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introduction

Traditional microbiological investigations have
focused on the culture and analysis of pure cell
lines of bacteria, in either batch or chemostat cul-
ture, However, it has been clearly established
that in nature, disease and industry, the majority
of bacteria exist attached to surfaces within
biofilms (Costerton et al. 1978, 1987; Lappin-
Scott & Costerton 1989; Characklis et al. 1990a).
Furthermore, it has also been established that the
bacteria which exist in biofilms, termed sessile
bacteria, are inherently different from bacteria
existing in the planktonic state. In the sessile
state, bacteria may express different genes, alter
their morphologies, grow at different rates, or
produce extraceflular polymers in large amounts
{Costerton er al. 1978; Wright ez al. 1988; Gilbert
et al. 1990; Dagostino ez al. 1991; McCarter et al,
1992). One significant consequence of sessile
growth is that biofilm bacteria are more resistant
to medical and industrial control strategies than
their planktonic counterparts (Brown et af. 1988;
Nichols 1989; Eng et al. 1991; Blenkinsopp et al.
1992).

The development of complex attached and
aggregated communities is also important for the
survival and reproductive success of microorgan-
isms. These communities have been considered
to act as reservoirs for diverse species, sites of
specific limited niches, and protective refuges
from competition, predation or harsh environ-
mental conditions, allowing otherwise poor com-
petitors to survive. Integration into a biofilm or
bioaggregate may be regarded as a survival strat-
egy beyond that of maximizing or increasing the

growth rate, Placed in the context of survival and
integration into a community, the evolutionary
and ecological rationale behind the enormous
range of diversity in cell surface chemistry, cell
morphology, development of life cycles, complex
pathways of microcolony development, and for-
mation of syntrophic associations or consortia
can be more easily rationalized.

In part, these adaptive strategies are related to
the physical nature and scale of the microbial
environment. An individual adherent bacterial
cell is unable to alter significantly its surrounding
chemical and physical environment (Koch 1991).
In addition, many of the strategies are dictated by
requirements for the growth of bacteria in close
associations or groupings represented by biofilms
or other bicaggregations. This is meaningful
because in pure cultures, the reguirements for
growth of some groups of bacteria, such as sui-
phate reducing bacteria (SRB), methanogens,
and syntrophic organisms, may only be met in
specialized environments. The maintenance of a
stable attached bacterial population is dependent
on a constant flux of nutrients and wastes to and
from the cells, therefore a sessile existence may
not be sufficient to ensure bacterial reproductive
success if conditions become unfavourable.

Wimpenny (1992) considered that the concept
of an activity domain (that is, zones under the
metabolic influence of one bacterium) is funda-
mentally linked to biofilm growth; when sub-
strate/product sources and sinks associated with
two physiologically distinct activity domains spa-
tially overlap, the potential for beneficial or detri-
mental interaction exists. Functional consortia
and microcolonies within  quasi-organized
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biofilms provide a wide range of growth require-
ments, for within these systems temporal and
spatial development of chemical microzones (for
example, F, and pH), positioning of syntrophic
partmers, and establishment of complementary
metabolic pathways may all occur. Thus, while a
single bacterium may live in a hostile, diffusion
dominated environment, sessile bacteria over-
come these limitations by modifying their sur-
roundings through association and diversity.
While adaptations to surface colonization are
widely varied, there are some traits common to
all sessile bacteria. For example, all must attach
to surfaces or other bacteria, utilize available
resources for growth and reproduction, then
redistribute over surfaces and to new locations
when conditions become less favourable. Such
behaviour has been reported by a number of
researchers describing stages of surface coloniza-
tion and biofilm formation (Lawrence ef al, 1987,
1992; Power & Marshall 1988; Korber et af.
1989a). Successful growth of sessile bacteria does
not necessarily mean rapid growth. Rather, ses-
sile bacteria must be able to survive and adapt
over time. They do so by remaining simple,
diverse, minimizing the constraints which a large

gene load would place upon them, but remaining

metabolically adaptable as a group. The require-
ments for the formation of favourable chemical
and physical microenvironments make pure cul-
ture biofilms in nature a rarity, although within a
biofilm distinct microcolonies may remain identi-
fiable,

The array of tools available for the analysis of
biofilms is impressive, ‘These include high resolu-
tion video microscopy (Kjelieberg et al. 1982;
Power & Marshall. 1988; Shapiro & Hsu 1989),
environmental scanning electron microscopy
(Little ez al. 1991), microelectrode analysis (Lens
et al. 1993; Lewandowski et al. 1993}, micro-
balance applications (Nivens er al. 1993) and
scanning confocal laser microscopy (SCLM). Of
these new methods, SCLM and microelectrode
analyses are widely accepted for microbiological
studies (Lawrence et al. 1991; Caldwell e .
19923, b; Korber et al. 1992; Lens et al 1993;
Lewandowski et al. 1993), The data generated
from these techniques have altered our under-
standing of biofilms, Both pure culture and
mixed species biofilms are now accepted as being
spatially and temporally heterogenous systems
containing microscale variations in biofilm archi-

tecture and chemistry. The extent of analyses
possible using SCLM is broad, because visual
information may be correlated with fluorescent
signals. SCLM is amenable to in site analyses on
a variety of surfaces, When used in conjunction
with appropriate fluorophores, SCLLM has the
potential to define biofilm architecture, estimate
cellular viability, identify microenvironmental
chemical gradients, quantify molecular transport
and molecular interactions, or phylogenetically
analyse population architecture (Amann er af,
1992).

The nature of the surface
microenvironment

Organisms move from the bulk aqueous phase to
microenvironments on a surface where foci of
growth have established. A number of investiga-
tions have examined surface physicochemistry or
the effect of adsorbed molecular films on micro-
bial attachment success (Fletcher 1976; Fletcher
& Loeb 1979). Such models of microbe—surface
interactions sre valuable because, in nature,
newly exposed surfaces .become codfed with
organic material present within the aqueous solu-
tion, often masking the original chemistry of the
surface. These coatings may then stimulate
chemotactic bacteria to colonize these surfaces,
Or act as a potential nutrient source.,

Surface conditioning films

Surface conditioning, or molecular, films are
rapidly adsorbed whenever clean surfaces are
exposed to natural and in vitro solutions contain-
ing organic molecules. The movement of organ-
ics from the bulk phase to the surface is primarily
the result of molecular diffusion, described in
quiescent or laminar systems by Fick’s law of dif-
fusion (Koch 1991). Theoretical and experimen-
tal studies both indicate that molecular diffusion
occurs rapidly, resulting in significant organic
deposits after only 15 min (Bryers 1987;
Characklis et al. 1990a). For example, molecular
coatings have been shown to result in 0.8~15 mg
organic matter per m’ of exposed surface mater-
ial, equating to film thicknesses ranging from 30
to 80 nm (Loeb & Neihof 1975). Experimental
resuits obtained using Fourier-Transformed
Infrared  spectroscopy  (FT IR),  Multiple
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Attenuated Internal Reflectance Infrared spec-
troscopy (MAIR-IR), and Infrared spectroscopy
(IR) have indicated that polymers of glyco-
proteins, proteins, and possibly humic acids,
each of which may contain as many as 100000
molecular units per chain, may be involved in
the formaton of organic films (Marshall e af.
1971; Baier 1980; Rittle er al. 1990). Thus, an
abundance of reactive binding sites would be
available for further reaction with either addi-
tional solute molecules or with chemical groups
expressed on bacterial surfaces,

Exposure of surfaces to organic compounds
has resulted in various, measurable effects on the
original surface properties. For example, both
negatively and positively charged surfaces
acquired net negative surface charges, and zeta
potentials, surface contact angles and free energy
vary as a function of their original surface energy
(Fletcher 1976; Fletcher & Marshall 1982;
Absolom er al. 1983; van Loosdrecht et af. 1987;
Sjollema et al. 1988; Busscher et al, 1990b;
Vanhaecke et al. 1990). The manner by which
molecular films influence the adsorption of bacte-
ria to surfaces still remains unclear except for
specific cases; however, the general viewpoint is
that chemical groups of the organic coating inter-
act with chemical groups on bacterial
appendages, such as pili, flagella or bacterial
exopolysaccharides (EPS) (Paerl 1975; Dazzo et
al. 1984; Vesper & Bauer 1986; Sjoilema er al,
1990b), Such appendages extend through the
free energy barrier and make contact with the
organic matrix where the structure may form
reversible short range electrostatic, covalent, or
hydrogen bonds. The presence of organic mole-
cules on surfaces also provides an explanation for
the chemotactic movement and preferential posi-
tioning of many bacterial species on solid sub-
strata (Berg & Brown 1972; Adler 1975;
Kjelicherg er al. 1982; Block e¢r al. 1983; Berg,
1985; Hermansson & Marshall 1985).

Surface related physicochemical forces

All surfaces (coated or non-coated) possess
physicochemical characteristics which may influ-
ence the adsorption of bacteria and other mole-
cules. At relatively short distances from the
surface (<1-10 nm), attractive and repulsive
forces may influence molecular sorption (Bowen
& Epstein 1979), defined by the DLVO theory,
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However, the critical surface tension of the sur-
face may also dictate whether a system containing
bacteria will undergo a reduction in free energy:
that is, whether bacteria adsorb or stay in suspen-
sion (Absolom et al. 1983). These physicochemical
theories have been exhaustively tested as predictive
models for bacterial-surface interactions,

DLVO theory

The DLVO, or double-layer theory, was origi-
nally formulated from the works of Derjaguin &
Landau (1941) and Verwey & Overbeck (1948),
and equates electrostatic forces and London—van
der Waals forces active at the surface with the
propensity for colloidal attraction and adhesion,
generally given by Equation 1:

V@) =Vy () + Ve () ey

The total interaction energy (V) of a particle as
a function of its separation distance ( } from a
solid surface is the sum of the van der Waals
attraction (¥,) and the electrostatic interaction
{Vr) (van Loosdrecht et al. 1987). The theory
predicts that there are two regions where particle
attraction may occur, that is, regions where small
distances (=1 nin) separate the substratum and
approaching surface, and regions where larger
distances (5-10 fim) separate the two surfaces
{Bowen & Epstein, 1979; Characklis er 4l
1990b). These locations are known as the pri-
mary minimum and secondary minimum, respec-
tively, and are quite small in scale when
compared with the thickness of the hydro-
dynamic boundary layer (see Brading er al
Chapter 2), Between these two positions is
located an energy level where the surfaces experi-
ence maximum repulsion (an electrostatic repul-
sion occurs because the cell and substratum
surfaces both carry a net nepgative charge), the
magnitude of which is dependent on the surface
potential of the particle and the substratum, the
separation distance, and the electrolytic strength
of the aqueous medium. Furthermore, because
these interactions occur within the gquiescent
boundary layer, convective forces and attractive
events may be mathematically isolated
{Adamczyk & van de Ven 1981). More detailed
DIVO based mathematical expressions incorpo-
rate the radius of the approaching particle
{Sjollema et al. 1990a). As the radius decreases,
so the repulsive energy barrier decreases,
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A number of problems must be addressed if
the electrical double-layer theory is to be adapted
for the prediction of microbial adsorption ten-
dencies. The original theorem was developed for
shear free systems (that is, within the hydro-
dynamic boundary layer), whereas the majority of
natural systems have dynamic fluid movement
applying shear force to attaching cells approach-
ing surfaces (Christersson et al. 1988; Characklis
et al. 1990a; Mittelman et al. 1990), Also, a sig-
nificant size differential exists between colloidal
particles and bacterial cells, as well as the bio-
genic chemical differences caused by the ion and
pH gradients at the boundaries of the cell (Boone
et al. 1989). Lastly, geometrical considerations
must be taken into account (Bowen & Epstein
1979), as cellular appendages (Isaacson et al.
1977; Vesper & Bauer 1986) alter the cell effec-
tive diameter near the surface and hence alter the
diameter dependent repulsive effects experienced
within regions of maximal repulsion between the
primary and secondary minimum (Sjollema et o/,
1990a). Overall, the application of DLVO based
theory remains popular during formulation of
theoretical cell adhesion models, despite discrep-
ancies between observed and predicted results.

Surface free energy/hydrophobicity theory

The initial adsorption of bacteria may also be
explained in terms of system free energy. If the
total free energy of a system is reduced by cell
contact with a surface, then adsorption of the cell
to the substratum will occur (Absolom er al,
1983). Thermodynamically, a free energy bal-
ance may be developed on the basis of the inter-
facial free energies of the surfaces involved, as
shown in Equation 2:

AF, = Yo = Ya — Yu (2)
where AF,, is the free energy of adhesion, v,, is
the interfacial free energy for the bacterial-sub-
stratum interface, v, is the interfacial free energy
for the substratum-liquid interface, and w,, is the
interfacial free energy for the bacterial-liquid
interface. The free energy, or wetting theory,
does not depend on chemical measurements, but
rather relies on an appropriate method for deter-
mining critical surface tension (o) of the bacteria
and substratum. This is commonly performed
microscopically by measuring contact angles
between defined liquids and surfaces or surface

preparations of microbial cells (Dexter ¢z al,
1975; Fletcher & Locb 1979; Fletcher &
Marshall 1982; Fletcher 1988; Rittle ef al. 1990).
The Young equation describes the relationship
between contact angle and the interfacial energies
of the involved phases and their contact angles
(Equation 3):

Y~ Y = Yie O8O, 3

where v, represents the solid/vapour phase, v,
equals the solid/liquid phase, and v, the
liquid/vapour phase,

In theory, a liquid which provides a contact
angle of 0° should have a surface tension equiva-
lent to the surface free energy of the substratum,
where an increase in the measured contact angle
corresponds to a increase in the surface
hydrophobicity and a decrease in surface free
energy. The use of dried bacterial lawns for the
calculation of bacterial contact angles has been
disputed, with supporters of alternative tech-
niques maintaining that irreversible changes in
the adsorbed macromolecules occur which influ-
ence the determination. Fletcher & Marshall
(1982} suggested that bacterial surface free ener-
gies should be measured in a more narural state
(i.e. within a liquid) using the bubble contact
angle method, where the effect of adsorbed
macromolecules or bacteria can be conducted in
aqueous solution. Both methods use the contact
angle of the liquid or bubble with the substratum
to determine the critical surface tension for the
test surface after conditioning, Studies utilizing
these criteria to explain bacterial adhesion events
have demonstrated a range of results using vari-
ous substrata, bacterial species, and assay
methodology (Dexter 1979; Absolom e al, 1983;
van Pelt et al. 1985; Burchard ez al. 1990; Rittle
et al. 1990; Sorongon et al, 1991). This variability
of experimental results is due largely to the lack
of standard methods as well as the heterogenous,
physicochemical nature of the bacterial cell.

Overall, physicochemical models of surface
interactions assume that the surfaces are small,
smooth and energetically homogenous; however,
this is rarely true for bacteria (Costerton et al,
1978; Busscher e al. 1990a). As a consequence,
simple physicochemical approaches which fail to
incorporate the microscopic condition of the cell
outer surface or adaptive microbial behaviour will
never fully explain all aspects of bacterial adhe-
sion,
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System hydrodynamics

Bacterial surface colonization success is depen-

dent on a flux of cells from the bulk phase to sur-
face microenvironments where attachment may
occur, Bacterial flux is largely governed by the
hydrology of the fluid system (such as static, tur-
bulent, or laminar), the concentration gradient,
the nature of the organism (such as size or sur-
face characteristics) and behaviour (Powell &
Slater, 1983; Sjollema e al. 1988, 1989a; van
Loosdrecht of al. 1989; Korber e al. 1990). Fluid
hydrodynamics are important and often para-
mount considerations in industrial, medical and
natural systems (Costerton et al. 1978; Lappin-
Scott & Costerton 1989; Characklis er al. 1990a;
Christensen & Characklis 1990), where cell
deposition precedes metal corrosion and micro-
bial infection, as well as a number of other dele-
terious and beneficial processes. In addition, the
flow regime also influences the nature of the
physical and chemical surface microenvironment
after a biofilm has been established. It is there-
fore important that the dimensions of flow sys-
tems and fluid velocity be carefully controlled or
defined (for example, Reynolds number) to
reflect the system being modelled. Further details
of these parameters, including the hydrodynamic
boundary layer, are covered by Brading et al
{Chapter 2). .

Static systems

Within quiescent environments, factors such as
Brownian diffusion, gravity and motility all assist
the movement of small particles, including bacte-
ria, to surfaces (Bryers 1987). However, the rela-
tive importance of each of these mechanisms
varies with specific conditions, Based on the size
of most bacterial cells, Brownian motion or diffu-
sion may contribute to the overall attachment of
non-motile celis; however, the extent of these
contributions is reportedly low (Characklis et af,
1990b). It is generally concluded that motility
greatly increases the chance that a bacterium may
contact a potential attachment surface (Fletcher
1977; Marmur & Ruckenstein 1986) with
enough potential energy to overcome the electri-
cal repulsive forces which exist between the bac-
terium and substratum, During studies where the
motility of bacteria was observed to decrease with
culture age, concurrent decrcases in cellular
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adsorption were also noted (Fletcher 1977).
Similarly, cell transport resulting from gravita-
tional cell sedimentation in static systems has
also been documented as an effective surface col-
onization mechanism (Walt er al. 1985},

In the absence of flow, the thickness of the
hydrodynamic boundary layer (Brading et ol
Chapter 2) can be effectively large, consequently
limiting the success of organisms established in
these zones by restricting nutritional transport to
diffusion and convection. In nature, static aque-
ous systems are rare as some mechanism for mix-
ing usually exists. However, studies applying
static regimes may be useful as the conditions
within biofilms are largely insulated from flow,
therefore applying a static model to biofilms
formed under flowing conditions (for example,
removing flow after a growth period) may pro-
vide insight into nutrient depletion responses of
sessile bacteria, as well as the formation or dissi-
pation of chemical microzones.

Overall, the use of batch static systems for the
study of bacterial deposition has been described
by some as being poorly controlled and random
(Sjollema er al. 1989a), dependent to a large
extent on the suspension volume to total substra-
tum area ratio, and nét an appropriate model of
most environments. However, the general trends
observed during such studies remain valuable
provided that the testable hypothesis incorporates
an appropriate control where relative differences
in adhesion success may be measured,

Diffusion

An understanding of diffusion is fundamental to
biofilm ecology. In general terms diffusion is a
process which drives motion in biology (Koch
1991). Diffusion is caused by the random, ther-
maily energetic movement of particles from
regions of high concentration to low concentra-
tion, as described by Fick’s first faw. This flux
(dg/dz) is dependent on the solute concentration
gradient (dC/dX), the area of the material
through which the solute is diffusing (4), and the
diffusion constant for the solute (D) (Equation 4).

dg/de = —D A dCldX (4)

During the early stages of biofilm development in
flowing microenvironments, attached organisms
may be influenced by advection and flow.
However, as growth proceeds, the hydrodynamic
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Fig. 1.1, (a} iflusteation showing the distance-dependent
nature of flow associated with surfaces, where bulk phase
flow velocities are experienced at large distances from the
surface and a no-slip condition is found at very small
distances from the surface. {b) The effect of
microcolony/biofilm formation on the nature of the
hydrodynamic boundary layer (i.e. moves it away from the
suirfacel. Even in systems dominated by laminar flow,
turbulent vortices may form in the regions of obstructions
such as microcolonies or biofitm biomass,

boundary layer moves upward with the
biofilm-liquid interface as the biofilm increases in
depth (Fig. 1.1). Within the EPS matrix, rate
limitations to growth and mass transport are now
theoretically governed solely by diffusion, and as
source and sink concentrations of various com-
pounds invariably approach steady state, solute
flux becomes a constant proportional to the dis-
tance of migration.

The thickness of microbial biofilms is known
to influence a number of biotic and abiotic
processes in flowing systems. Heat transfer effi-
ciency, fluid frictional resistance, and chemical
transformations are industrially significant exam-
ples of detrimental biofilm effects (Trulear &
Characklis 1982; Characklis e al 1990b),
Biofilm thickness may also affect the transfer of
essential nuttients such as oxygen and other
metabolites into growing biofilms by increasing
the diffusional length where physiological sub-
strate consumption may limit the concentration
of the metabolite before penetration to the base
of the film (Sanders 1966; Howell & Atkinson
1976; Cox et al. 1980; Christensen & Characklis
1990). Hindered diffusion tnay also play a role
within the biofilm cell-EPS matrix. Hindered
or restricted diffusion occurs when the effective

diffusivity of a solute within a pore of comparable
size is less than its value in bulk solution {Bohrer
et al. 1984), Within aqueous solution, the diffu-
sion of many biologically significant molecules
are adequately described by Einstein’s solution in
Equation 5:

D, = kTIf., (5)

~where D, is the bulk solution diffusion coeffi-
cient, % is Boltzmann’s constant, T is tempera-
ture, and £, is the molecular friction coefficient in
bulk solution. Assuming that the diffusing mole-
cule is spherical, £, may be determined using f,, =
6nupr,, where r, is the solute radius and u the sol-
vent kinematic viscosity. This conceptual model
of molecular diffusion through barders with a
defined mesh size has been confirmed during
biofilm and membrane diffusion studies, with
reduced, or hindered diffusion being measured in
the biofilm or membrane system relative to the
theoretical rates of diffusion in the aqueous phase
(Acker & Steerc 1962; Bohrer or af, 1984),
Hindered diffusion thus has relevance to biofilm
systems with regard to molecular sieving and size
dependent exclusion of molecules from the EPS
matrix (Lawrence ez al. 1994).

Fluid flow has a profound effect on diffusion
even though the effective diffusion coefficient
(D) remains constant for a given biofilm matrix
(Freeze & Cherry 1979; Koch 19913, However,
maintenance of a concentration gradient by flow
replenishment of, for example, substrate mole-
cules in the hydrodynamic boundary layer can
lead to large increases in diffusion limited biofilm
events such as growth (Characklis es af, 1990a).
In addition to maintaining a steeper concentra-
tion gradient, high flows tend to reduce the thick-
ness of the hydrodynamic boundary layer,
decreasing the distance between molecular
sources and sinks. The importance of flow to
aqueous systems is much greater than within the
atmosphere where much slower rates of diffusion
for similar molecules in water have been reported
(Vogel 1983), It thus becomes apparent that
within aqueous systems of increasing viscosity,
diffusion becomes a less effective mechanism of
molecular transport.

Many articles examining diffusion or relevant
to diffusion in biological systems have been pub-
lished, the reader is directed to several of the
excellent review articles on this topic {Freeze &
Cherry 1979; Characklis ez al, 1990b; Koch
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1991). In addition to providing uscful insight
into molecular transport and nutrition, it is sig-
nificant that diffusion governs the movement of
bacteria to surface sites, demonstrated by predic-
tive mathematical models of non-motile and
motile bacterial transport based on Fick’s law of
diffusion (Jang & Yen 1985). Modifications of
these formulae have also been used to predict
directed chemotactic migration of bacteria
(Rivero & Lauffenburger 1986; Kelly et al. 1988).

Quantifying behaviour and kinetics of
surface colonization

The events which occur following initial atrach-
ment, including microcolony formation, aggrega-
tion, and development of syntrophic interactions
or consortia, are increasingly recognized as being
extremely important for understanding the adap-
tive significance of surface associated microbial
growth, Thus, a large number of techniques can
be and have been applied to these studies. The
most common approach has been the use of a
variety of transparent and opague substrates for
culture and subsequent ocbservation by direct
microscopic or other non-conventional tech-
niques.

Cultural methods

Cultural methods include the use of glass slide
incubation (Cholodny 1930; Henrici 1933; Bott
& Brock 1970; Staley 1971), incubation of elec-
tron microscope grids (Drucker & Whittaker
1971; Hirsch & Pankratz 1971}, capillary tech-
niques (Perfil’ev & Gabe 1969), and agar block
microculture {Torrella & Morita 1981). A variety
of flow cells and microperfusion chambers have
also been used to study attached growth by
microorganisms (Duxbury 1977; Caldwell &
Lawrence 1986).

Observation and analysis

Bacterial behaviour and the development of
colonies and biofilms may be followed using
cinemicrographic techniques (Wilkins et al
1972), video, time lapse video recording, or digi-
‘tization (Kjelleberg er al. 1982; Caldwell 1985;
Power & Marshall 1988). Typically, images have
been obtained using transmitted, incident or
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polarizing light microscopy techniques, as out-
lined by Marshall (1986). These images are all
amenable to digital image analysis for extraction
of data on growth rates, cell size, rates of motility
and a variety of other parameters (Lawrence et al.
1989a, b; Caldwell et al. 1992a, 1993). Over the
past decade, computer enhanced microscopy and
image analysis have been utilized to study the
positioning of bacteria within surface micro-
environments, permitting rapid, precise analysis
and quantitative data collection, While the majority
of these studies have been directed at the enu-
meration of cells present or being deposited on
the surface of glass slides (Sieracki er ol 1985;
Sjollema et al. 1988, 1989b), computer enhanced
microscopy (CEM) has also been applied to the
analysis of surface growth, positioning, and loco-
maotion of cells colonizing surface environments
{Gualtieri ez al. 1985, 1988; Caldwell &
Lawrence 1986; Lawrence & Caldwell 1987;
Lawrence et al. 1987; Korber er al. 1989a, 1990).
Other established techniques include the applica-
tion of transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) for
observation of microcolonies on a variety of sur-
faces (Costerton et al. 1981; Handley ez al. 1985)
and studies of bioaggregates (Bochem et al. 1982;
MacLeod er al. 1990).

Recent advances.in techniques

More recently the application of direct
microscopy utilizing scanning confocal laser
microscopy (SCL.M) with molecular probes and
image analysis has proven an effective method for
analysis of microcolonies and biofiims (Lawrence
et al. 1991; Caldwell er al 1992a, 1993).
Application of SCLM technology has led to rapid
developments in the study of thick biofilms with-
out the need for disruptive or sacrificial prepara-
tion procedures (Lawrence et al. 1991; Caldwell
et al. 1992a, b; Korber et al 1992, 1993;
Wolfaardt ef al. 1994). Use of defined fluorescent
molecular probes such as viability indicators, 168
rRNA oligonucleotides, and chemically sensitive
molecules in conjunction with SCLM may help
elucidate the underlying mechanisms and envi-
ronmental conditions responsible for behavioural
variability of sessile bacteria (Amann ef al, 1992;
Caldwell et al. 1992a; Rodriguez et al. 1992).
Methods such as X-ray microanalysis, FTIR and
NMR (nuclear magnetic resonance) have also
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provided valuable insights into events within
biofilms and microcolonies (Geesey & White
1990). Use of microelectrode techniques to study
bacteria on surfaces and in aggregates also pro-
vides a wide range of data on activities within
bacterial associations (Alldredge & Cohen 1987;
Lewandowski et al. 1989, 1993; Revsbech 1989;
Lens et al, 1993).

The techniques mentioned above have been
extensively reviewed (Marshall 1986; Revsbech &
Jorgenson 1986; Shotton 1989; Geesey & White
1990; Caldwell ez al. 19922, 1993),

Lawrence et al. 1987, 1992; Power & Marshall
1988). Such behaviour represents the diversity of
approaches to colonization and occupation of the
substratum, redistribution on the substratum,
and dispersal of daughter cells to the aqueous
phase.

Motile attachment behaviour

The motile artachment hypothesis is based on
behavioural and CEM analyses of cells moving
along surfaces (Lawrence er al. 1987). During

" “motile attachment, bacteria may travel upstream

Microcolony formation strategies

Bacterial behaviour and life cycles at
surfaces

The behaviour of microorganisms includes inter-
actions with their environment, such as the solu-
tions surrounding the bacterium, the physical
conditions to which the bacterium is exposed,
and other bacteria inhabiting similar habitats
(Lauffenburger et al, 1984; Lawrence & Caldwell
1987; Arnold & Shimkets 1988; Shapiro & Hsu
1989; Shimkets 1990; Lawrence et af 1992),
Where the conditions of study are defined and
constant, any pattern evident in the growth,
development and translocation of cells or
colonies may be deemed as a behavioural trait
characteristic of that particular bacterial strain
(Lawrence & Caldwell 1987; Lawrence er ol
1987},

The formation of microcolonies or celfular
groups is one of what may be a series of states
comprising a life cycle. Life cycles of surface
colonizing bacteria range from that of alternation
between stalked mother cell and swarmer cell in
Caulobacter spp. or an attached cell giving rise to
free living progeny (e.g. Rhizobium spp.); to the
complex multifaceted life cycles of myxobacteria
(Arnold & Shimkets 1988; Shimkets 1990), The
simplest form of the life cycle is that which sepa-
rates growth and reproduction from a migratory
or dispersal phase, a pattern which is repeated
throughout many genera of sessile bacteria,
During the attached phase of the life cycle,
growth and microcolony formation proceed
through a range of patterns, including the well
documented behaviour of the prosthecate bacte-
ria, as well as many not as extensively studied
(Hirsch 1984; Lawrence & Caldwell 1987;

or cross stream against flow velocities exceeding-

the cells’ maximum rate of motility or simply
move along the surface while remaining in a
semi-attached condition (Lawrence e af, 1987}.
Additional support for the existence of motile
attachment behaviour was provided by Korber ez
al. (1989b) following observations of flow inde-
pendent behaviour of Pseudomonas fluorescens on
surfaces where the laminar flow velocity was
200 ums”', and also by Malone (1987), who
reported that various Rhizobium spp. travelled
upstream against flow rates exceeding their maxi-
mum reported rates of motility. However, the
mechanisms responsible for flow independent
cell movement are not known. Consequences of
motile attachment include lateral colonization
(also termed backgrowth) against the direction of
flow. For example, motility facilitated the
backgrowth of 2 mot' P. fluorescens strain in con-
tinuous flow slide culture against microenviron-
mental flow rates greater than the maximum rate
of motility (Korber et al. 1989b).

Gliding motility is well documented for
Myxococcus  xanthus, where locomotion s
achieved by the smooth movement of cells in the
direction of their long axis without the use of
flageila; however, the mechanism of cell trans-
location is poorly understood. Overall, reports of
movement of surface-associated cells are com-
mon, although the significance of such behaviour
remains unclear. Explanations for motile attach-
ment include bacterial positioning, nutrient cap-
ture strategies, and cellular migration within
rapidly flowing systems. Perhaps the most obvi-
ous microbial behaviour in this context is the
chemosensory and motile responses which they
exhibit in natural and experimental aqueous envit-
onments (Smith & Doetsch 1969; Pilgram &
Williams 1976; De Weger ez al. 1987; Willey &
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Waterbury 1989), Less apparent are the cell—cell
and cell-surface interactions exhibited by motile
microorganisms during colonization and growth
on surfaces (Shapiro & Hsu 1989; Shimkets
1990). However, the analysis of interactive and
surface associated microbial behaviour represents
a relatively new area of research and further
investigations are needed in this topic.

Reversible and irreversible attachment

The initial attachment of bacteria to surfaces is
considered to occur in two stages: the reversible
attachment phase and the irreversible attachment
phase (Marshall er al 1971; Lawrence e al
1987; Marshall 1988). These initial attachment
events frequently involve the attachment of bac-
teria to surfaces by a portion of the cell or flagel-
lum while the cell continues to revolve (Meadows
1971; Lawrence er al. 1987; Malone 1987;
Marshall 1988). Spinning behaviour may then be
followed by either irreversible cell attachment or
cell detachment, Powell & Slater {1983) con-
cluded that if it was assumed that all cells which
contacted the surface became irreversibly
adsorbed, the resultant population of bound cells
would be grossly overestimated, and that
reversible attachment was predominant in nature.
Marshall (1988) reported that cells became rre-
versibly attached to surfaces only after a period of
unstable attachment, during which time cells
revolved around the axis of attachment and fre-
quently emigrated from the attachment site
rather than becoming irreversibly attached.
Others have made comparable observations dur-
ing continuous flow slide culture of monoculture
strains (Lawrence ¢t al. 1987; Malone 1987) and
also by surface colonizing bacteria observed in a
marine microcosm {J. R. Lawrence, D. R, Korber
and D, E. Caldwell, unpublished data).

Spinning behaviour by cells reversibly bound
to surfaces has also been exploited 1o examine
the mechanisms of rotation. Silverman & Simon
(1974) studied rotation of motile Escherichia coli
artificially tethered to surfaces by antiflagellum
antibodies, One explanation for the existence of
spinning behaviour in nature might be the func-
tion of a chemosensory mechanism whereby the
cells determine, in some manner, the suitability
of potential colonization sites by binding, rotat-
ing, and sensing the ambient conditions through
chemoreceptors (Lawrence er al. 1987).
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It has been considered that the absence of a
functional flagellum should limit the reversible
attachment phase as well as the overall attach-
ment, recolonization, and distribution success of
non-motile organisms (Lawrence et al. 1987).
These hypotheses have been confirmed by the
studies of Korber et al. (1989b, 1990, 1993),
during examinations of the adaptive significance
of motility with respect to cell positioning, recol-
onization, and structural rearrangements within
biofilms.

Bacterial surface colonization strategies
Strategies involving solitary cells

Some bacteria are adapted to grow at interfaces
and readily attach; however, the progeny may
return to the planktonic state. Lawrence &
Caldwell (1987) termed this phenomenon shed-
ding behaviour, where undifferentiated cells
adhere and grow in a perpendicular manner,
releasing daughter cells successively after discrete
growth intervals (Lawrence & Caldwell 1987;
Lawrence et al 1989a). Similar behaviour has
been described for attached cells by Henrici &
Johnson (1935), Helmsetter (1969), Bout &
Brock (1970), and Marshall & Cruickshank
(1973). Bacteria utilizing this mode of attach-
ment behaviour appear to have a some special-
ized polar structure, that is, the adhesins of
Caulobacter spp. or the hydrophobic/adhesive
polar regions described for Flexibacter sp.
(Marshall & Cruickshank 1973},

In some instances this surface colonization pat-
tern has been studied in more detail. Kjelleberg er
al. (1982) described the attachment of starved
Vibric DW1i adhering to a surface in a perpendic-
ular position and following growth of the
attached cells; motile daughter cells were released
from the mother cells ar regular intervals. In the
case of Rhizobium spp., motile daughter cells
were released which subsequently reattached at
vacant surface sites and underwent growth and
release of their own daughter cells. Additional
variations on this behavioural theme have been
reported by other authors, Power & Marshall
(1988) described Vibrio MH?3 which grows asso-
ciated with the surface but completes cell division
in the planktonic state.

Attached bacteria may grow and divide, with
progeny gradually but continuously moving away
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from other members of the spreading micro-
colony. Power & Marshall (1988) described this
type of behaviour in Pseudontonas JII8. After each
growth and division cycle the daughter cells of
JD8 migrated away from each other while still
adhering to the substratum. The mechanism pro-
posed was related to utilization of the surface
bound substrate stearic acid. When the nutrient
concentration declined in the microenvironment
surrounding the cell it became reversibly attached
and moved until encountering more substrate.
This cycle was repeated until all substrate was
utilized, at which time the cells returned to the
planktonic state. Organisms which exhibit such
spreading surface colonization behaviour have
also been observed in natural stream communi-
tes (Lawrence & Caldwell 1987). This type of
behaviour can only be detected by continuous
observation and thus its significance may be
underestimated,

Other organisms grow and divide on surfaces
while in a semi-adherent or motile state, Gliding
bacteria are the most common bacteria that exhibit
this type of surface association. A type of motile
attachment, or rolling behaviour, has been docu-
mented by Lawrence & Caldweli ‘{1987), where
organisms were followed for extended periods with
the growth, division, and release of daughter cells
all conducted without the parent cell ever becom-
ing fixed to the substratum, It is thought that the
microorganisms moved in contact with the surface
within the secondary minimum of the diffuse
double layer, but were not immobilized.

Studies comparing the growth rates of attached
bacteria indicated that solitary cells growing in
the same environment exhibited higher specific
growth rates than bacteria forming extensive
microcolonies or groups (Lawrence & Caldwell
1987). This suggested that these pathways func-
tioned as positioning mechanisms optimizing
intercellular distances, as well as balancing sub-
strate removal and  waste accumulation
(Lawrence & Caldwell 1987). However, detailed
study of the growth rates of shedding cells has
also indicated that the attached mother cell
exhibited a declining growth rate with each sub-
sequent generation, Observations performed on
soil and marine biofilms have indicated that the
presence of predation pressure virtually elimi-
nated bacteria exhibiting these solitary behav-
ioural patterns with the apparent exception of
prosthecate bacteria (J. R. Lawrence & D. R.

Korber, unpublished data). Thus, these strategics
may be those of pioneer colonizing organisms
whose significance in mature biofilm communi-
ties is not known,

The budding and prosthecate bacteria

These bacteria represent a specialized group of
bacteria with unique cell division and cell associ-
ation strategies. However, other than the obvious
division between planktonic swarmer and
attached mother cell in the life cycle, and possi-

ble advantages in niche and resource exploita- |

tion, no clear understanding of the particular
advantages of the strategies of these bacteria
exists. Their patterns of growth have been exten-
sively described (Hirsch 1974). For example,
attached Pedomicrobium spp. initiated hyphal
elongation with 1-4 branching hyphae arising
from the central mother cell. Hyphal elongation
continued with the initiation of bud formation
and subsequent bud growth prior to the release
of daughter ceils,

Lawrence et al (1989b) used computer
enhanced image analysis to quantitate the surface
growth and behaviour of Pedomticrobium spp. pre-
sent within a marine microcosm and cultured
using continuous flow slide culture. Behaviour
similar to that reported by Hirsch {1974) was
observed for Pedomicrobium spp., with cells
attaching and developing hyphae, and later bear-
ing daughter cells on their apical tips, The
hyphae extended along the surface and also into
the surrounding medium away from the attach-
ment surface. Image analysis was used to increase
the effective depth of field using images obtained
from different focal planes. These allowed the
determination of cell area, hyphal length, and the
growth rates of mother and daughter cells.
Hyphae doubled in length every 2.6 h until the
onset of bud formation, during which time only
slight extension of hyphae occurred. Growth rate
differences between mother and daughter cells on
surfaces were also documented {that is, the time
to double for mother cell, 24 h; time to double
for daughter cell, 1.2 h). The daughter cells were
released into the bulk phase and eventually recolo-
nized vacant sites within the flow cell system,
resulting in the formation of a network of hyphae
and cells. Rosette formation in these bacteria has
also been extensively described and studied
(Stove-Poindexter 1964; Hirsch 1984).
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Colonial strategies

Hirsch (1984) documented many forms of
microcolonies including coenobia, nets, mycelia,
multiple paralfel cell arrangements, and rosette
formation. In most cases, it is not established
how these various groupings of cells arise or what
their adaptive significance may be. However,
with the increasing interest in this aspect of
microbial behaviour, some insight into pathways
and even genetic and environmental control of
these pathways has been obtained. Unique paths
of microcolony development have been docu-
mented for a number of genera including
Pseudontonas  spp., Rhizobium spp., Vibrio
spp. and Caulobacter spp. (I.awrence et al. 1989b,
1992; Caldwell et al. 19922) and various uniden-
tified bacteria in environmental samples (Torrella
& Morita 19813 Lawrence & Caldwell 1987).
Each of these pathways of microcolony develop-
ment containg a variety of strategies for releasing
daughter cells and returning them to the plank-
tonic or migratory state.

‘The arrangement of cells within a microcolony
is a function of the cells’ shape, size, mode of cell
wall growth, polymer production, and poorly
understood events occurring at the moment of
cell division. For example, a snapping cell divi-
sion in Corynebacterium spp. gave rise to V-
shaped daughter pairs (Hirsch 1984). Similar
movements at the time of separation of daughter
cells have been described for other bacteria such
as P. fluorescens and E. coli (Lawrence et al. 1987,
Shapiro & Hsu 1989). The specific alignments of
cells that occur during microcolony formation
have been interpreted to indicate that a variety of
complex cell-cell interactions do occur within the
developing microcolonies (Shapiro & Hsu,
1989). Extracellular polymers also play a critical
role in microcolony development. For example,
Allison & Sutherland (1987) showed that a fresh-
water bacterium and a non-EPS producing
mutant colonized surfaces equaily, but only the
former could produce microcolonies.

What has been termed “‘packing’ colony forma-
tion behaviour is commonly observed during sur-
face growth in natural communities by
pseadomonads and vibrios (Torrella & Morita,
1981; Lawrence & Caldwell, 1987; Lawrence er
al. 1987, 1992; Korber et al. 1989a). In this case,
the irreversibly attached cells grow and divide
while forming a tightly packed group of cells at a

Growth of microorganisis on surfaces 25

discrete surface location. P. fluorescens strain
CC840406-E followed a developmental pathway
that proceeded from single cells to a monolayer
microcolony containing between 8-16 cells (after
4-5h surface growth: Lawrence er al. 1987).
Following the 8-16 cell stage, additional growth
resulted in the release of some colony members
into the aqueous phase, those detached bacteria
being termed ‘recolonizing’ or migratory cells.
Cells which successfully recolonized were
observed to reattach at vacant surface sites,
thereby creating new focal points of growth and
aiding in the formation of a confluent biofilm.

Other Pseudomonas spp. exhibited paths of
microcolony development and timing of recolo-
nization different to that of P. fluorescens, Delaquis
{1990) observed that P. fragi microcolonies dis-
plaved a high degree of structural organization.
Colonies developed via a packing manoeuvre,
resulting in a monolayer of regular, citcular
colonies. After 7 h, detachment and recolonization
of motile cells occurred, marked by an increase in
the number of microcolonies per field and also by
an increase in the number of motile cells present
in the surface boundary layer, After approximately
8 h surface growth, it was apparent that a sec-
ondary structure of polarly attached cells had
developed on microcolonies, which subsequently
matured into a palisade layer. The palisade layer
may remain intact and contribute to the develop-
ment of a confluent biofilm structure,

Vibrie parahaemolyticus is an autochthonous
¢stuarine organism isolated from water sediment,
marine organisms and inanimate surfaces, and is
also associated with gastroenteritis in humans. As
such, it exhibits a broad array of adaptive flexibil-
ity. Microcolonies of V. parahaemolyticus formed
by two pathways which were variations of the
packing behaviour described above. Behavioural
analysis of V. parahaemolyticus strains in CESC
showed that during growth on surfaces, micro-
colonies consisted of a variety of functional types
{Lawrence et al. 1992), These included laterally
flagellated progeny adapted for attachment in low
viscosity environments or migration in high vis-
cosity environments. In addition, polatly flagel-
lated progeny adapted for detachment and
dispersal in low viscosity environments were also
produced. The mechanisms controlling the form-
ation of these types included induction of the lat-
eral flagella gene system (McCarter et ol 1992).
In addition, phenotypic switching between a
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transluscent variant and an opaque variant

occurred, the latter only having polar flagella

(Lawrence et al. 1992). Thus, V. parahaemolyticus
microcolonies could form opaque or translucent
variants, or more commonly as mixed popula-
tions. This system provided laterally flagellated
bacteria adapted for attachment to the surface in
low viscosity environments and motility in high
viscosity environments, or polarly flagellated
progeny adapted for detachment and dispersion.
The opaque variant provided a continuous
source of variation, creating a population suited
for planktonic growth (Lawrence et al. 1992},
During the migration or recolonization phase
which occurred after 5 h of surface growth, ¥,
parahaemolyticus cells detached from micro-
colonies and either remained planktonic, or
reattached. The sites of reattachment indicated
that cell—cell interactions were also important in
V. parahaemolyticus behaviour, because cells
aggregated at the initial sites of colonization. In
addition, extensive interactions were observed
between laterally flagellated cells and micro-
colonies in high wviscosity microenvironments
(Lawrence et al. 1992).

Dispersal

In each of the cases of microcolony development
described above, after a species specific period of
growth on a surface, attached bacteria underwent
a redistribution phase. Lawrence ez al. (1987)
termed this event ‘recolonization’, a phase which
for P. fluorescens included the emigration of
attached cells from the surface to the suspended
phase and the subsequent reattachment of those
cells to vacant surface sites. The timing of the
onset of this phase varied between species as well
as with the conditions under which the cells were
growing, For example, attached P. Fluorescens
growing in continuous flow slide culture recolo-
nized after approximately 5 h, whereas V. para-
haemolyticus  grown in 75% 2216 medium
recolonized after approximately 4 h, A typical
data set for V. harveyi illustrating the growth
phase, increase in number of motile cells and
increase in microcolony number is shown in Fig.
1.2, A series of darkfield images showing the
actual growth and development of the micro-
colonies is shown in Fig. 1.3. In this instance,
redistribution occurred following only 2 h of sur-
face associated growth. These variations in the
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Fig. 1.2. Analysis of Vibrio harveyii biofilm development
showing (a) biofilm development rate determined using
darkfield microscopy and digital image analysis, (b} increase
in the number of motile cells in the hydrodynamic boundary
tayer, and (c) increase in number of attached cells and
microcolonies with time. Note the increase in number of
motife cells at approximately 2 h and the subsequant
increase in number of attached cells and microcolonies.
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Fig. 1.3. Darkfield photomicrographs showing growth and microcolony formation during surface colonization by V. harveyil.
Times indicated are 1. 5, 2. 5, 4. 5 and 5. 5 h after inoculation of the flow cefl. The phenomena of formation of elongated
cells and of aggregation around initiat microcelonies are also evident in these photomicrographs, Bar = 20 ym.

timing of cell redistribution represent important
behavioural characteristics which appear to be
species specific. This event provided a mechanism
whereby cells emigrated from heavily colonized
regions, where growth factors may be depleted, to
regions more amenable to rapid growth.
However, in detailed studies of individual cells
within microcolonies, no evidence for a change in
growth rate as a trigger has been detected (J. R,
Lawrence & D. R, Korber, unpublished data). It
is more likely that this phenomenon represents
vatiable expression of traits, spontaneous variants,
or other mechanisms which generate diversity
allowing organisms to adapt to changing environ-
ments and providing at least two morphogenic
states optimal for different circumstances.

Aggregation and coaggregation

Behaviour such as aggregation appears to play an
important role in the development of micro-

colonies, and subsequently, in biofilm architec-
ture. Kolenbrander (1989) noted that nearly all
human oral bacteria participate in intergencric
coaggregation, Sjollema er al. (1990a) used the
term cooperative effects among oral bacteria to
describe a microbial process by which adhering
cells can modify their surrounding environment
into a more favourable one for further attach-
ment. In addition, a unanimous conclusion from
surveys on more than 700 strains of oral bacteria
was that partner recognition during bacterial
coaggregation is very specific (Kolenbrander
1989). Coaggregation may occur intergenericaily,
intragenerically and multigenerically, and these
interactions are extremely important in the colo-
nization and occupation of substrata, These phe-
nomena have been reviewed in detail by
Kolenbrander (1989) and Kolenbrander &
London (1992).

The existence of extensive aggregation during
the development of V. parahaemolyticus micro-
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colonies has been described (Lawrence et al.
1992). In addition, cell aggregation was still evi-
dent in the form of distinct microcolonies
attached to the surface at the base of the biofilms
after 12 and 24 h growth, However, the architec-
ture of the biofilms was also influenced by migra-
tion within the biofilm, a phenomenon apparent
in the development of a diffuse basal layer with
numerous channels in V., parahaemolyticus
biofilms after 24 h growth (Lawrence et al,
1991}, Similarly, observations of the growth and
development of P. fragi microcolonies indicated
that after onset of migration an extensive layer of
vertically attached cells developed on the surface
of the initial microcolonies, This layer has also
been observed in biofilms of P, fluorescens, sug-
gesting that some cells may aggregate to form
specialized structural elements during biofilm
development (Korber et al, 1993; Lawrence &
Korber 1993). The nature of the cellular interac-
tions in biofilm formation may be further investi-
gated through the use of non-motile mutants,

Fig. 1.4. Hustration showing the strategies exhibited by
various surface-colonizing bacteria. {a1) and (a2}, the
attachment of a mother cell, in pofar and horizontal
orientations, with growth and subsequent releass of the
daughter cell to the planktonic state, (b} the attachment,
growth, and slow migration of daughter cells (spreading}. (o),
growth and division during motile attachment. {d), typical
microcolony devefopment {packing} exhibited by
Pseudomenas and other species. {e), microcolony
development with variant production and aggregation
exhibited by Vibrio spp.

Studies of this nature have been carried out using
wild type and mot” mutants of P. fluorescens
(Korber et al. 1989b, 1992, 1993). These latter
studies have concluded that many of the struc-
tures which develop in microcolonies and within
biofilms require active, motility dependent,
cell-cell interactions. The range of surface colo-
nization behaviour exhibited by various bacteria
is summarized in Fig. 1.4.

Control of microcolony f‘ormation

Surfaces may stimulate, inhibit, or have no effect
on the activity of microorganisms at interfaces
(van Loosdrecht et al 1990). However,
microscopy has shown that in many cases surface
associated growth results in the formation of
microcolonies, following developmental pathways
that are species specific and modulated by a
number of factors such as flow rates, viscosity,
nutrient status, starvation and light intensity
(Hirsch 1968, 1974; Kjelleberg et ol 1082;
Marshall  1988; Power. & Marshall 1938;
Lawrence er al. 1989a, 1992}). In contrast, P,
Sluorescens strain CC840406-E, when grown in
cither minimal or complex medium, followed the
same developmental pathway. This pattern of
surface growth by P. fluorescens has also been
shown to be unaffected by factors such as initial
cell density, nutrition, and laminar flow velocity
(Korber er al. 1989b).

However, behavioural sequences have been
shown to vary with respect to environmental con-
ditions or induction of specific genes, Nutritional
status affects the sequence of events which occur
during surface associated growth by P, syringae,
where the formation of microcolonies in CFSC
was inhibited by growth in defined, glucose
amended minimal medium. Under these condi-
tions, P. syringae initially adhered to the surface
and then detached without a growth phase. In
contrast, P. syringae cells cultured using complex
media attached, grew to form microcolonies, and
exhibited a recolonization phase after four gener-
ations. With Vibrio DW1, overcrowding on the
surface resuited in nutrient depletion, cessation
of growth, and induction of a starvation survival
phase (Kjelieberg er al, 1982; Marshalt 1989). In
the case of a natural stream community
(Lawrence & Caldwell 1987), one morphological
type responded to the cessation of flow by imme-
diately emigrating from the surface. The micro-
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colony in question had developed over a period
of 10-12 h without any previous dispersal of
daughter cells, indicating a possible response to
changes in the microenvironment as a conse-
quence of loss of flow,

Studies of V. parahaemolyticus represent the
most comprehensive investigations of surface
induced gene expression (McCarter et al. 1992).
The genetic control of V. parahaemnolyticus lateral
flageltum production has been shown to be phys-
ical, that is, increasing the viscosity of the
medium was sufficient to induce the laterally fla-
gellated phenotype. In this instance, the polar
flagelium has been shown to act as a tactile sen-
sory device informing the bacterium about its
ability to move. Additional studies have shown
that iron deficiency is also required to initiate
production of swarmer cells (McCarter er al.
1988; McCarter & Silverman 1989). Dagostino
et al, (1991) reported that genes related to other
specific functions may only be switched on at
surfaces and not while the bacteria are growing
planktonically. All of the above observations sug-
gest that some surface colonizing bacteria
respond to a broad set of environmental factors,
including concentrations of nutrients, micronu-
trients, O, CO,, etc. It is also possible that
substances such as pheromones or signal pro-
teins similar to those active in myxobacteria
(Nealson 1977; Kim & Kaiser 1990} may be
invoived in controlling these surface growth
related phenomena,

Thus, bacteria have a variety of strategies for
adapting to life in a surface habitat and also for
releasing progeny from the attached to the plank-
tonic state. Behavioural adaptations are an inte-
gral part of surface colonization and represent: (i)
adaptations for colonization and occupation of
the substratum, (ii) optimization of substrate
availability, (iii) strategies for reproductive suc-
cess, (iv) balancing of intra- and interspecific
competition, and (v) responses to environmental
stress. However, more information is required
regarding the quantitative relationships between
growth rate, reproductive success, resistance to
stress, and the relative merits of specific behav-
joural patterns. In addition, it is clear that
cell-cell interactions play a role in the establish-
ment of the structural matrix of microcolonies
and biofilms.
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Advantages of sessile growth

It is considered that surface colonization provides
an advantage for bacteria that exist in olig-
otrophic environments (Kjelleberg et al. 1982;
Kjelleberg & Hermansson 1984). The open
ocean is representative of such an environment as
the concentration of dissolved organic matter in
these habitats is commonly less than 10 mg L™
(ZoBell 1943; Wahl 1989). Surface conditioning
films adsorb to surfaces and tend to concentrate
scarce nutrients, making attached growth by bac-
teria nutritionally advantageous.

However, eutrophic conditions do not neces-
sarily result in the exclusive existence of plank-
tonic bacteria, suggesting that the role of
bacterial attachment cannot be solely based on
nutrient capture (Paerl 1975; Robinson e al.
1984; MacLeod et al. 1990). Alternative explana-
tions for bacterial surface colonization include
registance from washout from the surface, preda-
tor avoidance behaviour, heterotrophic relation-
ships, co-metabolism of recalcitrant compounds,
positioning behaviour, syntrophic dependencies
and optimization of solution chemistry (Caldwell
& Caldwell 1978; Boone & Bryant 1980
McInerney et ol 1981; Brannan & Caldwell
1983; Lawrence et al. 1987; Thicle e al. 1988;
Korber ¢t al. 1989a; Decho 1990; Wolfaardt et al.
1994}, In many cases, attachment behaviour may
not be easily explained in terms of a single advan-
tage, but rather by the combined effect of a num-
ber of factors.

Nutrient scavenging

One explanation for the attachment of bacteria
existing in nutrient limiting environments is to
gain access to the film of organic molecules
adsorbed to the substratum (ZoBell 1943;
Kjelleberg 1980; Kefford et af. 1982; Kjelleberg
et al, 1982; Hermansson & Marshall 1985).
Heukelekian & Heller (1940) observed that E,
coli failed-to grow in suspension where the con-
centration of organic nutrients was less than
0.5-2.5 mg L' except in the proximity of solid
surfaces. At higher nutrient concentrations
(>25 mg L"), no surface dependent growth
effects were observed. Fletcher (1986) measured
the uptake of radiolabelled glucose by attached
and free living cells, determining that the
attached populations assimilated 2-5 times more
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glucose and also that the respiration of surface
associated cells occurred at greater rates than for
suspended cells. This confirmed earlier observa-
tions made by Bright & Fletcher (1983), and led
to explanations for increased activity of cells on
surfaces which included altered cell physiological
responses triggered by: (i) induction of surface
induced pathways (e.g. increased substrate trans-
port), or (i) increased flux of nutrients at the sur-
face through formation of organic films or
improved nutrient movement at the surface as a
result of fluid hydrodynamics.

Results have been more conclusive within
flowing environments. Caldwell & Lawrence
(1986) demonstrated flow dependent growth
kinetics of a P. fluorescens strain in continuous
flow slide culture. At high nutrient concentra-
tions (1 gL™" glucose), it was determined that
laminar flow could be halted without affecting
the rate of microcolony development. At lower
nutrient concentrations (100 mg L™’ glucose),
microcolony growth ceased when flow was
halted, suggesting that glucose depletion within
the hydrodynamic boundary layer rather than
oxygen depletion was responsible for growth lim-
itation. Similarly, Confer & Logan (1991) pro-

_vided evidence that shear strength resulted in
significant increases in the utilization of radiola-
belled macromolecules, suggesting that diffusion
limitation through the zone surrounding the cell
(termed the dead zone), in combination with
enzymatic hydrolysis, decreased the rate of
uptake by up to 12.5 times. In contrast, low
molecular weight compounds were demon-
strated to show little shear dependency on
uptake. Thus, constant replenishment of the sur-
face microenvironment surrounding attached
bacteria may provide a mechanism for maintain-
ing a steep concentration gradient (such as of
nutrients and wastes) required for rapid diffusion
and growth.

An alternative mechanism for nutrient scav-
enging on surfaces is based on the non-adhesive
association of bacteria with the surface,
Hermansson & Marshall (1985) reported the sur-
face associated behaviour of marine isolate Vibrio
MH3 which reversibly adhered to surfaces coated
with stearic acid without becomning permanently
attached. It was determined that Vibrio MH3 had
to be in close proximity with the surface to take
up the fatty acid, even though only 6% of the
measured cell respiration was due to irreversibly

bound MH3 cells. This provided evidence that
irreversible binding was not a prerequisite for the
uptake of surface bound nutrients,

Microbially produced EPS is considered to
play a significant role in the nutrition of sessile
bacteria, The sorptive capacity of EPS for dis-
solved organic matter and metals has been
widely demonstrated for sewage and marine sys-
tems (Brown & Lester 1982; Lion et al, 1988;
Ferris et al, 1989). Thus, organisms can concen-
trate scarce nutrients extracellularly and utilize
these compounds via the activity of exoenzymes.
As a consequence, the uptake of dissolved
organic matter from the suspending solution has
been shown to be up to 60% greater for sessile
biofilms than for planktonic bacteria, The stor-
age of nutrients within EPS has also been sug-
gested; however, there is little direct evidence
that bacteria are capable of utilizing either their
EPS or sorbed nutrients on their EPS when con-
ditions for growth become inadequate, In addi-
tion to protecting cells from surface grazing
predators, EPS, which are rich in sugars, may
also constitute an important energy source
for protozoa (Sibbald & Albright 1988).
Examination of the amount of cellular biomass
present within multiple trophic level systems has
demonstrated thar there is not enough bacterial
biomass to support the measured biomass of
grazing protozoans (for example, only <10-25%:
Juniper 1987), and since there always remains a
fairly large microbial population associated with
surfaces even in the presence of extensive graz-
ing, another mechanism of carbon transfer to
higher trophic levels must exist. This supports
epiftuorescent microscopy observations made by
J. R. Lawrence, D. R. Korber & D. E. Caldwell
(anpublished data), where flagellate and ciliates
actively feeding in a marine microcosm contain-
ing attached bacteria stained with fucose
specific, FITC (fluorescein isothiocyanate) con-
jugated lectin were observed to have large
amounts of fluorescent material in their food
vacuoles. It was considered that the predators in
this system were removing the abundant bacter-
ial EPS but not the bacteria, thereby transferring
nutrients up the food chain without detrimen-
tally affecting populations of primary producers.
The reactivity of microbial exopolymeric sub-
stances in a broad range of microbially associ-
ated events has been described by Decho
{1990},
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Positioning and resistance to washout

Bacteria persist in locations conducive to their
growth and development. Motile responses to
variations in light and solution chemistry, such as
photo- and chemotaxis (Willey & Waterbury
1989) provide well documented examples of
position maintenance by bacteria, as does the for-
mation of intracelular gas vacuoles (Caldwell &
Tiedje 1975). A wide range of indigenous bacte-
ria also rely on adherent behaviour to position
themselves where the supply of organic nutrients
is optimal, the pH allows utilization of specific
growth factors, oxygen requirements are met, or
where temperature ranges are favourable
(Caldwell & Caldwell 1978; Caldwell et al.
1983). The colonization of sulphur springs by
Thermothrix thiopara provides an example of bac-
terial positioning as a result of cellular attach-
ment (Brannan & Caldwell 1983; Caldwell et al.
1983). T. thiopara is a sulphur oxidizing bac-
terium which lives and grows in sulphur springs
at temperatures of 74 °C. The maintenance of 7.
thiopara filaments at sulphide-oxygen interfaces
permits the use of reduced sulphur as a source of
energy. Cells growing beyond the intetface into
oxidizing conditions are continuously shed, reat-
taching where favourable conditions are encoun-
tered.

Adherent positioning mechanisms utilized by
bacteria may involve either attachment to sub-
strata or coaggregation, adaptations responsible
for the formation of marine snow and sewage
sludge granules (Conrad et al. 1985; LeChevallier
et al. 1987; Alldredge & Silver 1988; Merker &
Smit 1988; Thiele et al. 1988; MacLeod et al.
1990), In high rate, anaerobic waste treatment
reactors, sludge must be immobilized or retained
by some mechanism in order to decrease the
dependence of sludge retention on the rate of
flow within the system. It has been shown that
upflow reactors may bear several times the load-
ing factors utilized in systems lacking the upflow
design, and that the pivotal factor responsible for
this increased loading is the formation and persis-
tence of large (diameter ¢. 3 mm) bioactive gran-
ules. The factors contributing to the formation of
such granules have been a topic for conjecture:
however, flow resistance, microcolony position-
ing, and syntrophic cross-feeding are all potential
advantages for degradative bacteria which exist in
a granular consortium. Adherent behaviour is
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also observed within the bovine rumen (Russel e
al. 1981; Rasmussen ¢t al. 1989), where bacteria
with cellulolytic capabilities adhere to cellulose
fibres, causing the release of glucose monomers
for growth by the attached organism and prevent-
ing the rapid loss of bacterial cells to bovine
digestive processes. Similarly, the adherence of
heterotrophic bacteria to cyanobacterial filaments
ay optimize the uptake of O, by the bacteria
while simultaneously producing CO, for
cyanobacterial  photosynthesis (Caldwell &
Caldwell 1978). Similar observations have been
made by Lupton & Marshall (1981), where EPS
produced by cyanobacterial heterocysts were
observed to be populated by bacteria. Positioning
behaviour is also common in streams, at acro-
bic—anaerobic interfaces in iron rich waters, on
the surfaces of pipes and water supply equip-
ment, in biological reactors, and in model flow
systems (Kinner et al. 1983; Robinson et al.
1984; Lawrence & Caldwell 1987; Lawrence et
al. 1987; Characklis et al. 1990a). Thus, adher-
ent colonization strategies are indirectly responsi-
ble for the formation of diverse and unigue
microhabitats,

Resistance to predation

Racterial attachment also improves the survival of
microorganisms which might otherwise be preyed
upon by protozoa feeding on plankton or bacteria
on the surface of the biofilm (Porter 1976; Decho
& Castenholtz 1986; Decho 1990). Cell aggrega-
tion constitutes another form of cellular adher-
ence which may similarly improve species
survival, Caron (1987) observed that attached or
aggregated bacteria were grazed to a lesser extent
by microfiagellates than planktonic cells. Heijnen
et al. (1991) investigated the feeding success of a
flagellate, Bodo saltans, on Rhizobium legumii-
nosarum in liquid suspension amended with ben-
tonite clay. The authors found that addition of
the clay strongly reduced the predation success of
B. saltans, and ascribed these effects to coating of
either the rhizobia or flagellates with clay parti-
cles. Thus, by association with surfaces or other
cells, bacteria may become less susceptible to the
action of predators. However, there have been
reports of protozoan feeding behaviour adapted
to surfaces exhibiting sclective grazing on aggre-
gated bacteria,

The formation of a complex EPS coating by
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the bacterium provides strong adhesive forces
which physically inhibit removal of the cell from
the attachment surface (Porter 1976; Costerton
et al. 1985, 1987; Decho & Castenholtz 1986),
and may also slow the penetration of digestive
enzymes secreted by surface predators,

Development of heterogenous biofilm
communities

Concept of the microenvironment

The ambient conditions associated with clean
surfaces are temporally and spatially modified by
the colonization, growth and activity of bacteria,
Microbial consumption of nutrients, production
of wastes, and synthesis of cellular and extracel-
lular materials all act in concert to define
physicochemically what is known as the microbial
microenvironment  (Hamilton 1987). 'These
microenvironments persist over time due to dif-
fusion limitations in combination with sustained
metabolic activity. The presence of concentration
gradients can influence bacterial population
diversity and spatial distribution as well as micro-
bial metabolic activity within biofilms, allowing
the survival of other organisms with specific, and
often stringent, growth requirernents. The micro-
environment is therefore believed to be the foun-

,

Fig. 1.6.

dation for much of the observed microbial diver-
sity in nature. Although this is a fundamental
concept, its presence has proven difficult to
directly verify. However, application of pH sensi-
tive probes has provided some information on
microenvironments, indicating 1-3 pm zones of
reduced fuorescence surrounding cells and

Fig. 1.5, Scanning confocal laser image of fluorescence
intensity of the pH sensitive probe 5 and 6
carboxyfluorescein in the voids and spaces surrounding cells
and microcolonies of V. parahaemolyticus in a 48 h biofidm.
The image shows a dark boundary layer approximatety

1-3 um thick surcounding individuat cells and microcolonies.
This zone represents the approximate dead volume
suerounding bacterial cells and may rapresent the scale of
microzonat influence for these cells, Bar = 5 um.

fal, SCLM horizontal optical thin section showing the position of axopolysacchatide material produced bya

microcolony within a sludge degrading biofilm. A polyanionically charged fluorescently labelled dextran (70 kD.} was found to
bind this colony type preferentially when compared with other consortium members, indicating spatial variability in the

polymer chemistry of the biofilms. (b} is a negatively stained ima
microcolony bacteria which produced the EPS. Bar = 50 prm,

ge of the same region, showing the position of the
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microcolonies within biofilms as shown in the
SCLM micrograph (Fig. 1.5). Distribution of
unique extracellular polymers surrounding differ-
ent members of biofilm consortia may also con-
tribute to the development of chemical
microzones (Fig. 1.6a, b).

One of the best examples of temporal/chemical
modification of biofilms results from the activity
of aerobic heterotrophic bacteria. Within a newly
formed biofilm, rapid utilization of available
nutrients lead to an increase in microbial biomass
with a concurrent increase in the demand for
oxygen. Thus, anaerobic zones form due to
metabolic oxygen depletion and diffusion limita-
tion, potentiaily allowing proliferation of anaero-
bic microorganisms while limiting the success of
aerobes. In pure laboratory cultures, the cultiva-
tion of strict anaerobes involves reducing the
growth medium and eliminating any exposure to
oxidized equivalents during transfer, growth or
subculture. Within the biofilm microenviron-
ment, these same organisms flourish because the
conditions are met within microniches created
chemically or biotogicaily.”

Development of biofilin architecture -
spatial heterogeneity

Microbial biofilms consist of a spatially hetero-
gencous arrangement of bacteria, biogenic extra-
cellular material, and void space (McFeters ef al.
1984; Gujer 1987; Lawrence et al. 19915 Keevil
& Walker 1992; Stewart et al. 1993), Repeating
patterns of cells and EPS in biofilms formed by
pure bacterial cultures indicate that this spatially
defined architecture is often species specific, and
that distinct microcolony morphology evident at
early stages of development is sometimes
detectable following prolonged biofilm growth
(Lawrence et al. 1991). Biofilm biomass distribu-
tion can exhibit species specific trends (Lawrence
et al. 1991; Korber et al. 1993). For example, sig-
nificant differences in the distribution of biomass
within biofilms of P. fluorescens, P. aeruginosa and
V. parahaemolyticus have been determined using
SCLM and image analysis (Lawrence et dal.
1991). These trends in biomass distribution were
likely to be a reflection of the different surface

colonization strategies used by these different

bacteria (Lawrence & Caldwell 1987; Korber et
al. 1989a; Lawrence et al. 1992).
Motility also affects the distribution and
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arrangement of biomass within biofilms. For
example, the amount of cell biomass present at
different depths in motile and non-motile strains
of 24 h P. fluorescens biofilms differed (Korber et
al, 1993), At the base of the mot~ biofilm
(depth 0 pm) the measured mean cell area value
was 4.2 * 1,5 pm’® per 50 pm’®, at the 8pum
depth, 2.6 * 2.0 pm” per 50 pm’, and at the
16 ym depth, 1.8 * 2.1 um’ per 50 pm”. This
arrangement of non-motile biofilm cells culmi-
nated in formation of typical pyramidal biofilm
colonies, with the highest measured cell areas
present at the base, In contrast, the mot® strain
formed thicker biofilms (depth = 19 * 10 ym vs
42 + 19 pm for the mot  and mot’ strains,
respectively), they were relatively less variable,
and possessed greater amounts of celtular bio-
mass at the attachment surface and the
biofilm-liquid interface. Interestingly, the 8 um
section depth of the mot® P, fluorescens biofilms
was diffuse, relative to over- and underlying
regions, and may have played a role in facilitating
diffusion of nutrients to the base of the biofilm.
Analyses have also shown mixed species
biofilms to be quite variable (Robinson e al.
1984; Caldwell er al. 1992a; Wolfaardt et al.
1994). For example, Keevil & Walker (1992)
reported that natural biofilms, observed with
DIC and epifiuorescence microscopy, consisted
of a basal cell layer approximately 5-10 pm thick,
with stacks of polymer associated cells extending
from the surface into the bulk aqueous phase at
regular intervals. These structures were pre-
sumed to have facilitated the flux of nutrients to
the basal biofilm layers, thereby supporting the
growth of aerobic heterotrophs, while creating
chemical microenvironments which would sup-
port the growth of anaerobic organisms as well.
This general theme of cell aggregates inter-
spersed by channels has been confirmed during
other pure culture and mixed species investiga-
tions, with biofilm structure varying for different
hydrodynamic regimes, incubation times, species
composition, or nutrient status (Santos e al,
1991; Korber et al. 1994b; Stewart et al. 1993).
For example, Bakke & Olsson (1986} detected
channels within P. aeruginosa biofilms using low
magnification microscopy. Depth measurements
indicated that variability increased with age,
although the average depth of the biofilm did
not. The channels were considered by the
authors to have increased surface roughness and
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decreased diffusional length, thus facilitating
mixing and nutrient exchange, An SCLM study
of flow velocity effects (flow range, 0,01--0.21 ¢cm
s ') on the architecture of P, Sluorescens biofilms
determined that the extent of channel formation
was flow velocity dependent, with increased flow
velocities causing an increase in the average
depth of the biofilms and a concurrent decrease
in the variability of depth measurements (Korber
et al. 1994b). This study, performed over large
biofitm regions (>1000000 pm®) and at low
magnification, demonstrated that at low flow
rates biofilms were less deep and contained rela-
tively more channels (0.01 cm 5™ mean depth,
12.3 £ 6.8 pm) than at high flow rates
(0.21 ¢cm s™'; mean depth, 83.7 * 10.2 pm). The
increase in depth and decrease in the total area of
channels suggested that limitations to growth
present at low flow may be offset by increased
exchange of nutrients and/or oxygen across the
hydrodynamic boundary layer at high flow rates.
Figure 1.7 shows the presence of channels and
cell - aggregates within a typical P. fluorescens
biofilm using SCLM at low magnification in the
xy plane (showing the pattern of cell aggregates
and channels), as well as at high magnification
(Fig. 1.8) in the xz plane (showing in sagittal
profile, individual channels and cell aggregates),
In addition to pores and channels, other unique
architectural features have also been observed.
For example, bridging structures, formed as part
of biofilms developed under flowing conditions,
have been observed (Korber er al, 1993b), The
basal layer of a biofilm (Fig. 1.9a) and the bridge
structure extending across the channel can also
be observed (Fig. 1.9b). Pore development also
constitutes a situation where the biofilm has over-
grown a small channel, resulting in a void space
not connected to the bulk aqueous phase. Similar
structures have been described for many biofilms
including those on rotating biological contactors
and other systems (Kinner et al. 1983). The sig-
nificance of such structures is as yet not clear.
The presence of channels within biofilms (Figs.
1.7, 1.8) may be analogous to the growth habit of
barnacle colonies, which form relatively high
hummocks about 5 cm across and are also inter-
spersed by water channels at regular intervals
(Barnes & Powell 1950; Knight-Jones & Moyse
1961). The largest barnacle individuals are found
at the peak of the hummocks, where more nutri-
ents are available for growth as a consequence of

more rapidly flowing water. Hummocks would
also cause turbulent mixing thereby preventing
buildup of a nutrient depleted boundary layer,
with associated benefits for other members of the
barnacle community. For biofilm bacteria, chan-
nels and cell aggregates may function simdlarly,
with flow and advection replenishing nutrients
and facilitating diffusion in regions not directly
exposed to the bulk phase. Depth dependent
variability in growth rates for biofilm bacteria has
previously been inferred by Korber ez al. (1994a),
where treatment with fleroxacin, a DNA gyrase
inhibiting fluoroquinolone, caused greater cell
elongation at the bulk-liquid interface than at the
base of the biofilm, even though visual determi-
nations of fleroxacin penetration indicated that
migration of this compound was not significantly
impeded by the bacterial-EPS matrix. Similar
observations have been made for penetration
of antimicrobial agents (Nichols 1989),
Consequently, the increase in cell length follow-
ing application of fleroxacin should be propor-
tional to the amount of cell growth., These
observations agree with the premise that biofilms
grow mainly at the biofilm-liquid interface and
not from the biofilm base, and have implications
not only for understanding the ecology of biofilm
systems, but also for interpreting the effects of
antimicrobial agents on biofilms (Gilbert er al.
1990; Eng er al. 1991),

Population architecture of biofilms

While studies of the physical architecture of
microbial biofilms are now routinely conducted,
population architecture may also be directly stud-
ied wsing fluorescent conjugates of oligo-
nucleotide probes, using phylogenetic probes and
PCR (polymerase chain reaction) methods {Stahl
et al. 1988; Amann ez al. 1992). If microchermnical
gradients are also examined, valuable information
describing chemical and spatial requirements of
highly structured biofilm communities may be
obtained. Recently, Amann ez al. (1992) con-
ducted studies using natural populations of SRB
within multispecies biofilms, demonstrating that
two types of cell distributions were observed:
when biofilms were stained with SRB specific
oligonucleotides. One probe distribution pattern
indicated a microcolony growth habit for D. vul-
garis-like sequences, whereas D. desulfuromonas
was more randomly distributed. Time course
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Fig. 1.7. Low magniication SCLM optical thin sectian {c. 80000 um? clearly showing a spatial pattern of channels and cell

aggregates. Bar = 100 pm,

Fig. 1.8. SCLM optical thin section showing in sagittal profile {x2) channels and cell aggregates present within a positively-
stainad 24 h P. flucrescens biofitlm {top). The bottom portion of the mictograph is a hotizontal optical thin section, the top
gortion of which corresponds with the position of xz secticning. Bar = 25 pm.
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Fig. 1.9. A projection of four SCLM optical thin sactions obtained from

fluorescens biofitm (a), showing th

alone. Bar = 25 pm,

investigations using these techniques - fnay
provide important information regarding the
temporal success of organisms which have specific
chemical requirements, For example, develop-
ment of anaerobic zones may be found to corre-

e distribution of cells near the attachment surface,
near the 6 pm sectioning depth. (b} is a single optical thin section from the 6 pm secti

a T

the basal region of a negatively stained P,
as well as a bridge structure evident
on depth, showing the bridge structure

late with the occurrence of SRB microcolonies,
Investigations using 16S, 58 and 23S rRNA
probes are now being used to study a wide range
of natural systems, allowing investigations into
community structure without the need for culti-
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vation (Stahl er al. 1988; Amann er al. 1990,
1992). This is important because members of a
biofilm community isolated from the environ-
ment may not be easily culturable. While still
undergoing rapid development, these methods,
used in conjunction with either SCLM or epi-
fluorescence microscopy, will provide valuable
insight into the spatial contiguity of obligate or
syntrophic cell associations.

Competition and succession in biofilms

In natural systems, there exists a high degree of
cellular interaction and competitive behaviour
(Connell & Slatyer 1977; Fredrickson 1977).
Much of this interactive behaviour results from the
competition of cells for available resources,
whether those resources be attachment sites or
growth substrate, Higher organisms may also
influence the outcome of microbial surface colo-
nization, and events such as grazing by predators
have the potential to limit the success of one strain
while having relatively Jittle effect on other consor-
tinm members. Few studies have focused on the
effect of competitive pressure during the develop-
ment -of microbial biofilms. Cowan er al. (1991)
utilized image analysis to measure the extent of
surface coverage during colonization of pure cul-
tures and mixed species over a 27 day period; in
the presence of Xanthomonas maltophilia, greater
surface colonization was observed during cocul-
ture experiments than where X, malwphilia was
absent. The researchers also noted limitations of
their system in that three dimensional cell aggre-
gates could not effectively be discriminated from
two dimensional growth and development using
phase contrast image analysis. Also noted was the
inability to discriminate between bacterial species
in order to determine dominance of any particular
colonizing species within the system,
Radiochemical labelling of bacteria has also
been used to evaluate competitive behaviour in
biofilm cocultures (Banks & Bryers 1991).
Discrimination between the two strains used dur-
ing this study was possible because a Pseudomonas
putida strain metabolized glucose exclusively
whereas Hyphomicrobium sp. metabolized only
methanol. Replicate culture systems were used to
cultivate either mixed species biofilms grown in
the presence of '*C-glucose and unlabelied
methanol, or "“C-methanol and unlabelled glu-
cose, Success of coculture members was deter-
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mined by comparison of radicactivity accumu-
lated over time, sacrificing flow cells for analytical
purposes. When both strains were simultaneously
added to flow cells, the P. putida isolate out-
numbered the Hyphomicrobium sp. after 24 and
48 h. Similarly, when P. putida was added to an
established Hyphomicrobium sp. biofilm, the P
putida cells became the dominant biofilm species
after only 48 h. In both cases, the P. purida strain
outnumbered the Hyphomicrobium sp. by approxi-
mately 5 to 1 after 50 h of biofilm growth. The
authors attributed these results to the differences
in growth rates of the two species, whereas the

effect of microbial colonization behaviour was

not addressed. Current limitations to the study of
complex microbial communities lie in the inabil-
ity to discriminate visually between consortium
members that have similar shapes. Use of SCLM
in conjunction with fluorescently labelled
poly/monoclonal antibodies has potential in this
area of study, as laser optical thin sectioning may
then be used to help clucidate the position of
fluorescent antibody stained bacteria present
within the biofilm matrix (James et al. 1993).
Observations of adherent populations in nat-
ural habitats provides evidence that these systems
are in constant flux (Connell & Slatyer 1977;
Baier 1984; Wahl 1989). A sequence of events
occurs during surface fouling, resufting in a suc-
cession of surface colonizing species which domi-
nate at various times following immersion of
clean surfaces in natural waters. In a process
termed epibiosis (Waht 1989), the initial coloniz-
ing species are subsequently colonized by organ-
isms before others, with defined requirements,
become involved with the surface consortium.
The succession is based on a sequence of physi-
cal and biological events, initiated by adsorption
of organic films and closely followed by surface
colonization by bacterial species (Fletcher &
Loeb 1979; Characklis 1981; Baier 1984). The
time frames for these two initial phases of surface
colonization are relatively short, with the molecu-
lar film forming over a period of minutes, and
with significant bacterial colonization occurring
within 24 h. J. R, Lawrence, D. R. Korber &
D. E. Caldwell {unpublished data) noted that
only brief periods were required for the onset of
bacterial deposition from a simulated marine
microcosm, and that common marine species
(Hyphomicrobium, Pedomicrobium, Pseudomonas,
Caulobacter spp.) were primarily involved,
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While bacteria continue to adsorb to exposed
surfaces, larger fouling organisms (including
amoeba, flageltates, ciliates, diatoms and larvae)
subsequently colonize the surface over a period of
days for predatory eukaryotes and diatoms, or
weeks for larval and spore deposition (Wahi
1989; Decho 1990), This successional pattern of
surface colonization has been frequently observed
during long term observation of immersed sur-
faces in flowing or static systems. Researchers
have reported that rod-shaped bacteria are fre-
quently the primary colonizers following expo-
sure of clean surfaces to natural aqueous systems
(Marshall ez ol 1971; Marszalek et al. 1979), fol-
lowed by stalked bacteria such as Caudobacter
spp. (Dempsey 1981). Subsequent colonization
by filamentous algae, diatoms, larvae, etc. has
reportedly been observed in stream, river and
oceanic environments, with eventual attraction of
predators which feed on the biofilm (Marszalek ez
al. 1979; Baier 1985; Wahl 1989; Rirttle et al.
1990).

The recent developments in studying biofilms
described in this chapter have allowed us to
describe them as both variable and hetero-
geneous (Keevil & Walker 1992; Stewart et al.
1993; Korber er al. 1993). In addition, bicfilms
form through a variety of strategies based on
cell-cell interactions that function as multicellu-
lar behaviour of microorganisms. The techniques
are now available to study the microenvironment
in real time using non-destructive methods. They
also allow analysis of the spatial arrangements of
cells within the context of their natural surround-
ings. SCLM permits optical sectioning of thick
biological specimens without interference from
light scattering (Heertje ez al. 1987; White et al.
1987) and has recently been utilized to examine
the internal structure and architecture of mature
biofilms without diffraction based lmitations in
microscopy resolution (Lawrence et al. 1991;
Caldwell et al. 1992a, b; Korber e al, 1992,
1993; Wolfaardt er al. 1994). This, combined
with the wide range of environmentally sensitive
reporter molecules, means that the microenviron-
ment may be defined and quantitatively analysed.
The application of molecular technigues provides
the ability to analyse natural communities
(Amann er al. 1992). These techniques allow the
study of biofilms and help to relate the occur-
rence of bacterial populations to the measure-
ment of specific processes.

Application of these tools should provide new .

understanding of the functioning of biofilms in
the diverse industrial, agricultural, medical and
natural environments where they are of major
importance as discussed in later chapters.
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