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ABSTRACT: Biofilms were cultivated in rotating annular reactors supplied with river water supplemented with carbon, nitrogen, phosphorus or a combined nutrient addition. Confocal laser scanning
microscopy and digital image analysis were used in combination with a panel of fluor-conjugated
lectin probes to assess the changes in biofilm glycoconjugates with depth, time and in response to the
nutrient additions. In addition, nucleic acid staining and autofluorescence were utilised to monitor
bacterial and photosynthetic populations respectively. These analyses indicated that in lotic biofilms
both quantitative and proportional differences in glycoconjugate composition developed under each
nutrient regime. The differences in the biofilms were detected with time and with depth. Comparison
of C, N, P, and CNP treatments with the control showed differences in the total amount of photosynthetic organisms, bacteria and extracellular polymeric substance (EPS)-specific glycoconjugates. For
example, C, N, and CNP nutrient additions resulted in a minimal increase of 50% lectin-specific EPS
glycoconjugates. Accumulation of different glycoconjugates over time in the different biofilms
showed a similar pattern in the single nutrient treatments, with a maximum accumulation at 3 wk,
followed by sloughing in Week 5 and regrowth in Week 7. In contrast, both the control and the combined CNP treatment showed a continuous increase and a plateau phase for the glycoconjugates as
a whole. Both visualisation and quantification indicated that under each treatment the distribution of
4 specific glycoconjugates (Arachis hypogaea, Canavalia ensiformis, Glycine max, Ulex europaeus)
varied with depth and, in addition, changed over time. Further, the glycoconjugate make-up of the
single nutrient additions were similar to each other, as was the make-up of the control and combined
nutrient treatment. Application of fluorescence in situ hybridisation analysis indicated that significant
changes occurred in the beta-proteobacteria community composition as a consequence of nutrient
addition. The results demonstrate the effect of nutrient regime on the cellular composition and
glycoconjugate chemistry of lotic biofilms.
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Extracellular polymeric substances (EPS) act as
multifunctional elements in microbial communities
(Wolfaardt et al. 1999). Within interfacial microbial
communities they play many roles in the interaction
with the environment and between biofilm organisms.

The capacity of EPS compounds to bind a variety of
molecules is based on the presence of a wide range of
reactive moieties within their structure (Flemming
et al. 1996). These may include ionic groups and
hydrophobic residues. The presence of ionic groups
such as carboxyl, phosphoyl and sulfonyl potentially
allow the complexation of cations including metals
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(Geesey et al. 1989). Some amino sugars and proteins
are also cationic and may provide sites for binding of
anionic compounds (Decho 1990). Hydrophobic binding capacity has also been observed in biofilms, resulting in sorption of hydrocarbons and other non-polar
contaminants (Wolfaardt et al. 1998) as well as dissolved organic matter (Freeman & Lock 1995). Nevertheless, the identity and function of EPS compounds
within complex environmental microbial systems is
poorly understood. Traditional approaches require the
isolation and purification of polymers with subsequent
chemical characterisation (Nielsen & Jahn 1999). For
environmental samples, this approach may be very
difficult if not impossible, as microbial EPS comprise
several different polymer classes which are again
composed of numerous polymers with very different
chemical characteristics (Wingender et al. 1999). In
addition, the spatial information of glycoconjugate
arrangement is lost when EPS is extracted from the
biofilm. This may be important for the function of
specific EPS within biofilms.
Recently, we have developed in situ techniques to
investigate the structure of complex interfacial microbial biofilms. These include the detection and quantification of cellular and polymeric compounds in biofilms
(Neu & Lawrence 1997), the development of biofilm
microcosms for replicated biofilm studies (Lawrence et
al. 2000), and in situ visualisation and localisation of
contaminants in biofilms (Lawrence et al. 2001). Furthermore, techniques have been developed to facilitate the quantitative characterisation of EPS in situ by
using fluor-conjugated lectins (Wolfaardt et al. 1998,
Neu 2000, Neu et al. 2001). It is also possible to apply
multi-channel confocal laser scanning microscopy
(CLSM) to assess different biofilm parameters such as
bacterial, cyanobacterial and algal biomass in combination with lectin-specific EPS biomass (Lawrence et
al. 1998). The combination of lectin-binding analysis
(LBA) with fluorescence in situ hybridisation (FISH)
has also been shown (Böckelmann et al. 2002).
Nutrients are a major concern in rivers because of
their introduction in agricultural runoff, municipal
sewage, and industrial effluents such as pulp mills
(Jickells 1998). Significant changes in microbial community structure have been observed in response to
nutrients; however, limited data exist on their impact
on the chemical nature of EPS in river biofilm systems.
Mohamed et al. (1998) demonstrated that pulp mill
effluents, and in particular phosphorus additions, significantly altered the community structure of river
biofilms as well as the EPS quantities produced. Other
studies have also indicated that nutrients have an
effect on polymer production (Bonet et al. 1993).
The EPS produced by bacteria or algae may be strainspecific, influenced by growth rate and metabolic

stress (Uhlinger & White 1983). Regardless of their
origin, the EPS may accumulate ionic and hydrophobic
compounds and consequently will have a significant
impact on the short-term retention and potential fate of
contaminants in the environment.
By employing a range of CLSM-based imaging
techniques in combination with digital image analysis,
we investigated the impact of nutrients on the form,
arrangement and composition of river biofilms and their
lectin-specific EPS compounds. Biofilms were grown
using nutrient-limited waters from the South Saskatchewan River, Canada, with additions of carbon,
nitrogen, phosphorus and a combination of these
nutrients to reflect those that would be typically introduced by pulp mill effluent or sewage effluent additions. An understanding of these changes in the EPS is
important because it may influence the sorption and
fate of contaminants, the nutritive value of the biofilm
for grazers and play a role in water quality; therefore,
these polymeric biofilm components are the focus of
this study.

MATERIALS AND METHODS
Biofilm culture and treatments. Lotic biofilms were
developed as previously described in detail (Lawrence
et al. 2000). Briefly, rotating annular reactors containing removable polycarbonate slides which could be
used directly for microscopic examination of biofilms
were set up for biofilm development. The reactors
were run with continuous illumination (2.1 µE s–1 m–2)
in a recirculating mode with weekly changes of the
recirculating water and additions of the nutrient treatments. For each of the 5 treatments, 3 replicate reactors were operated in parallel. The control reactors
were inoculated and fed with river water only. Nutrients were added to the other reactors. Carbon was
added as glucose at 800 µg C l–1, nitrogen was added
as ammonium chloride at 80 µM N l–1, phosphorus was
added as potassium phosphate at 5 µM P l–1 and carbon, nitrogen and phosphorus (CNP) were added at
the same concentrations as above. The nutrient levels
are based on those used by Mohamed et al. (1998),
which were calculated to be capable of producing 2 ×
108 cells ml–1 and were relevant to typical nutrient levels resulting from pulp mill effluent additions. Nutrient
analyses (Table 1) were carried out to provide information on in situ nutrient levels and nutrient consumption
in the reactors using standard methods (Environment
Canada 1992). Sampling and analyses of the biofilms
occurred on a weekly basis (Days 7, 14, 21, 28, 35, 42,
49) during a 7 wk experimental period.
Fluorescent staining and lectin-binding analysis.
Bacteria in the biofilms were stained with the nucleic
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Table 1. Water-chemistry data (mg l–1) for South Saskatchewan River water in
control and nutrient-amended reactors, showing initial/7 d values. TP: total
phosphorus
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placed at the edges of the slides. Subsequently, the slides were transferred
to 50 ml pre-warmed washing buffer
(20 mM Tris/HCl, 0.01% SDS, NaCl)
Treatment
TP
Ortho-P
DOC
NH4-N
NO3+NO2-N
pH
and incubated at 48°C for 20 min. For
microscopic analysis, the slides were
Control
0.02/0.002 0.003/0.002 3.0/3.3 0.012/0.006 0.188/0.010 8.3/8.4
carefully rinsed with distilled water,
C
0.016/0.002 0.002/0.002 3.8/3.2 0.012/0.005 0.186/0.010 8.2/8.2
N
0.016/0.003 0.002/0.002 3.2/3.2
1.75/0.27
0.186/0.370 8.2/7.8
air-dried and mounted in anti-fading
P
0.16/0.01
0.14/0.008 3.1/3.1 0.012/0.005 0.188/0.010 8.2/8.5
glycerol medium (Citifluor AF2). All
CNP
0.16/0.01
0.12/0.002 3.3/3.5
0.99/0.007 0.188/0.011 8.3/8.4
hybridisation and washing steps were
performed in the dark.
Confocal laser scanning microscopy and digital
acid-specific SYTO 9, one component of the Baclight
image analysis. Examination of all samples was carstaining kit or SYTO 63 (Molecular Probes). Photosynried out using an MRC 1024 (BioRad) attached to a
thetic biomass was estimated using autofluorescence
Microphot SA microscope (Nikon). For observation,
signals in the far red, as described by Lawrence et al.
the following water-immersible lenses were available:
(1998). Lectins with fluorescein isothiocyanate (FITC)
63 × 0.9 numerical aperture (NA) (Zeiss) and 40 ×
labelling were purchased (Sigma). The lectins used
0.55 NA (Nikon). Emission signals were recorded
in this study are listed in Table 2. For staining, the
in the green channel (excitation 488 nm, emission
lectins were dissolved at 100 µg ml–1 in filter-sterilised
522/32 nm), the red channel (excitation 568 nm, emis(0.2 µm) river water. The slide pieces (1 cm2) that carsion 605/32 nm) and the far-red channel (excitation
ried the biofilm were directly stained with 100 µl of the
647 nm, emission 680/32 nm). Files were printed from
lectin solution. The samples were then incubated for
Photoshop Version 5.5 (Adobe) using a colour printer.
20 min at room temperature in a humid chamber. After
Image analyses were performed using Scion
staining, the slide pieces were carefully rinsed with
Image Version 1.62 for Mac OS (available at: http://
filter-sterilised river water 4 times to remove unbound
scioncorp.com) with a macro written for semi-autolectins. The procedure of lectin-binding analysis has
mated quantification. Image analyses were used to
been described in detail elsewhere (Neu & Lawrence
define the area of bacterial and algal cells and deter1999a,b).
mine the area and volume of these biofilm compoFluorescent in situ hybridisation (FISH). Fixation was
nents. Image analysis was also used to define the area
done following the protocol of Manz et al. (1999).
of the biofilm binding a specific lectin. For this purpose
Beta42a proteobacterial oligonucleotide probe (Interthe threshold was set manually by the operator. In
activa) was stored in TE buffer (10 mM Tris, 1 mM EDTA,
addition, the average grey value of the defined area
pH 7.5) at –20°C. Working solutions were adjusted to
was examined. These 2 parameters were used accord50 ng DNA ml–1. Pre-warmed hybridisation buffer (0.9 M
NaCl, 20 mM Tris/HCl [pH 7.2], 0.01% SDS, formamide
ing to Eq. (1) to quantify the area binding a specific
35%) was mixed with fluorescently labelled oligolectin (Neu et al. 2001).
nucleotide (1 ng ml–1 hybridisation buffer) and applied to
TA × AGV × 100
the fixed biofilm material. The slides were placed in hu%ICBA =
(1)
255 × 393 216
mid chambers and incubated for 90 min at 46°C. Therewhere %ICBA = intensity-corrected binding area, TA =
after, hybridisation buffer was drawn off with tissue
thresholded area of lectin binding, AGV = average
grey value within thresholded area, 255 = grey value of
Table 2. Lectins used in this study. EPS: extracellular polysaturated pixels, and 393 216 = number of pixels in a
meric substances; FITC: fluorescein isothiocyanate; TRITC:
full image (768 × 512).
tetramethylrhodamine isothiocyanate
Statistical analyses. All experiments were carried
out in triplicate (3 reactors in parallel), with 1 subLectin
Conjugate Sugar residue detected
sample per replicate (1 from each reactor) and 5 analy(according to data sheet)
ses per slide piece (5 fields of view), resulting in n = 15.
Arachis hypogaea
FITC
Galactose, N-acetyl
Images were collected from the biofilm attachment
galactosamine
surface to the biofilm bulk phase interface as dictated
Canavalia ensiformis FITC
Mannose, glucose
by biofilm thickness. For FISH analyses, 20 microscope
Glycine max
FITC
N-acetyl galactosamine
fields were examined for each replicate reactor. The
Ulex europaeus
FITC
Fucose
resultant data were tabulated, collated and subjected
Triticum vulgaris
TRITC
N-acetyl glucosamine
to analyses of variance and Pearson correlation analy(total EPS)
residues and oligomers
ses using the commercial statistical package MiniTab.
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Fig. 1. Three-channel maximum intensity projections of confocal laser scanning micrographs (CLSM) showing structure and
composition of control and nutrient-treated lotic biofilms at Week 7. Sections taken 5 µm apart. Control: 29 optical sections;
C (carbon): 24; N (nitrogen): 21; P (phosphorus): 17; CNP (carbon, nitrogen and phosphorus): 24. Colour wheels indicate
assignment of colours in the images — green: bacteria; red: algae; blue: EPS glycoconjugates
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RESULTS AND DISCUSSION
Effect of nutrients on biofilm development
We used lotic biofilms to examine the effect of nutrient additions on biofilm development and the production of specific glycoconjugates. The architecture,
thickness and community composition were markedly
influenced by all of the nutrient amendments (Figs. 1 &
2, Table 3). The addition of combined CNP resulted in
a significant increase in photosynthetic biomass and
reduction in bacterial biomass relative to control biofilms (p < 0.05). Application of single nutrients also
influenced biofilm development, but to a lesser degree,
with the addition of nitrogen resulting in the greatest
depression of bacterial numbers. Further, the single
nutrients reduced photosynthetic biomass. Biofilm
thickness was influenced by nutrient additions; P and
CNP treatments were significantly thicker during the
first 3 wk, and these treatments tended to remain the
thickest, although by Week 7 only the CNP treatment
was significantly thicker than the others (Table 3).
Nutrient treatments resulted in a ≥ 50% increase in
lectin-specific EPS glycoconjugates in C, N, and CNP
treatments by Week 7 (Fig. 2). The general pattern of
river biofilm development paralleled that previously
described in detail by Lawrence et al. (2001), Manz
et al. (1999), and Neu & Lawrence (1997).
The time course of glycoconjugate accumulation
(Fig. 3) indicates that the biofilm development rates for
single nutrient treatments (C, N, P) and between the
control and CNP treatment were similar over 7 wk.
Lectin-specific EPS glycoconjugates in the control and
CNP treatment increased over a period of 1 to 3 wk,
followed by a plateau phase up to Week 7. In contrast, single nutrient additions reached a maximum
at Week 3 followed by a sloughing event at Week 5
and subsequent recovery by the end of the experiment
(Fig. 3).
Sloughing events may play a critical role in the
development of biofilm architecture and community
structure. However, questions regarding their effect on
EPS composition and distribution in response to envi-

Fig. 2. Biofilm communities at Week 7, showing photosynthetic organisms (algae and cyanobacteria), bacteria and
‘total’ lectin-specific EPS (Triticum vulgaris) composition.
Data are actual values (± SD) used to calculate proportions

ronmental variation have not been addressed. We suggest that the sloughing events observed in the biofilms
may account for the further changes in the proportional composition of lectin-specific EPS detected in
Week 7 (Fig. 4). In addition, these events account for
the apparent changes in the vertical distribution graphs
for EPS quantity and composition (Fig. 5). Fig. 5 shows
a loss of biofilm material and a change of architecture
in this interval, which is again consistent with a
sloughing event.

Lectin binding and glycoconjugate diversity
In the present study of South Saskatchewan River
biofilms, FITC-conjugated lectins were applied in preference to other fluor-conjugated forms, because of the

Table 3. Thickness (µm) of biofilm over time (wk). Values in each column with same letter are not significantly different at p = 0.05
(3 reactors, 1 slide each, 5 fields of view, n = 15)
Treatment

Control
C
N
P
CNP

1

2

3

17 ± 5a
18 ± 6a
22 ± 6a
22 ± 7a
41 ± 16b

43 ± 14a
38 ± 14a
45 ± 20a
81 ± 37b
82 ± 26b

70 ± 25b
53 ± 20a
63 ± 24ab
98 ± 39c
104 ± 47c

Time (wk)
4
98 ± 29a
101 ± 49a
118 ± 37ab
138 ± 43b
144 ± 50b

5

6

7

137 ± 53bc
120 ± 51ab
96 ± 33a
136 ± 39bc
165 ± 42c

111 ± 33ab
140 ± 60bc
87 ± 36a
145 ± 42c
155 ± 30c

155 ± 64bc
135 ± 49abc
97 ± 34a
129 ± 52ab
169 ± 62c
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minor impact of this fluor on binding specificity (Neu
et al. 2001). The fluor-conjugated lectins Arachis hypogaea-FITC, Canavalia ensiformis-FITC, Glycine maxFITC, and Ulex europeaus-FITC also provided a range
of binding affinities and glycoconjugate recognition,
and were found to allow visualisation of discrete
regions within the biofilms (Table 2). Although Table 2
does not address the high diversity of glycoconjugates
present in natural biofilms, it provides an index of the
nature of lectin-specific EPS in biofilms. It may be
important to note that the high diversity of glycoconjugates detected in biofilms is at odds with the growing
application of alginate as a model biofilm polymer.
Alginate production is important because of its medical significance and biochemical properties (Sabra et
al. 2001). However, if bacterial biodiversity is related to
potential EPS diversity, it becomes clear that alginate
is only one of numerous compounds which may be
found in the environment. The current study and those
of Neu et al. (2001) and Staudt et al. (2003) using river
biofilms clearly confirm the extensive diversity of
glycoconjugates present in these natural habitats, a
factor that must ultimately be addressed to understand
the roles of EPS in natural microbial systems.

Spatial variation of glycoconjugates

Fig. 3. Time-course of binding volume of the 4 different lectinspecific EPS glycoconjugates in control and nutrient-treated
biofilm communities

Few studies have addressed the spatial variation of
glycoconjugates in biofilms or aggregates (Böckelmann et al. 2000, Neu 2000). In the present study, we
were able to demonstrate the presence of considerable

Fig. 4. Proportional contribution of glycoconjugates to
lectin-specific EPS as a function of time and treatment

Neu et al.: Effect of nutrients on lotic biofilms
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Fig. 5. Results of digital image analysis showing vertical profiles of 4 different glycoconjugates

XY and XZ spatial and compositional variation of lectin
binding in the biofilms. The visual differentiation of
4 specific glycoconjugates is illustrated in Fig. 6 with
a series of XY CLSM images. These show clearly the
differential binding of the various lectins, depending
on the nutrients added. The addition of single nutrients
C, N or P resulted in very similar patterns of glycoconjugates. The control and the CNP additions also
resulted in similar signals (Fig. 6). Again it is apparent
in these images that the control and the CNP additions
both followed a different pattern than the single nutrient additions, but a similar pattern compared to each
other.
Fig. 5 shows vertical profiles of each of the biofilms
with time, illustrating the impact of the treatments on
the vertical development and architecture of each biofilm. Comparisons of the vertical distribution of algae,
bacteria and total lectin-specific EPS glycoconjugates
through Pearson correlation analyses indicated that
these biological variables were tightly intercorrelated
and correlated (p < 0.05) with lectin-binding patterns
(Table 4). In general, these distributions reflected the distribution of total biomass and the biofilm architecture;
however, Arachis hypogaea binding sites were often
more concentrated in the basal region of the biofilms,
whereas Glycine max was more prominent in surface

regions. There were also changes in the strength of the
linear relationship with time, for example in treatments
involving phosphorus there was a trend for a weakening
relationship between photosynthetic biomass or bacterial biomass and lectin binding over time (Table 4).
Changes may be of significance in the fate of contaminants in microbial biofilms, e.g. as noted for Diclofop
by Wolfaardt et al. (1998).

Effects of nutrients on temporal variation of
glycoconjugates
Fig. 4 shows the proportion of glycoconjugates as a
function of time and treatment. In general, there are
similarities in the proportional distribution of glycoconjugates in the single nutrients as well as between the
control and CNP treatment. The proportion of glycoconjugates in the control and CNP treatment is similar
if Weeks 1, 3, 5 and 7 are compared. In detail,
Canavalia ensiformis increased in both systems from
Weeks 1 to 5 and decreased in Week 7, whereas Ulex
europaeus and Arachis gypogaea glycoconjugates
decreased from Weeks 1 to 5 and increased in Week 7.
The proportion of glycoconjugates in single C, N and P
treatments was variable. For example, C. ensiformis
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25 µm
Fig. 6. Series of XY single-channel CLSM images illustrating differential binding of various fluor-conjugated lectins in control
and nutrient-treated biofilms

decreased from Weeks 1 to 7, also Ulex europaeus, in
general, declined — with the exception of an increase
in the carbon treatment in Week 7. Pearson correlation
analyses revealed some significant relationship
between the pattern of lectin binding and the quantities of algae, bacteria and total EPS at Week 7. In the C
treatment, bacteria and algal biomass were significantly positively correlated (1.00, p ≤ 0.05) whereas in
the N treatment they were significantly negatively correlated (–1.00, p ≤ 0.05). In the P treatment, total EPS
was correlated with bacteria (0.98, p ≤ 0.05); in contrast, in the CNP treatment, total EPS was correlated
with algae (0.98, p ≤ 0.05). In both the P and CNP treatments, total EPS and U. europaeus lectin binding were
positively correlated (0.98, p ≤ 0.05). In the control
biofilm, U. europaeus was also correlated with A.
hypogaea (0.97, p ≤ 0.05), and A. hypogaea was correlated with algal biomass (0.93, p ≤ 0.05). A. hypogaea
lectin also had a strong positive relationship with algal
biomass and a negative relationship with bacterial biomass (0.99, p ≤ 0.05) in the nitrogen treatment. These

results suggest that changes in the abundance and
nature of the EPS are at least in part explained by the
changing relationship between bacteria and algae in
these biofilms. Furthermore, these changes may represent changes in the nutritional value of the biofilm as
food supply, or its capacity to sorb both nutrients and
contaminants. This may be speculative at this point,
but nonetheless relevant.
In addition to the analyses of trends in the lectinbinding data, a statistical evaluation of the quantitative
data was carried out using analysis of variance
(Table 5). This analysis, over the 7 wk of study, indicated that there were no significant detectable quantitative changes (p = 0.05) in the treated versus control
biofilms in terms of Glycine max binding patterns; in
contrast, Arachis hypogaea showed statistically significant increases in binding in C-, P- and CNP-treated
biofilms in Weeks 1 and 3. The results of analyses
using Canavalia ensiformis indicated detectable
increases and decreases in the P and CNP treatments
for Weeks 1 and 7, and for all treatments in Week 5.
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Table 4. Correlation analysis of vertical distribution of algae, bacteria, EPS and lectin binding (S: strong; M: moderate, W: weak) over 7 wk
study period (1–7)
Treatment

Control
Arachis hypogaea
Canavalia ensiformis
Glycine max
Ulex europaeus
C
Arachis hypogaea
Canavalia ensiformis
Glycine max
Ulex europaeus
N
Arachis hypogaea
Canavalia ensiformis
Glycine max
Ulex europaeus
P
Arachis hypogaea
Canavalia ensiformis
Glycine max
Ulex europaeus
CNP
Arachis hypogaea
Canavalia ensiformis
Glycine max
Ulex europaeus

Total
bacteria
3
5
7

Arachis
hypogaea
1
3
5
7

Canavalia
ensiformis
1
3
5
7

Glycine
max
1
3
5

7

M
M
M
M

S
S
S

S
S
S

S
S
M

S
S
S

S
S

S
S

S
M

S
S

S

S

S

S

M
S
W
S

M
M
S
M

S
S
S

S
S
S

S
S
S

M
M
S

S
S

S
S

S
S

S
S

S

S

M

M

S
S
S
S

S
S
S
S

S
W
W
S

S
S
S

S
S
S

S
S
S

W
W
S

S
S

S
S

S
S

S
W

S

S

S

W

S
S
S
S

S
S
S
S

W
W
W
W

M
W
S
W

S
S
S

S
S
S

S
S
S

S
S
S

S
S

S
S

S
S

M
S

S

S

S

S

S
S
S
M

M
M
M
M

W
M
W
W

W
W
W
W

S
S
S

S
M
S

S
M
M

S
S
S

S
S

S
S

M
M

S
S

S

M

W

S

Total photosynthetic organisms
1
3
5
7

Total polymer
(Triticum vulgaris)
1
3
5
7

1

S
M
S
M

S
S
S
S

M
S
M
W

W
W
W
W

S
S
S
S

S
S
S
S

W
M
M
W

M
M
M
M

S
S
S
S

S
S
S
S

W
M
M
W

S
S
S
S

S
S
S
S

M
M
W
M

S
M
M
S

S
S
S
S

S
S
S
S

M
S
W
S

M
M
S
M

S
S
S
S

S
S
S
S

M
M
M
M

S
S
S
M

S
S
S
S

S
W
M
S

S
S
S
S

S
S
S
S

S
S
S
S

S
W
W
S

S
S
S
S

S
M
M
S

M
M
W
M

W
M
W
W

W
W
S
M

S
S
S
S

S
S
S
S

W
W
W
W

M
W
S
W

S
S
M
S

S
S
S
S

M
S
W
M

S
S
S
S

S
S
S
M

M
M
M
M

W
M
W
W

W
W
W
W

Ulex europaeus binding was also sensitive to changes
in biofilm glycoconjugate composition, showing significant changes in Weeks, 1, 3 and 5 (Table 5). These
results indicated that the method was sensitive to
changes in glycoconjugate chemistry with time in the
biofilm. Such changes in EPS chemistry may be related
to observable changes in the sorption of contaminants
(Wolfaardt et al. 1998, Lawrence et al. 2001) and
palatability (Lawrence et al. 2002) for invertebrates;
however, these relationships remain to be established.

Effects of nutrients on EPS production
We found that the highest total glycoconjugate
production was associated with nutrient additions,
but was only significantly increased by the combined
CNP applications (Fig. 2). Polysaccharide production
has been reported to be highest when excess carbohydrate in the media was available while other nutrients such as N, P or S were limited (Sutherland 1977,
1982). This has been shown for batch and continuous

Table 5. Results of analysis of variance in lectin-binding data (biovolume) as a function of time (wk). Analyses examined each
treatment within each lectin type and time interval. Values with same letter are not significantly different at p ≤ 0.05
Treatment

Treatment

Time (wk)
1

Arachis hypogaea
Control
0.07a
C added
0.09a
N added
0.12a
P added
0.20a
CNP added
0.76b
Canavalia ensiformis
Control
0.05a
C added
0.13abc
N added
0.10ab
P added
0.17b
CNP added
0.20bc

3

5

7

0.48a
0.72b
0.42a
0.78b
0.48a

0.25a
0.49a
0.50a
0.50a
0.37a

0.91a
0.69a
0.46a
0.68a
0.67a

0.63a
0.63a
0.91a
0.70a
0.54a

1.4c
0.34a
0.52ab
0.44a
0.87b

0.22b
0.28bc
0.25b
0.38c
0.09a

1
Glycine max
Control
C added
N added
P added
CNP added
Ulex europaeus
Control
C added
N added
P added
CNP added

Time (wk)
3
5

7

0.04a
0.06a
0.05a
0.07a
0.47a

0.72ab
0.45a
0.65ab
0.83b
0.49a

0.51ab
0.45b
0.28ab
0.21a
0.30ab

0.70a
0.53a
0.54a
0.62a
0.56a

0.02a
0.09bc
0.06b
0.14c
0.14c

0.15a
0.18ab
0.21ab
0.30b
0.17a

0.02a
0.15b
0.11ab
0.07ab
0.09ab

0.26ab
0.26ab
0.07a
0.07a
0.46b
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cultures of Pseudomonas sp. (Williams & Wimpenny
1977, 1978). Some studies have reported that, under
nutrient limitation, the ratio of nutrients to available
organic carbon can increase overall EPS production.
This was the case for Zooglea sp. in pure culture
(Norberg & Enfors 1982). Mohamed et al. (1998), in a
qualitative examination of Fraser River biofilms,
found that there appeared to be less extensive glycoconjugates in treatments containing phosphorus; they
attributed this in part to increased grazing pressure
in the presence of phosphorus additions. Wetzel et al.
(1997) reported that when they added DOC in the
form of leachates from aquatic macrophytes, there
was a 10 to 57% reduction in EPS in biofilm communities. They speculated that this was a reflection of
the reduced requirement for EPS as a mechanism for
nutrient retention. In the South Saskatchewan River,
water which is carbon- and nutrient-limited, only the
application of CNP combined was able to increase
total EPS glycoconjugates in the biofilm. Freeman &
Lock (1995) demonstrated that EPS of river biofilms
had an extensive capacity for retention of carbon
resources that could be accessed by bacteria during
periods of low available carbon. This phenomenon
was also observed in studies of a degradative biofilm
community by Wolfaardt et al. (1994). Given the ecological significance of EPS as a carbon source for
other trophic levels (Decho 1990, Decho & Moriarty
1990) this indicates the importance of not only the
total nutrient availability in the system, but also the
ratio of C:N:P in determining its availability.

Effect of nutrient ratio on EPS composition
The observed similarity of the biofilm response in
the single nutrient C, N, and P treatments and the
similarity between the control and CNP treatments
(Figs. 3, 4 & 6) was probably a result of carbon and
nutrient limitation in the single nutrient applications
resulting in unbalanced nutrition relative to the unamended and combined nutrient treatments. The
combined amendment was designed to produce in
the range of 108 cells ml–1 with carbon, nitrogen and
phosphorus all available (Mohamed et al. 1998). This
would be a balanced nutrient addition, while single
nutrient additions could create limitations in carbon
or other nutrients. These observations may be due to
changes in the nature of the glycoconjugates produced by individual organisms or changes in the
species make-up of the biofilm communities. Examination of the bacterial, algal and total EPS composition of the biofilm communities at Week 7 (Fig. 2)
reveals broad similarity in the single nutrient treatments, which are more EPS-dominated, than the

control, which displays a significant (p = 0.05) dominance of bacterial biomass, and the CNP which is
dominated by photosynthetic biomass. This indicates
that gross changes in community composition do not
fully account for the similarities and differences observed in these systems. The glycoconjugate analyses
in Fig. 4 (the proportional representation of the
glycoconjugate binding with time and treatment)
show that during Weeks 1, 3 and 5, the pattern of
similarity between the single nutrient treatments and
the similarity between the control and combined
treatment are consistent. The deviation at Week 7
may be attributable to sloughing events and regrowth.
A variety of studies have shown that the type and
amount of EPS produced by microorganisms are
influenced by various environmental conditions. Lee
et al. (1997) found that medium pH influenced the
types and amounts of EPS, while growth medium
composition also clearly affects EPS type and quantity (Tavernier et al. 1997). Carbon source also dramatically influenced the glycoconjugate make-up of
a degradative biofilm community, as revealed by
lectin staining and in situ analyses (Wolfaardt et al.
1998). These shifts could be attributable to changes
in the relative abundance of community members
under the influence of their carbon source. Michael &
Smith (1995) used Canavalia ensiformis, Limulus
polyphemus and Helix pomatia lectins to probe 1
and 3 d old biofilms, and found differences in binding patterns as a function of age and whether the
biofilm was on glass or on seagrass. Böckelmann et
al. (2002) also showed that the glycoconjugate composition of aggregates in the Elbe river appeared to
differ from that observed in the South Saskatchewan
River in parallel studies. Elbe river aggregates exhibited a high degree of Triticum vulgaris lectin binding,
while those of the South Saskatchewan River were
characterised by binding of lectin obtained from
Glycine max. Changes in sugar inhibition patterns
from year to year have also been used to detect
changes in biofilm glycoconjugate composition (Neu
et al. 2001): in one year, application of mannose
inhibited binding of Arachis hypogaea and Ulex
europaeus lectins, whereas in a subsequent year
mannose resulted in a substantial enhancement of
binding by these same lectins. Thus, seasonal, year
to year and spatial variations occur in natural biofilm
and aggregate communities. These changes may
result in substantial variation in sorption parameters
influencing the chemo-dynamics of a variety of contaminants. For example, Lawrence et al. (2001) demonstrated that a unique microcolony type unexpectedly
bound the hydrophilic herbicide atrazine and metabolites in its glycoconjugate matrix.
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Role of microbial community composition (FISH)
As noted above, the changes detected in the glycoconjugates may be associated with changes in community structure in response to nutrient additions. The
studies of Manz et al. (1999) and Böckelmann et al.
(2000) have confirmed the high diversity of bacteria
present in riverine habitats, while other studies have
confirmed the presence of a wide range of glycoconjugates in biofilms and aggregates in these habitats
(Neu 2000, Neu et al. 2001). Böckelmann et al. (2002)
further demonstrated the association of glycoconjugates with bacteria through combined FISH and lectin
analyses. Using a suite of rRNA probes and FISH,
Manz et al. (1999) demonstrated that the South
Saskatchewan River biofilm community changed
during the developmental period. They found that
beta-proteobacteria constituted the morphologically
most diverse group within the biofilm communities,
and were often the dominant or second-most dominant
community members. We therefore applied the
Beta42a probe to Week 2 and Week 5 biofilms from
each treatment (3 reactors, 1 slide per reactor with 20
fields of view) to assess the influence of nutrient treatments on this population (Fig. 7). The results indicated
significant variation in this population in response to
nutrient addition. At 5 wk, the probe results indicated
that control, C, and N treatments were not significantly

different, whereas P application resulted in a significant decrease and CNP in a significant increase in
Beta42a signal. These results indicate significant community changes resulting from nutrient treatment, and
also parallel trends observed for binding of Canavalia
ensiformis at 5 wk, for which significant p ≤ 0.05 differences were also detected in P and CNP treatments
(Table 5).

CONCLUSIONS
In situ analysis using CLSM and a panel of glycoconjugate-specific probes in combination with digital
image analysis provided an effective method for comparison of treatment effects on the lectin-specific EPS
components of river biofilms. Lectin-binding analysis
allowed the assessment and quantification of changes
in the glycoconjugates of biofilms as a result of nutrient
amendment. Further, these studies confirm the diversity of glycoconjugates present in river biofilms and
their response to nutrients. However, the role of individual microorganisms or groups in the development
of the glycoconjugate structure of river biofilms remains poorly understood. The results suggest that the
relationship between bacteria and algae as influenced
by nutrients plays an important role in determining
glycoconjugate structure. Further investigation of this
area is important because of its relationship to the
environmental fate and effects of various contaminants
in river biofilm communities.
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