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The growth of bacteria in pure cultures has been the mainstay of microbiologi­
cal technique from the time of Pasteur to the present. Solid media techniques 

have allowed the isolation of individual species from complex natural pop­
ulations. These pure isolates are intensively studied as they grow in batch 
cultures in nutrient-rich media. This experimental approach has served well in 
providing an increasingly accurate understanding of prokaryotic genetics and 
metabolism and in facilitating the isolation and identification of pathogens in 
a wide variety of diseases. Further, vaccines and antibiotics developed on the 

basis of in vitro data and tested on test-tube bacteria have provided a large 
measure of control of these pathogenic organisms. 

During the last two decades microbial ecologists have developed a series of 
exciting new techniques for the examination of bacteria growing in vivo, and 
often in situ, in natural environments and in pathogenic relationships with 
tissues. The data suggest that these organisms differ profoundly from cells of 
the same species grown in vitro. Brown & Williams ( 12) have shown that 
bacteria growing in infected tissues produce cell surface components not 
found on cells grown in vitro and that a whole spectrum of cell wall structures 

may be produced in cells of the same species in response to variations in 
nutrient status, surface growth, and other environmental factors (6 7). We and 
others (28 ) have used direct ecological methods to examine bacterial cells 

growing in natural and pathogenic ecosystems, and we find that many impor­
tant populations grow in adherent biofilms and structured consortia that are 

not seen in pure cultures growing in nutrient-rich media. In fact, it is difficult 
to imagine actual natural or pathogenic ecosystems in which the bacteria 
would be as well nourished and as well protected as they are in single-species 
batch cultures. 
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BACTERIAL BIOFILMS 437 

In this r eview we summariz e and synthesiz e the data gener ated by the new 
dir ect methods of studying mixed natur al bacter ial populations in situ. G ener ­
all y, mor phol ogical data give us a basic concept of community str uctur e, 
dir ect bioch emical techniques monitor metabol ic processes a t  the w hol e­
com munity level, and specific probes define cel l surface structur es in situ. 
Any in vitr o  techniques used in these ecological studies are sel ected to mimic 
the natur al ecosystem as closely as possible. I n  our estimation, data fr om 
studies of bacter ia gr owing in single-species batch cul tur es continue to be 
ver y valuabl e. H ow ever, these data r epr esent a single, and per haps unr epr e­
sentative, point in the br oad spectrum of bacter ial char acter istics expr essed in 
r esponse to al ter ed environmental f actor s. In r etrospect, it m ay become 
appar ent th at the phenotypic pl asticity of bacteri a (1 2, 1 07) and their abil ity to 
for m str uctur ed and cooper ati ve consortia will prove to be their most r emar k­
able char acter istics. 

STRUCTURE AND DYNAMICS OF 

BACTERIAL BIOFILMS 

Bacteria in natur al aquatic populations have a marked tendency to inter act 
w ith surfaces ( 120). Recent w or k  has demonstr ated that many bacter ia associ­
ate w ith sUlf ac es in tr ansient apposition, par ticularl y in oligotrophic mar ine 
envir onments (75 ) .  Some of th ese bacteri a adher e to these sur faces, initiall y 
in a r ever sibl e  association and eventual ly in an ir rever sible adhesion (76 ), and 
initiate the devel opment of adher ent bacter ial biofil ms. We recognize the 
inaccur acy o f  simpl e  physical models in w hich bacteri a ar e r epr esented as 
smooth I-pm par ticl es w ith var ious surface proper ties and ar e placed in 
computer- sim ul ated association w ith sim ilarl y homogeneous substr ate sur ­
faces. The su bstr ate sur faces of impor tance in natur al and medical systems ar e 
invar iably coated w ith adsor bed pol ymer s, a nd the sur faces of bacteria gr ow ­
ing in these envir onments ar e a for est of pr otr uding l inear macr omol ecules 
such as pil i" lipopol ysaccharide 0 antigen or teichoic acid, and exopolysac­
char ides (9). Thus, the initial association betw een bacter ial and substr ate 
surf aces in r eal aquatic envir onments is difficult to model, simply because it 
consists of th e association of numer ous l inear polymer s. H ow ev er, F letcher 
and associates (39), in a useful and ver y extensive series of em pir ical ex­
per iments, have show n  th at the r ate of bacter ial adhesion to a w id e  vari ety of 
surfaces is fI! sponsi ve to some physi cal char acteristics such as hyd rophobicity 
(40). 

A bacter ial cell initiates the process of irrever sible adhesion by binding to 
the surf ace using exopolysacchar ide gl ycocal yx polymer s (F igur e 1 ). Cell 
division th en pr oduces sister cell s that ar e bound with in the glycocalyx 
matri x, initiating th e devel opment of adh er ent micr ocol onies. T he eventual 
production o f  a continous biofilm on the col oniz ed surface is a fun ction of cell 
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438 COSTER TON ET AL 

division within microcolonies (6 9) and new recruitment of bacteria from the 

planktonic phase (Figure 1). Consequently, the biofilm finally consists of 
single cells and microcolonies of sister cells all embedded in a highly hy­
drated, predominantly anionic matrix (110) of bacterial exopolymers and 

trapped extraneous macromolecules. As the bacterial biofilm gradually 
occludes the colonized surface, newly recruited bacteria adhere to the biofilm 
itself (Figure 1, F). Differences in the rates of colonization of various surfaces 
usually disappear in long-term colonization experiments. 

PHYSIOLOGY OF BIOFILM BACTERIA 

In their very comprehensive review (12), Brown & Williams have provided 
detailed experimental evidence for Smith's earlier conclusion (107) that the 

molecular composition of bacterial cell walls is essentially plastic and is 
remarkably responsive to the cell's growth environment. The iron deprivation 
inherent in growth within infected tissues profoundly changes the cell wall 

protein composition of gram-negative bacteria. Thus, the cell walls of bacte­
ria recovered directly from the sputum of cystic fibrosis patients (3) or from 
infected urine (105) or burn fluids (4) exhibit iron depletion and differ 
radically from those of cells of the same organism grown in batch culture in 
vitro. Similar bacterial surface changes are seen in response to alterations in 

ASSOCIATION 

A B C 

MICROCOLONY 
FORMATION 

o 

BIOFILM 
FORMATION 

E 

Figure J Bacteria may associate reversibly with a polymer-coated surface (A), or they may 
adhere irreversibly (8) and divide (C) to produce microcolonies (D) within an adherent multispe­
des biofilm (£). The biofilm grows by internal replication and by recruitment (F) from the bulk 
fluid phase. 
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BACTERIAL BIOFILMS 439 

growth rate (6 7, 118), exposure to subinhibitory concentrations of certain 
antibiotics (66), and growth on solid surfaces (67). Equally profound differ­
ences in enzyme activity have been noted between bacterial cells adherent to 
surfaces and planktonic cells of the same organism (C. S. Dow, R. Whitten­
bury & D. Kelly, unpublished) . These data suggest that sessile cells have 
more active reproduction and general metabolism, while planktonic cells are 
phenotypically committed to motility and to the colonization of new surfaces. 

In light of the remarkable phenotypic plasticity documented above and the 
fact that biofilm bacteria live in specific microenvironments, we must con­
clude that these cells are structurally and functionally very different  from 
planktonic cells grown in rich media at high growth rates in batch culture. 
It seems unwise to extrapolate from batch-culture data conclusions about bac­
teria growing in biofilms in natural and pathogenic environments. There­
fore, we have adapted existing methods for planktonic bacteria (6 0) to 
study the physiology and resistance to antimicrobial agents of biofilm bac­
teria in situ. 

When microbial biofilms are developed on rock surfaces suspended in 
flowing streams, the overall metabolic activity of cells within the mixed 
adherent populations can be assessed by a modification of the heterotrophic 
potential technique ( 30,61). Biofilm cells have a greater capacity to convert 
CI4 glutamate to labcled cell components and to CI402 than cells in the 
planktonic phase of the same stream or dispersed biofilm cells from equiv­
alent surfaces. The increased metabolic activity of biofilm cells may result 
from phenotypic changes in response to sessile growth (C. S. Dow, R. 

Whittenbury & D. Kelly, unpublished). It may also result from nutrient 
trapping (Figure 2, A), which occurs when organic nutrients are bound to the 
biofilm matrix and are readily dissociated for use by the component organ­
isms. High rates of biofilm development in oligotrophic environments ( 45) 
and in distilled water systems argue for the importance of this nutrient 
trapping strategy. Nutrients produced by component organisms (e.g. by 
photosynthesis) also enter the biofilm, and microcolonies of cells capable of 
primary production of nutrients are often surrounded by heterotrophic organ­
isms that are stimulated by the exudates to grow and to produce adjacent 
microcolonies (Figure 2, B). The seasonal death and cell lysis of primary 
producers often radically stimulates biofilm growth ( 45), because biofilms 
tend to trap and recycle cellular components. When biofilms form on the 
surfaces of insoluble nutrients (e . g. cellulose), the initial events of adhesion 
(Figure 2, C) favor specific bacteria that can digest that substrate (e.g. 
cellulolytic bacteria) . The primary colonizers in such a system produce 
cell-associated digestive enzymes that attack the insoluble substrate and 
produce soluble nutrients that stimulate the growth of adjacent heterotrophic 
organisms until a digestive consortium is formed (Figure 2, C). Electron 
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440 COSTERTON ET AL 

transfer may also take place in these consortia. The conformation and juxtapo­

sition of the component organisms vis-a-vis their insoluble substrate is op­

timally maintained by the biofilm mode of growth. In modem techniques for 

the in situ study of biofilms an adherent population is treated almost like a 
multicellular tissue in matters of nutrient uptake, nutrient cycling, respiration, 

and overall growth. 
Because of the matrix-enclosed mode of growth of biofilm bacteria, a 

substantial ion exchange matrix arises between the component cells and the 

liquid phase of their environment (Figure 2). Additionally, the gellike state of 

the predominantly polysaccharide biofilm matrix limits the access of anti­

bacterial agents (Figure 2, D), such as antibodies (6 ), bacteriophage, and 
phagocytic eukaryotic cells, to its component bacteria. Therefore, biofilm 
bacteria are substantially protected from amebae, white blood cells (96 , 1 04, 
1 15 ) ,  bacteriophage, surfactants (47), biocides (100) , and antibiotics (90,  

9 1) .  

DISTRIBUTION OF BIOFILMS IN NATURAL AND 
PATHOGENIC ENVIRONMENTS 

The formation of biofilms on surfaces can be regarded as a universal bacterial 
strategy for survival and for optimum positioning with regard to available 

X Antibacterial agents ,.; Organic nutrients 

o Digestive enzymes 

Figure 2 Modes of nutrient acquisition and protection of a bacterial biofilm. (A) Nutrient 
trapping. (8) Primary production. (C) Formation of a digestive consortium. (D) Exclusion of 

antibacterial substances. 
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BACTERIAL BIOFILMS 44 1  

nutrients. Bacterial populations living in this protected mode of growth 
produce planktonic cells, with much reduced chances of survival. These 
detached cells may colonize new surfaces or may burgeon to form large 
planktonic populations in those rare environments where nutrients are plenti­
ful and bacterial antagonists are few. 

Natural Aquatic Environments 

In an exhaustive survey of the sessile and planktonic bacterial populations of 
88 streams and rivers, the sessile population exceeded the planktonic popula­
tion by 3 .... 4 logarithm units in pristine alpine streams and by 200 fold in 
sewage effluents (65) . A very widespread exception to the general trend 

occurs in the extremely oligotrophic environments of the deep ocean and deep 
groundwater, where bacteria are in an advanced stage of starvation (2). These 
cells alter their cell surfaces ( 56 )  and their patterns of peptide synthesis ( 5 1) in 
response to starvation and do not expend their scarce metabolic resources in 
exopolysaccharide synthesis unless they are revived by nutrient stimulation. 
Specific insoluble nutrient substrates (e.g. cellulose, solid hydrocarbons) 
within these aquatic environments are rapidly colonized by bacteria special­
ized for their digestion; the consistent presence of these materials in an aquatic 
system stimulates the development of large and vigorous populations of 
primary and secondary colonizers. 

Industrial Aquatic Systems 

The relativdy high levels of nutrients and the high surface areas in many 
industrial aquatic systems predispose these systems to biofilm formation. 
Adherent populations bedevil most industrial systems ( 24) by plugging filters 
and injection faces, fouling products, and generating harmful metabolites 
(e.g. H2S). Bacteria gradually colonize the water-cooled side of metal sur­
faces in heat exchangers, and the resultant biofilm insulates against heat 
exchange so effectively that exchange efficiency is gradually reduced to 
<10% of designed values. This costly problem may now be solved by a 
recently patented biofilm removal technique (23) in which slow freezing 
cycles are Ulsed to produce large ice crystals within the biofilm. Thawing of 
the crystals then leads to complete removal of the biofilm. 

Bacterial corrosion of metals is an economically important consequence of 
bacterial biofilm formation that illustrates several fascinating aspects of the 
structure and physiology of these adherent bacterial populations. The bacteria 
most commonly associated with the corrosion of metals are the anaerobic 
sulfate-reducing bacteria (SRB), but other sulfur-cycle organisms are also 
important in this process (92). Geesey et al (44) have found that metal 
corrosion c�m occur, even in the absence of living bacterial cells, when two 
polymers with different metal-binding capacities (Figure 3) are adsorbed to 

A
nn

u.
 R

ev
. M

ic
ro

bi
ol

. 1
98

7.
41

:4
35

-4
64

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 S
ta

nf
or

d 
U

ni
ve

rs
ity

 -
 M

ai
n 

C
am

pu
s 

- 
G

re
en

 L
ib

ra
ry

 o
n 

05
/1

7/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



442 COSTERTON ET AL 

adjacent areas of a metallic surface. Little et al (64) have reported that a 
measurable corrosion potential is generated between an uncolonized metal 
surface and a metallic surface colonized by bacteria. Bacteria organized into 
structural consortia occupy developing corrosion pits (27), and local pH 
differences as great as l .5 units can occur in the lower zones of biofilms 
growing on metallic surfaces. These data have allowed us to construct a 
conceptual model of a functioning bacterial "corrosion cell" (Figure 3) using 
established physicochemical concepts. The microcolony of sister cells at site 
A on the metallic surface would produce an exopolysaccharide matrix that 
would bind metal ions (+), and their metabolic activities would generate a 
local pH of 7.0. In an adjoining site (B) another bacterium (probably an SRB) 
would establish a consortium with other organisms, and the coordinated 
metabolic activity of this structured community would generate a lowered 
local pH (perhaps 5 .5 )  and an exopolysaccharide matrix with a low natural 
affinity for soluble metal ions. The scenario described so far is hypothetical, 
but the physicochemical differences between sites A and B would, by immuta­
ble physicochemical laws, cause the mobilization of metal at site B and the 
formation of a corrosion pit. Thus, bacterial corrosion of metals is really an 
activity of structured bacterial biofilms in which physicochemical differences 

Of} 
.+ 

BACTERIAL 
CORROSION 

+ 
+ 

Figure 3 Bacteria within biofilms adherent to metal surfaces grow in the form of discrete 

microcolonies whose exopolymers may (A and C) or may not (8) bind certain metal ions. 

Metabolic activities in some microcolonies may produce local differences in pH, abetted by 

electron and substrate transfer in structured consortia (8). These local surface differences can 

produce an electrochemical "corrosion cell." 
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BACTERIAL BIOFILMS 443 

bet ween adj ac ent l oc i  on t he met allic sur fac e ar e c reat ed and maint ained by 
different ial met al- binding and met abolic act ivit y unt il deep corrosion pit s 
have been produced. E ngineers have long not ed t hat regul ar scraping (pig­
ging) of pipelines prevent s corrosion. We have now shown, in t he fiel d and in 
t he laborat ory ,  t hat pigging dist urbs t hese highl y st ruct ured bact er ial cor ro­
sion cel l s; several days ar e required t o  reest abl ish t heir str uct ure and act ivity 
(J. W. Costert on, unpubl ished dat a) .  

Medical Biomaterials 

Medical bio mat erials are t he pl ast ic ,  rubber, and met all ic mat erial s t hat are 
used t o  constr uct t he myr iad of medical devices and prost heses. Wit h  t he 
remark ab le  modem advanc es in medic ine and t he c onc ommit ant inc reases in 
t he numbers of elderly and immunoc ompr omised pat ient s ,  t he use of t hese 
biomat erials has increased exponent ial l y. An increasing number of bact erial 
infect ions i s  cent ered on impl ant ed devices (31). These infect ions have t he 
foll owing uniq ue charact erist ics . (a) T hey oft en have indol ent pat hogenic 
patt ern s  wit h  alt ern at ing quiescent and acut e per iods. (b) There may be an 
init ial response t o  ant ibiot ic t herapy , but rel apses ar e frequent bec ause bact e­
r ia in t he biofi lms are pr ot ect ed from ant ibiot ic s  and c onst it ut e unc ontrol l ed 
foci t hat oft en necessit at e  t he removal ofthe device. (c) While  t hese infect ions 
are oft en pol ymicrobial , t he predominant bact eri a  are eit her common mem­
bers of t he aut ocht honous sk in or bowel flora or very common environment al 
organisms (e .g .  Pseudomonas) t hat a re oft en only pat hogenic in im­
munoc ompromised pat ient s .  (d) Bact er ia may be diffic ult t o  rec over from 
adjacent flu ids when t he device is in pl ace and fr om t he device it sel f when it is 
removed. 

All of t hese disease charact eri st ics indicat ed t hat bact erial biofil ms might 
be involved in biomat erial- relat ed bact erial infect ions. Therefore, met hods of 
direct observ at ion and quant it at ive recovery devel oped in our environment al 
and industr ial st udies have been used t o  ex amine a l ar ge number of medic al 
devic es that were demonst rabl e foc i of infect ions. Ext ensive bact eri al 
biofilms wl� re found on t ransparent dressings, s ut ures ( 50), wound drainage 
t ubes, hemodialysis buttons, hemasit e access devices, int raart erial and in­
travenous c at het ers (94), H ick man and sil ast ic cardiac cat het ers (112), cent ral 
venous l im: s, Swann-G anz pulmonar y  arter y  c at heters , dacr on vessel repair 
sect ions, c.ar diac pacemak ers ( 70, 72 ), biopr ost het ic and mec hanic al heart 
valves ( 57), Tenck hoff perit oneal c at het ers ( 74), F ol ey urinary cat het ers (87) 

and urine collect ion syst ems, nephrost omy t ubes, uret eral st ent s, bil iar y  
stent s , penile prost heses (88), int rauterine cont racept ive devices (IU Ds) (71), 
endot racheal t ubes, and prost het ic hip joint s  (48, 49). In all inst ances of 
bact erial col oniz at ion of medical biomat erial s ,  ext ensive bact erial biofil ms 
were seen by scanning and t ransmission elect ron microscopy ( SE M  and 
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TE M). L arge numbers of living organisms were recovered by q uant it at ive 
( scraping-vort ex-sonicat ion) recovery t echniq ues (9 0), but not by rout ine 
met hods used in clinical laborat ories, including t he ot herwise very useful 
Mak i  t echniq ue (68 ) .  We have now implant ed several of t hese medical 
devices ( e .g.  F oley cathet ers (85), cardiac cat het ers, Tenck hoff cat het ers, 
int raut erine cont racept ive devices) in ex periment al animals t o  follow t he t ime 
c ourse of t heir bact erial coloniz at ion. We have not ed t hat aut ocht honous and 
environment al organisms commonly form biofilms on accessible biomat erial 
surfaces. F urt her, t hese biofilms spread up t o  1 00 cm along t hese colonized 
surfaces in as few as 3 days, in spit e  of act ive host defense syst ems ( F igure 4, 
A) and prophylact ic doses of ant ib ioti cs ( F igur e 4, B). These bact erial 
biofilms on t he biomat erial surfaces do not usual ly cause overt infect ion or 
even det ect able int lammat ion . H owever, t hey do const it ut e  a nidus of infec­
t ion when t he host defense syst em fails t o  cont ain t hem. Conseq uent ly, t hey 
are able t o  give rise t o  disseminat ing plankt onic cells t hat t rigger acut ely 
pat hological seq uellae ( F igure 4, C ) .  Convent ional t herapeut ic doses of ant i­
biot ics oft en suffice t o  k ill the dis seminated bact eria ( F igure 4, B )  and t o  
cont rol t he sympt oms of infect ion, but t he b iofilm cells are not k illed (9 0); 
t hus, t hey const it ut e a cont inuing n idus for relapse of the infect ion. 

Because it protect s component cells from host defense mechanisms and 
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Figure 4 Microbial cells growing in adherent biofilms on medical biomaterials are generally 
protected from host defense mechanisms and antibacterial agents. Phagocytic white blood cells 
(A) and antibodies (8) can kill bacteria at the biofilm surface and planktonic bacteria (C) that have 
left the protection of the biofilm to initiate an acute disseminated infection, but usually cannot kill 
bacteria within the deeper layers of the biofilm. 
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from antibiotics, the biofilm mode of growth is of pivotal importance in the 
progressive colonization of biomaterials. Currently, the most effective strat­
egy for the: prevention of biomaterial-associated infections takes advantage of 
this fact. By following the progress of an auxotrophically marked 
uropathogenic strain of Escherichia coli, Nickel et al (8 5) established that 
biofilm development on the plastic and rubber surfaces of the luminal route 
through the Foley catheter and urine collection system is an important mech­
anism of bacterial access to the catheterized bladder. Accordingly, they have 
placed a plastic luminal sleeve impregnated with a powerful industrial biocide 
(26 ) in the drainage spout of a new urine collection system. Bacteria are 
attracted to this biocide-releasing surface, where they are killed; thus biofilm 
development is not initiated. This strategy delayed bladder colonization for 
6-8 days in a rabbit model system (86 ). The sleeve device is currently being 
tested in patients. 

Digestion and Biodeterioration 

Biodeterioration of materials, including the digestion of insoluble nutrients by 
bacterial populations in the digestive tracts of higher animals, usually in­
volves a focused enzymatic attack on particular loci at the material surface. 
This focusl!d attack produces the pitting characteristic of the biodeterioration 
of a variety of insoluble substrates ranging from the digestion of cellulose to 
the corrosion of stainless steel. Physical attachment is necessary for active 
cellulose digestion, and the enzymes involved remain in particularly close 
association with bacterial cells growing in biofilms on the surface of cellulose 
fibers (Figure 5). 

The colonization of cellulose fibers exposed to normal rumen flora is very 
rapid. Primary cellulose-degrading organisms can be heavily enriched by 
placing sterile cellulose fibers in rumen fluid, allowing 5 min for the adhesion 
of the cellulose degraders, and recovering the colonized fibers by centrifuga­
tion (8 3) .  Monocultures of the three main cellulose-degrading species from 
ruminants (Bacteroides succinogenes, Ruminococcus albus, and Ruminococ­
cus flavefaciens) adhere avidly to cellulose fibers, but they degrade this 
insoluble substrate at a rate much slower than that in natural digestive 
systems. Cells of B. succinogenes are closely apposed to the surface of the 
cellulose (Figure 5, A), and small cell-derived vesicles are produced, which 
retain adhesive and cellulolytic properties (41). Conversely, cells of the 
gram-positive coccoid Ruminococcus species adhere to the cellulose surface 
with much greater separation (Figure 5, B) and do not usually detach 
cellulolytic vesicles. 

The specific adhesion of bacteria to cellulose is the essential first step in 
ruminant digestion, but realistic rates of cellulose digestion are not achieved 
in the laboratory until the organisms are combined with other bacteria ( 58 )  or 
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• Bacteroides enzyme 

': Products of enzyme 
digestion 

Figure 5 In the bacterial digestion of cellulose, Ruminococcus cells remain at some distance 

from the substrate surface while their enzymes initiate digestion (8). Other cellulolytic bacteria 

(e.g. Bacteroides) adhere intimately to the substrate (A) and detach vesicles and enzymes that 

cause a focal pitting attack. This attack is accelerated by the metabolic activity of noncellulolytic 

bacterial members (e) of structured consortia. 

with fungi (116) to promote the development of functional microbial consortia 
(Figure 5) . The products of cellulose digestion associate with the biofilm; 
these soluble nutrients are available to the cellulolytic bacteria themselves and 
to other heterotrophic organisms that may be attracted by chemotaxis and 
stimulated to divide and to form structured consortia. Cells of Treponema 
bryantii and Butyrivibrio fibrisolvens (Figure 5, C) are very commonly found 
in association with adherent cellulolytic cells of Bacteroides succinogenes 
(Figure 5, A); while these spirochaetes and curved rods have no cellulolytic 
enzymes, they enhance the cellulolytic activity of the Bacteroides species 
(>9%) when grown in mixed biofilms on cellulose fibers (58). These 
noncellulolytic bacteria may accelerate cellulose digestion by drawing pro­
ducts away from the consortium (Figure 5, C) . Methane-producing bacteria 
combine with cellulolytic fungi to produce the most active in vitro cellulotytic 
consortium reported to date (116). Even though they are not intimately 
associated with the primary cellulolytic organisms in structured consortia ,  
other helerotrophic bacteria growing i n  these mixed biofilms m a y  subsist, 
directly or indirectly, on the soluble produl.:ts of cellulose digestion and may 
contribute to the generation of the volatile fatty acids (VFAs) that are the main 
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vehi cle of nutri ent trans fer to the hos t ani mal. When the cellulos e  fi bers are 
completely di ges ted, all of the bacteri al components of this di ges ti ve bi ofi lm 
become, pe rforce,  planktoni c organis ms that awai t  the provisi on of si mil ar 
nutrient s ubs trates that wi ll be s peci fi cally coloni zed and rapi dly di ges ted by a 
recons ti tuted di ges ti ve bi ofi lm.  Structurally compli cated forage materials 
undergo a complex and s equenti al bacteri al attack ( 20) . This ecologi cal 
process gradually accelerates as the bacteri al populati ons of the rumen be­
come adapt ed to new feeds , as when forage-fed range cattle are trans ferred to 
feedlots arI d  fed barley concentrates. Some chemi cal agents (e. g . methyl 
cellulos e) caus e the complete diss oci ati on of adherent cells of B. suc­

cinogenes from cellulos e  fi bers ( 59, 83 ) ,  whi le other agents ( e. g. 3-phenyl 
propanoi c aci d) enhance adhesi on ( 1 10).  The s peci fi ci ty of the bacterial 
degradati on of cellulos e  s ugges ts that s ome mani pUlati on of this i mportant 
mi crobi al acti vi ty may be practi cable in  the near future. 

Natural and Protective Associations with Tissue Surfaces 

Di rect obse, rv ati on and quanti tati ve recovery have been parti cularl y s uccess ful 
i n  the definiti on of bacteri al populati ons on tiss ue s urfaces . In a s ys temati c 
exami nati on of the bacteri al populati ons at 2 5  si tes i n  the di ges ti ve tracts of 
more than 100 cattle, C heng and his colleagues ( 21 )  observ ed many bacterial 
morp hotypes growi ng as adherent bi ofi lms on food materials and tiss ue 
s urfaces . Morp hologi cal " keys" ( e.g. detai ls of cell wall s tructure) have been 
us ed to equate many of thes e mor photypes to is olates obtai ned by 
homogeni zati on and quanti tati ve mi crobi ologi cal exami nati on of the s ame 
food materi als and tiss ues . Three dis ti nct bacterial communi ti es have been 
located i n  this organ s ys tem ( 19 ) . Small numbers of bacteria li ve preferenti al­
ly i n  the ru men f lui d; the larges t bacterial populati on is cellulolyti c  and is 
ass oci at ed wit h  f ood mat eri als (s ee t he precedi ng s ecti on); and perhaps t he 
mos t uni que populati on forms an adherent bi ofi lm (Fi gure 6 )  on th e s urface of 
the s trati fi ed s quamous epi theli um of t he rumen wall. This lat ter bacteri al 
communi ty, whi ch develops duri ng the fi rs t  three days of li fe, contai ns many 
facultati ve organis ms that cons ume the oxygen that di ffus es from the ani mal 
tiss ue (Fi gure 6, A); i t  thus protects the fas ti di ous anaerobes wi thi n the rumen. 
P roteolyti c bacteri a wit hi n  this tiss ue s urf ace bi ofi lm (Fi gure 6, B) di ges t the 
dead dis tal cells of the s trati fi ed tiss ue and recycle thei r cellular components 
to benefi t  th e hos t ani mal. Many of the bacteri a i n  this tiss ue s urface bi ofi lm 
produce ure as e ,  as detected i n  cultures and as vis uali zed i n  situ by a newly 
develop ed his tochemi cal techni que (8 1 ) .  U reas e  has a vi tal role i n  the di ­
ges ti ve physi ology of the hos t ani mal; i t  converts the urea t hat di ffus es 
through the rumen wall (Fi gure 6, C )  to ammoni a, whi ch cons ti tutes an 
ess enti al nitrogen s ource for the bacteri a wi thi n the rumen. The epi theli al 
tiss ue does not produce ureas e ( 19 )  and thus depends on bacteri al 
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• Urease 
• Proteolytic enzyme 
:: Peptide digestion 

products AMMONIA 

Figure 6 Component bacteria of the complex adherent biofilms found on the epithelial tissues of 

the bovine rumen facilitate the overall function of this organ by utilizing oxygen (A), digesting 
and recycling dead epithelial cells (B), and converting urea to ammonia (C). 

cells wit hin t his specifi c  t issue sur face biofilm t o  pr oduce an enz yme essent ial 
to t he sur vival o f  t he ho st animal . This is a clear demo nstr at io n  o f  what we 
believe t o  be a gener al pr inciple of micr obial ecology: St able t issue sur face 
eco syst ems aur act and maint ain adher ent bact er ial popul at io ns whose 
enz ymat ic act ivit ies ar e oft en int egr ated wit h  t hose of t he t issue it sel f. 

B acterial r el at ionships wit h  t he sur face o f  mucus- cover ed t issues such as 
t he int est ine ar e much mor e  complex . R oz ee et al (99), using new met hods 
t hat allo w t he t hick ( - 400 I' m) mucu s l ayer to be r et ained during pr eparat io n  
for e lectron m icrosco py, h ave v is ually conf irme d Freter et ai's (42) not ion 
t hat mo st int est inal bact eria inhabit t he mu cu s it sel f and t hat very few are 
actuall y att ached t o  t he t issue sur face in nor mal animal s. When t he physical 
int egr it y of t he muc us layer was dist ur be d  by tre at ment wit h  le ct ins ( 7) or by 
irr adiat ion ( 1 l 4), aut ocht honous bact er ia and prot oz oa t hat usually gr ow in 
t his viscou s phase prol ifer ated and fo rmed adher ent bio films on t he t issue 
sur face.  T hus, m ucus-co ver ed t issues ar e not usually colo niz ed by biofilms 
per se, but t hey ar e cover ed by dynamic viscous str uct ur es wit hin which 
bact er ia live and pr olifer at e and only r ar ely assoc iat e  dir ect ly wit h  t issue 
surf aces . T hese vigor ous mucus-associat ed micr obial popul at ions const itut e a 
form idable ecological barr ier t hat pre vent s  t he access of extr ane ous bact eri al 
pat hogens t o  t heir t ar get s at t he t issue sur face ( 1). Di rect o bserv at io n and 
quant it at ive r ecovery have yielded ver y useful dat a  r egar ding int est inal dis-
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eases in which mobile pathogens (e.g. Campylobacter jejeuni) must traverse 
the mucus layer to invade specific gut cells (38 ) and regarding ecological 
diseases in which antibiotic stress leads to an overgrowth of toxin-producing 
bacteria (e.g. Clostridium difficile). These modem techniques are especially 
useful when tampon-induced changes in the human vagina stimulate the 
growth of autochthonous staphylococci (36) and the location of these toxin­
producing cells, in relation to epithelial tissue, is more important than their 
total numbers within the affected organ. 

The autochthonous bacterial populations of several tissue surfaces have 
been described by modem ecological methods ( 19). Well developed bacterial 
biofilms have been seen on the epithelia of the distal human female urethra 
(73), on the tissue surfaces of the rabbit vagina ( 55), and on the epithelia of 
the human vagina and cervix (8 ). These adherent organisms have been 
characterized following quantitative recovery. The same methods have been 
used to define the adherent bacterial populations on tissue surfaces in sur­
gically constructed structures such as the ileal urinary conduits that connect 
the ureters to the body surface following surgical removal of the bladder. 
Cheng et al ( 2 1) have suggested that well established tissue surface biofilms 
composed of autochthonous bacteria act as ecological barriers to upstream 
colonization by pathogenic organisms ( 18 ,  101) .  This concept is supported by 
data on bladder infections that follow the disturbance of distal-urethra biofilm 
populations by broad-spectrum antibiotic therapy. Similarly, the physical 
bypassing of the urethral surface biofilm population by urinary catheters (87 ), 
of the adhl�rent cervical popUlation by IUDs ( 7 1 ) ,  and of the bile duct 
population by biliary catheters CA. G. Speer, P. B. Cotton & 1. W. Costerton, 
manuscript submitted) leads to rapid bacterial invasion of the upstream organ 
in each system. Recent successes in the prevention of bladder infections in 
rats by the colonization of their distal urinary tract tissues with autochthonous 
strains of Lactobacillus (98 ) encourage some hope that we may be able to 
reinforce and manipulate these ecological barrier populations to prevent 
upstream infections. We are presently examining the natural extent of these 
protective tissue surface biofilms in organ systems that are colonized at their 
distal extremity but consistently sterile in their proximal organ (e.g. urethra­
bladder; cervix-uterus; duodenum-gall bladder). A more complete un­
derstanding of the nature of the sustained boundaries of autochthonous bacte­
rial colonization will enable us to predict what procedures and treatments are 
likely to produce failure of these ecological barriers and consequent upstream 
colonization by pathogens. 

Pathogenic Associations with Tissue Surfaces 

Sustained interest in bacterial pathogenic mechanisms throughout the last 
three decades has resulted in detailed accounts of pili ( 1 1 1) and cell wall 
proteins that promote adhesion to target tissues, and of toxins ( 107 ) that 
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450 COSTERTON ET AL 

mediate pathogenic effects on host tissues. These elegant molecular mech­
anisms have appealed to our collective affection for order and simplicity; 
researchers have even developed model animal infections in which the genetic 
deletion of a single pathogenic mechanism renders the bacterial cell 
nonpathogenic. However, these attractive concepts have often fared poorly in 
the real world. A specific pathogenic mechanism, although real and fully 
operative, is frequently only one of many factors that facilitate bacterial 
pathogenicity ( 32, 84). Pathogenic bacteria often use more than one mech­
anism to mediate their attachment to target tissues (17), and most pathogens 
must persist and multiply in the infected system in order to exert deleterious 
effects on the host. The frequent encounters of healthy individuals with 
pathogenic bacteria actually lead to overt disease in a minute fraction of 
instances; the study of the entire etiological process from contact, through 
persistence, to infection reveals dozens of points (107) at which the pathogen­
ic process may be aborted. In short, pathogenesis is an ecological process in 
which a particular bacterial species occasionally colonizes and persists in spite 
of all adverse environmental factors to produce a population sufficiently 
numerous, active, and well-located to exert a pathological effect upon the 
host. 

Figure 7 is a hypothetical diagram that summarizes some of the postulated 
events of the early stages of the fonnation of pathogenic biofilms on tissue 
surfaces. The bacterial characteristic that is emphasized is the exceptional 
phenotypic plasticity that allows cells of a given species to change their cell 
surface characteristics radically in response to changing environmental factors 
(1, 12). Bacterial pili are avid and specific mediators of adhesion to receptors 
on target tissues (Figure 7, A and C). However, specific adhesion is not 
sufficient to establish colonization if the adherent cells lack the exopolysac­
charide glycocalyx that affords protection from surfactants and other impor­
tant host defense factors (Figure 7, A). Pathogenic bacteria often employ less 
specific and less avid exopolysaccharide-mediated adhesion mechanisms, 
which may act alone (Figure 7, B) or in concert with the pili (Figure 7, C). 
Exopolysaccharide-mediated adhesion is strong and resistant to shear forces 
(13), while pili are comparatively fragile structures (9 3) .  Although the occlu­
sion of a target tissue surface by a confluent autochthonous bacterial biofilm 
(see the preceding section) would virtually preclude specific interactions 
between bacterial pili and tissue surface receptors, nonspecific glycocalyx­
mediated adhesion could still be operative. 

Once established on the tissue surface, the adherent pathogens must com­
pete for iron with remarkably effective host siderophores. The expression of 
the genes controlling bacterial siderophore production (Figure 7, D) is a sine 
qua non of bacterial growth and persistence on the colonized tissue (108). 

Because phagocytic host cells are chemotactically attracted to complexes of 
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G;.d 

:.--------0 
'OJ 

o Tissue surface receptor 

• Iron-related bacterial siderophore 

A Antibody 

Figure 7 Diagrammatic representation of the variety of phenotypic forms bacteria may assume 

during the etiology A-D of acute (E, G, and H) or chronic (F) disease, contrasted with their 
phenotype when grown in nutrient-rich batch culture (/). See text for detailed explanation . 

secretory IlgA with the pili of many bacteria (I), bacterial survival may 
depend on the deletion of these structures from the bacterial surface (Figure 7, 

E). Development of glycocalyx-enclosed microcolonies (Figure 7, E) suf­
ficiently large to withstand phagocytosis (52) would also contribute to bacte­
rial persist,�nce on the colonized tissue. We estimate that very few contacts 
with pathogenic bacteria proceed to this protected microcolony stage, but 
those organisms that do establish adherent "beachheads" can then proliferate 
to form a tissue surface biofilm (Figure 7, F). Bacteria within these protected 
tissue surface biofilms are not always overtly pathogenic (50), but their 
persistence and growth eventually result in massive unresolved bacterial 
masses resembling those seen in the lung in cystic fibrosis (62) and in the 
medullary cavity in osteomyelitis ( 78) . Growth within protected glycocalyx­
enclosed biofilms imposes several constraints on bacterial pathogenicity , in 
that bacterial cells and toxins are retained within the biofilm matrix or 
neutralized by antibodies or phagocytes at the biofilm surface; thus bac­
teremia and toxemia are rarely seen in these chronic diseases. Bacterial 
antigens at the biofilm surface stimulate the production of antibodies. These 
antibodies cannot penetrate the biofilm to resolve the infection, but they do 
form immune complexes at the biofilm surface (35) (Figure 7, E and G) and 
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thus often damage the colonized tissue (103). When bacterial biofilms form 
on vascular surfaces, such as the endothelium of heart valves, they accrete 
blood components such as fibrin and platelets (102). The resultant vegetations 
(82) often grow sufficiently large to interfere with the mechanical functions of 
these organs. When the metabolic activities of bacteria within tissue surface 
biofilms produce insoluble salts, the biofilm matrices trap the resultant crys­
tals, and "infection stones" develop in the affected organs. Bacterial biofilms 
form the structural matrix of the struvite calculi that develop in the kidney 
when urease-producing bacteria produce ammonia that is deposited as 
MgN�P04 (89). Similarly, the production of deconjugated cholesterol or 
calcium bilirubinate can lead to the development of thick occlusive biofilms in 
the biliary tract (A. G. Speer, P. B. Cotton & J. W. Costerton, manuscript 
submitted). The pivotal role of bacterial biofilms in these occlusive diseases 
results from the tendency of their exopolysaccharide matrices to trap and 
accrete fine particles that would otherwise move hannlessly through the 
system. 

Like biofilm-covered biomaterials (Figure 4), the tissue surface biofilms 
formed in chronic infections are foci of humoral and cellular inflammatory 
reactions that are usually sufficient to kill individual bacterial cells released at 
their surfaces (Figure 7, G). However, host defense mechanisms sometimes 
fail, especially in debilitated patients, and disseminated single cells of these 
pathogenic species may escape to exert their full toxic or invasive potential 
(Figure 7, H). Because of phenotypic plasticity (12), a totally different 
phenotype is produced when bacterial cells are recovered from any etiological 
stage of the infection and grown in an iron-rich medium (Figure 7, I) in the 
absence of host defense factors. 

RESISTANCE OF BIOFILM BACTERIA TO 

ANTIMICROBIAL AGENTS 

The functional environments of individual bacterial cells growing within 
biofilms differ radically from those of planktonic cells in the same ecosystem, 
and even more radically from those of planktonic cells in batch culture in 
nutrient media (Figures 1-7). We must now accept the unequivocal evidence 
(12) that bacteria respond to changes in their environment by profound 
phenotypic variations in enzymatic activity (c. S. Dow, R .  Whittenbury, D. 
Kelly, unpublished), cell wall composition (105), and surface structure (4). 

These phenotypic changes involve the target molecules for biocides, antibi­
otics, antibodies, and phagocytes, and also involve the external structures that 
control the access of these agents to the targets. Therefore, we must expect 
that biofilm bacteria will show some alterations in susceptibility to these 
antibacterial agents. Further changes in susceptibility to antibacterial agents 
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are dictated by the structure of biofilms, within which the bacterial cells grow 
embedded in a thick, highly hydrated anionic matrix that conditions the 
environment of individual cells and constitutes a different solute phase from 
the bulk fluids of the system. Biofilms could therefore increase the concentra­
tion of a soluble antibacterial agent in the cellular environment by trapping 
and concentrating its molecules much as it traps and concentrates nutrients 
(Figure 2, A). On the other hand, the numerous charged binding sites on the 
matrix polymers and on the most distal cells in the biofilm may afford the 
innermost cells a large measure of protection from these agents. Peterson et al 
(95) have shown that aminoglycoside and peptide antibiotics are bound to the 
lipopolysaccharide molecules of Pseudomonas aeruginosa in a manner sim­
ilar to that proposed here. We speculate that the dissociation constants of 
molecules bound within the biofilm are important because they dictate the 
concentrations of nutrients and of antibacterial agents available at the surface 
of individual cells. 

An ecological examination of the whole aquatic system is a necessary first 
step in cOllltrolling bacterial problems in industry. Fouling, corrosion, and 
plugging all involve bacterial biofilms, but traditional monitoring procedures 
sample the: much smaller planktonic populations that are intermittently shed 
from these adherent communities. Treatment with traditional concentrations 
of biocides kills these planktonic organisms and gives the appearance of 
success, but leaves the biofilm populations virtually unaffected (100). Thus 
millions of dollars have been wasted in ineffectual treatments. Costerton et al 
(27) and McCoy & Costerton (80) have developed a series of biofilm samplers 
that constitute parts of a pipe wall which are removable to yield an accurate 
biofilm sample. When biofilm sampling indicates an important problem, 
biocides are used at concentrations that completely kill the biofilm bacteria. 
These sampling and biocide procedures have been very useful in the oil 
recovery industry (27). 

Direct sampling of biofilm populations is seldom possible in human dis­
ease, but the biofilms within the patient can be mimicked in vitro. When urine 
containing a uropathogenic strain of P. aeruginosa is passed through a 
modified Robbins device containing discs of catheter material (90, 91) the 
biomaterials develop a bacterial biofilm that closely resembles those observed 
on catheters recovered from patients infected by the same organisms (88). 
When planktonic cells within this system were treated with 50 JLg ml-1 of 
tobramycilll, 8 hr of contact was sufficient to yield a complete kill, but 12-hr 
contact with 1000 JLg ml-1 of tobramycin did not kill the biofilm cells (90). 
When these resistant biofilms were washed free of tobramycin and dispersed 
to yield single cells, these essentially planktonic cells were susceptible to 50 
JLg ml-1 of the antibiotic. This study has now been expanded to include other 
antibiotics and other organisms (J. C. Nickel & J. W. Costerton, unpublished 
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data), and the inherent resistance of biofilm bacteria to antibiotics has been 
found to be a general phenomenon. A bacteremic patient with an endocardial 
pacemaker (70) presumed to have developed a Staphylococcus aureus biofilm 
on its biomaterial surfaces was treated for 6 wk with 12 g cloxacillin and 600 
mg rifampin per day (72). When staphylococcal bacteremia recurred after 
antibiotic therapy was discontinued, the pacemaker was removed. It was 
covered by a thick biofilm (70) containing living cells of S. aureus. Chronic 
diseases in which the pathogenic bacteria grow in biofilms on tissue surfaces 
must be treated with high sustained doses of antibiotics to kill any of these 
protected organisms (77, 97). Complete resolution of these continuing bacte­
rial foci is rarely achieved. 

We conclude that bacteria within biofilms are generally much more resis­
tant to biocides and antibiotics than their planktonic counterparts. We are 
presently examining this resistance to determine whether it derives from 
physiological changes in these sessile organisms or from the penetration 
barriers provided by the exopolysaccharide matrix and the distal cells of the 
biofilm itself. Recent successes in the prevention of biofilm development by 
the incorporation of biocides (86) or antibiotics ( 1 13) into biomaterials during 
polymerization have shown that antibacterial molecules leaching from a 
biomaterial surface can influence bacterial adhesion and subsequent biofilm 
development. While this preemptive strategy may be successful in preventing 
some of the infections associated with the short-term use of medical devices 
(86) , control of infections during the long-term use of such devices will 
require an ecological understanding of the microbiology of the system and the 
judicious use of antibiotics in adequate doses. 

When medical or industrial problems involve planktonic cells, as in acute 
bacteremic diseases or bacterial contamination in microchip production, anti­
bacterial agents should be tested against planktonic cells in menstrua resem­
bling those of the affected systems. Such tests routinely permit successful 
selection of antibiotics and biocides to solve these problems. Even when 
medical and industrial problems involve biofilm bacteria, tests against 
planktonic cells may be very useful; they indicate efficacy against planktonic 
cells that may detach from the biofilms, and negative planktonic results 
disqualify an agent for use against biofilm organisms. However, when the 
objective of treatment is the eradication of bacterial biofilms in either medical 
or industrial systems, antibacterial agents must be tested against biofilm 
bacteria. Tests against biofilm bacteria have now led to the identification of 
penetrating industrial biocides ( l 00), but it is sobering that virtually all 
antibiotics in current use were selected for their efficacy against planktonic 
bacteria. The extension of biofilm test methods into the medical area is 
expected to identify penetrating antibiotics that may be useful in the treatment 
of the chronic biofilm-related diseases that are increasingly common in 
modem medical practice. 
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In vitr o I�xperi ments have s hown t hat encaps ulat ed bact eri a  ar e less s us cep­
tible t han t heir unprot ect ed count er parts t o  t he bact eri cidal and opsoni c effects 
of s peci fi c  anti bodi es (6 ) and t o  upt ak e by phagocytic cells (96 , 104, 1 15).  
H owever, t he most us eful per cepti ons of t he s ensit ivit y of bi ofi lm bact eri a  t o  
ant ibodies and phagocyt es ar e der ived from st udi es of infect ions in ani mals 
and pat ients. War d  et al (K. War d, M. R. W. Br own & 1 .  W. Cost ert on,  
unpublis hed dat a) i nit iat ed growt h of biofilm bact eri a on biomat eri al s urfaces 
i n  t he perit oneum of experi ment al animals and monit or ed t he host animals ' 
immune r e:s pons es by cross ed i mmunoelectr ophor es is (XIE ) and by i mmune 
blotti ng of SDS PAGE gels . They not ed t hat lar ge amounts of ant ibodies wer e 
pr oduced agai nst a s mall number of s urface-locat ed ant igens, but t hat t hes e 
antibodi es failed t o  r es olve t he chr oni c infect ions . Si milarly, lar ge amounts of 
anti bodies wer e produced agai nst a limited number of bact eri al ant igens when 
cells of P. aeruginosa gr ew in biofil mlik e  mass es in t he lungs of r ats in t he 
chronic lun g i nfecti on model ( 1 5) and in t he lungs of cysti c fi brosis pati ents 
(33). Thes e ant ibodi es di d not cont rol the furt her gr owth of biofilm bact eri a  
wit hi n  t he lung, and t hey contribut ed t o  t he for mati on of i mmune complexes 
(53), which profoundly damaged t he infect ed t iss ue . Dir ect exami nati on of 
biofilm-eolonized perit oneal biomat er ials (34) and of lung t iss ue in chr onic 
Pseudomonas infect ions ( 15) s howed t hat t he phagocyti c cells char act eristi c 
of t he i nflammat ory r es pons e  ar e mobi li zed and act ivat ed in r es pons e t o  t he 
pr es ence of t hes e bi ofi lm bact eri a. H owever , t he ver y pr olonged cours e of t he 
chr oni c  i nfecti ons (>20 yr i n  many cas es )  i ndicat es a fai lur e of th e combi ned 
humor al and cellular defens e mechanis ms of infect ed hosts . Thus, while t he 
molecular bas is of t he r es ist ance of biofilm bact eria t o  clear ance by ant ibodies 
and phagocyt es r emains obs cur e, it is unequi vocally a gener al phenomenon 
t hat biofilms pers ist in s pit e of t he vigorous immunologi cal and i nfl ammat ory 
r eacti ons of t he i nfect ed host . 

IMPACT OF THE BIOFILM CONCEPT ON 

EXPERIMENTAL DESIGN 

The development of met hods for t he quantit ative r ecovery of bact eri a from 
bi ofi lm populati ons was an i mport ant first st ep i n  t he genesis of t he bi ofi lm 
concept (45). Becaus e  t hes e biofi lms are coher ent and conti nuous str uct ures , 
t hey can be r emoved by s cr aping wit h  a st erile s calpel blade. Addit ional 
s essi le cells can t hen be r emoved fr om t he colonized s ur face by i rri gat ion 
usi ng a P asteur pipett e .  The Robbi ns devi ce (79, 90) pr ovi des dis clik e s ample 
st uds whos e  si des and back ar e st er ile. The s cr aped mat eri al, t he irrigati on 
flui d, and th e st ud its elf can be pr ocess ed t oget her by vort ex mixing and 
gent le s onicati on (45, 90) . P lat ing of th e dis pers ed bact eri al cells fr om fully 
dis rupt ed nat ur al bi ofi lms us ually yi elds a count about one logarit hmi c  unit 
lower t han t he acri dine or ange dir ect count (AODC) of t he s ame pr eparat ion 
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(43). We attribute this consistent discrepancy to the incomplete dispersal of 
biofilm fragments into single cells and to the presence of some dead bacteria 
that were either dead within the biofilm or killed during recovery and process­
ing. Some bacteria remain on the colonized surface and some may be killed 
during dispersal by vortex mixing and sonication, so quantitative recovery 
data should be expressed as the minimum number of organisms present in the 
biofilm on each square centimeter of the colonized surface. New methods are 
now available for determining the viability [2-(P-iodophenyl)-3-(p­
nitrophenyl)-5-phenyltetrazolium chloride (INT) technique (119)] and the 
metabolic activity [sessile heterotrophic potential (30, 60)] of bacteria within 
biofilms. The surfaces within a given system should be examined by several 
of these techniques to determine whether the majority of living cells within 
the biofilm are recovered by the quantitative recovery techniques used. 
Recovery media must often be adjusted to obtain isolates corresponding to the 
important morphological types (e.g .  spirochetes) and physiological activities 
(e.g .  urease activity) seen by direct observation of the biofilm in situ. 

A preliminary ecological examination of an entire aquatic system is a 
necessary step in the design of a sampling program that will yield reliable and 
useful data. In environmental, industrial, and medical systems a simple 
preliminary statement of the approximate number and type (e.g .  gram­
positive rods) of bacterial cells on surfaces and in fluids throughout the system 
allows us to design a rational sampling program. If planktonic bacterial cells 
constitute the problem, planktonic samples are of paramount importance, and 
well designed sessile samples may permit detection of biofilms that periodi­
cally shed these free-floating cells. Conventional planktonic minimal in­
hibitory concentration (MIC) data will predict the concentration of antibiotics 
or biocides necessary to control these planktonic populations,  and sessile MIC 
data (90) will predict the amount of these agents necessary to kill bacteria 
within the biofilms where they may have originated. 

When a problem demonstrably involves biofilm bacteria, it is important 
that biofilm samples be obtained and that sessile MIC data be used to design 
biocide and antibiotic treatment strategies . When sessile samples cannot be 
obtained, planktonic bacteria from the affected system may be induced to 
produce biofilms outside the system, and potential control agents may be 
tested against these sessile organisms (90). The most important principle in 
these basically ecological studies of whole systems is that many different 
types of samples and many different types of data are useful, but we must not 
extrapolate from test tube-grown cells to individual planktonic cells or to 
biofilm cells in determining activities or sensitivity to antibacterial agents . 

Because we acknowledge the phenomenal phenotypic plasticity of bacteria ,  
we place an especially high value on direct observations or  measurements of 
the activity of bacterial cells growing in the system of interest. Modem 
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monoclonal antibody probes (16) allow us to detect the bacterial production of 
specific adhesins (17) or toxins on the infected tissue and thus to assess their 
role, if any, in the etiology of particular diseases. Alternatively, the immune 
system of an infected animal or patient constitutes a remarkably sensitive 
monitor of bacteria growing in affected tissues . When bacteria grow within 
protected biofilms in chronic bacterial infections , the host' s  immune system 
recognizes and produces antibodies against only a limited number of bacterial 
antigens (54, 63) .  Detailed XIE (63) or immunoblotting (4) analyses of sera 
from infected patients reveal which bacterial surface structures are produced 
in situ and sufficiently accessible to the immune system to stimulate the 
production of specific antibodies . The emergence of planktonic bacteria from 
protected biofilm foci can be detected by a sharp rise in the number of 
different antibodies produced (54) , and these instances of bacterial dissemina­
tion can often be effectively treated with antibiotics. Special immunological 
methods can detect both the formation of immune complexes (35 , 53,  1 17) 
and their r,�solution by natural increases in leukocyte elastase activity (37) or 
by therapy with immune suppressants (5). When the formation of immune 
complexes can be accurately monitored in individual patients , this devastating 
sequel of chronic bacterial infections due to the biofilm mode of growth may 
be effectively controlled by selective immune suppression (5) . In many 
chronic biofilm diseases the causative organisms are difficult to recover 
because of sampling and microbiological problems, but experience leads us to 
expect the involvement of certain pathogenic bacteria (46) . The use of XIE 
and immunoblotting techniques may permit immunologic identification of 
these pathogens by the detection of rising titers of antibodies against specific 
marker antigens characteristic of certain species (e.g.  Bacteroides fragilis) . 

The biofilm concept has prompted the development of several new tech­
niques, bUll perhaps its greatest impact in the area of methodology has been to 
force us to examine conventional sampling and analytical techniques to 
determine exactly what each can tell us about the coordinated functioning of 
whole microbial ecosystems in nature and in disease. 

EPILOG 

Because the breadth of this review has necessitated some generalizations , it 
may be useful to summarize major points that are supported by unequivocal 
evidence. Using methods of light and electron microscopy that can cause their 
loss but not their acquisition, bacterial biofilms have been found adhered to 
most surfaces in all except the most oligotrophic environments (22) . Detailed 
examination of biofilms in several of these environments has shown a second­
ary level of organization in which bacteria form structured consortia with cells 
of other species (106) or with cells of host tissues (19). Within these 
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consortia, instances of physiological cooperativity have been detected ( 19 ,  

1 06). Biofilms have been found o n  the surfaces of biomaterials (3 1 ,  48 , 70) 

and tissues (62 , 78,  82) in chronic bacterial diseases characterized by their 
resistance to antibiotic chemotherapy and clearance by humoral or cellular 
host defense mechanisms (24). Bacterial biofilms constitute a hydrated 
viscous phase composed of cells and their exopolysaccharide matrices , within 
which molecules and ions may occur in concentrations different from those in 
the bulk fluid phase (29) . Bacterial cells respond to changes in their im­
mediate environments by a remarkable phenotypic plasticity ( 1 2) involving 
changes in their physiology (60; C. S .  Dow , R. Whittenbury & D. Kelly, 
unpublished) , their cell surface structure ( 10) , and their resistance to anti­
microbial agents ( 1 1 ,  90) . Compelling evidence shows that bacteria growing 
in diseased tissue (3,  4, 105) differ from test tube-grown cells of the same 
organism in several important parameters , and extrapolation from in vitro data 
to actual bacterial ecosystems is now even more strongly contraindicated. 

Techniques have been developed for the direct observation of biofilm 
bacteria (30) on inert surfaces and tissues , including mucus-covered epithelia 
(99), and for their quantitative recovery from these colonized surfaces (45 , 

90) . New in situ techniques allow the detection of specific cell surface 
structures ( 14,  1 6) ,  the measurement of general (30) and specific (8 1 )  

metabolic activities , and the assessment of antibiotic sensitivity (90) i n  intact 
biofilms. The demonstrated ubiquity of bacterial biofilms, their established 
importance in many industrial and medical problems, and this new availabil­
ity of methods for their detection and analysis should herald an exciting era in 
which microbiologists will come to recognize and perhaps counteract this 
basic bacterial strategy for growth and survival in nature and disease. 
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