A SHORT HISTORY OF THE
DEVELOPMENT OF THE
BIOFILM CONCEPT

. William Costerton

The development of the biofilin concept was a
very gradual process, consisting of many small
perceptions, which have now combined and
synthesized and formed a significant “wave”
that will carry microbiology far into the new
millennium, The Teutonic reductionist ten-
dencies of Robert Koch and his colleagues, in
the mid 1800s, gave us the time-honared iso-
lation and pure culture techniques that have
served us so well in the effective conquest of
epidemic bacterial disease. We still use these old
techniques and teach them to eager acolytes,
but we are collectively coming to the uneasy
conclusion that removing bacteria from their
real environments and cultivating them as
planktenic cells in single-species cultures is not
the correct way to understand their roles in
these ecosystems. The most persuasive evi-
dence to the effect that pure culture methods
yield poor data is the simple morphological
comparison of the planktonic cells seen in these
cultures with sessile cells in the mixed-species
biofilms formed in virtually all natural and
pathogenic ecosystems. The planktonic cells in
pure liquid cultures show almost no morpho-
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logical similaritics to sessile cells of the same
species growing in mixed-species biofilms,
either in cell size and shape or in the ultrastruc-
ture of their cell envelopes. These new data
must be accepted, because they involve direct
observations of living communities in func-
tional ecosystems, and we shouldn’t spend too
much time wondering where Microbiology
would be if this perception had emerged ear-
lier. Thankfully, at this critical juncture, dozens
of new methods have emerged that allow us to
study bacteria where they actually live and
carry out their roles as members of complex
biofilm communities.

THE FIRST SMALL STEPS

One of the bacterial ecosystems that has been
studied most thoroughly, by groups led by the
giants of early microbial ecology (one thinks of
Bob Hungate and Ralph Wolf), has been the
bovine runen. When K. J. Cheng and [ tip-
toed into this field in the early 1970s, we used
familiar techniques of transmission electron
microscopy {TEM) to visualize the bacteria in
rumen fluid (Fig. 1) and the specialized bacte-
rial population adherent to cellulose fibers
(Fig. 2). These denizens of the bovine stomach
bore no resemblance at all to the tame crea-
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FIGURE 1 TEM of a section of embedded rumen contents, showing the phenomenal
complexity of the cell envelopes and capsules of most of the bacterial cells in this natural pop-
ulation. These multilayered concentric structures have never been seen in the cell envelopes
of rumen bacteria cultivated as planktonic cells in monospecies liquid cultures.

tures in cultures derived from rumen fluid,
which looked a lot like the equally tame
planktonic cells of Fscherichia coli and Pseudo-
monas aerigintosa, in cultures that had been
eansferred hundreds of times in rich media,
The idea was born that bacteria lose many of
the characteristics that allow them to survive
m real ecosystems, when they are isolated in
pure cultures and transferred repeatedly in rich
media, and that one of these properties is
biofihn formation.

When we used the same morphological
{TEM) techniques to explore the spatial rela-
tionships between pathogenic bacteria and
mfected tissues, another anomaly came to the
sarface. The cells of E. colf that cause “scours”
in newborn ealves were clearly attached to
intestinal tissues, because they were not de-
tached during the +20 washes used in prepa-
ration for TEM, but they appeared to “float” 4
to 6 pm away from these surfaces when
observed in sectioned material {Fig. 3). When
we added an acid polysaccharide-specific stain

(ruthenium red) to the preparative steps for
TEM, we discovered that these infecting cells
were actually embedded it a very extensive
polysaccharide matrix {Fig. 4), which mediates
their attachment to the tissue and to each
other. The apparent fibrous nature of this
matrix is an artifact caused by the dehydration
steps in the preparative procedure for TEM, so
we concluded that the matrices of pathogenic
biofilms are actually more extensive than is
indicated in Fig. 4. The subsequent use of
ruthenium red in the examination of the bac-
terial populations in a large number of envi-
ronments has demnonstrated that very extensive
matrix-enclosed sessile populations exist in
almost all natural and pathogenic ecosystems.

THE RUBBER MEETS THE ROAD

These eatly perceptions that bacteria really
grow in matrix-enclosed biofilms attached to
surfaces fit into a developing set of observa-
tions made by many groups. Henrici {1933)
had observed that bacteria associated with sur-
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FIGURE 2 TEM of a section of embed-
ded rumen contents showing the coloniza-
tion of a cellulose fiber {F) by a biofilm
composed of a single morphotype of a pri-
mary celtulose-degrading bacterium, which
has attracted several spiral treponemes into
the adjoining area. The cellulolytic activity
of primary organisms has been shown to be
increased becanse of end produce (butyrate}
removal by the treponemes in two-species
pure culture experiments.

faces, Zobell (1943} had documented the
“bottle effect” in which marine bacteria
attached to glass surfaces, and Marshall et al.
(1971) had described reversible and irre-
versible adhesion to surfaces in the marine
enviromment. Many descriptions of sessile
microbial populations had been made, includ-
ing those of the fascinating “social” communi-
ties of the myxobacteria, but the universality of
biofilm formation was not perceived until the
fisst quantitative examinations of specific
ccosystems. Simple, nutrient-deprived aquatic
ecosystems provided the first substantial evi-
dence for the universality of biofilms, and
alpine streams were an ideal example, because
they contain multiple species in high-shear
systems that rapidly remove planktonic cells.
McFeters et al. found very small numbers of

planktonic bacteria {typically 8 to 20 cells/ml}
in alpine lakes and streams in Montana, and we
confirmed these data in the pristine waters of
Marmot Creek in Alberta. When we examined
the surfaces of rocks in these same streams
(Geesey et al,, 1977), we found extensive
matrix-enclosed biofilms containing >1 X 10°
cells/cm?, and phase-contrast microscopy of
coherent biofilm sheets removed from these
surfaces showed sessile populations as nunterous
as 1 X 10° cells/em?. Initially, we used the acri-
dine orange direct count procedure to enumer-
ate bacteria directly in biofilms. However, we
soon replaced this labor-intensive method with
culture methods in which we used microscopy
to redesign “scrape-and-plate” methods that
removed biofilins completely from the surfaces
and dispersed the individual cells in biofitn-
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FIGURE 3 TEM of a section from the gut of a calfinfected with the ETEC strain of E. colf
to produce a mode! infection of “scours.” Note that the bacterial cells, which have remained
assaciated with the microvillar surface during dozens of preparative washes, lie between 0.5
and 2.0 pun away {rom the tissue surface,

FIGURE 4 TEM of a section from the same animal as that seen in Fig. 3, except that
the specimen had been treated with ruthenivm red during the fixation procedure. This
acid polysaccharide-specific stain has revealed the presence of a very extensive glycocalyx
surrounding each bacterial cell, which occupies the intervening space between the bacte-
ria and the tissae and mediates the adhesion of the pathogen to the affected sicrovilli.
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derived aggregates before plating. These modi-
fied culture methods yielded sessile counts of 5
% 106 to 1 X 10% in many alpine streams, and
the propensity for biofilm formation in these
ecosystems was further indicated by the fact
that plastic surfaces were heavily colonized
only minutes after submersion (Fig. 5). We
published these data on the clear predaminance
of biofilin bacteria in several freshwater ecosys-
tems (Wyndham and Costerton, 1981a), and
we used the broader platform of a Scientific
American article in February of 1978 (Costerton
et al., 1978) to suggest that this predominance
might be a universal phenomenon.

When 1 repeated this suggestion of the uni-
versality of biofilms at a Gordon Conference,
with only a littde more supporting evidence
from nomalpine streams, 1 had the harrowing
experience of having Harry Smith ask the
chair for time for 2 formal rebuttal. Harry Smith
(University of Birmingham, Birmingham,
United Kingdom) was {and is) the doyen of
medical microbiologists, and he {quite rightly)

took eloquent exception to my extrapolation
from Psendostonas in streams to Pseidomonas in
urinary systems. As [ was planning abject capic-
ulation at the evening rebuttal session, I tried
to understand how a single-celled bacterium
could sense that it was in a urinary system and
not in an alpine stream. Because I couldn’t
solve this puzzle, I stumbled through some
kind of defense at the now famous rebuttal and
emerged chastened but detenmined to use the
same methods to examine pathogenic ecosys-
tems for evidence of biofilm formation.
Meanwhile, back on the environmental
front, reaction was building to the suggestion
that biofilm bacteria in rivers and streams
might outnumber the planktonic bacteria in
the flowing phase by a factor 0f 1,000 to I mil-
lion. Regulatory agencies predict the natural
bioremediation of organic pollutants on the
activity of the planktonic bacteria in “grab”
samples, and the demonstration that these cells
are only 2 minor component of the total micro-
bial population was profoundly distressing. So

FIGURE 5 TEM of a section of a methacrylate slab that had been immersed in a
then “faced” with more methacrylate, and fixed and
of a single-cell biofilm in which cells

of the predominant species {P. aeruginosa) are surrounded by matrix material, within

mountain stream for 30 min,

stained with mithenium red. Note the formation

whic

h electron-dense clay platelets are also embedded.
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a counter suggestion was “floated,” to the effect
that while the biofilm population was indeed
numerically predominant, many of these sessile
cells were moribund and essentially inactive,
This contention was dismissed by heterotrophic
potential studies (Wyndham and Costerton,
1981b) in which radioactive substrates were
supplied to natural planktonic and to biofilm
populations in the Athabasca River, and min-
eralization by the biofilm samples was pro-
portional to cell numbers. Eventually, it was
shown that biofilm formution enables metabol-
ically cooperative bactesia to form stable muli-
species consortia (Kudo et al., 1987), which are
essential in the degradation of complex sub-
strates, so that biofilm communities are in-
herently much more active than plankonic
populations. Similarly, it soon became apparent
that planktonic bacterial cells cannot corrode
metal surfaces, but that this very deleterious
process is the cumulative activity of biofilm
corrurtities that rob electrons and alter metals
{Boivin and Costerton, 1991). Corroston con-
trol is now increasingly based on the detection
and control of biofiln populations,

As late as the early 1990s, the biofiln micro-
biology community was very small, friendly,
and coherent. Most of us had been trained in
Calgary, Sydney, Copenhagen, or in the charm-
ing ambiance of the “Biofilm Club” which
gathered among the rhododendrons at Gregy-
nog (Wales), and we peered and poked at
biofilms everywhere from hot springs to pipe-
lines. The central perception was that bacteria
had evolved a very efficient strategy, in which
they formed sessile matrix-enclosed communi-
ties on swrfaces and obtained nutrients by
absorption from the fluid phase of the system or
from local degradative activities. Biofilms pro-
vided huge metabolic advantages over the
planktonic mode of growth, in that metaboli-
cally cooperative cells could readily form con-
sortia, and in that nutrients (once trapped in the
biofilm) could be recycled ad infinitum for the
bencfit of the community. The objective of the
carly biofilim rescarchers was to locate and quan-
titate bactera in various ecosystems and then to
use basically morphological techniques to
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describe how they formed functional consortia
within highly protected sessife comnmnities,

INFECTION RAISES ITS UGLY HEAD
AND DRIVES THE FIELD FORWARD

The imperative that drove {and funded) early
biofilm microbiology was the practical necessity
of solving problems in industry and in the envi-
rommnent, and the product was a new concept of
a basic bacterial strategy of growth in integrated
communities. The imperative that drove early
medical biofilim microbioclogy was the emer-
gence of device-related and other chronic bacte-
rial infections and the inability of the infectious
disease comumunity to control these infections or
to explain their refractory nature. The acute epi-
demic diseases that bedeviled the human race in
the first half of the 20th century gradually gave
way to a host of low-grade infections caused by
common environmental organisms that resistec
host defenses and antibiotic therapy (Costerton
et al., 1999). Bacteria that were isolated from
these infections were seen to be susceptible to
killing by phagocytes, antibadies, and antibiotics
when they were cultured as planktonic cells in
liquid media, but host defenses and antibiotic
therapy were generally ineffective. Once again,
we used essentially morphological techniques to
locate these organisms and to determine their
mode of growth, and we found biofilms on vir-
tually all infected devices and compromised tis-
sues (Khoury et al,, 1992). The first device we
examined (Marrie et al,, 1980) was a Foley
catheter from a urinary tract infection (ironi-
cally, after our evisceration by Harry Smith), and
we found a biofilm very like those we found in
alpine streams (Fig, 6). We continued our direct
examimtions of medical devices that had been
removed because of overt associated infection
and found matrix-enclosed biofilm communi-
ties on the surfaces of everything from cardiac
pacemakers (Marrie et al,, 1982) to the Jarvik
artificial heart (Gristina et al,, 1988). We now
distinguish between the bacterial colonization of
devices, which occurs without pathogenic con-
sequences, e.g., on contact lenses and intrauter-
e contraceptive devices, and infections in
which the presence of these biofilms elicits host
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FIGURE 6 Scanning electron micrograph of the lmnenal surface of a Poley catheter
recovered ffom a patient in whom it had formed the nidus of a catheter-associated urinary
tract infection. Large numbers of cells of the infecting organism (P, qeriginiosa) are seen to
be embedded in matrix material that has been condensed in part by the dehydration nec-

reactions. Direct examination of the surfaces of
devices is a much more sensitive method for
biofilm detection than the traditional culture
methods, and we have found Staphylococcus epi-
denmidis biofiltns on several culture-negative
acetabular “cups” that were removed because of
“aseptic loosening.” When we examine tissues
from chronic bacterial infections, which are
equally refractory to host defenses and to antibi-
otic therapy, we find very similar biofilms (Figs.
7 and 8). When we add such common infec-
tions as prostatitis and middle ear infections to
infections of medical devices, such as wrinary
and vascular catheters, biofilms are seen (by
direct observation) in 65 to 80% of bacterial
infections treated by physicians in the developed
world.

Because biofilm microbiology is a “cross-cut-
ting” discipline, engineering-based methods for
the study of mass transfer were applied to the
study of the central burning question of medical
microbiology, which was, “Why are biofilms so
very resistant to antibiotics?” My first simplistic

essary for scanning eleceron micrograph observations.

guess that the entry of antibacterial agents into
biofilins was Jimited by the diffusion resistance
of the natrix was wrong, and antibiotics are seen
to enter biofilms very readily (Suci et al., 1994},
except in cases in which the agent reacts with
the matrix material {Stewart, 1996). This anom-
aly of the resistance of biofilms to levels of
antibiotics as much as 1,000 times higher than
those that kill planktonic cells of the same
species (Nickel et al., 1985} became the driving
force behind a wave of biofilm research that
propelled the field forward for at least a decade.
Children with cystic fibrosis were dying of P.
aeruginosa infections, even when they were
treated with antibiotics that killed planktonic
cells of the infecting strains in liquid cultures,
because the biofilims in their lungs (Fig. 7) were
inherently resistant to these same agents, The
need for an answer was very pressing, the special
request for application for biofiln research
issued by the National Institutes of Health
funded many new and many established biofilm
laboratories, and the mechanism(s) of the resis-
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FIGURE 7 TEM ofa ratheninm red-staincd section of postmortem material from the lung
. of a patient with cystic fibrosis, who died as a result of a chronic infection with P, aeruginosa.
! Note that the bacterial cells are embedded in a very large amount of matrix material that has
been condensed by dehydration during fixation and preparation.

FIGURE 8 TEM of a section of tissue from the area around a snrgical staple that
had becone colonized but not infected by natural skin organisms. Note the extent
to which these gram-positive cells occupy the arca immediately surrounding the
distinctive collagen bundte.
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tance of biofilins to antibiotics became 2 kind of
Holy Grail. On 2 smaller scale, the inherent
resistance of biofilms to killing by antibodies and
phagocytosis (Leid et al.,, 2002), caught the
attention of microbial ecologists who had
noticed that biofilms in nataral ccosystems are
fargely unaffected by antibacterial peptides and
free-living amoebae. The concept of biofils as
protected communities, within which bacteria
could reach their full potential for nutrient recy-
cling and coordinated metabolism (Stoodley
et al., 2002}, arose first in the medical arez and
was later embraced by the ecological crowd.

THE MODERN ERA OF

BIOFILM RESEARCH

By 1990, some ycars before Roberto Kolter sat
in deep depression in front of his tropical aqua-
rivm, biofilm microbiologists had concluded
that bacteria grow preferentiatly in matzix-
enclosed communities adherent to surfaces.
The methods that had led us to that conclusion
were either indirect (recovery and culture) or

direct but flawwed by dehydration artifacts {elec-

tron CTOsCOpY), 30 We visualized these bio-

films as unstructured aggregations of bacterial
cells in a slimy matrix, We knew that the sessile
cells in biofilms were physiologically active,
metabolically coordinated, and unaccountably
resistant to antibacterial agents on the molecu-
far (peptides, antibodies), particulate (bacterio-
phage), and cellular (amoebae, phagocytes)
scales. But that was about all we knew.

Structural Heterogeneity

The modem era of biofilm research really began
when Doug Caldwell’s group introduced us to
the confocal scanning laser microscope, with its
ability fo examine living hydrated specimens
on opaque surfaces, at the fifth International
Society for Microbial Ecology meeting in
Osaka. Confocal scanning laser microscopes
had been in wide use in the study of the inter-
nal details of plant and animal cells since the
1950s, but microbiologists had not felt the
need for structure information at any depth or
complexity, because everybody knew that
bacteria were single-celled organisms. Doug's

and my groups shared the first microbiological
confocal microscope in Canada, the Center for
Biofilm Engineering bought a similar instru-
the exciting era of the direct exani-
ination of living biofilms had begun. The first
revelation (Lawrence et al, 1991} was that
biofitms ate not composed of bacteriat cells ran-
domly distributed ina homogeneots Matrix but
are composed of microcolonies of matrix-
enclosed cells with intervening open-water
channels (Fig, 9). This complex and fascinating
organization of biofilm communities was seen
cell biofilins of several Pseudontonas
cies natural biofilms

ment, and

i flow-
species and in mixed-spe
formed on rock surfaces in two rivers, but there
are many variations o1l this basic theme. Water
channels are much less developed when Pseudo-
smonas biofilms form in very nutrient-rich con-
ditions, Serratia biofilms form spectacular towers
with tenuous cellutar bridges between these
vertical elements, and myxobacteria move in
rugby scrum-like mobile aggregates before they
settle down to form mushroom-like frutting
bodies. Most vascular plants are composed of
roots, stems, and leaves, but only a fool would
expect all bushes and trees to be the same shape
or to grow in the same distribution.

Physical Propetties
The engineers who joined us in hours of
watching biofitms on the confocal microscope
soon described convective flow in the water
channels (Stoodley et al., 1994), and chey
began to explore the viscoelastic properties of
the microcolonies themselves (Stoodley et al.,
1999a). Biofilms are real, living communities
that can be imaged on opague surfaces, envi-
conmental conditions {e.g., fluid shear) can be
varied, and all the fine-tuned methods of bio-
physics can be applied to these newly discov-
ered multicellular organisms. The definitive
data from these physical studies of biofihins are
best seen in the exquisite movies produced by
Paul Stoodley and his team of microbiologists/
engineers, which are available on the Centel
for Biofilm Engineering website www.erc.
montana.edu, In general, biofilm micro-
colonies behave like viscous Auids, in that they
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FIGURE ¢ Diagrammatic representation of the structure of a typical biofilm,
formed by cells of P. aenyginoss in single-species flow cells and in natural systems (e.g.,
alpine streams). The sessile cells are actually enclosed in matrix material, in structures
that resemble mushrooms or simple towers, and interspersed between open water
channels in which convective flow ocecurs. These matrix-enclosed microcolonies are
viscoelastic, they are deformed in high flow, and they may simply detach from the
sutface if the shear force exceeds their tensile strengeh. This structure is typical of
many biofilms, but the structure may vary between species and in response to chang-
ing environmental conditions, {(Reprinted from Potera, 1998, with permission.)

deform under shear, they oscillate at high shear
forces (Stoodley et al., 1999b), they lose their
surface attachment and either drift or roll
across the colonized surface (Stoodley et al.,
20013, and they break and detach when their
tensite strength is exceeded. The basic “design”
of mushroom-like microcolonies with nter-
vening water channels is optinal, from a nutri-
ent access point of view, because the nutrients
are conveyed to the bacteria (via the water
channels) at low flow, and each microcolony
moves in the bulk fluid ar high flow. The dis-
covery of the complex heterogeneous structure
of biofilms was a turning peint in microbiol-
ogy. It was directly and unequivocally evident
that most of the bacteria in the nutrient-
sufficient parts of the biosphere grow in dis-
tinct microniches {Costerton et al., 1994) in
highly structured multispecies communities,
and not as planktonic cells or even as cells ran-
domly adherent to surfaces. Perhaps the most
beautiful and intricate biological communities

on earth will be found at the air-water inter-
face of the toilets used by male graduate stu-
dents in cheap off-campus apartments.

Metabolic Heterogeneity

As soon as the basic shape and distribution of
individual microcolonies were established, by
direct observations of living biofilms, obvious
questions arose concerning the many different
microniches occupied by individual cells
{Costerton et al., 1994} within these complex
communities. Cells near the surface of the
microcolony would see high concentrations
of the oxygen delivered by the water in the
channels, but how much would more deeply
buried cells see? Zbigniew Lewandowski used
his engineering skills and his ultrafine oxygen
microelectrodes to show that oxygen is rapidly
depleted at {or even near) the microcolony
surface and that the centers of the micro-
colonies that comprise biofilms growing in air
are virtually anaerobic (Lewandowski et al,,
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1995). The steep oxygen gradient is paralleled
by gradients of differing steepness for every ion
and molecule needed or produced by the ses-
sile cells in biofilms, and the interaction of
these gradients produces a different microniche
for every individual cell in the community.
Bacteria are famously reactive to their envi-
ronments, and they shape their metabolism to
suit their circumstances (Brown and Wilkiams,
1685), so even single-species biofilms must
contain cells in every metabolic state that can
be sustained by that genome. Multispecies bio-
films must be even more complex, as inter-
species signals and cross-feeding become factors
and metabolically integrated consortia develop
in specific spatial configurations, and we can
visualize levels of complexity nearing those of
multicellular eukaryotes. This metabolic het-
erogeneity achieves very great efficiency in
systems like the bovine rumen (Kudo et al,
1987), and it also protects the members of the
microbial community because any assault (€.g.,
from an antibiotic) finds the cells of each
species in an infinite variety of phenotypes.
Some will be aerobic and some anaerobic,
some will be fast growing and some will be
slow growing, some will have expressed all of
their “stationary phase” genes, and the agent
in question must kill them all or the survivors
wilt quickly regrow and reestablish the original
community. Metabolic heterogeneity may
account for the phenomenal success of micro-
bial biofilms in nature and in device-related
and other chronic bacterial infections, and it
may be a major factor in the inherent resis-
tance of medical biofilms to antibiotics (Stewart

and Costerton, 2001},

Signal Control of Biofilms

The biofilm microbiology community was 0
euphoric, in the heady days {1990-1996}) of
the discovery of the structural and metabolic
heterogeneity of biofilms, that we alt failed to
ask the critical question of how these stiuc-
tures developed and wete nintained. One
simple question that should have been asked is,
“How can 2 water channel in a mixed-species
biofilm stay open unless cells of the same or

different specics, on opposite sides of the chan-
nel, can conununicate with each other?” When
we finally got organized to ask this basic ques-
tion, we turned to Pete Greenberg and Barb
Iglewski, because they had described {Fuqua
et al., 1994) a cell-cell communication lan-
guage that regulated many activities in gram-
negative bacteria (Wagner ct al., 2003). When
we assessed the ability of signal-minus mutants
(made by Jim Pearson, who is “out of Green-
berg by Tglewski”) to make biofilms, the Las
mutants did not construct these complex ses-
sile communities (Davies et al,, 1998) under
the nutrient and flow conditions that we
chose. The literature is full of reports that the
deletion of one gene stops biofilm formation,
and many of these reports are contradictory
because different conditions were used, so
prudence dictates that we conclude that bio-
film formation is one of many bacterial activi-
ties controlied by cell-cell signaling. We must
cemember that the acyl homoserine lactone
signals of gram-negative bacteria (Fuqua and
Greenberg, 2002), the cyclic peptide signals of
gram-positive bacteria {Novick et al., 1993},
and the autoinducer IT signals of both groups
(Xavier and Bassler, 2003) are only three of
dozens of putative bacterial signals. The devel-
opment of microbial biofilms resembles other
biological processes, like the embryology of
higher life forms that is guided and controlled
by hundreds of hormones. Much work remains
to be done, and many more signals wait to be
discovered, before we can understand all the
details of the web of interactive signals that
control cellular activities by a complex pattern
of direct activations and feedback loops. The
developmental cycle of bacterial biofilms s
unique, in that the sessile cells in these multi-
cellular communities may respond to certaint
signals by returning to the planktonic pheno-
type and simply dispersing into the bulk fluid
(Purevdosj et al., 2002). The existence of this
web of cell-cell signals provides suflicient
impetus to continue the vigorous search for
analogues that block the production or recep-
tion of signals and for signals that promote the
detachment of sessile cells. These analogites
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may Soon provide therapeutic control of po-
tentially pathogenic processes (Balaban et al,
2003), including biofilm formation so that
biofilm infections would be treated with a
combination of analogues that block or reverse
biofilm formation and conventional antibiotics
that kil planktonic cells.

Quorum sensing was discovered in the
biofilms formed by Fibrio harveyi in the light
organ of the bobtail squid (Hastings and
Nealson, 1977), but its molecular mechanisms
have been elucidated exclusively in suspen-
sions of planktonic cells in liquid cultures
(Fuqua and Greenberg, 2002). Because the
vast majority of bacteria in natural and patho-
genic ecosystems actually live in biofilms, the
precise numbers of planktonic cells that consti-
tute a “quorwm,” and up-regulate a particular
gene in a liquid culture, may be ecologically
irrelevant. When cells live in biofilms, embed-
ded in matrix material, the amount of a partic-
ular signal that turns on a specific gene in an
individual cell may depend on the proximity
of the signal-producing cell to the signal-
receiving cells and on the diffusion path
between them. Unlike liquid cultures, where
the signal reaches a certain level in the bulk
fluid and all cells up-regulate the gene, quo-
rum signals may regulate gene expression in
biofilms much more individually and subtly, in
the same way that hormones regulate tissue
and organ development. Recent studies in
which local signal concentrations can be
detected and gene expression can be moni-
tored by using reporter constructs indicate that
“waves” of gene expression are triggered as
certain signals diffuse through the matrix and
reach critical local concentrations {Wu et al,
2000). We have suggested (Stoodley et al.,
2002) that biofilms may be the oldest bacterial
phenotype, with planktonic cells having
developed later as a dispersal mechanism, and
we now suggest that the known quorum-sens-
ing signals may be among dozens of “hor-
mones” that regulate biofilm development. In
only one decade, biofilm microbiology has
revealed that the ecologically relevant climax
population produced by the bacterial genome
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is a highly structured community, with a
depree of cell specialization and a primitive cir-
culatory system, and not a swarm of mobile
planktonic cells. If we use the well-developed
techniques used to find regulatory factors (hor-
mones) in higher multicellular organisms, per-
haps we can determine what bacterial signals
are involved in the development and control of
biofilm communities in just two or three
decades. In the meantime, we have every rea-
son to be embarrassed because we (as microbi-
ologists) have spent 150 years studying the
minor bacterial phenotype (planktonic cells),
while assiduously ignoring the major phenotype
(the biofilm) that predominates in natural and
pathogenic ecosystems.

The Biofilm Phenotype

Modern methods of monitoring the expres-
sion of individual genes, such as proteomic
analysis (Saner and Camper, 2001; Sauer et al.,
2002) and DNA arrays (Whiteley et al., 2001;
Wagner et al., 2003; Shirtliff et al., 2003) have
been used to determine which genes are being
expressed by sessile bacteria in biofilms at the
levels of protein synthesis and mRINA produe-
tion. These expression patterns can readily be
compared with data from similar analyses of
their planktonic counterparts, and the up-
regulated genes can readily be identified by
matrix-assisted laser desorption ionization-
time of flight techniques, if the genome in
question has been sequenced. We expected
that certain biofilm-related genes would be
up-regulated early in adhesion and biofilm
formation, and this was true in such obvious
candidates as those controlling alginate syn-
thesis (Davies and Geescy, 1995). We also
expected that sessile cells would express a
much greater varicty of metabolic genes when
they were compared with cells from single-
phase planktonic cultures, becanse many more
enzymes are needed to carry out the multiple
physiological processes known to function in
biofilms. However, we were not prepared for
the huge scale of the change in gene expression
in biofilms, which exceeds 70% of the genes in
the P. aerginosa genome (Sauer et al., 2002)




16 B COSTERTON

and includes such genes as those controlling
outer-membsane porins and cytoplasmic mem-
brane potassium transport proteins. In general,
more genes are expressed in biofilms than in
single-phase batch cultures of planktonic cells,
and these up-regulated genes include many
open reading frames of unknown function,
which have never been seen to be expressed in
cells from any phase of batch cultures. These
observations raise the real possibility that bacte-
ria adopt a profoundly different phenotype
when they adhere to surfaces and form biofilms
and that they activate a large number of new
genes, in addition to those necessary for matrix
production and metabolic heterogeneity.

We must always remember that all the
methods used in monitoring gene expression in
biofilms are “averaging,” just as they are in
planktonic cultures, and they tell us if the gene
is up-regulated in sowe cells, but they don’t tell
us which cells or where they are located. We
currently use these averaging techniques to
identify genes that are differentially expressed
in biofilms, and then we make green fluores-
cent protein reporter CONStructs so that we can
follow the expression of the gene in guestion
by confocal microscopy during all phases of
biofim formation {(Davies and Geesey, 1995).
This approach is very slow and labor-intensive,
but it will eventually allow us to monitor the
expression of any gene of interest, even if the
organism concermed is part of a consortinm in
a mixed-species biofilm. Some of the bacterial
genes of greatest interest to the pharmaceutical
industry will be those that control target mole-
cules for conventional antibiotics, because the
lack of expression of these genes will explain
the inherent resistance of biofilms to these
agents (Stewart and Costerton, 2001). Con-
versely, this industry will be interested in
biofilm-specific genes whose products may
constitute targets for new biofilm-specific
agents, which will kill sessile organisins more

efficiently than they kill planktonic cefls. Our
ltalian colleagues (Laura Selan and Marco
Artini) have even identified biofilm-specific cell
wall proteins of staphylococct, which can be
used in ELISA tests to detect antibodies formed

against these epitopes and thus to detect biofilin
infections of implanted devices while they can
still be treated.

ELIGHTS OF FANCY

One of the most gratifying trends in biclogy,
over the past five decades, has been the gradual
realization that living systems are even mote
highly organized than we ever imagined when
[ began my research in the 1950s. Our early
concept of the eukaryotic cell as a “bag of
enzymes” has been supplanted by the discov-
ery of the cytoskeleton and by evidence that
most physiological processes are actually car-
ried out by enzyme complexes embedded in
patterns in cellular and organelle membranes.
Bvery molecule is in its “preappointed” loca-
tion, next to compatible neighbor molecules,
and the level of organization is enough to
boggle the mind. 1 submit that we will waste
decades, if we take five decades to come to the
same conclusion about biofilms. T suggest that
we should search for higher levels of organiza-
tion and that we should base our search on
isolated but well-documented clues.

Fact 1. The observed rates of horizontal
gene transfer in biofilms are orders of magni-
tade higher than those between planktonic
cells in suspension (Ghigo, 2001).

Suggestion 1. Could there be pilus-like
structures connecting sessile cells and acting
like F pili by hauling them together for DNA

exchange?

Fact 2a. The distribution of sessile cells in
biofilms follows a species-specific pattern, with
evenly spaced cells in certain Jocations and no
cells at all in other regions of the matrix.

Fact 2b. The distribution of sessile cells in
biofilms indicates that sister cells are farther
apatt than simple mutual matrix extruston
could have moved them.

Suggestion 2. Could the sessile cells that
constitute an individual microcolony be con-
nected by retractable pili that position each
cell in a de facto biofilm skeleton?

Fact 3a. Soren Molin’s group (Tolker-
Neilsen et al., 2000) has shown that clonal cells
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of P. aeruginosa form the stalks of mushroom
microcolonies, while mobile cells from mixed
clones “climb” the stalks and make the mush-
10O CapS.

Fact 3b. Sessile cells of caoperative species
within methane-producing consortia are spa-
tially arranged for optimal substrate exchange,
and no intervening cells appear to be dead or
inactive.

Suggestion 3. Could cells that have the
genetic capability for eventual metabolic coop-
eration have preprogrammed signaling and
maotility characteristics that prompt them to
ntove and associate early 1 brofilm formation?

Fact 4a. Natural detachment events in
biofilms begin with the reversion of sessile
cells to the mobile planktonic phenotype in
the centers of the largest microcolonies, and
this “seething” behavior gradually spreads out-
ward until the structure dissolves.

Fact 4b, Natural detachment events can
be stimulated by shutting, oft the flow in flow
cells in which P. agerginosa biofilms have
developed.

Suggestion 4, Could sessile cells produce
a detachment signal that controls the phenao-
type switch and certain matrix-degrading
enzymes at a constant rate? Could this signal
normally be washed out by flow but accumu-
late in stagnant conditions, so that the com-
munity is programmed to detach if stagnation
ocecurs?

We must be bound and constrained by sci-
entific caution and honesty, but we are not
prevented from the full use of our imagina-
tions in experimental design. We are late in
the examination of the biofilm communities
that predominate in all nutrient-sufficient
ecosystems in the biosphere, but we have the
benefit of parailel studies in the cytology and
ecology of plamts and animals. To paraphrase
the late, great W. C. Fields, no one ever lost a
doHar betting on higher levels of complexity in
biclogical systems, so let the wild ride begin.
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