between c-AMP- and c-di-GMP-regu-
lated pathways, and understanding the role of c-di-GMP in reg-
ulating antimicrobial resistance.

Kavanaugh and Horswill (4) focus on a second central regu-
lator of biofilm formation and infection, the quorum-sensing
system (or agr system) of Staphylococcus. The quorum-sensing
system is turned on at high cell densities and controls the pro-
duction of exo-toxins and exo-enzymes required for infection
and biofilm production and dispersal. The signaling pathway
consists of an auto-inducing peptide (AIP), a histidine kinase
that is activated by AIP, and the response regulator, a protein
that, when phosphorylated by the kinase, binds to four promot-
ers on the chromosome. One of these promoters (P2) is the
promoter for the operon for the signaling pathway, which is
therefore auto-inducible. The second (P3) controls the produc-
tion of RNAIII, which up-regulates both exo-toxin and exo-
enzyme production via protein-RNA interactions.

Despite these advances in understanding quorum sensing at
the molecular level, Kavanaugh and Horswill emphasize that
very little is known about how quorum sensing functions in the
human environment. The agr system appears to operate differ-
ently in standard culture conditions and in the human environ-
ment, and the conditions required for colonization in humans
may be different from the conditions required for infection.
Host factors such as serum components, reactive oxygen spe-
cies, and low pH are likely to play an important role.

Biofilms frequently increase the ability of bacteria to tolerate
antibiotics used in treating infectious disease. However, the
mechanisms that confirm this resistance are not well under-
stood. The minireview by Van Acker and Coenye (5) focuses on
two mechanisms that have been shown to confer protection. At
the molecular level, efflux pumps work to maintain low intra-
cellular concentrations of the antibiotic by removing it from the
cell. At the cellular level, a subpopulation of cells called per-
sister cells has a phenotype that enables them to survive expo-
sure to high levels of antibiotics and to begin growing again
when the antibiotic is removed.

The most thoroughly studied efflux pumps are members of
the RND (resistance-nodulation-division) superfamily, whose

members characteristically have inner and membrane proteins
linked by a periplasmic membrane fusion protein. Several stud-
ies in Escherichia coli, S. enterica, Klebsiella pneumoniae, and
P. aeruginosa have demonstrated linkages between expression
and inhibition of pumps and biofilm formation and dispersal,
and a transcriptional factor that may link expression of pump
genes and biofilm formation has been identified. However,
other studies have failed to demonstrate this linkage, indicating
that additional factors may also be involved.

The mechanisms that give rise to persister cells are not well
understood. A key question, still under debate, is whether per-
sister cells are simply dormant cells with inactive antibiotic tar-
gets, or cells with a different metabolism that is actively main-
tained. Because several factors appear to be involved in the
persister phenotype: the oxidative stress, stringent and SOS
responses, toxin-antitoxin modules, and levels of metabolic
activity, Van Acker and Coenye suggest that the dormant and
active models may not be irreconcilable.

During the past decade, substantial progress has been made
in recognizing the importance of biofilms in chronic infections,
as well as understanding the biochemical and cellular processes
that lead to biofilm formation in vitro, although many questions
remain. Much less is known about how biofilm-forming patho-
gens interact with their hosts in vivo, and about the mecha-
nisms that enable biofilms to resist the action of antibiotics and
both innate and acquired immune effectors in vitro and in vivo.
Advances on both fronts are essential for preventing and treat-
ing infections. Progress will require technologies that will
enable sophisticated analyses of the biochemistry and cell biol-
ogy of biofilm-forming microorganisms in vivo, as well ongoing
development of animal models that faithfully mimic chronic
infections. In addition, there is a need for innovative methods
for disrupting biofilms that do not require antibiotics. Hospital-
acquired infections, frequently involving biofilms, are a leading
cause of death and thus a major problem not only for individu-
als but also for health care facilities. The ongoing international
and interdisciplinary efforts to understand both the basic biol-
ogy and pathogenesis of biofilms give confidence that there will
be substantial progress in developing new avenues for thera-
peutic interventions in the coming years.
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