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Abstract 

Scanning confocal laser microscopy (SCLM) studies 
have shown that microbial biofilms consist of a spatially
heterogeneous arrangement of bacterial cells, biogenic 
extracellular material, and void space. Biofilm archi
tecture is dominated by the presence of cell aggregates 
interspersed by channels, the arrangement of which var
ies for different hydrodynamic regimes , ages, species 
composition, or nutrient status. This organization may 
regulate the flux of nutrients and oxygen, creating chem
ical microenvironments (Eh, pH) facilitating the growth 
of aerobic heterotrophs and anaerobes. The presence of 
microenvironments has been confirmed using laser 
microscopy and environmentally sensitive fluorescent 
probes. In addition, changes in cell number and growth 
rate with depth and location have also been documented. 
Elegant methods using fluorescent rRNA probes andre
porter gene systems have allowed in situ visualization of 
high genetic diversity and the regulation of genes in 
microbial biofilms. Through the use of scanning confo
cal laser microscopy (SCLM) and fluorescent probes, 
both qualitative and quantitative analyses of many 
aspects of the ecology of biofilms may be studied. 
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Introduction 

Many studies over the last decade have provided a 
better understanding of the structure and function of bio
films. However, very little has been done to study the 
spatial organization within these communities. Although 
it has always been apparent that biofilms do not fit a 
model of thin homogeneous layers , comparatively little 
effort has been focused on the description and quantifi
cation ofbiofilm heterogeneity. Recent studies have em
phasized the presence of extensive structural complexity 
and heterogeneity within biofilms (Lewandowski et al., 
1989, 1993; Lawrence et al., 1991 ; Korber et al., 1993; 
Stewart et al. , 1993 ; Wolfaardt et al. , 1994a). Much of 
this change in our view of microbial biofilms arises from 
the development and application of scanning confocal 
laser microscopy (SCLM) and fluorescent molecular 
probes in biofilm studies. 

The development of heterogeneity in microbial bio
films is a function of a series of factors extrinsic to the 
bacteria and those that may be considered intrinsic fac
tors. Extrinsic factors include: qualities of the substra
tum, environmental stresses, nutrient availability , flow 
rates, and effects of grazing. In contrast, factors intrin
sic to the colonizing bacteria include: behavior, chemo
tactic and sensory responses, metabolic pathways, and 
interactions such as co-aggregation and aggregation. 
The many factors that have been demonstrated to influ
ence bacterial attachment and biofilm development have 
been recently reviewed (Lawrence et al., 1995). 

Bacteria live in a diffusion-dominated environment 
and, as individuals, are unable to alter the environment 
in which they live (Koch, 1991). As a consequence of 
microbial activity and diffusion limitation, the develop
ment of the fundamental biofilm characteristic, the 
microenvironment, occurs. 

This article reviews SCLM based studies of biofilms 
and the approaches that may be used to apply high reso
lution digital microscopy to biofilm research. Reviews 
of digital imaging and SCLM for environmental micro
biology applications have been presented previously 
(Caldwell et al., 1992a; Lawrence et al., 1995, 1996). 
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Instrwnentation and Probes 

More basic biological and ecological knowledge is 
needed to understand the growth of bacteria in multi
species biofilrns. For such a purpose, traditional meth
ods are not the appropriate tools. Isolation studies ex
tract the organism from its natural context and restrict 
studies to a narrow spectrum of naturally occurring mi
croorganisms (Torsvik et al., 1990; Ward et al., 1990). 
Light microscopy may be used to visualize microorgan
isms in their natural habitat, however, resolution is lim
ited, particularly for epifluorescence approaches, and 
information regarding the microenvironment and taxo
nomic affiliation of microorganisms may not be readily 
obtained. 

There have been several advances in the areas of 
digital imaging and light microscopy which allow exten
sive use of non-destructive techniques on a wide range 
of sample matrices. Digital image processing and analy
sis methods are now affordable for many laboratories. 
Highly sensitive charge-coupled device cameras can vis
ualize extremely low levels of emitted light. Rarnsing et 
al. (1993) utilized this approach to examine the distribu
tion of sulfate reducing bacteria in biofilms. Confocal 
scanning laser microscopy allows detailed, non-destruc
tive examination of thick microbial biofilrns. Using high 
numerical aperture 1.4 60X lenses, biofilms 80-100 J.Lm 
have been optically sectioned; when 0.55 NA extra long 
working distance lenses or water immersible lenses are 
used, images may be obtained throughout 500 J.Lm thick 
biofilm materials. These capacities were demonstrated 
for biofilms by Lawrence et al. (1991) and reviewed by 
Caldwell et al. (1992a). The technique of optical sec
tioning removes out-of-focus information and leads to 
sharp, clear digital images. As such, it is an ideal tool 
for studying spatial distribution of cells in immobilized 
biofilm communities. When SCLM is coupled with the 
large number of environmentally sensitive probes that 
are available (Haugland, 1992), direct data may be ac
quired on diffusion (Lawrence et al., 1994), redox, as 
well as pH and ion concentrations. Other probes reveal 
information on cell viability. SCLM used in conjunction 
with fluorescent antibodies or oligonucleotide probes 
provides vital information on the taxonomic affiliation 
(Assmus et al., 1995) and growth rates (Poulson et al., 
1993). Bloem et al. (1995) described a fully automatic 
image analysis system capable of measuring cell num
bers, volumes, length and frequency of dividing cells 
using SCLM images. SCLM, light microscopy, and 
digital image analysis techniques for application in en
vironmental microbiology have recently been reviewed 
by Lawrence et al. (1996). A comparison of a variety 
of microscopic techniques for studying biofilms has been 
presented by Surman et al. (1996). In addition, Laurent 

et al. (1994) have provided a more general evaluation of 
biological applications of SCLM. 

Scanning confocal light microscopy may also be 
combined with physical probes, i.e. , microelectrodes to 
provide a visual record of the environment in which the 
sensing tip is operating. This approach bas been suc
cessfully used for examination of oxygen distribution in 
biofilrns (Costerton, et al., 1994; de Beer et al., 1994a). 
Ramsing et al. (1993) correlated the distribution of sul
fate reducing bacteria with 0 2 and H2S levels in photo
synthetic biofilms using oligonucleotide probes and mi
croelectrodes. Microelectrodes used alone have also 
provided valuable information on heterogeneity of hie
film communities. Microelectrodes can be used to per
form direct concentration measurements on biofilms with 
a high degree of spatial resolution for a variety of 
parameters (Revsbeck, 1989; Kubl and Jorgensen, 1992; 
de Beer et al., 1993, 1994a,b; Lens et al., 1993). 
Measurements may be made with relatively little disturb
ance using sensing tips from 1 to 10 J.Lm for 0 2, H 2S, 
nitrate, ammonium, chloride and glucose. 
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Biofilm Architecture 

When examined using SCLM, living biofilms appear 
to consist of a variable distribution of cells, cell aggre
gates, extracellular polymers, and void spaces. This 
pattern has been defined by Lawrence et al. (1991) as 
the architecture of the biofilm and has been shown to be 
influenced by a range of factors . These include: the 
species of bacteria, the nutrient source provided, the 
flow rate in the liquid phase, grazing by protists, and 
various environmental stresses. 

Lawrence et al. (1991) used SCLM with negative 
staining (Caldwell et al., 1992b) and image analysis 
techniques to describe the architecture of Pseudomonas 
(P.) jluorescens and Vibrio parahaemolyticus biofilms. 
The P. fluorescens biofilms had the highest number of 
cells at their attachment surfaces and became increasing
ly diffuse near their outer regions whereas the Vibrio 
biofilms exhibited the opposite trend. In general, the 
biofilrns were highly hydrated, open structures composed 
of 73 to 98% extracellular materials and space. They 
went on to indicate that species specific architectures 
represent the optimal arrangement for influx of nutrients, 
transfer of wastes, and establishment of microenviron
mental conditions. An example of images used for arch
itectural analysis of a biofilm is shown in the series of 
optical thin sections in Figure 1. 

Keevil and Walker (1992) have shown, using 
SCLM, environmental scanning electron, and episcopic 
differential interference contrast microscopy, that many 
native biofilms have long, finger-like stacks that rise 
from the attachment surface. The basal layer is 5 J.Lm in 
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depth with stacks or fronds extending 150 IJ.m from the 
basal layer. The biofilm structure was also described as 
being penetrated by many channels. The existence of 
channels within the biofilm has also been noted by 
Massol-deya et al. (1995) for biofilms growing on gran
ular activated carbon. The work of Stoodley et al. 
(1994) has demonstrated the existence of extensive chan
neling by using SCLM to trace the movement of 0 .28 
IJ.m beads in biofilms formed by 3 bacterial species 
growing on glucose. de Beer et al. (1994b) also found 
complex structures in aerobic biofilms, consisting of dis
crete aggregates and interstitial voids. They further in
dicated that these structures have considerable impact on 
mass transfer within the biofilm. 

The heterogeneity of biofilms has been shown to be 
dependent on physical parameters such as laminar flow 
velocity. High flow rates have been associated with in
creased substrate loading capacities of biofilms, in
creased biofilm densities, increased mass transport of 
compounds across the liquid/biofilm interface, and in
creased sloughing of biofilm materials (Trulear and Cha
racklis, 1982; Bryers, 1987; Characklis et al., 1990). 

Korber et al. (1994a) reported effects of laminar 
flow velocity on the structure of P. fluorescens biofilms, 
measured in terms of biofilm depth and variability of 
depth measurements. It was found as discussed below, 
that the occurrence of channels varied with the rate of 
laminar flow, all other factors remaining constant. 
These observations may be significant with respect to 
nutrient limitations which occur within actively growing 
biofilms and are influenced by flow. For example, bio·· 
films grown at low laminar flow velocities were thinner 
(0.01 em s· 1

, mean depth= 12.3 ± 6.8 IJ.m) than those 
grown at higher laminar flow velocities (0.21 em s·1

, 

mean depth = 83.7 ± 10.2 IJ.m). The variability in 
depth measurements (coefficient of variation) also corre
lated inversely with rate of laminar flow , indicating that 
as biofilms became thicker, channels became less preva
lent. P. fluorescens biofilm bacteria may have adapted 
to stresses imposed by nutrient limitation by forming 
large water channels which provide an alternate (lateral) 
route for the diffusion/advection-limited transport of nu
trients or electron acceptors to the base region of bio
films, and similarly, the escape of metabolic wastes. 
However, nutrient limitation at the lower flow velocities 
may simply prevent growth, thereby limiting distribution 
of cells in the biofilm. Similar observations on the ex
istence of pores and channels have been made in studies 
of biofilm formation on granular activated carbon and 
other substrata (Lawrence et al., 1991; de Beer et al., 
1994a; Stoodley et al., 1994; Massol-deya et al. , 1995). 

Wolfaardt et al. (1994a) showed a dramatic effect of 
switching from trypticase soy broth to a chlorinated hy
drocarbon as carbon source on the architecture of a bio-
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film community. In this case, the community changed 
from a relatively thin 5-10 IJ.m homogeneous biofilm 
structure to one with diversity in morphology of micro
colonies and the development of mounds extending up to 
40 IJ.m into the overlying medium. The time scale for 
this switch was also remarkable in that the changes were 
apparent within 48 hours of the change in nutrients. 
Changes in biofilm architecture were also observed when 
this consortium was grown on 2,4-dichlorophenol and 
1,3-dichlorobenzene (Wolfaardt et al., 1994a). Al
though it has been presumed that aerobic degradation of 
hydrocarbons would not involve extensive interspecies 
interactions and growth coordination, this study and that 
of Massol-deya et al. (1995) indicate this is not the case. 

In most environments, bacteria are subject to peri
odic stresses which may disrupt the biofilm community, 
alter growth rates, or select for certain populations. The 
end result of these effects is the creation of variability in 
biofilm architecture. Depth-dependent variability in 
growth rates for biofilm bacteria has been inferred by 
Korber et al. (1994b) , where treatment with a fluoro
quinolone (fleroxacin, which results in cell elongation) 
caused significantly more cell elongation at the bulk
liquid interface than at the base of the biofilm, even 
though determinations of fleroxacin penetration (based 
on fluorescence) indicated that migration of this com
pound was not hindered by the bacterial/exopolysaccha
ride matrix. While cell elongation was evident through
out fleroxacin-treated biofilms, the mean cell length at 
the 15 IJ.m section depth was 8.1 ± 2.4 IJ.ID (max. - 15 
IJ.m) following 48 hour fleroxacin exposure, whereas the 
length of cells located at the base of the same biofilm 
was 4. 2 ± 1. 8 IJ.m. In contrast, control biofilm cells at 
the 15 IJ.m section depth at 72 hours were approximately 
1. 7 ± 0.6 IJ.m in length, as compared with measured 
cell lengths at the biofilm base of 1.5 ± 0.5 IJ.ID. Gen
erally, cell elongation following the application of fler
oxacin was most obvious in regions closest to the bulk 
phase of the irrigation medium, presumably because 
these cells were closer to the nutrient source, and thus, 
were actually growing more rapidly. 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 anti-microbial agents on heterogeneous bio
films where not all cells are likely to be growing rapidly 
or at the same rates (Gilbert et al., 1990; Eng et al., 
1991). Gorman et al. (1994) also used SCLM to exam
ine the nature of catheter biofilms and noted that they 
were dominated by microcolonies and clusters of pseu
domonads and staphylococcal cells; they attributed this 
architectural form to the effects of antibiotic therapy on 
the biofilm development. 
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Figure 1. A series of SCLM xy optical thin sections at 0, 2, 4 and 6 J.tm shown in (A) were combined to create a 
through-view projection of a mixed species biofilm developing on a wood chip support in a bioreactor (B). Bar = 10 
J.tm. Figure 1 (A) above, Figure 1 (B) on facing page. 

In one of the few statistically-based studies of 
biofilm architecture, Korber et al. (1993) used a com
puter controlled stage and SCLM to construct large 
montages of contiguous regions of P. fluorescens bio
films. The large biofilm montages were analyzed to de
fme the extent of analysis required to provide represen
tative biofilm biomass data. It was found that the spatial 
variability contained within pure culture P. fluorescens 
biofilms was large, requiring analysis areas exceeding 1 
x lOS J.tm2 for statistically-representative results. Thus, 
biofilms may be extensively heterogeneous and provide 
a subject for study that can be extremely problematic if 
representative results are to be obtained. 
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The Microenvironment 

Microbial consumption of nutrients, production of 
wastes, and synthesis of cellular and extracellular mate
rials all act in concert to physicochemically defme what 
is known as the microbial microenvironment (Hamilton, 
1987). These microenvironments persist over time due 
to diffusion limitations in combination with sustained 
metabolic activity. The presence of concentration gradi
ents can influence bacterial population diversity and spa
tial distribution as well as microbial metabolic activity 
within biofilms, allowing the survival of other organisms 
with specific, and often stringent, growth requirements. 
The microenvironment is therefore believed to be the 
foundation for much of the observed microbial diversity 
in nature. Many studies have demonstrated the stability 
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of biofilm communities against disturbances (Brown et 
al., 1988; Brown and Gauthier, 1993; Korber et al., 
1994b; Huang et al. , 1995). The basis for this resist
ance has often been hypothesized to be the existence of 
physiological, physical and chemical gradients. 

Although this is a fundamental concept, its presence 
has proven difficult to directly verify. The use of 
SCLM in conjunction with fluorescent probes is one of 
most attractive approaches to study spatial gradients 
within biofilms. Evidence has been provided for the 
existence of physiological variation within biofilms. 
Korber et al. (1994b) has described gradients in nucleic 
acid staining and cell length in Pseudomonas sp. bio
films treated with fleroxacin. Huang et al. (1995) re
ported a spatially non-uniform loss of microbial respira
tory activity with biofilms after treatment with mono
chloramine, with the greatest loss at the biofilm bulk
phase interface. They also described how the highest 
rates of respiratory activity after treatment were re
stricted to the base of the biofilm and the centers of cell 
clusters. The likely explanation for this phenomenon is 
the development of concentration gradients within the 
biofilm as a consequence of hindered diffusion. The 
existence of these gradients for chlorine based disinfect
ants was confirmed by de Beer et al. (1994a). 
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The presence of hindered diffusion within biofilms 
was also demonstrated by Lawrence et al. (1994) who 
used SCLM and size-fractionated fluorescent dextrans to 
demonstrate the existence of regions of low mobility. 
These authors also showed that extensive binding of both 
positively and negatively charged molecules occurred 
within the biofilms which would contribute to incomplete 
penetration by reactive molecules. Thus, the existence 
of gradients such as those shown in Figure 2, can be 
confirmed through direct visualization with SCLM and 
various staining or probe based techniques. 

The application of pH-sensitive fluorescent probes 
has provided some information on microenvironments, 
indicating < 1 J.tm zones of increased fluorescence 
(higher pH) surrounding cells within biofilms as shown 
in an SCLM micrograph (Fig. 3). In contrast, Caldwell 
et al. (1992a) showed images of 1-3 J.tm zones of re
duced fluorescence surrounding cells of Vibrio para
haemolyticus in biofilms. This change in fluorescence 
was interpreted as a possible zone of reduced pH. It has 
been noted that interpretation of these fluorescence pat
terns may be confounded by differential penetration-con
centration effects , or quenching of the fluorescent com
pound by interaction with proteins in the vicinity of the 
cell (Caldwell et al., 1992a). 
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Figure 2. A series of xy images showing the relative penetration of 2,000K, 500K, 4K dextrans and fluorescein at the 
same location in the biofilm. Dextrans were added from highest to lowest molecular weight and the system was purged 
with fluor free medium between experiments. Reprinted from Lawrence et al. (1994), with permission of Appl. 
Environ. Microbiol. Bar = 25 J.Lm. 

The occurrence of these microzones is also related 
to the extreme importance of exopolymers in biofilm de
velopment (Vandevivere and Kirchman, 1993; Lawrence 
et al., 1995). Distribution of unique extracellular poly
mers (EPS) surrounding different members of biofilm 
consortia may also contribute to the development of 
chemical microzones (Fig. 4) within the biofilm. Analy
sis of EPS through traditional means does not allow defi
nition of their spatial distribution within biofilms and 
their association with specific cells and cell types . 
Lawrence et al. (1995) described the preliminary results 
of applying a suite of fluor-conjugated lectins to assess 
the distribution of lectin binding sites within the EPS of 
a biofilm community grown on the herbicide diclofop 
methyl as sole carbon source. They noted specific EPS 
were associated with the binding of the herbicide within 
the biofilm. In a series of parallel SCLM based studies, 
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Wolfaardt et al. (1995) have shown the distribution of 
the herbicide within biofilms, its local accumulation and 
subsequent utilization as a carbon source by the bacterial 
consortium under starvation conditions. They have also 
shown, that the nature of the EPS and the binding of 
pesticides has considerable environmental relevance 
resulting in biotransfer to grazers feeding on the EPS of 
biofilrns (Wolfaardt et al. , 1994b). 

The dynamic nature of these gradients can be dem
onstrated through the application of pH buffered solu
tions to adjust the pH of the bulk phase and assess the 
impact on microenvironmental pH. The results of pH 
shifting are shown in Figure 5, where a biofilm consorti
um growing in continuous flow slide culture was sequen
tially exposed to macroenvironmental pH's of 4, 7 and 
9 . The resulting series of images indicated the existence 
of regions that adopted the pH of the macroenvironment 
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Figure 3 . SCLM image providing evidence for microzonal variation in pH within a mixed species biofilm growing on 
a wood chip support. The fluorescence of fluorescein is quenched at pH 5 or below and increases to pH 9, in this case 
the sample was flooded with a 0.1 % fluorescein solution at pH 7 and covered with a #1 coverslip prior to observation 
with SCLM. Cells in the top left of the image show a fluorescent halo indicative of a pH > 5 and are surrounded by 
a dark background indicative of pH < 5. In contrast, in the lower left the cells occur on a fluorescent background, 
indicating that the pH has shifted to > pH 5 . Bar = 25 Jlm. 

and others that retained pH's lower or higher than that 
of the macroenvironment. 

Another critical component of the biofilm commu
nity is the ratio of active or living cells to those that are 
moribund. Lloyd and Hayes (1995) reviewed viability 
probes and provided examples of their use in conjunction 
with SCLM. Mason et al. (1995) assessed the useful
ness of membrane potential dyes and calcafluor white for 
their ability to detect living and dead bacterial cells, they 
indicated that his 1 ,3-dibutylbarbituric acid and calca
fluor were the most useful probes. The use of LiveDead 
stains produced by Molecular Probes, Eugene, OR, to 
determine the distribution of living and dead or mori
bund cells within biofilm materials is shown in a repre
sentative dual channel image (Fig. 6). Caldwell and 
Lawrence (1989), showed that redox sensitive probes 
such as resazurin , used in conjunction with SCLM and 
optical sectioning, could indicate the viability of bacterial 
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cells within cell masses . Rodrigues et al. (1992) re
ported on a promising fluorescent probe for visualization 
of actively respiring bacteria on surfaces. 

Bacterial cells living in a multilayered matrix may 
be viewed as being diffusion limited and the application 
of microelectrodes has shown the existence of steep oxy
gen gradients within aerobic biofilrns, confirming the 
importance of diffusion processes in these systems 
(Jorgensen and Des Marais , 1990; Dalsgaard and Revs
bech, 1992; de Beer et al. , 1993, 1994b). De Beer et 
al. (1994b) combined SCLM with microelectrode studies 
to provide some of the best evidence for the existence of 
oxygen gradients within aerobic biofilm communities. 
They showed that oxygen distribution was strongly cor
related with the structure of the biofilm, with low oxy
gen levels in the cell clusters and with depth and higher 
oxygen values at the biofilm bulk-phase interface as well 
as the voids and channels. 
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With the broad range of fluorescent environmentally 
sensitive probes that are available, the potential of 
SCLM to visualize and quantify gradients within bio
filrns is significant, but to date, under utilized. 

Analysis of Populations and Communities 

Diversity and dynamics of microbial populations in 
biofilrns and aggregates have mainly been analyzed using 
culture dependent methods. However, the development 
of fluorescently conjugated mono- and polyclonal anti
bodies, and 16S and 23S rRNA oligonucleotide probes 
provide complementary methods which allow the in situ 
identification of individual cells growing in biofilms. 
Immunofluorescence techniques, although requiring ini
tial isolation, are rapid and simple and may be used to 
detect individual cells in complex habitats. Their use in 
the study of biofilms appears relatively recent, (Zambon 
et al., 1984). These authors used a battery of 5 antisera 
to monitor the contribution of 5 species of bacteria to 
marine biofilms. Although they have been used exten
sively with conventional epifluorescence microscopy, the 
application of monoclonal antibodies (Mabs) in conjunc
tion with SCLM is much more limited. Singleton et al. 
(1995) used Mabs to study a mixed species oral biofilm 
consisting of a consortium of nine oral species. The re
sults simply indicated that it was possible to stain and 
image Streptococcus mutans at the base of a 40 ~-tm thick 
biofilm using fluorescently labeled Mabs and SCLM. 
James et al. (1993) presented preliminary results regard
ing the distribution of an Acinetobacter sp., Pseudomon
as fluorescens and Aeromonas hydrophilia in biofilrns 
composed of these three species. The authors used 
SCLM and digital image analysis to determine the con
tribution to biomass by each member of the biofilm. An 
excellent example of the immunolabelling approach to 
biofilm studies is provided by Rogers and Keevil (1992), 
who tracked the fate of Legionella pneumophila in aquat
ic biofilms. Schlater et al. (1993) used Mabs and 
SCLM to localize Azospirillum in the rhizosphere of 
wheat plants. Hausner, Lawrence and Hartmann (un
published data) utilized immunolabelling to track the fate 
of Agrobacterium sp. in a degradative biofilm commu
nity. In this case, the organisms persistence and spatial 
distribution when added to the nine-member consortium 
described by Wolfaardt et al. (1994a) was examined. 
Figure 7 shows a dual channel image with the immuno
labelled Agrobacterium on the left, while the other bio
film members are shown on the right image. Thus, anti
body techniques in conjunction with SCLM are very use
ful for examination of fully hydrated biofilm material , 
providing detailed information on identification location 
number and biomass. ' ' 

SCLM and epifluorescence microscopy, in conjunc-
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Figure 4. (on facing page) Distribution of unique 
extracellular polymers surrounding different members of 
biofilm consortia may also contribute to the development 
of chemical microzones within the biofilm. A !otic 
biofilm community was stained with glycoconjugate 
specific lectins, Canavalia ensiformis, Erythrinia sp., 
Ulex europaeus, and Arachis hypogaea, the images show 
the binding sites for these 4 lectins at the several 
locations within the biofilm. Bar = 100 J.tm. 

tion with 16S and 23S rRNA probes, have been used to 
document microbial diversity in a range of environments 
including sewage sludge and the rhizosphere (Hahn et 
al., 1992; Wagner et al., 1993, 1994; Amann et al., 
1995; Assmus et al., 1995; Wagner et al., 1995). An 
in depth review dealing with the synthesis and applica
tion of oligonucleotide probes for microbiological sys
tems with some specific reference to biofilms has been 
provided by Amann et al. (1995). This review also in
cludes a series of very good SCLM optical thin sections 
and red-green anaglyph projections of rRNA probed 
materials. 

One of the first applications of molecular and 
microscopic identification of defmed bacterial popu
lations in multispecies biofihr..s was carried out using an 
anaerobic fixed-bed reactor community (Amann et al., 
1992). Using in situ hybridization, they were able to 
distinguish two morphologically distinct populations and 
monitor the colonization of new surfaces. The study of 
Ramsing et al. (1993) examined the distribution of sul
fate reducing bacteria (SRB) in photosynthetic biofilms 
from a trickling filter. They were able to demonstrate 
the uneven distribution of SRB in the biofilm and the 
negative correlation of SRB numbers and oxygen pro
files. Assmus et al. (1995) showed that SCLM and 23S 
rRNA probes could be used to localize two Azospirilla 
within the rhizosphere of winter wheat plants. Examina
tion of drinking water biofilms using proteobacterial 
subclass-specific probes indicated that these biofilms are 
composites of many phylogenetically diverse bacteria 
(Manz et al., 1993). Manz et al. (1995) used SCLM 
and 16S rRNA probes to visualize Legionella sp. in 
model biofilms and within cells of the protistan Tetra
hymena pyriformis. 

These rRNA probes have also been used in conjunc
tion with image analysis to determine the growth rates of 
individual cells within biofilrns based on quantitative hy
bridization with ribosomal probes (DeLong et al., 1989; 
Poulsen et al., 1993; M0ller et al., 1995). More recent
ly, the application of SCLM to these enumeration prob
lems has resulted in the development of a fully automatic 
system for determination of not only cell numbers, but 
also cell volumes and frequency of dividing cells (Bloem 



Heterogeneity of natural biofilm communities 

183 



J.R. Lawrence, D.R. Korber and G.M. Wolfaardt 

et al., 1995). M0ller et al. (1995) also used acridine 
orange staining to obtain simultaneous estimates of cellu
lar RNA and DNA contents of single cells. These deter
minations may be made very effectively using the com
bination of SCLM and image analysis of the fluores
cence signals. 

Genes and Gene Expression 

All microorganisms are capable of sensing changes 
in their environment and can respond to these changes 
by altering patterns of gene expression as well as 
genotypic and phenotypic adjustments. 

Studies of V. parahaemolyticus represent the most 
comprehensive investigations of surface-induced gene 
expression (McCarter et al., 1992). Dagostino et al. 
(1991) reported that genes related to specific functions 
may only be switched on at surfaces and not while the 
bacteria are growing planktonically. Goodman et al. 
(1993) showed that the marine Pseudomonas S9 has a 
gene that was only switched on at a hydrophobic poly
styrene surface. Dalton et al. (1994) found that biofilms 
of a marine bacterium were tightly packed on hydro
phobic surfaces, whereas they were sparse and consisted 
of up to 100 long cell chains on hydrophilic surfaces. 
Davies et al. (1993) utilized a direct visualization ap
proach to demonstrate that algC genes of P. aeruginosa 
were upregulated by adhesion to the surface and growth 
in the biofilm compared with planktonic cells in the 
liquid medium. In a subsequent study, Davies and 
Geesey (1995) demonstrated changes in expression of 
algC in P. aeruginosa following attachment to the sub
stratum. The application of in situ PCR (polymerase 
chain reaction; Hodson et al., 1995) provides a powerful 
tool for visualization of genes and gene products. Thus, 
it is possible to see the genetic composition of the bio
film members and gene expression in real time. 

Predictability versus Serendipity 

Any microscopic examination of natural biofilms re
veals a high degree of structural variation within a bio
film; variation is evident in the distribution of morpho
logic types of bacteria and that of microcolonies, poly
mer, and space. These heterogeneities arise from a 
wide variety of factors including those extrinsic and in
trinsic to bacteria, encompassing bacterial/microbial in
teractions. Various requirements for inter and intra spe
cies interactions, as well as growth coordination, all play 
dominant roles in biofilm development. As suggested by 
several authors (Lawrence et al., 1991; Wolfaardt et al., 
1994a; Massol-Deya et al., 1995) such organization rep- .:;,' 
resents an optimal arrangement providing for influx of 
nutrients and transfer of wastes and metabolites within 

Figure 5. (on facing page) The results of pH shifting 
are shown in a series of optical thin sections where a 
herbicide degrading bacterial community {community 
described in Wolfaardt et al. (1994a)} was irrigated 
sequentially with pH 4, pH 7 and pH 9 fluorescein 
solutions, and the change in fluorescence pattern was 
monitored using SCLM. The results of this experiment 
indicate differential resistance at the microscale to 
changes in the bulk phase pH (fluorescein fluorescence 
is greatest at pH 9 and quenched at pH 4). For 
example, when the macroscale pH is 4, all cells (internal 
pH approx 7) and some regions appear as bright objects 
(pH 7) on a dark background (pH 4). Bars = 25 J.Lm. 

and out of the biofilm. Using SCLM and 0 2 micro
electrodes, de Beer et al. (1994b) showed that oxygen 
concentrations were higher in voids than in cell clusters. 
The results of this study also showed that 50% of the 
oxygen required for biofilm metabolism was supplied 
from the void spaces. This provides direct evidence that 
the specific arrangement of cells and voids was relevant 
to biofilm growth and activity. 

However, physical positioning is only one of the 
benefits of this architectural organization. This organi
zation also provides for greater degradative capabilities 
than those exhibited by a single organism (Deming and 
Baross, 1993). Wolfaardt et al. (1994c) showed that a 
community grown planktonically was much less efficient 
than its biofilm equivalent during the degradation of the 
herbicide diclofop methyl. Biofilm organization there
fore seems to be critical to the utilization of substrates 
and this is true for both anaerobic and aerobic communi~ 
ties (Lawrence et al., 1995; Massol-deya et al., 1995; 
Wolfaardt et al., 1995). Although all the underlying 
events leading to the development of these highly struc
tured communities are not yet evident, examination with 
SCLM and other parallel studies indicate that these 
structures do not occur by chance. 

Conclusions 

The studies discussed above suggest that models of 
biofilms must be adapted to include heterogeneity. 
However, if researchers only replace homogeneity with 
a concept of heterogeneity, we will have failed to appre
ciate the relationships between structure and function and 
the coordinated nature of these developments. The use 
of direct visualization techniques provides an opportunity 
to correlate spatial relationships, functions of popula
tions, and the nature of the microenvironment in which 
they are functioning. It is also important that these 
approaches be focused increasingly on natural environ
ments as well as suitable and effective models . This 
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Figure 6. A dual channel (simultaneous imaging of green and red fluorescence in the same sample) SCLM micrograph 
showing the distribution of both live (left image) and dead (right image) cells within a mixed species biofilm. Bar = 
25 J.tm. 

should allow fundamental studies of the natural history 
of bacteria, and a basis for greater developments m 
microbial ecology, particularly regarding biofilms. 
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Discussion with Reviewers 

R.J. Doyle: If the pH is probed in a biofilm with 
suitable probes, such as fluorescent dyes would one 
expect the pH to vary with metabolic rates? Biofilms 
with sufficient carbon may produce more protons than 
those with limiting carbon. Does the microenvironment 
of the biofilm lead to trapping of protons? 
Authors: The metabolic rate and the nature of the 
carbon source will influence the nature of the microenvi
ronment; see, for example, Lens et al. (1993). Gradi
ents at the level of the cellular microenvironment may 
exist. The pH is known to vary in the vicinity of bacter
ial cells, and pH changes are detectable in the surround
ings of bacterial cells. In addition, the effective pH of 
the peri plasmic space of a Gram-negative bacterium may 
differ by more than two units from that in the extracellu
lar environment (Cheng et al. , 1970). In this latter 
instance, the periplasmic space has be shown to be a 
microniche in which conditions change sharply at the 

cell boundary (Costerton et al. , 1974). However, these 
results are inferred from indirect means, and the exist
ence of such zones around bacterial cells has been ques
tioned (Van Loosdrecht et al., 1990). Further, the visu
alization of pH sensitive fluorescence in the vicinity of 
bacteria may be confounded by interactions between the 
fluor and the EPS or proteins in the vicinity of the cell. 

R.J.C. McLean: Once a biofilm and its structure is 
established, can it be changed upon alteration of the 
chemical or physical environment (addition or deletion 
of nutrients, presence of toxic compounds, changes in 
temperature, pH or Eh, etc.)? 
Authors: Disruption of biofilms is certainly possible 
given extensive changes in any of these parameters. The 
study of Wolfaardt et al. (1994a) showed a dramatic 
change in biofilm structure when a degradative consorti
um growing on tryptic soy broth was switched to the 
herbicide diclofop methyl as sole carbon source. In this 
case, a uniform 10 ,urn thick undifferentiated biofilm 
changed within 48 hours to one with extensive structure 
and up to 40 ,urn thick. McLean et al. (1991) showed 
that significant reduction of the pH of the macroenviron
ment was required to disrupt a Proteus mirabilis biofilm 
and eliminate struvite crystals within the biofilm. 
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R.J.C. McLean: There has been considerable literature 
dealing with bacterial extracellular polymers. Has there 
been any indication if an organism will produce a differ
ent extracellular polymer when growing in a biofilm 
than when it is growing on conventional media? 
Authors: Other authors have found that various factors 
may influence the composition and yield of EPS pro
duced by a bacterial strain (Uhlinger and White, 1983). 
Bacteria are able to produce different types of polymer; 
for example, changes in the composition of EPS oc
curred during the growth cycle of two Pseudomonas spe
cies (Uhlinger and White, 1983; Christensen et al., 
1985). Omar et al. (1983) demonstrated the existence 
of different polysaccharides in the capsule and slime of 
Rhodopseudomonas capsulata Sp11. A study by 
Uhlinger and White (1983) concluded that uronic acid
rich EPS were formed during periods of metabolic 
stress. The work of Wolfaardt et al. (1996) indicates a 
change in the nature of the biofilm polymers, their con
formation or relative abundance when the same degrada
tive consortium is grown on labile carbon or chlorinated 
compounds. 

D.J. Stickler: Does this perception of bacterial biofilms 
as highly hydrated open structures with the aggregates of 
cell and associated extracellular polymer separated by 
water channels and penetrated by pores apply to biofilms 
such as those formed by Staphylococcus epidermidis on 
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implanted prosthetic devices or by Proteus mirabilis on 
encrusting indwelling bladder catheters? 
Authors: Without direct observation of actual samples 
using SCLM, this would be difficult to answer with cer
tainty. Based on SEM and TEM images of these struc
tures, this may not be the case. Proteus biofilms that 
we have grown in continuous flow slide culture using ar
tificial urine media and flow rates of 10 ml/h have been 
patchy with mounds and open surface areas. Similar re
ports were made by Gorman et al. (1994) using SCLM, 
although they attributed the nature of the biofilm to 
treatment with antibiotics. Factors such as flow rates do 
have a considerable impact on biofilm architecture, as a 
consequence of their influence on nutrient availability, 
and considerably more effort is required in the examina
tion of biofilms using the approaches reviewed above. 

D.]. Stickler: Could the authors provide more informa
tion about the image presented in Figure 3? It would be 
interesting to know more about the nature of this biofilm 
and the technical preparation of the sample. 
Authors: The biofilm has developed on the surface of 
wood chips used as support medium in a large scale bio
reactor. The biofilm was prepared for study by removal 
from the reactor, storage at 4°C for 48 hours, rinsing, 
application of pH 7.0 fluorescein solution, application of 
a cover slip and immediate observation using SCLM. 
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