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ABSTRACT

Dircet observations have clearly shown that biofilm bacteria predominate,
numericaily and metabolically, in virtually all nutrient-sufficient ecosystems.
Therefore, these sessile organisms predominate in most of the environmental,
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industrial, and medical problems and processes of interest to microbiologists.
If biofilm bacteria were simply planktonic cells that had adhered to a surface,
this revelation would be unimportant, but they are demonstrably and pro-
foundly different. We first noted that biofilm cells are at least 500 times more
resistant to antibacterial agents, Now we have discovered that adhesion triggers
the expression of a o factor that derepress a large number of genes so that
biofilm cells are clearly phenotypically distinet from their planktonic counter-
parts, Each biofilm bacterium lives in a customized microniche in a complex
microbial community that has primitive homeostasis, a primitive circulatory
system, and metabolic cooperativity, and each of these sessile cells reacts to
its special environment so that it differs fondamentally from a planktonic cell
of the same species.

DEFINITION

Biofilms are defined as matrix-enclosed bacterial populations adherent to each
other and/or to surfaces or interfaces, This definition includes microbial ag-
gregates and floccules and also adherent populations within the pore spaces
of porous media.

INTRODUCTION

The real significance of bacterial biofilms has gradually emerged since their
first description (126), and the first recognition of their ubiquity (29), It has
become increasingly clear that biofilms constitute a distinct growth phase of
bacteria that is profoundly different from the planktonic growth phase studied
so assiduously during the 15 decades following the discoveries of Louis
Pasteur,

During the complex process of adhesion, bacterial cells alter their pheno-
types in response to the proximity of a surface (49, 78). During the earliest
stages of biofilm formation, sessile bacteria find themselves in a stable juxta-
position with cells of the same species and with those of other species, as
single-species and mixed-species microcolonies are formed (82, 91). These

cellular juxtapositions, and the exuberant exopolysaccharide matrix production

within the developing biofilm, condition the microenvironment of each biofilm
bacteriuma (115). Different biofilm bacteria respond to their specific microen-
vironmental conditions (59) with different growth patterns, and a structurally
complex mature biofilm gradually develops. Physiological cooperativity is a
major factor in shaping the structure and in establishing the eventual juxtapo-
sitions that make mature biofilms very efficient microbial communities adher-
ent to surfaces (48),

Protein structure and sequential transcription dictate the elaborate structures
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of enzyme complexes, These complexes—because they are much more effi-
cient than random mixtures of floating enzyme molecules—are predominant
in all biological systems. At a higher level of organization, bacteria within
biofilms benefit from similar stable juxtaposition and similar. physiological
cooperativity; such bacteria therefore constitute a coordinated functional com-
munity that is much more efficient than mixed populations of floating plank-
tonic organisms (31). In fact, biofilms resemble the tissues formed by eukar-
yotic cells, in their physiological cooperativity and in the extent to which they
are protected from variations in bulk phase conditions by a primitive homeo-
stasis provided by the biofilm matrix, The analogy with eukaryotic organisms
can even be extended to dissemination strategies, in which physiclogically
efficient, well-protected communities of cells constitute the most successful
and most competitive expression of the genome, while less efficient planktonic
cells are produced in order to disseminate and to colonize new locations.

As disciples of Koch and Pasteur, we have been taught to extrapolate from
single-species laboratory cultures to predict bacterial behavior in actual envi-
ronments. With modern tools we can now make direct observations of structure
and of chemical function in living biofilms growing in specific ecosystems,
‘This perception of functional biofilm communities, reinforced by novel meth-
ods for direct observation, will usher in a new golden age of understanding in
virtually all fields of microbiology.

DISTRIBUTION AND UBIQUITY OF BIOFILMS

Bacteria constitute the most successful form of life on earth, in terms of total
biomass and in terms of the varjety and extent of habitats colonized. The pivotal
reason for this success is phenotypic plasticity (16). The bacterial genotype is
extensive, but it is the ability of this genotype to respond phenotypically to
environmental stimuli, rather than the power of its genetic repertoire, that has
produced the remarkable success of the bacteria, A general phenotypic sirategy
has recently become apparent in-a majority of bacterial strains, as we have
come to understand more of the modes of growth that these organisms can
adopt in response to changing growth conditions,

The cells of such ubiquitous bacterial species as Pseudomonas aeruginosa -
respond to favorable nutrient conditions by adhering to available surfaces and
by binary fission and exopolymer production to develop mature biofilms.
These rod-shaped vegetative cells (0.8 X 1.2 pm) grow predominantly in this
matrix-enclosed sessile mode of growth, in which they are protected from
adverse environmental conditions and from biological and chemical antibac-
terial agents. This protection is sacrificed by the planktonic cells that are
periodically shed from established biofilms so that new fresh habitats can be
colonized with new biofilms, When nutrient conditions become unfavorable,
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both sessile and planktonic cells (69) of this species are sharply reduced in
size to form very small (& 0.3 um), spherical ultramicrobacteria by a process
that is now well documented as starvation survival (70). In this reversible
process the DNA of the bacterial cell is stabilized while its metabolic capa-
bilities are selectively jettisoned to produce dormant cells that can be fully
resuscitated many years later. Reduced to its simplest form, this bacterial
" strategy clearly favors the formation of stationary, metabolically cooperative
biofilms in favorable nutrient conditions and of planktonic cells or of dermant
ultramicrobacteria when the interests of the species are best served by dissemi-
nation and/or by simple survival,

Prior to 1978, biofilms had been described in a certain number of aquatic
systems (91, 92, 127), but the proportion of bacteria in a given ecosystem that
grew in these adherent populations had not generally been determined. In 1978
Geesey et al (52) adapted a whole series of quantitative recovery methods to
allow us to enumerate biofilm bacteria in a pristine mountain stream, and to
compare their numbers and their activity with those of planktonic bacteria in
the same aquatic system, When biofilm bacteria were clearly shown to pre-
dominate in numbers and in metabolic activity, these new methods of quanti-
tative recovery were applied to a large number of aquatic systems in natural
(34), industrial (12), and medical (33, 68) ecosystems, We can now make the
general statement, based upon detailed analysis of hundreds of aquatic systems,
that biofilm populations predominate in virtually all nutrient-sufficient aquatic
systems independent of system geometry and of the type of ecosystem involved
(78), and that these adherent populations have a very significant metabolic
activity (47, 77).

This exhaustive quantitative analysis has now built a sufficient database to
allow us fo predict the extent of biofilm formation in a particular aquatic
system, based on the folowing principles:

1. Metabolically active (vegetative) bacteria show a remarkable avidity for
adhesion to surfaces, and this tendency is especially pronounced in wild-
type cells in natural environments,

2, The extent of biofilm accretion on surfaces in any aquatic system is con-
trolled by the amount of nufrient available for cell replication and for
exopolysaccharide production,

3. Inextremely oligotrophic environments, organic nutrients tend to associate
with available surfaces, and to trigger local biofilm development, but
bacteria generally do not adhere to surfaces in very nuirient-deficient
ecosystems.

Using these principles, we can predict the extent to which biofilm will develop
in particular water systems and compare these predictions with direct obser-
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vations of natural systems within which many local factors may be almost
equally important,

It is clear that virtually afl body fluids provide sufficient organic nutrients
for optimal bacterial growth, and we would therefore predict that most plastic
and metal surfaces of medical devices would accrete bacterial biofilms when
bacteria are present in these fluids. The development of the biofilms that are
the actual etiological agents of infections associated with a wide variety of
medical devices attests to the accuracy of this prediction and shows that this
accretion process operates in spite of shear forces such as those generated on
contact lenses by blinking and on heart valves by blood flow. Once established,
the biofilm's natural resistance to natural surfactants (5), phagocytosis (65),
and antibiotic therapy (4) allow it to remain as a continuing nidus of living
bacteria long after all planktonic organisms have been killed by these host
defense factors and by antibacterial agents. Natural endothelial surfaces are
more resistant {0 bacterial adhesion and subsequent biofitm formation, because
(a) antibacterial components of the tissue-surface milieu (e.g. tissue-associated
antibodies) can kill planktonic bacteria as they approach the tissue surface and
(b) cellular immunity (phagocytic activity) is fully functional on tissue sur-
" faces, When tissue surfaces are covered by thick (>400 pm) biofilims of native
(autochthonous) bacteria that condition the tissue-surface milieu by their physi-
ological activity (e.g. lactobacilli in the vagina), the actual tissue surface is
well protected from the adhesion of extraneous (allochthonous) organisms,
Even though the intestine is equally replete with organic nutrients, alloch-
thonous organisms require very special colonization mechanisms to adhere to
the tissue surface, because this surface is covered by a >400 pm thick mucus
layer (10) whose viscosity, movement, and autochthonous microbial popula-
tion make colonization and biofilm development very difficult. The wholesale
stoughing of colonized bladder endothelium and the remarkable antibacterial
mechanisms of the eye are two additional examples of the many mechanisms
that protect healthy tissues from bacterial adhesion, biofilm formation, and
subsequent infection,

In natural and industrial aquatic systems that contain sufficient nutrients for
bacterial growth and metabolism we predict, and we note, rapid biofilm ac-
cretion on available surfaces (46, 77). This bacterial adhesion is especially
rapid and specific if the surface in question is itself a nutrient, as in the case
of cellulose and its analogs (32). The adhesion of the bacteria, and their
subsequent formation of biofilms, is rapid and is remarkably unaffected by the
physical or chemical nature of the surface concerned or by flow regimen in
the bulk fluid. Biofilm formation leads to flow modification in linear systems
(22) and to plugging in porous media; engineers are thoroughly familiar with
the effects of these biofilms in such familiar configurations as heat-exchangers
~ and sand filters, Indeed, sanitary engineers have for decades encouraged the
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development of biofilm populations in trickiing filters and in anaerobic diges-
tors in order to decrease the organic content of treated wastewater by their
metabolic activity, While sloughing events and reactions to toxic materials
may cause variations in biofilm accretion and metabolic activity, these attached
populations usually burgeon until they reach self-generated limitations of space
or of sustained flow, and they can actually block conduits of considerable
diameter,

In oligotrophic aquatic systems, in both natural and industrial ecosystems,
the remarkable plasticity of bacteria is scen most clearly. First principles of
surface chemistry predict that organic molecules will concentrate at certain
areas of surfaces, and first principles of bacterial adhesion predict that bacteria
will adhere to areas of the surface enriched by this process. Adherent bacteria
will form biofilms to an extent dictated by nutrient availability in their par-
ticular microniche (61), but they may not adhere and they certainly will not
form biofilms where nutrients are lacking (102). The ability of bacteria to form
stable, essentially dormant uliramicrobacteria under very oligotrophic (starva-
tion) conditions lends a remarkable plasticity to biofilms in these ecosystems,
In extremely oligotrophic systems, the bulk fluid will certainly contain ultrami-
crobacteria-(70) that may associate with surfaces but lack the metabolic capa-
bility for exopolysaccharide production to accomplish cellular adhesion and
biofilm formation. If nutrients become available, then these very small (£ 0.3
pim in diameter) ultramicrobacteria will resuscitate to form vegetative cells
and even to form biofilms on available surfaces (88). When these nutrients are
exhausted, the biofilm of resuscitated bacteria will persist, subsisting on its
trapped nutrients, but newly produced cells at the periphery will experience
starvation and will produce and shed ultramicrobacteria as their prime starva-
tion-survival response (70). Thus, the overall strategy of bacteria in oligotro-

phic environments is to grow in biofilms on surfaces where nutrients are locally -

available and to persist in nutrient-deprived zones as floating, dormant ultrami-
crobacteria with the full capability of returning to the vegetative state when
nufrients again become available,

THE STRUCTURE OF BIOFILMS

The advent of inexpensive high-speed computers and increasingly sophisti-
cated software has transformed traditional microscopic observation into the
discipline of analytical imaging. Of the many recent digital imaging devices
now available, confocal scanning laser microscopy (CSLM) (108) has proven
particularly well suited for the study of microbial biofilms, CSLM allows the
nondestructive, in situ analysis of living, fully hydrated biofilms without the
need for harsh chemical fixation or embedding techniques. This feature, cou-
pled with the ability to extract optical thin sections from specific biofilm
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locations digitally, free from out-of-focus optical interference, permits the
direct examination of complex xy and xz spatial and chemical relationships
that exist between bacteria, their extraceilular products, and their environment
(118). The episcopic nature of CSLM also enables the examination of biofilms
cultivated on nontransparent surfaces (e.g. minerals, metals, gels, synthetics,
etc) (23-25, 79), greatly expanding the types of analyses that may be per-
formed, In conjunction with an expanding array of environmentally and chemi-
cally sensitive fluorescent molecular probes (2, 40, 60, 110, 114), CSLM may
be used to provide detailed information on cell morphology, cellular metabo-
lism, cell phylogeny, microenvironment chemistry, as well as the physical
architecture and chemistry of the biofilm matrix and associated polymers.

Direct digital tools of examination, supported by indirect chemical and
physical means such as microelectrode probes, have already led to the revision
of our early rendering of biofilms, from one of a homogeneous distribution of
cells in a uniform exopolysaccharide matrix (106, 116) to a model based upon
significant variability and heterogeneity (34, 38, 73, 79). Earlier studies using
both light and electronmicroscopy had sometimes suggested that microbial
biofilms were heterogeneous in structure (8). Recent studies show living bio-
films to consist of a variable distribution of cells and cellular aggregates, their
extracellular polymers, and void spaces or water channels, which may or may
not be continuous with the bulk liquid phase (67, 73, 74, 95, 111, 120). The
spatially defined pattern of these elements has been termed biofilm “architec-
ture’” by Lawrence et al (79), and is often species-specific for pure-culture
biofilms, as well as substrate-specific for certain microbial consortia (79, 120).

Notably, heterogeneous biofilm archifechiure’ does not appear to be the sole
function, or the result, of mixtures of different organisms with variable growth
habits inhabiting a similar niche, Pure-culture biofilms also accommodate
many of the heterogeneous features found in mixed-cultured biofitms, suggest-
ing a fundamental relationship between biofilm structure and in situ function.
Recurrent patterns of various structural elements in both pure and mixed-spe-
cies biofilms (72-75, 80) further support the premise that basic functional
requisites underlie biofilm structure, and that structural diversity actually re-
flects the adaptation of unicellular organisms to a diverse range of physical,
chemical, and communal circumstances on surfaces.

As Revealed by Confocal Scanning Laser Microscopy and
Fluorescent Probes

CSLM analysis of microbial biofilms may be performed using a wide range

of specific fluorescent probes and nonspecific fluorescent compounds. Non-
toxic, nonspecific fluor compounds offer a number of clear benefits for archi-
tectural or structural investigations, however. For example, the exclusion by
biofilm bacteria of fluorescent compounds added directly to the culture me-
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dium (e.g. fluorescein) causes cells to appear negatively stained when viewed
with CSLM (24), Bleaching, or fading, of the fluorescent signal following
repeated laser scans is precluded using this method, as the fluor is continually
replenished at the cell boundary. Furthermore, the nontoxic nature of fluo-
rescein permits the temporal analysis of biofilm development or response
without inhibiting normal cell function or growth (24).

Through use of CSLM and negative staining, qualitative differences in
pure-culture biofilm architecture have been defermined in terms of the amount
of biofilm biomass present at different depths or xy-biofilm locations {71, 79,
80). Variability in the distribution of biomass of 24 h P. fluorescens, P.
aeruginosa, and Vibrio parahaemolyticus biofilms has clearly demonstrated
the tendency for biofilm bacteria to form aggregates at different horizontal and
vertical sites (79), and that area of highest cell density varies among different
species. For example, P. aeruginosa biofilms were characterized by a dense
cell mass located near the biofilm base (27% biomass area at the attachment
surface), whereas V. parahaemolyticus biofilms exhibited an inverted pyramid
structure, with the most biofilm biomass located nearest the biofilm-liquid
interface (16% biomass area af the ~3 [im section depth). Significantly, studies
of this nature (71, 74, 79) have repeatedly confirmed that living biofilms are
highly hydrated, with 50-90% of the total area at each sectioning depth con-
sisting either of polymer and/or void space (liquid},

Recent CSLM examinations of P. fluorescens biofilms further detailed the
spatial variability that exists within pure-culture biofilm systems. Depth meas-
urements performed at defined xy locations revealed the depth of P, fluorescens
biofilms after 24.h to be 42£19 pm. The variability in depth measurements

-was the consequence of adjacent regions where either channels or microcolo-

nies predominated. After 72 h, the average depth of P. fluorescens biofilms
remained constant (74), but the variability, which correlated with the continued
growth of channels and the enlargement of cellular aggregates, increased to
42428 pm, The actual depth measurements measured for P. fluorescens bio-
films after 72 h varied from 0 to 90 pm. Similarly, Stewart et al (111) used a
light microscopic procedure to characterize the variability in depth of P, geru-
ginosa biofilms, In this case, the mean biofilm depth was reported to be 33
pm, with a range of 13,3 10.60 pm, These data, which may be presented in
the form of 3D topographic maps (73) or 2D distance-biofilm thickness profiles
(111), have the potential for refining biofilm fluid friction coefficients and
models of molecular diffusion, Figure 1 illustrates the clarity of these CSLM
images, which can be manipulated to produce a sagittal (xz) or a horizontal
{xy) section from the same data, The sagittal section (upper image} is produced
at the top edge of the horizontal section (lower image), and this combination
clearly shows the microcolonies and the water channels within a living 24 h
P. fluorescens biofilm positively stained with fluorescein.
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Figure 1 CSLM optical thin sections showing the bacterial microcolonies and the water channels
within a living, positively stained 24h P. fluorescens biofilim. ‘The upper section shows a sagittal
{vertical) xz section, and the lower section shows the corresponding horizontal xy section, whose
upper boundary indicates the location of the sagittal section, Bar = 25 tm.

Using high-magnification CSLM imaging, the volumetric significance of
structures such as water channels is difficult to determine with certainty.
Low-magnification CSL.M analyses, performed over large regions of contigu-
ous biofilm (arcas 2 1 mm?), lack the cell-level resolution afforded by high-
numerical-aperture lenses but can resolve, and be used for quantification of,
gross architectural features such as water channels and cell masses. Figure 2
shows a 1 X 105 pm? montage (consisting of 12 low-magnification optical thin
sections of a 48 h P. fluorescens biofilm grown under low-flow conditions
(~0.1 cm sec™). In this presentation, the quasi-regular array of channels and
pores (occurring at 20-40 pm intervals) is clearly evident, and not a rare event.
This very regular array of water channels is commonly seen in pure-culture
biofilms formed under certain flow regimens, but mixed-species natural bio-
films often display a much less regular architecture.

Detailed CSLM architectural sudies of a diclofop methyl-degrading micro-
bial consortium {120) linked the structure of biofilms with the nature of the
carbon source, When aromatic hydrocarbons were provided as the sole carbon
source, biofilm thickness increased, and spatial relationships—including coni-




Figure2 Montageof 12 low-magnification CSLM images of a 24 h P, fluorescens biofilm imaged
using fluocescein and negative stalning. Individual images were digitally positioned in xy alignment
to create a montage ~ 1 x 10° ;u:ﬂ2 inares, clearly showing a spatial patter of microcolonies (dark)
and water channels Qight).

cal bacterial microcolonies, grapelike clusters of cocci, and chemically defined
intra- and intergeneric associations—developed after 14-21 days. When the
same microbial consortinm was grown on a more labile carbon source, biofilms
were more homogeneous and less thick, and clear cellular associations were
not evident, Furthermore, these architectural patterns could be controlled by
alternating substrate. In these cases, biofilms initially grown on 300 pg ml!
trypticase soy broth (TSB) for 21 days regained the attributes of biofilms grown
solely on diclofop methyl 2 days after switching to 14 pg mi-! diclofop methyl.

The difference between the architectures of pure and mixed-species biofilms
may be rationalized in terms of nuirient limitation in the case of pure~culture
biofilms, and niche exploitation in the case of mixed-species biofilms, The
regular array of channels and aggregates seen in P, fluorescens biofilms would
provide an altemnate (lateral) route for the transport of nutrients and oxygen to
the biofilm base without having to diffuse through the entire vertical length of
the film, Trulear (113) previously showed that aerobic P. aeruginosa biofilms
grew to ~30 to 40 pm in depth as monocultures, but increased in depth to ~130
um when the culture was amended with anaerobic bacteria. This indirect
evidence suggests that depletion of oxygen—not of nutrients—limited the
vertical development of the P. aeruginosa biofilm.

In terms of penetration of nutrients, celtular wastes, or antimicrobial agents,
a quantum model for molecular diffusion may apply (27). Biofilm channels,
largely agueous and under the influence of advective transport in addition to
simple diffusion, would represent the primary level, and may consequently
facilitate transport of molecules to the depths of the biofilm, Smaller pores or
conduits, which permeate cellular aggregates, would represent the secondary
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level, since (a) advective processes would be minimized and (b) microbial
exopolysaccaride (EPS) may occupy the pore space, Pores are not necessarily
connected with water channels, and may occur as voids or cavities within an
aggregate of bacteria. At the tertiary level, cellular aggregates and associated
EPS would hinder diffusion most significantly, as no advection would occur
in these zones and molecular transport would be solely diffusion-driven.
- A number of fluorescent probes are suitable for the in situ analysis of biofilm
population architecture. Thus, the role(s) that specific, or indicator, strains play
during these processes may be examined at the phylogenetic, immunological,
ultrastructural, or morphological level without the need to isolate the organism
from other biofilm community members, This is a significant methodological
advance, since many metabolically significant biofilm bacteria are not ame-
nable to growth in pure culture, leading to an underestimation of the natural
biofilm biodiversity. Furthermore, it is difficult to find a correlation between
reproductive success of an isolate in pure culture and reproductive success of
the same organism in a mixed-species biofilm, Fluorescently conjugated 165
IRNA probes are now roufinely used for the phylogenetic analysis of micro-
biological systems. Such molecular probes, in conjunction with either epifluo-
rescence microscopy or CSLM, have already beén used to catalog (in some
cases, to the subspecies Ievel) the genetic biodiversity that exists within com-
plex biofilm systems. Studies conducted to date include qualitative and quan-
titative examinations of the bovine intestinal microflora, sewage-degrading
consortia, and soil communities (3, 58, 110). Immunological approaches have
been used extensively for determinative epiflucrescent microscopy applica-
tions (15, 62, 87), and have a similar potential for wide application in CSLM
studies, Relatively few workers have utilized fluor-conjugated antibodies for
determinative CSLM studies to date. One such study (64) used a polyclonal
antibody specific for an Acinetobacter sp. 10 examine the distribution of these
cells within a 24 h triculiure biofilm also containing P, fluorescens and Aero-
monas hydrophila. The Pseudomonas and Aeromonas spp. were identified
based on their morphologies; thus the horizontal and vertical variability in
biofilm biomass contributed by each species could readily be determined.
Broader parameters for the identification of bacteria may be established on
the basis of cellular morphology, cellular ulirastructure, or cell metabolic
capabilities. For example, commercially available fluorescent gram stains de-
tect gram* or gram” bacteria through a simple, one-step staining procedure.
Identification of methanogenic bacteria within mixed-species biofilms is fa-
cilitated by the autofluorescence of coenzyme Fy (involved in CO, reduction)
following low-wavelength light excitation (43). Methanothrix methanobre-
vibacter and Methanosarcina spp, have been tentatively identified from
sludge-digesting biofilms based on their 420-nm excitable fluorescence and
unique cell morphologies. :
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As Revealed by Microsensors

The structural heterogeneity that has been directly observed by CSLM, with
and without the use of fluorescent probes, suggests very important ramifica-
tions regarding mass transfer within biofilms, Even before this structural het-
erogeneity was discovered, some workers (109) had hypothesized that there
was convective flow through pores in the biofilm because the effective diffu-
sion coefficient in acrobic biofilms was dependent on flow conditions and on
biofilm structure. Once these pores were actually visualized using CSLM, we
resolved to use microsensors (38) to measure the concentration of substrates
directly in various regions of the biofilm during observation by direct micros-
copy. We used a dissolved oxygen (DO) microelectrode to study the distribu-
tion of oxygen in an aerobic biofilm within which water channels and cellular
microcolonies could be clearly resolved by CSLM (Figure 3A-C). When this
microelectrode was advanced from the butk fluid through the bulk fluid-biofilm
jnterface (at 100-200 jum) and into a dense, matrix-enclosed microcolony
(Figure 34), the data from the DO sensor showed that the DO values decreased
at the interface and reached almost totally anoxic values in the center of the
microcolony (Figure 3B) and at the colonized surface (0.0 pm). When the DO -
microsensor was moved to an adjacent position where it would advance from
the bulk fluid through the bulk fluid-biofilm interface and into a much less
dense, cell-free water channel (Figure 3C), significant levels of dissolved
oxygen were seen at all levels (Figure 3D), including at the colonized surface
(0.0 pm). These data clearly show that the structural heterogencity of the
biofilm predicates a corresponding heterogeneity in the distribution of an
important physiological substrate: dissolved oxygen. The water channels ap-
pear to transport oxygen into the biofilm, but diffusion limitations and oxygen -
utilization produce very low oxygen levels at the centers of cellular micro-
colonies, and these direct observations of living biofilms may explain the
existence, and even the physiological activity, of fastidious anaerobes within
mixed biofilms in aerobic environmenis.

As Revealed by NMR and by Flow Studies

Another hypothesis that emanates from the conceptual model of biofilm struc-
ture presented in Figures 1-3 is the possibility of water movement within the
biofilm. Intrabiofilm flow would profoundly affect mass transport within
biofilms, and this concept would refute the fundamental assumption (116) of
biofilm process modelling that mass transport within the biofilm is entirely
due to molecular diffusion. This hypothesis has been examined by two direct
methods: nuclear magnetic resonance imaging (NMRI) and particle image
velocimetry (PIV).
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Figure 3 CSLM images (A and C) of a 24 h mixed-species biofilm showing the location (arrows)

of a dissolved oxygen electrode within a microcolony (4) and within an adjacent water channe} (C).
B shows the oxygen profile as the probe is advanced from the bulk fiuid into the microcolony (4)
and eventually to the colonized surface (depth = 0 mm). D shows & corresponding oxygen profile
as the probe is advanced into a water channel (C). These direct observations of a living biofilm
clearly show that the microcolony is anaerobic, while the adjoining water channel contains oxygen
throughout its depth,

NMRI provides a direct and non-invasive technique for the study of the
chemicai and physical properties of small samples and for spatial mapping, or
imaging, of larger systems. Morris (97) provides detailed descriptions of cur-
rent NMRI methods. Our most recent set of experiments (85, 86) used a reactor
with a rectangular cross-section, and NMRLvelocity measurements were per-
formed at four different flow rates with and without biofilm in the reactor. The
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flow profiles in spatial cross-sectional coordinates at 15 cm from the inlet
indicated that in the reactor with biofilm, increased bulk flow velocity did not
affect the character of the velocity profiles. On the other hand, in the reactor
without biofilm, bulk flow velocities above 2.4 cm/s had a pronounced effect
in these velocity profiles; an increase to 4.0 cm/s resulted in the formation of
a jet, and an increase to 4.6 cm/s produced an even more dramatic jet. Such
behavior can be explained in texms of the entry length required for development
of the velocity profile. The entry length for laminar pipe and channel flows is
proportional to the Reynolds number (equation 1), where v is the kinematic
viscosity, A is the cross-sectional area, and P is the wetted perimeter, When
the reactor walls are covered with a thick biofilm layer, the flow area does not
change much, but the wetted perimeter may increase dramatically, since the
biofilm has a very well-developed surface. This effect may stabilize the flow
(i.e. decrease the Reynolds number), and consequently the coverage of the
surface of a narrow conduit with a biofilm under certain circumstances may
stabilize the flow near the surface.

Re=—— 1.

We also determined velocity profiles at the same Iocation in identical flat-
plate reactors in which thicker bacterial biofilms had been developed for either
3 or 4 days, Small non-uniformities (kinks) were apparent near the reactor
walls, indicating that there is flow of the bulk solution in an area that is partially
occupied by the biofilm. If flow above the biofilm surface is convective and
if only molecular diffusion is operative below the biofilm interface (116), then
the biofilm surface should behave as a rigid surface at which flow velocity
reaches zero. Because this is clearly not the case, these data strongly suggest
that there is convective flow of water within the biofilm layer, but the data are
not unequivocal because the effective slice thickness in our NMR apparatus
is 5 mm and the biofilm may not be uniform throughout this slice width.

We then tumed to an almost equally non-invasive technique (PIV) that has
yielded high-resolution data in a number of studies of flow velocity in complex
systems. In our laboratory, a Bio-Rad MRC600 confocal scanning laser mi-
croscope (CSLM) was used in conjunction with an Olympus BH2 light mi-
croscope for simultancous paticle tracking and biofilm visualization.
Neutral-density fluorescent latex spheres (Molecular Probes, Eugene Oregon,
density 20°C = 1055 kg/m?, Ex 580 nm/Em 605 nm, diameter = 0.282 pm)
were added to the biofilm reactor to achieve a final concentration of 1 x 107
particles/ml, and velocity images were obtained by capturing images at various
focal depths controlled by a motorized stage. Particles travelling across the
field of view could readily be photographed at recorded intervals (Figure 4),
50 that their velocity could be calculated, and their position within the biofilm

—and ¥ ]{I,W vela cu[a
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Figure4 CSLM image showing the movement of a 0.3 pm fluocescent latex sphere, photographed
at 2 5 intervals, through a water channel within a 24 h P. aeruginosa biofilm, The movement of these
spheres, which occurs in the same direction as the bulk fluid flow (arrow), is used to quantitate
convective ffow in the water channels within biofilms. ’

could also be continuously monitored (112). This direct method of monitoring
particle movement within living biofilms produced unequivocal data to show
that convective flow occurs in the water channels within bacterial biofilms.
This direct measurement of flow using PIV can also be used in bulk fluids
and in zones adjacent {o surfaces in flowing systems (39), and we have used
it to exanine flow in clean systems and in conduits coated with biofilms, Flow
velocities, as calculated by PIV, are reduced as bulk fluid approaches a clean
surface, The same phenomenon is seen as bulk fluid approaches a biofilm-
coated surface, except that flow does not reach zero at the biofilm surfaces
and direct evidence of convective flow is seen within the biofilm itself (39).
The measurement of velocity profiles in biofilm systems allows the determi-
nation of shear stress both at the canal wall and the biofilm surface, as well
as the estimation of the thickness of the subviscous laminar boundary layer
and of the thickness of the flow regime. These values in furn can be used to
estimate mass, heat, and momentum transfer, which are important for under-
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standing and predicting biofilm growth kinetics and (bio)fouling effects on
various process operations, :

It is clear that hydrodynamic factors influence biofilms in many ways,
including their control of the transport of bacteria to the surface during the
initial stages of colonization (44). After the biofilm has formed, these hydro-
dynamic factors—control of the transport of substrates to, and metabolites
from, the biofilm and shear stress—are related to biofilm erosion and biofilm
sloughing, and to the physical density of the sessile population formed in
various flowing systems (72). Biofilm accumulation changes the hydrodynam-
ics of flowing systems, especially as the thickness of the biofilm becomes
comparable to that of the boundary layer (104). Biofilm accumulation is
essentially an autocatalytic process in that it increases surface roughness (13)
which, in turn, provides shelter from shear forces and increases both the surface
area and convective mass transport near the surface. Exhaustive studies have
shown that biofilm elements may extend outward through the boundary layer
that characterizes flow at all surfaces (35), and increase eddy diffusion and
external mass transfer (109) as well as erosion (105) due to increased shear
forces. Lewandowski & Walser (84) demonstrated that biofilm thickness
reaches a maximum within the transition zone between laminar and turbulent
flow, at a colonized surface, and they postulated that this thickness is limited
by transport of the substrate in the laminar zone and by erosion in the turbulent
zone. These irregular extensions of the biofilm into the bulk fluid are regularly
seen at the surfaces of mixed-species biofilms formed in natural ecosysiems,
where they must be presumed to induce significant levels of turbulent flow,

In summary, direct evidence from examinations of living biofilms has clearly
shown that these sessile accretions of microbial cells may produce surface
roughness that increases turbulence and mass transport at the colonized surface.
Mass transport within the biofilm is further enhanced by convective flow of
the bulk fluid through the water channels that anastomose throughout the
biofilm. This convective flow within the water channels attains a significant
rate, and follows the same direction as the flow of the bulk fluid, so that
microcolonies within the biofilm are effectively bathed by the bulk fluid even
at the deepest levels examined to date.

As Revealed by Electrochemical Measurements

The structural heterogeneity noted above in direct examinations of living
mixed-species biofilms, by relatively non-invasive techniques, must necessar-
jly result in a corresponding chemical heterogeneity vis-a-vis matrix compo-
sition and the concentration of substrate molecules (e.g. oxygen) within the
biofilm. These differences in the structural chemistry of different areas of a
mixed-species biofilm would be exacerbated and reinforced by the metabolic
activity of microcolonies of specific organisms (e.g. organic acid producers),
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Figure 5 Plot of electrochemical data collected using a scanning vibrating electrode (SVE) when
a drop of calcium alginate is placed on the surface of a mild steef coupon, The SVE data detect the
development of a local anode (raised area) beneath the alginate deposit with a ringlike cathode
{depressed area) ontheadjoining area of the steel surface, This non-invasive electrochemical method
can be used to detect anodes and cathodes on surfaces colonized by living blofilms,

and we must expect to find electrochemical differences between different loci -
in a mixed-species biofilm. These electrochemical differences between adja-
cent loci within mixed-species biofilms may constitute the mechanism of
microbially influenced corrosion (MIC), and they must be considered tobe a
factor in the mass transport of charged ions and molecules within the biofilm.
In the most extreme case, a microcolony of matrix-enclosed cells of an acido-
genic species within a mixed-species biofili would constitute a very difficult
target for the diffusional attack of a cationic antimicrobial agent.

Because natural mixed-species biofilms are inherently very complex, we
have chosen to define the factors operative in electrochemical heterogeneity
using single-species biofilms and abiotic systems in which matrix polymers
are applied to surfaces, Geesey et al (53) have shown that a measurable degree
of clectrochemical heterogeneity is established when two different areas of a
copper surface are covered with two different acidic polysaccharides repre-
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sentative of biofilm matrix material. More recently, Lewandowski’s group used

the scanning vibrating electrode (SVE) to map the electrochemistry of metal

surfaces covered by single-species biofilms or by abiotic biofilm matrix ana- .

logs (polysaccharides). This SVE technique detects anodes and cathodes at the

metal surface by detecting gradients of charged species as they stream from

the surface into the bulk fluid. Initial studies have indicated that areas of .
metallic surfaces that are covered by real or by simulated biofilms are anodic, : o

while uncovered areas are generally cathodic (8677 Figure 5SHows the elec- | , Qf)ﬁ ) W?/?H &// ) Zd’ﬁ/ Ve lé? /
trochemical profile, as detected by the SVE] that results when an area of a

mild steel coupon is coversd with a drop of calcium alginate, The raised signat

pattern indicates that a de facto anode has formed under the alginate deposit;

the ringlike depressed trough surrounding this area suggests that a de facto

cathode has developed on the immediately adjacent area of the uncoated metat

surface. Several mechanisms have been suggested to produce electrochemical

heterogeneity in these simple systems, including oxygen concentration differ-

ences and metal concentration differences, and we propose to validate these

putative mechanisms before proceeding to the direct examination of living

mixed-species biofilms using the SVE,

As Revealed by Physicochemical Analyses

Microbial biofilms are characterized in part by the production of an extensive
network of highly hydrated exopolysaccharides (31, 117). EPS production by
biofilm bacteria serves many functions, including the facilitation of the initial
attachment of bacteria to surfaces, the formation and maintenance of micro-
colony and biofilm structure, enhanced biofilm resistance to environmental
stress and antimicrobial agents, protection of the biofilm from protozoan graz-
ing, and biofilm nutrition (1, 20, 26, 93, 103). Biofilm EPS is also highly
heterogeneous and has been demonstrated in situ to vary spatially, chemicatly,
and physically (81, 121, 122, 123). In addition, chemically reactive EPS is
generally the first biofilm structure to come in contact with potential substrates,
predators, antimicrobial agents/antibiotics, and other bacteria, and thus is of
considerable applied and ecological importance.

Biofilm bacteria also produce and maintain chemical microenvironments or
microzones (23, 34, 38, 73, 83) within the biofilm. Spatial and temporal
chemical variation within the biofilm (e.g. gradients of pH, oxygen, etc) per-
mits the involvement of many fastidious bacteria with a limited range of
metabolic capabilities. For example, chemical microzones allow the activity
of anaerobic, corrosion-causing bacteria within aerobic biofilms, methanogenic
syntrophy, reductive dehalogenation of pollutants, fermentative reactions, etc.
The direct study of these features in living, fully hydrated biofilms is now
possible using analytical CSLM and microprobe electrode methods. Examples
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of how these tools may be used to elucidate some of the complex physical and
chemical relationships present within biofilm systems are provided below.

Physical attributes of the biofilm-EPS matrix, such as effective diffusion
coofficients (D,, cm?® sec™!), help to define the penetration of antimicrobial
agents, the transport of nutrients and wastes, and partitioning that may exist
between different biofilm regions. Barriers to diffusion imposed by the cell-
polymer matrix may be examined using fluorescent compounds and CSLM.
For example, fluorescence monitoring and fluorescence recovery after pho-
tobleaching (FRAP), using fluorescein and fluorescein-dextran derivatives,
have been utilized to determine one-dimensional D, values for pure-culture
and mixed-species biofilm systems (75, 76, 81). Using size-fractionated fluors
ranging in molecular weight from 300 to 2 x 10%, it was shown that living
biofilms and their polymers presented a molecular radius-dependent barrier to
diffusion relative to the bulk liquid phase (from ~2 to 13% of D, values for
water), and that D, values also varied between regions of high and low cell/
polymer density. Regions where channels were directly connected with the
bulk aqueous phase correlated with high diffusion coefficients, whereas adja-
cent areas with dense cell materials and polymers had relatively low diffusion
coefficients, The depth of the biofilm materdal (ranging from ~30 to 100 ptm)
was not found to influence the magnitude of D, for pure-culture P, fluorescens
biofilm systems (76).

Fluorescent probes may also delineate interactions that occur between de-
fined fluors and the microbial matrix. Early models of homogeneous biofilms
depicied EPS as possessing a net negative charge. While on average this may
hold true, regional variability in EPS charge distribution has been demonstrated
for mixed-species biofilm model systems by comparing the binding patterns
of polyanionically, cationically, and neutrally charged dextran-fluor conju-
gates, For example, both sewage- and herbicide-degrading mixed-species bio-
films grown in continuous-flow slide culture exhibited considerable spatial
variability in the in situ binding patterns of polyanionically and cationically
charged fluorescent dextrans (75). In a detailed study involving a nine-member,
diclofop methyl-degrading microbial consortium, Wolfaardt et al (122) dem-
onstrated that sites that bound the fluorescent herbicide were predominantly
cationic (determined using polyanionic dextrans) and hydrophobic (determined
using Nile Red), even though immediately adjacent biofilim sites bound cat-
ionic dextrans.

Saccharide-specific fluorescent lectins can also partially characterize the
chemical variability of bacteria and their “exopolymers.” This approach has
previously been utilized for examining polymer footprints left on surfaces by
detached or dislodged bacteria (98), and for in situ characterization of exopo-
lymers produced by bacteria present within a marine microcosm (23). Recently,
Wolfaardt et al (123) applied a panel of fluorescent lecting (specific for various
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isomers of mannose, galactose, glucose, fucose, N-acetyl-glucosamine, sialic
acid, mannose, etc) to compare the EPS moieties produced by a diclofop-de-
grading consortium with the same organisms grown on labile substrate. During
this study, considerable differences (in terms of the relative abundance and
xy-az lectin-binding patterns of different lectins) were found between those
biofilms grown on TSB and those grown on aromatic hydrocarbons. Notably,
biofilms grown on a labile carbon source were considerably more uniform
(both architecturally and chemically) than biofilms grown on more recalcitrant
carbon sources.

" Biofilm-EPS chemistry is significant in cases of indusirial and medical
biofilm control, because the penetration and reactivity of antimicrobial agents
vary with the mesh size and chemical characteristics of the microbial EPS (81).
Determined indirectly, transport of an antimicrobial agent to the base of a
biofilm may be rapid (101); delivery of active molecules to target sites (e.g.
the center of a cell-EPS aggregate) may be significantly hindered, however.
Combined with the potential for bacterial EPS to act as an absorbent (99), this
factor may contribute to the resistance of biofilm bacteria to a wide range of
traditional microbial control strategies (33). Identification of unique zones of
polymer chemistry using direct CSLM methods may thus be used to provide
valuable insight into the mechanisms of resistance, particularly when in situ
determinations of cellular viability (see below) are performed afier inhibitory
treatments.

Identification of chemical microenvironments associated with active bacte-
rial cells and cell aggregates may also be accomplished wsing CSLM and
chemically sensitive (e.g. pH-, Eh-, or ion-sensitive) molecular probes. Figure
6 shows an optical thin section of a living V. parahaemolyticus biofilm probed
with a nontoxic, pH-sensitive fluorescein derivative (5,6-carboxy-fluorescein).
The fluorescent signal returned from regions of biofilm channels is much
greater than that from areas associated with dense cell aggregates, indicating
that the pH in these cell-dense regions is less than that associated with the bulk
aqueous phase, Zones of reduced pH resulting from the activity of acid-pro-
ducing bacteria have previously been inferred from similar studies using pH-
sensitive compounds (23), To date, the majority of such studies have been
conducted for eukaryotic systems in which the cytoplasmic chemistry remains
relatively stable, Within biofilms, in which cell metabolism defines the chemi-
cal microenvironment, calibration of environmentally sensitive fliorescent
indicators is extremely difficult. Simultaneous use of chemically sensitive
fluors with microelectrodes (39, 83), or radiometric pH indicators, which emit
fluorescence in both a pH-dependent and -independent manner (60, 114), may
prove helpful in this regard, Overall, there remains a clear need for the devel-
opment of effective CSLM protocols suitable for routine quantitative analysis
of biofilm chemistry,
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Figure 6 CSLM image of a horizontal {xy) section of a living Vibrio parahaemolyticus biofilm
probed with a pH-sensitive fluorescein derivative: 5,6-carboxy-fluorescein. Areas of high pH retum
a stronger fluorescent signal, and the water channels are clearly more fluorescent than the bacterial
microcolonies, indicating that these cellular aggregates are substantially more acidic. Pixel intensity
is quantitated along a straight line that intersects both microcolonies and water channels,

The control of bicfilm bacteria has been the focus of a vast amounts of
appiied and medical research (17, 18, 45, 54, 55, 100). The reason(s} why
biofilm bacteria are less susceptible to treatments known to kill their planktonic
counterparts remain unclear (18, 31, 100); thus the challenge remains to de-
velop engineered strategies that take into account the features that make bio-
films unique. One possibility is that a spatial distribution of cells of different
physiclogical states exists within the biofilm. Such inherent variability would
possibly function to maintain a poo! of cells at different metabolic states (e.g.
rapid or slow growth), which would be important during survival under adverse
conditions (17, 54). Eng et al (45) recently demonstrated that increased rates
of bacterial growth resulted in the increased efficacy of a range of antimicrobial
agents, No antimicrobial agent tested by Eng and coworkers resulted in more
than 3 orders of magnitude of killing against slowly growing Staphylococcus
aureus, and only quinolones were effective against slowly growing or non-
growing gram-negalive bacteria. In contrast, rapidly growing cells experienced
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almost complete kifling, A wide range of fluorescent probes {based on cyto-
plasmic redox potential, electron transport chain activity, enzymatic activity,
cell membrane potential, or membrane integrity) have been applied to provide
information about the metabolic condition of individual bacteria (7, 107, 125).
For example, formazan salts, propidium iodide, ethidium bromide, acridine
orange, resazurin, thodamine 123, and fluorescent substrate analogs have all
been applied to various degrees in this regard (96). A wide range of newly
developed probes, including RH795, Hoechst 33342, rhodamine 123, calcein
AM, and carbocyanine derivatives (60}, remain to be examined fully regarding
their potential for ecological and applied biofilm research.

Owing to the wide range of different classes of physiological probes avail-
able, it is useful to apply the probe most likely to reflect the type of inactivation
{or activation) that will occur, For example, during a study of the efficacy of
fleroxacin (a fluoroquinolone DNA-gyrase inhibitor) against established (24
h) P. flugrescens biofilms, Korber et al (74) used acridine orange (AO) as an
indicator of altered nucleic acid conformation, Fleroxacin inhibits the super-
coiling of bacterial DNA, thereby altering nucleic acid conformation of af-
fected cells and inhibiting cell replication (actively growing cells become
elongated or pleomorphic). The fluorescence emission (36) of AO varies (efther
in the green or red wavelengths) with the conformation of DNA (the ratio of
double- to single-stranded nucleic acids), Although this approach did not
attempt to determine whether fleroxacin-affected cells were metabolically
crippled or dead, it did identify cells that had undergone some nucleic acid
conformational change as a result of fleroxacin activity, The specificity of this
approach was verified morphologically by analyzing CSLM images; regions
where AO fluorescence indicated cells had been affected by fleroxacin corre-
lated (P < 0.05) with areas of cell elongation (fluoroguinoclones inhibit cell
division, and growing cells consequently elongate). This second morphological
indicator of fleroxacin efficacy also suggested that a gradient of cell growth
rates existed in P. fluorescens biofilms, as cells nearest the bulk liquid phase
experienced the greatest elongation after 48 h exposure to 2 ug ml fleroxacin
(average cell length was 8.142.4 pm at 15 pum section depth vs 1.740.6 pm at
the biofilm base). Application of AQ to detect the activity of fleroxacin proved
much more appropriate than use of an indicator of redox potential, as initial
tests revealed that cells affected by fleroxacin continued to be metabolically
active for periods greater than 24 h.

CSLM studies using fluorescent dextrans with defined charge (either poly-
anionic, cationic, or neutral) have confirmed that the reactivity of mixed-spe-
cles biofilm exopolysaccharide material with these probes is often variable
(122). This is generally not the case for pure~culture biofilms, which are much
more uniform in chemical and structural terms. The binding intensity of
charged dextrans may be modified by specific {reatments, however, For ex-
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Figure 7 CSLM images of a 48 h P. fluorescens biofilm treated with 70 kDa polyanionic
TRITC-dextean before (A) and after (B) the application of a DC electric field sufficient to produce

- the bioelectric effect {12). The native biofifm shows no detectable affinity for this polyanionic probe,
but exposure to the DC electric field produces many eatlonic sites that seact with the probe. These
data suggest that DC fields may exert the bioelectric effect by causing profound changes in biofilm
electrochemistry that facilitate penetration by antibacterial agents,

ample, 70 kDa polyanionic tetramethylrhodamine isothiocyanate (TRITC)-
dextran bound poorly with 48 h P. fluorescens biofilm polymer (Figure 7a),
in agreement with reports that bacterial EPS is generally anionic in nature.
Following application of a DC bioelectrical field (11) to an otherwise identical
biofilm system, however, strong binding patterns were observed (Figure 75).
Such observations may prove valuable for explaining the mechanism by which
mild electric current serves to enhance the efficacy of traditional biofilm-con-
trol strategies (11), and also explain why biofilms are more resistant to control
{reatments than are planktonic bacteria. One possibility is that exposure to DC
current alters the electrical propertics of the EPS by exposing cationically
charged polymer sites or Mg?/Ca** ions, resulting in greater reactivity with
the polyanionically charged dextran.

Summary of Our Current Concept of Biofilm Structure

Direct observations of living biofilms by optical and other non-invasive physi-
cal methods have revealed a novel and exciting complexity of structure (Figure
8). Although we have not yet established that this elaborate system of micro-
colonies and water channels is found in the same form in all biofilms, its
occurrence within natural multispecies biofilms on surfaces in a typical river
indicates that it may be present in this form in many common and important
aquatic environments, ‘
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Figure 8 Conceptual model of the archilecture of a single-species biofilm based on data collected
by CSLM of living biofilms, Some microcolonies are simple conical structures, while others are
mushroom shaped. Convective fluid flow is seenin the water channels between and even below the
microcolonies within these biofilms.

We find it useful to compare the de facto microenvironment of a bacterial
cell in this complex biofiim to that of a planktonic cell of the same organism
(34). Following adhesion to a surface, a bacterial cell undergoes a phenofypic
change that alters many of its structural molecules (see the next section} and
derepresses exopolysaccharide synthesis (37). Cell division coupled with exo-
polysaccharide synthesis would naturally lead to the development of micro-
colonies enclosed in dense slime and attached to the colonized surface. Some
simple cone-shaped microcolonies are seen with developing biofilms, The
persistence of water channels, however, even deep in the biofilm and at the
colonized surface, together with the frequent development of mushroom-
shaped microcolonies (Figure 8), argues powerfully for some form of cell-cell
communication (66) similar to that which mediates the production of fruiting
bodies by myxobacteria. Microcolonies would develop as the adherent bacteria
that find themselves in the most favorable milieux divide and produce exo-
polysaccharide locally to provide a dense and coherent matrix to hold the
microcolony together and to anchor it to the substratum or to other microcolo-
nies. The microcolony is the basic unit of biofilm growth, just as the tissue is
the basic unit of growth of more complex organisms, and each microcolony
enjoys a measure of homeostasis in that its internal environment is conditioned
by its matrix and by the metabolic activity of its component celis. In mixed
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microcolonies (9), cells of two physiologically cooperative species may grow
together as protected functional consortia, Obviously each lmcrocolony must
define its optional size and must suppress cell division by quorum sensmg (51)
when a physiologically optimal size has been reached.

The discovery of convective flow within the water channels has revoluuon.
ized our concept of bacterial growth within biofilms. We must visualize the
water channels as being very open, because they allow the passage of 0.3 pm
latex beads (Figure 4), and they have been clearly shown to comprise an
anastomosing network that carries bulk fluid throughout the biofilm, Because
the convective flow in these water channels maintains the same direction as
the bulk fluid flow, and because the demonstrated surface roughness of the
biofilm must be expected to enhance mass transport by turbulence, the water
channels actually represent a primitive circulatory system analogous to that of
higher organisms, Because of this remarkable biofilm architecture, bacterial
eells within a microcolony have a degree of homeostasis, optional spatial
relationships with cooperative organisms, and an effective means of exchang-
ing nutrients and metabolites with the bulk fluid phase,

PHENOTYPIC CHANGES IN BIOFILM BACTERIA

Direct microscopic observations have been particularly valuable in the use of
reporter genes to elucidate the phenotypic changes that bacteria undergo when
they adhere to surfaces (37). Reporter gene constructs have been produced by
Chakrabarty and by Deretic, and these constructs have been used by Geesey's
group (37) and by Costerion’s group {63) to show that algC and algD are
upregulated at the time of adhesion. This phenotypic change was intuitive
because these genes control the production of phosphomannomutase, and of
other enzymes in the alginate synthesis pathway, and alginate is necessary for
post-adhesion activities such as biofilm formation, Davies et al (37) have
developed a very useful direct visualization technique-whereby cells of P.
aeruginosa that are expressing the algC reporter system can be directly visu-
alized by light microscopy, and we can now observe living cells in real time
as they express the gene following adhesion and often cease to express it when
surrounded by large amounts of alginate. Parallel work with gram-positive
organisms, many of which are pathogens, has shown that adhesion triggers the
expression of several enzymes that produce exopolysaccharides that are of
pivotal importance in adhesion and biofilm formation. These functions are
extremely important in the etiology of device-related infections (31).
Biochemical comparisons between biofilm cells and plankionic cells of the
same species have shown that at least 30% of the eellular proteins that can be
resolved by 2D electrophoresis are expressed to different extents by cells in
these two growth phases (HW Yu & JW Costerton, unpublished observations).
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Recent studies in Deretic's laboratory (41, 42, 94) indicate that this planktonic-
biofilm transformation is controlled by a & factor that is similar to that which
controls sporulation in gram-positive bacteria and to that which controls the
rough-smooth transformation in gram-negative organisms, If this fascinating
hypothesis (42) stands up to current very intense scrutiny, its impact on the
study of bacterial biofilms will be profound. If biofilm bacteria are the product
of a ¢ factor-directed phenotypic change in a large cassetie of genes, then
they actually constitute a phenotypically distinct expression of the bacterial
genome, Adhesion-induced phenotypic changes in proteins in the cell enve-
lope, cell membrane, and cytoplasm may profoundly influence such charac-
teristics as the enigmatic resistance of biofilm bacteria to antibacterial agents
(101).

The reversal of this ¢ factor—directed change would produce cells with the
planktonic phenotype, and the expression of alginate lyase (14) would assist
in the detachment of these plankionic cells from the biofilm. We have consis-
tently observed that microbial biofilms shed planktonic cells at a steady rate,
and that this detachment is sometimes under physiological (6) and even diurnal
control, We believe that the controlled shedding of planktonic cells from
biofilms is a very important strategy in the bacterial struggle for survival and
predominance in aquatic ecosystems,

TELEOLOGICAL THOUGHTS ABOUT MICROBIAL
BIOFILMS

If we consider that bacteria thrive in a wide variety of environments throughout
the earth's crust and deep into its oceans, we must concede that they constitute
a remarkably successful life form. As new methods of direct observation have
been applied in many of these environments, we have seen that bacteria exist
predominantly as dormant ultramicrobacteria in a wide variety of harsh oligot-
rophic systems, but that they actually grow predominantly in exopolysaccha-
ride-enclosed biofilms in those ecosystems that permit growth and replication.
Taken together, these data suggest that the planktonic mode of growth is
favored for dissemination and for persistence in a dormant form, while the
biofilm mode of growth is favored for growth. Because of their obvious
success, it is germane to wonder why ultramicrobacteria are such optimal
agents of the dissemination of the dormant genome while biofilms are such
ideal communities for growth and for the phenotypic expression of metabolic
activity.

Because bacteria obviously developed their very successful phenotypic strat-
egy very early in their evolution, it is useful to consider the survival value of this
strategy in the milieu of the primitive carth. Bacterial cells would be atiracted to
the organic nutrients thatconcentrate naturatly at sucfaces in aquatic systems, and
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the expolysaccharides that mediate their adhesion to surfaces would further
concentrate dissolved organic molecules and cations out of the bulk fluid,
Primary production by photosynthetic bacteria would be favored by cellular
deployment at a surface, and heterotrophic bacteria would thrive because of their
close juxtaposition to primary producers and because they can scavenge the
biomass when these organisms die. Sustained juxtaposition to the cathodic
surface of metallic ores is, initself, sufficient to allow the growth of heterotrophic
bacteria (21) in biofilms, In the primitive earth we visualize physical (heat) and
chemical (acid) threats to aquatic bacteria, and it is clear that the ability toremain
essentially stationary in an optimal, or even in a permissive, local environment
was one of the most valuable contributions of biofilm growth to bacterial
survival, Biofilm bacteria are notably resistant to drying (103, 124), a charac-
teristic that would also enhance bacterial survival as water levels fluctuated.
Even in harsh environments in the modern earth (e.g. hot springs), the growth of
bacteria in biofilms allows certain species of bacteria to adapt to challenging
conditions gradually as the whole population creeps along the surface towards
the very boundary of nonpermissive conditions,

If bacteria can be spoken of as having a strategy, without lapsing into
teleology, this set of environmental conditions is codified in patterns of gene
expression triggered by specific environmental stimuli (41). We now know
that attachment to a surface induces a de facto ¢ factor that triggers the
expression of a large cassette of genes similar in scope to the sets of genes
expressed in sporulation or in starvation survival. This heavily conserved and
radically different biofilm phenotype is indicative of the fact that adhesion and
biofilm development were positively selected early in the evolution of bacteria.
If the elaborately controlled biofilm phenotype has allowed bacteria to survive,
concentrate nutrients, and grow profusely in the primitive earth, then we can
begin to understand the massive mineralogical monuments to bacterial success
that still exist in the form of large ore bodies in which metals have been
concentrated (50), The persistence of this positive selection-for the biofilm
phenotype in the modern earth is evidenced by the predominance of this sessile
mode of growth in virtually all permissive ecosystems.

The tendency of bacteria to grow in protected biofilms proved to be increas-
ingly useful as other life forms evolved. Bacteria within biofilms are notably
resistant to bacteriophage, to amoeboid predators, and to vortex-feeding pro-
tozoa, and these factors of modern ecosystems tend to reinforce the predomi-
nance of biofilms that we note in direct observations of natural systems, The
fact that bacteria on plastic and metal surfaces within the human body in
persistent device-related infections grow exclusively in the biofilm mode at-
tests to the resistance of this defensive phenotype against host defense factors
(antibodies, surfactants, phagocytes) and vigorous antibiotic chemotherapy
(56).
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Although the aforementioned is remarkable, by far the highest expression
of the biofilm phenotype is in the complex, metabolically cooperative, sessile
populations that we have begun to study directly in nutrient-sufficient ecosys-
tems, In the simplest case, the colonized surface may itscif be a nutrient (e.g.
cellulose), and primary colonizers then adhere and initiate the biodegradative
process. In the process, these primary colonizers produce surface zones rich
in their metabolic products (e.g. butyrate), and secondary and tertiary coloniz-
ers may respond to chemotactic cues and build a multilayered and highly
functional biofilm community, In more complicated cases (119), many types
of bacteria may be present at a surface, in response to a variety of adhesion
cues, and each cell in these complex populations then responds to the ecological
microniche within which it finds itself (34, 78). These responses may vary
from virtual dormancy to wildly accelerated growth, much as the cells of
mammalian tissues respond to local hormone and lectin concentrations during
embryogenesis, and complex tissuelike biofilms may be formed. Within these
tissuelike biofilms there are structural elements (the exopolysaccharide matrix)
and a complex array of bacterial cells with specialized functions that are
favored by their stable juxtaposition with bacterial cells of complementary
metabolic capabilities {89, 121). Within these very complex tissuelike biofilms,
the provision of nutritive substrates is important, but the removal of cellular
end products is often a more important cooperative function (57). Specific
adhesion mechanisms that would tend to initiate or promote physiological
cooperation would be positively selected. The characteristic that enables bac-
teria to construct these elaborate, metabolically linked consortia is their ability
to replicate in direct response to nutrient availability. Bukaryotic cells can
respond to nutritional or endocrinological stimuli only during certain periods
of development, but bacteria can always respond to favorable nutrient condi-
tions very simply and very rapidly, and it is this programmed response that
builds functional biofilm consortia.

Biological success can be determined by range or by biomass and, by either
criterion, bacteria are eminently successful. Bacteria generally substitute phe-
notypic plasticity for complexity. In their simplest planktonic forms, bacteria
can penetrate into a very wide variety of ecosystems and their range is truly
phenomenal. In favorable environments their phenotypic elasticity allows bac-
teria to develop biofilms, and this mode of growth provides stable cell-to-cell
juxtaposition and a measure of primitive homeostasis in that component cells
are somewhat protected from toxic changes in the bulk fluid. Recent direct
observations established that biofilms have a primitive circulatory system (39)
and that cells with specialized metabolic capabilities can form tissuelike co-
operative consortia (89). In essence, bacteria can be simple when it suits them
to extend their distribution, but they also have the programmed capability of
phenotypic change to the biofilm mode of growth, whose complexity and
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efficiency rivals that of higher organisms and produces prodigious amounts of
biomass.

MICROBIOLOGY AND REALITY

Recent advances in quantitative recovery and in the direct observation of
microbial populations have led us to the unequivocal conclusion that the
biofilm mode of growth is predominant in aquatic ecosystems. These new
methods of direct observation, especially the confocal scanning laser micro-
scope, allow us to examine living biofilms in real time, and it is difficult to
imagine that they can be misleading. We believe, therefore, that we must now
conclude that the biofilms that have assumed considerable importance in
medical and industrial areas are actually predominant, numerically and func-
tionally, in virtually all nutrient-sufficient aquatic ecosystems,

This predominance of biofilis was not evident during the several decades
- during which these same ecosystems were examined by traditional microbio-
logical methods of sampling and culture, It is vitally important to examine the
reasons for this very serious error, because the majority of students in micro-
biology are still taught to examine microbial ecosystems by extrapolation from
planktonic samples and from monospecies laboratory cultures, Direct obser-
vations of aquatic ecosystems have shown that samples of the bulk fluid
typically contain <0.1% of the bacteria in the ecosysiem (52) and that swabbing
of surfaces recovers a similarly insignificant proportion of the fotal bacterial
population, Because aggregates of bacteria, like those routinely detached from
biofilms, produce a single colony on the plates used for determination of
colony-forming units (CFU), biofilin organisms have been radically underes-
timated, For this same reason, the simple rolling of colonized surfaces across
agar plates (90) detaches large, slimy aggregates containing thousands of
bacterial cells that produce only a single colony unless they are disrupted by
special methods. Biofilm bacteria can be accurately quantitated if colonized
surfaces are scrapped and if the resultant detached bacterial aggregates are
dispersed, by mechanical shaking and/or ultrasonication (30), before dilution
and plating by traditional CFU methods. In our experience, quantitative recov-
ery methods must be developed for each ecosystem to be sampled, and success
must be assessed by direct microscopic examinations, because some organisms
may be difficult to detach and others may be difficult to grow. In many aquatic
ecosystems, some of the biofilm population and some of the planktonic bacteria
may be viable but nonculturable (28), and cells of many species (e.g. le-
gionella) do not grow on commonly used laboratory media. The quantitative
numerical analysis of the microbial ecosystem is not a trivial undertaking, and
the best available methods must be constantly tested against the gold standard
of direct microscopic examination,
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Perhaps the most serious errors have arisen from extrapolation of data
obtained from single-species laboratory cultures to explain bacterial behavior
in real ecosystems, We now have unequivocal evidence that sessile biofilm
bacterial are profoundly phenotypically different from their planktonic coun-
terparts, but liquid cultures of planktonic cells are still routinely used to assess
the antiblotic sensitivity of pathogens in device-related infections that have
been shown to be caused by biofilm bacteria (19), Similarly, many microbial
ecologists still rely on data from single-species planktonic cultures to explain
the activity of multispecies biofilms in which the bacterial cells are sessile and
are profoundly influenced by their interactions with neighboring organisms,
We must begin to use modern methods of direct observation, from microscopy
of living biofilms to NMR of whole reactor systems, if we are to understand
processes within microbial ecosystemns whose complexity is evident from
simple, direct observation, We can readily comrect the error implicit in our past
and current reliance on planktonic sampling as well as our extrapolation from
laboratory cultures, and perhaps we can reverse some of the damage to our
collective credibility caused by this error. This damage includes the provision
by medical laboratories of minimal inhibltory concentration (MIC) data, ob-
tained from planktonic cultures, that erroncously predicted to clinicians that a
given concentration of a certain antibiotic would be effective in killing bacteria
in device-related infections known to be caused by biofilm bacteria, This
damage also includes predictions of the capability of the microbial populations

of aquatic ecosystems to degrade particular erpganic compounds based solely

on the degradative capability of planktonic populations, when these planktonic
populations have been unequivocally shown to constitute <0.1% of the total
microbial community, ’

Mike Brown and his colleagues have pointed out (16) that the most remark-
able chamcteristic of bacteria is their plasticity in response to changes in their
environment, Recent developments have reinforced this contention, Much of
what we know of bacteria is derived from their behavior in single-species
cultures of planktonic cells in defined media, and this is only a single point
on the vast spectrum of what bacteria can do in various environments. It is
vitaily important that we involve our students in the revision of our discipline,
which has been singularly useful to humanity, so that they can lose no time in
making microbiology more accurate and even more useful in the solution of
. modern practical problems. '
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