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The Evolution of the Biofilm Concept: A Long and Winding Road

J. Costerton
University of Southern California, LA, USA

³7KHUHLVDWLGHLQWKHDIIDLUVRIPHQZKLFKWDNHQDWWKHIORRGOHDGVRQWKH
IRUWXQH2PLWWHGDOOWKHYR\DJHRIWKHLUOLYHVLVERXQGLQVKDOORZVDQGLQ
PLVHULHV´
Wi
l
l
i
am Shakespeare

The Origins
In a recent newspaper article in Boston, Roberto Kolter recounted to a breathless
reporter how he had discovered biofilms by watching a cloudy film develop on the front
glass plate of his tropical aquarium.But several decades before Roberto had gotten
depressed, and found much too much time on his hands, dentists had surveyed plaque
LQSHRSOH¶VPRXWKVDQGVDQLWDU\HQJLQHHUVKad carefully followed the accretion of slimy
films on surfaces exposed to wastewater.These intrepid pioneers had taken the plaque
or the slime, placed it under simple microscopes, and found that they were completely
composed of bacterial cells, separated by very large amounts of amorphous matrix
material that dampened Brownian movement.If we extend the use of our senses from
the visual to the tactile, we can feel slippery slime on rocks in streams, and the
mobilization of our olfactory senses allows us to detect anaerobicbacteria in the dark
brown rings that develop at the air-water interface in neglected toilets.Biofilms are all
around us, and the first descriptions of the bacterial communities that form on surfaces
exposed to sea water date backto 1933 (Henrici)and 1935 (Zobell and Allen).Sea
water provides endless fascination to the microscopist, because floating or swimming
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(planktonic) cells settle on surfaces to form multi-species of considerable complexity,
DQG=REHOOGHVFULEHGD³ERWWOHHIIHFW´WKDW removes 99 % of planktonic cells from
VXVSHQVLRQLIWKHVDPSOHLVVLPSO\KHOGLQDYHVVHOIRURQHKRXU

The Medical Apostasy
:KLOH+HQULFLDQG=REHOOZHUHSRQGHULQJWKHZD\VRIVHDJRLQJEDFWHULDWKHLUPXFK
PRUHQXPHURXVPHGLFDOFROOHDJXHVZHUHVWDPSLQJRXWWKHODVWRIWKHJUHDWHSLGHPLF
EDFWHULDOGLVHDVHVXVLQJYDFFLQHVGHYHORSHGDJDLQVWSDWKRJHQVJURZQLQFXOWXUH
'XULQJWKH*UHDW:DUWKHDUPDPHQWDULXPRI0HGLFDO0LFURELRORJ\ZDVH[SDQGHGE\WKH
DGGLWLRQRIDQWLELRWLFVDOVRGHYHORSHGDJDLQVWEDFWHULDJURZQLQFXOWXUHDQG.RFK¶V
3RVWXODWHVGHVHUYHGO\UHLJQHGVXSUHPH *ULPHV EHFDXVHWKH\KDGSURYLGHGWKH
LQWHOOHFWXDOUDWLRQDOHIRUWKHFRQTXHVWRIDFXWHEDFWHULDOGLVHDVH$IWHUWKHFRQIHWWLIURP
WKHYLFWRU\SDUDGHZDVVZHSWXSDQXPEHURIQLJJOLQJTXHVWLRQVHPHUJHG:K\GLG
FKLOGUHQZLWKF\VWLFILEURVLVGLHRISXOPRQDU\LQIHFWLRQVZKHQWKHLQIHFWLQJRUJDQLVP
(Pseudomonas aeruginosa ZDVQRWUHDOO\DUHFRJQL]HGSDWKRJHQDQGVKRZHG
H[TXLVLWHVHQVLWLYLW\WRDQWLELRWLFVZKHQFXOWXUHG":K\GLGEDFWHULDOLQIHFWLRQVDVVRFLDWHG
ZLWKRUWKRSDHGLFSURVWKHVHVIDLOWRUHVSRQGWRFRQYHQWLRQDODQWLELRWLFWKHUDS\ZKHQWKH
EDFWHULDWKDWFDXVHGWKHPVKRZHGVHQVLWLYLW\ZKHQWHVWHGLQFXOWXUH":K\GLGWKH
SK\VLFDOUHPRYDORIWKHSURVWKHWLFKDUGZDUHDOORZUHVROXWLRQRIWKHLQIHFWLRQ"$IWHU
YLFWRU\RYHUEDFWHULDOGLVHDVHVZDVDQQRXQFHGQDJJLQJSUREOHPVUHPDLQHG
XQH[SODLQHGDQGLWEHFDPHREYLRXVWKDWDSLHFHZDVPLVVLQJIURPWKHSX]]OH

The Reductionist Apostasy
6LQJOHVSHFLHVFXOWXUHVRISODQNWRQLFEDFWHULDJURZLQJLQGHILQHGPHGLDSURYLGHG
0LFURELRORJLVWVZLWKWKHSURNDU\RWLFHTXLYDOHQWRIWKHXELTXLWRXVIUXLWIO\,I\RXULQWHUHVW
OD\LQWKH%\]DQWLQHFRPSOH[LWLHVRIWKHQXFOHLFDFLGVWKDWFRPSULVHWKHULERVRPHRULQ
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The Stage is Set
7KHVWDUNVLPSOLFLW\RIWKHDSSURDFKWKDWGHYHORSHGLQ0LFURELDO(FRORJ\LQWKHV
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surfaces, but we could recover bacteria from the bulk fluid (filtration) and from surfaces
(scraping),and stain them with acridine orange.W e could confirm the presence of very
large numbers of bacteria on surfaces,byscanning electron microscopy(SEM),and
examine their adhesive mechanisms (Costerton et al.,1978) bytransmission electron
microscopy(TEM) of ruthenium red-stained preparations (Figure 1).

Figure 1: Transmission Electron Micrograph (TEM)ofa ruthenium red stained section of
a biofilm formed on the surface ofa methacrylate disc placed in a mountain stream for
20 minutes.Note the cross sections oftwo gram-negative bacterial cells,the fibrous
matrixmaterial that binds these cells to each other and to the surface,and the electron
dense clayplatelets trapped in the matrixmaterial.

Soon the verdict was in:the vast maj
orityof bacteria (> 99.9% ) in aquatic ecosystems
grow in matrix-enclosed biofilms on all available surfaces.The realization that sessile
communities predominate in microbial ecosystems,and that the morphological
complexityof these communities rivals that of eukaryotic tissues,prompted us to use
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the well established technique of confocal microscopy(Lawrence et al.,1991).This
microscope uses a laserbeam that scans surfaces,without respect to theiropacity,and
requires neitherfixation nordehydration,and the rest is (as theysay)history(Figure 2).

Figure 2: Diagrammatic representation ofthe structure ofa biofil
m,based on images
obtained byconfocalscanning l
aser microscopy(CSLM).Note the formation ofa
compl
exbiofil
m with water channel
s and detachment zones,in which bacteria comprise
+/-15 % ofthe mass ofthe community,and in which cel
l
s are distributed in a highl
yordered species-specific pattern.Mul
ti-species communities show metabol
ical
l
y
cooperative zones,and the biofil
ms are dynamic in terms ofmovement and detachment.

Biofilms are Phenotypically Distinct, Communities
The first road blockin the acceptance of the predominance of biofilms in aquatic system
came in the form of a suggestion that these sessile populations were simplyan
accumulation of dead cells,and that the planktonic cells still represented the vital
population.This was disposed of quicklywhen we showed that virtuallyall sessile cells
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in biofilms are alive and functional, and when we showed that the sediments and other
surfaces in rivers carryout > 99% of organic transformations in natural ecosystems
(W yndham and Costerton, 1981).Our tactful suggestions that planktonic bacterial cells
are a minor population in nature, and a de facto laboratoryartefact that has
monopolized the attention of Microbiologists for far too long, was then countered bythe
assertion that biofilm cells are identical with planktonic cells except that theyare piled
up on surfaces.Inspired bythe well-established observation that cells in biofilms are
resistant to antibiotics at levels hundreds of times higher than those that kill their
planktonic counterparts, we then began to examine protein production/gene expression
in biofilms versus planktonic cultures.Both 2 D gel studies of protein production, and
array-based studies of gene expression, have shown verylarge differences in the
biofilm and planktonic phenotypes of all species examined to date, and Karin Sauer et
al.have recentlyshown that the biofilm phenotype varies with the age of the community
(Southey-Pillig et al., 2005).If the biofilm phenotype differs from the planktonic
phenotype, in terms of more genes than are necessaryfor spore formation, we must
conclude that sessile cells differ from their planktonic counterparts in manyrespects
more profound than simple resistance to antibiotics.

Biofilms are Complex Integrated Communities
W hen Paul Stoodleyand DirkdeBeer spent long hours in the lab with single species
biofilms growing on surfaces in flow cells, revelations popped out at an amazing rate.
Biofilms were not amorphous accretions of cells embedded in a slimymatrix, but they
were composed of an architecturallydistLQFWDUUD\RI³WRZHUV´DQG³PXVKURRPV´
interspersed with open water channels.W ater from the bulkfluid was entrained into the
networkof water channels, to set up a convective flow pattern (Stoodleyet al., 1994),
and this flow carried nutrients (including oxygen)to the tower-like microcolonies, in
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which cells were distributed in a species specific pattern (Figure 2). We detected
oxygen limitations in the centres of microcolonies,using microelectrodes,and we noted
that these anaerobic centres of the towers and mushrooms often hollowed out when the
microcolonyreached a certain critical size. All of our thought processes slowlydistilled
into questions:how do water channels remain open,when random growth byadj
acent
microcolonies would close them? How do the bacterial cells that find themselves in the
anaerobic centres of microcolonies revert from the biofilm to the planktonic phenotype
and swim away? Even more tentatively,we began to consider the heretical notion that
bacteria in biofilms have developed the abilityto communicate bymeans of cell-cell
signals,and we enlisted the help of Peter Greenberg of quorum sensing fame. Our
subsequent discovery(Davies et al.,1998) that biofilm architecture,and even the
process of biofilm formation itself,are controlled byseveral systems of chemical signals
established the fact that biofilms are integrated communities within which individual
bacterial cells can communicate with each other. Others have discovered that cells
within biofilms can also transmit electrical signals,via nanowires (Gorbyet al.,2006),
that certainlyconstitute a method of power sharing and possiblyrepresent yet another
means of communication. These totallyunexpected and highlysophisticated
communications between sessile cells,perhaps ironically,maypresent the most
practical amongst us with opportunities to control biofilm processes,including chronic
biofilm diseases,byinterfering with these communications. Plans are afoot to block
chemical signalling byspecific inhibitors,and electrical signalling byvoltage clamps,
and the sophistication of their communicationsPD\SURYHWREHWKHLU$FKLOOHV¶KHHO

The Arrested Development of Microbiology
The logical development of Microbiology, as a modern science, is recovering from the
Medical Apostasy and from the Reductionist apostasy, and many of us now study
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bacteria in situ within the communitiesofwhich they are integralmembers.W e now
real
ize that mutationsthat affect the performance ofa speciesasa member ofan
integrated communitymaybe j
ust asimportant asmutationsthat affect the survivalof
pl
anktonic cel
l
softhe same species.W e real
ize that communicationswithin a biofil
m
communitymayal
l
ow it to respond to a stress(e.g.beta l
actam antibiotic)appl
ied to
one l
ocation in the community,byinitiating changes(e.g.beta l
actamase production)
throughout the community.Biofil
mscan now be represented asmul
ti-cel
l
ul
ar
communitiesthat have a primitive circul
atorysystem,a degree ofcel
lspecial
ization,
and an unexpectedl
ysophisticated communication system.Four decadeshave brought
manychangesin the wayMicrobiol
ogistsconceive ofthe organismsthat we study:
These are not your GrDQGIDWKHU¶VEDFWHULD
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