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Phototrophic biofilm samples from an Italian wastewater treatment plant were studied in microcosm experiments
under varying irradiances, temperatures and flow regimes to assess the effects of environmental variables and
phototrophic biomass on capsular exopolysaccharides (CPS). The results, obtained from circular dichroism
spectroscopy and High Performance Liquid Chromatography, suggest that CPS have a stable spatial conformation
and a complex monosaccharide composition. The total amount present was positively correlated with the biomass of
cyanobacteria and diatoms, and negatively with the biovolume of green algae. The proportion of uronic acids
showed the same correlation with these taxon groups, indicating a potential role of cyanobacteria and diatoms in the
removal of residual nutrients and noxious cations in wastewater treatment. While overall biofilm growth was limited
by low irradiance, high temperature (30°C) and low flow velocity (251 h™") yielded the highest phototrophic
biomass, the largest amount of CPS produced, and the highest proportion of carboxylic acids present.
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Introduction

Aquatic phototrophic biofilms are comprised of photo-
trophs (cyanobacteria and microalgae), and chemo-
trophs (Archaea, bacteria, fungi and protozoa). They
form highly structured communities driven by light as an
energy source and secrete an exopolymeric matrix that
holds the biofilm together (Wimpenny et al. 2000;
Sutherland 2001; Burns et al. 2004). Different from
heterotrophic biofilms, whose structure, growth, dy-
namics and physiology have been extensively studied in
field and in culture (Stoodley et al. 2002; Palmer
and Stoodley 2007), phototrophic biofilms have
received little attention until recently (Wolf et al.
2007). The recent increase of interest in the structure
and functioning of phototrophic biofilm is related to
their ecological importance and their high potential for
biotechnological applications, such as wastewater treat-
ment (Schumacher et al. 2003; Roeselers et al. 2008),
bioremediation (Cohen 2002; Chaillan et al. 2006),
aquaculture (Bender and Phillips 2004) and antifoulant
production (Bhadury and Wright 2004).

The extracellular matrix is a key factor for the
overall functionality of phototrophic biofilms. It is a
highly hydrated system composed of extracellular
polymeric substances (EPS), which mainly comprises
polysaccharides, along with a wide variety of proteins,
glycoproteins, glycolipids and nucleic acids (Stoodley
et al. 2002; Chiovitti et al. 2003; Cogan and Keener

2004). Independent of the composition of EPS
molecules, the matrix typically features a hydrogel-
like structure, which embeds the biofilm cells and
determines the physico-chemical and biological prop-
erties of the whole biofilm (Mayer et al. 1999;
Flemming et al. 2007).

From an ecological point of view, the matrix is the
major factor for biofilm success. Its network of
polymeric chains formed by intra- and intermolecular
linkages provides mechanical stability such that cell
positions are maintained over prolonged periods
(Flemming et al. 2007). In addition, EPS and in
particular capsular polysaccharides (CPS), are thought
to play an important role in the attachment of cells to
substrata. This allows the formation of stable micro-
consortia with a low expense of energy, as the existence
of a stable micro-environment allows the cells to
metabolise, reproduce and communicate between each
other more efficiently (Decho 2000). In addition to the
advantages of mechanical stability, the matrix also
provides protection against heavy metals, other toxic
substances and grazing by predators.

The formation of stable complexes between the
biofilm matrix and metal ions gives the EPS a key role
for a large range of biotechnological applications of
biofilms. The presence of carboxylic groups and other
anionic residues of exopolysaccharides allows the
binding and accumulation of cations (De Philippis
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and Vincenzini 1998), which pinpoints the potential for
the exploitation of biofilms in the removal of metals
from polluted waters (Mehta and Gaur 2005; De
Philippis et al. 2007) and in wastewater treatment
(Cohen 2002; Bender and Phillips 2004).

The species composition of the microbial biofilm
community is one of the main factors that determines
the composition and production of EPS (Neu 1994;
Bahulikar and Kroth 2008). Chemical studies of the
exopolysaccharides produced by cultured and natural
populations of cyanobacteria and diatoms show that
EPS are mainly complex anionic heteropolymers
formed by different monosaccharides, whose propor-
tions depend on the specific organisms. Because the
biofilm community itself is a mixture of diverse
microorganisms, the dependence of EPS composition
on the contributing species is very complex (Flemming
et al. 2007). In any case, the crucial role of community
composition should always be considered in studies on
biofilm EPS.

In addition to species composition, exopolymers
are also strongly influenced by environmental factors,
such as irradiance. The influence of irradiance levels on
EPS production by cultured diatoms and cyanobacter-
ia has been studied in some detail, and production has
been closely linked to photosynthesis (Staats et al.
2000; Otero and Vincenzini 2003; Stal and Defarge
2005). On the other hand, there is little information on
the effect of temperature on EPS production in mixed
biofilms containing diatoms (Wolfstein and Stal 2002)
and cyanobacteria (Moreno et al. 1998).

In the present investigation, a study was carried out
of the CPS of phototrophic biofilms grown in a
continuous flow incubator, specifically designed for
studying biofilm development (Zippel and Neu 2005),
using inocula collected from a wastewater treatment
plant (WWTP). In accordance with a series of authors
(Vincenzini et al. 1990; De Philippis and Vincenzini
1998; de Brouwer et al. 2002; Barranguet et al. 2004;
Bellinger et al. 2005; Stal and Defarge 2005) ‘CPS’ is
also used by the current authors to refer to the ‘bound
extracellular carbohydrates’, as the exopolysaccharide
fraction more intimately associated with the cells, as
opposed to the ‘released polysaccharides’ or ‘soluble
extracellular carbohydrates’, the solubilised mucilagi-
nous fraction which is loosely attached to the cell
surface. The effects of light intensity, temperature,
water flow velocity and phototrophic biomass on the
total amount and on the physico-chemical properties
of the CPS were monitored.

Phototrophic biomass was estimated by its total
biovolume, as the latter accounts for the high
variability of shapes and dimensions of different taxa
constituting biofilm communities (Stevenson 1996).
One aim was detecting significant dependencies

between the properties of the CPS (including the
technologically relevant proportion of uronic acids)
and environmental factors and the composition of the
phototrophic component. The results are discussed
with respect to future experimental endeavours to
unravel the complex network behind whole-biofilm
functionality and possible optimisation strategies for
the application of phototrophic biofilms in wastewater
treatment.

Materials and methods
Sample collection and inoculum treatment

Biofilm inocula were collected from the Fiumicino
(Rome, Italy) WWTP on four different occasions by
scraping submerged biofilms off the walls of the
sedimentation tank (Table 1). Inocula for the culture
study were obtained according to Guzzon et al. (2005):
the samples were treated to eliminate grazers, and four
aliquots of ca.100 ml homogeneous suspension were
poured into four 5 1 High Density Polyethylene (HDPE)
bottles, each containing 3.91 of the medium. The
medium-inoculum mixture was filtered through a net
(300 um mesh) and then used to inoculate slides in the
continuous flow incubator (72 h, 100 1 h~! flow rate).
Identification of phototrophs within the inocula
was based on previous studies of biofilms developing in
the sedimentation tank of the Fiumicino WWTP
(Albertano et al. 1999; Congestri et al. 2003, 2005,
2006) and evaluated by light microscope observations.

Microcosm experiments

Inocula were grown in a prototype incubator, devel-
oped by the Department of Inland Water Research,
UFZ Centre for Environmental Research (Magdeburg,
Germany; Zippel and Neu 2005; Zippel et al. 2007).
The incubator consisted of four separate light cham-
bers (LC), featuring photon flux densities of 120
(abbreviated as LCI120), 60 (LC60), 30 (LC30) and
15 umol photon m~2 s~ ' (LCI15). ‘True light’ lamps
(T-8; AURALIGHT,; Sweden) were used as light
source to illuminate the LCs in a 16:8 h light:dark

Table 1. Inoculum sampling period, experimental condi-
tions and labels used in the text of the performed incubator
runs.

Sampling Flow
Incubator month Temperature velocity
run Label (Year 2004) “°C) (hh
1 R20.25  April 20 25
2 R20.100 June 20 100
3 R30.25  July 30 25
4 R30.100 September 30 100
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cycle. Five litres of medium were pumped through the
incubator over polycarbonate slides serving as an
artificial substratum for biofilm adhesion. In addition
to light intensity, four parameter combinations featur-
ing two temperatures (20 and 30°C) and two flow rates
(25 and 100 1 h—") were tested (Table 1). These four
incubator runs are referred to as Runs, abbreviated as
eg R20.25 for the combination of 20°C and 251 h™".

Biomass accumulation was estimated by light
transmittance through the biofilm, comparing the
incident light intensity as measured directly under the
lamp with the readings of three subsurface light-sensor
banks, each consisting of three diodes. A linear
relation between subsurface light attenuation and
biomass accumulation has been shown by Zippel
et al. (2007). In this way, growth and development of
the biofilms were monitored over 30 days. In the
present study, biofilm samples were scraped off the
polycarbonate slides for subsequent analyses when
the mature stage, corresponding to an average light
absorption of 90-95%, had been reached.

Extraction and quantification of CPS

Mature biofilms were removed from the slides and
centrifuged at 10,000 rpm for 60 min (J2-21 Beckman
centrifuge) to concentrate the sample. The resulting
pellet, comprising the microorganisms and their
envelopes (namely ‘capsular’ [CPS] or ‘bound’ poly-
saccharides) was re-suspended in distilled water (1:10),
incubated at 80°C for 60 min and then centrifuged for
15 min at 10,000 rpm to remove the cells. The CPS
were precipitated in ethanol 100% by centrifugation at
14,000 rpm for 60 min. To further purify the polymers,
the resulting pellet was re-suspended in distilled water,
dialysed against EDTA (0.01 M) and NaCl (0.5 M) for
2 h and then against distilled water for 4 days. The
extraction of the CPS was conducted following
Bellezza et al. (2003). The CPS samples were lyophi-
lised and hydrolysed (2N trifluoroacetic acid, 120°C
for 45 min) and their monosaccharide composition
quantified by means of RP-HPLC (reverse phase),
using a Beckman Ultrasphere ODS column according
to Vincenzini et al. (1990). The quantity of CPS
extracts was estimated by the phenol-sulphuric acid
method, using glucose as standard (Dubois 1956).

Circular dichroism analyses

The CPS fractions were analysed by means of circular
dichroism (CD), a qualitative spectroscopic method to
investigate the presence of carboxylic moieties and the
potential conformational transition of polysaccharides
as a function of pH and temperature. Measurements
were performed using a Jasco Spectropolarimeter J600,
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equipped with quartz cells of 0.5 cm optical length,
using original Jasco software (20 nm min ' scanning
velocity). Preliminary analyses were performed in the
UV spectral region (200-300 nm) in order to verify the
extract purity and subsequently between 200 and
260 nm to detect the presence of carboxylic moieties.

The pH values were measured with the digital
combined pH meter Amel Instruments, Model 334-B,
calibrated with buffer solutions at pH 4.0 and 8.0. The
pH of the CPS was decreased by adding perchloric acid
(HCIO4) 0.02 M and increased with NaOH 0.02 M.
The analyses were performed at 20 and 70°C,
respectively, using a cell holder connected to a Lauda
M3 thermostat unit.

Cytochemistry

Biofilm fragments were stained with Alcian Blue (AB)
and observed with light microscopy (Zeiss Axioskop),
to visualise the presence of carboxylic (AB pH 2.5) and
sulphated (AB pH 0.5) polysaccharides in cyanobac-
teria and microalgae (Albertano and Bellezza 2001).

Phototrophic biomass

Phototrophic biomass was estimated as the biovolume
of individual taxa. Three biofilm replicates of 1 cm?
were scraped off the slides and fixed in 2% formalde-
hyde in 0.1 M phosphate buffer (pH 7.2) at 4°C.
Preparation of samples for biovolume evaluation was
carried out according to Congestri et al. (2006). The
scrapings were sonicated twice for 3 min in a sonic
water bath to disaggregate the samples. Aliquots of
suspensions were diluted in phosphate buffer and
allowed to settle for 24 h in 25 ml counting chambers.
Observations were made with an inverted Zeiss
Axiovert 100 microscope. A Nikon CoolSnap digital
photo-camera was used to acquire optical fields and
digital images. Measurements of selected morpho-
metric parameters were calculated manually on digital
images using Adobe Photoshop version 7.0. To
estimate the biovolume of single cells standardised
equations proposed for the different cyanobacterial
and algal shapes were used (Hillebrand et al. 1999).

Statistical analyses

Statistical analyses were carried out using the R
language, version 2.7.1 for Mac OS X (R Core
Development Team 2008), using Aabel software
version 2.4.2 (Gigawiz, Tulsa, OK) for graphical
representations. To quantify and describe the mono-
saccharide proportions obtained by High Performance
Liquid Chromatography (HPLC) analysis, the propor-
tions in each experiment were transformed to their
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corresponding ranks, with the monosaccharide with
the largest proportion obtaining rank 1, and the one
with the least proportion the highest rank. To integrate
the results from all experiments, the mean and the
standard deviation (SD) of the ranks of each mono-
saccharide across the experiments were calculated, and
rounded to integer values, to obtain an overall
ranking.

To calculate the similarities between the mono-
saccharide compositions obtained in each experiment
the centred log-ratios (CLR) of the monosaccharide
proportions were calculated as

Xi

CLR; = log o)

with G(x) being the geometric mean of the proportions

x;, using routines from the R-package compositions

(van den Boogaart and Tolosana-Delgado 2008). The

dissimilarity of two compositions was quantified by the

Euclidean distance between the CLRs of each compo-

sition. On the basis of the resulting dissimilarity

matrix, hierarchical clustering analysis was performed
using the average linkage method.

Correlations were quantified by Pearson’s r, using
log-transformed data and CLRs. Given the presence of
missing data, the effects of the environmental factors
were not assessed by ANOVA. Instead, the relevant
paired differences between data from different LCs and
Runs were computed and discussed. The possibility of
a significant effect was suggested if all observed
differences were clearly different from zero and had
the same, positive or negative, sign.

(1)

Results
Phototrophic diversity of the inocula

The diversity of phototrophs within the inocula
collected on the different sampling occasions was
expressed as taxon numbers (Supplementary Table 1)
[Supplementary material is available via a multimedia
link on the online article webpage]. The phototrophic
component consisted primarily of cyanobacteria,
diatoms and green algae, with one xanthophyte and
one euglenophyte. Taxon numbers were generally low
and stable, yielding up to 8 cyanobacterial taxa for
June and July, and 15 diatom taxa in April and
September. Chlorophytes consisted of five (April, June
and July) or six (September) taxa.

Biofilm development

Only biofilms grown under 60 and 120 umol photon
m 2 s~ ! reached the mature stage of development by
day 30. Here, the polycarbonate slides were uniformly

colonised with biofilms of ca. 1 mm thickness,

exhibiting a dark green coloration and seemingly
gelatinous consistency. The cultures grown under
30 umol photon m 2 s~ ' reached the active phase
(average light absorption = 50%) of development in
R20.25 and R30.100, and remained at the initial stage
(average light absorption = 5%) in R20.100 and
R30.25. Cultures grown under 15 umol photon m 2
s~ ! did not show any substantial growth throughout
the 30 day incubation period. As these conditions thus
yielded insufficient biomass for subsequent processing,
all further analyses were limited to samples obtained
from mature LC120 and LC60 cultures.

Amounts of exopolysaccharide

Figure 1 shows the total amount of CPS, expressed as
mg glucose equivalent per cm 2 surface area, ranging
between (47 + 8) x 107*mgem 2 in  R30.100
LCI20 and (783 + 46) x 107 *mgem 2  in
R30.25LC60, respectively. Table 2 shows the effects
of environmental parameters on the amount of CPS.
The comparison of the amounts in R20.25 and R30.25
showed an increase of CPS with temperature in both
studied pairs. The other factors yielded no coherent
evidence for an effect on CPS.

Circular dichroism analyses

Supplementary Figure 1 [Supplementary material is
available via a multimedia link on the online article
webpage] shows the CD spectra of the capsular
polysaccharide extracts. In all cases, an ellipticity
typical for carboxylic moieties was witnessed between
200 and 250 nm, while no effect was observed above
260 nm, indicating the complete removal of proteins
from the extracts. Variations in pH and temperature
did not elicit clear changes of the CD spectra,
suggesting a stable polymeric conformation of the
CPS.

o) P A0 P AP P
6\’0\ Q/c)\/c’)\gg\/o \,O\ ’2,6\’0 O'\‘\QQ W
-

L~ 0
O‘LQQ%
QT QDD Q2T RO 0

Figure 1. Concentration of the CPS (10~ * mg cm ~?) for all
analysed samples.
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Table 2. Differences in capsular exopolysaccharides (CPS), total uronic acids (TUrAc) and total phototrophic biovolume
(Vtotal) between experiments featuring common changes in environmental factors.

CPS VTotal

(107* mg cm 3 TUrAc (%) (10° ym® cm™2)
Light
R20.25LC120-R20.25LC60 -5+ 53 1.62 —93 + 41
R30.25LC120-R30.25LC60 —520 + 68 —2.17 —402 + 61
R30.100LC120-R30.100LC60 ND —1.84 248 + 127
Temperature
R20.25LC120-R30.25LC120 —146 + 49 —1.57 —509 + 40
R20.25LC60-R30.25L.C60 —661 + 70 —5.36 —819 + 62
R20.100LC60-R30.100LC60 ND —2.75 128 + 141
Flow velocity
R20.25LC60-R20.100LC60 —342 + 73 2.69 —582 + 84
R30.25LC120-R30.100LC120 216 + 50 1.51 55 + 125
R30.25LC60-R30.100LC60 ND 1.84 705 + 66

Monosaccharide composition

All capsular polysaccharide samples analysed by
means of HPLC contained various proportions of
seven neutral monosaccharides and two uronic acids
(Table 3). Across seven experiments, glucose and
mannose were the dominant components with a
median proportion of 27.8% and 17.5%, respectively.
Both ranked first and second in most experiments, as
was expressed by rank 1 + 1 (rounded mean + SD)
for glucose and rank 2 + 1 for mannose. They were
trailed by rhamnose, galactose and fucose, showing
median proportions of ~10%. It is interesting to
notice the relatively large variation in the ranking of
galactose, ranking fourth on average with a SD of
three ranks. Xylose and arabinose both exhibited
median proportions around 5%. Between the two
uronic acids, glucuronic acid showed clearly higher
proportions and rankings (6.0% median, average
rank 6) than galacturonic acid with 2.2% median
proportion and being ranked last in all experiments, as
was also indicated by the zero variance of its rank
(9 + 0, ref. Table 3).

Figure 2 shows the result of the clustering analysis
of the monosaccharide compositions of the seven
performed experiments, together with a heatmap
depicting the monosaccharide proportions obtained
in each experiment. Three groups of monosaccharide
profiles could be distinguished and are marked by
rectangles in Figure 2: one group features the three
samples placed at the bottom of the heatmap,
R20.25LC120, R30.25LC120 and R30.25LC60. This
cluster was marked by a strong dominance of glucose,
which reached its three maximum proportions (all >
28%) in this cluster. The second cluster joined
R20.25L.C60, R30.100LC120 and R30.100LC60, and
distinguished itself from the former cluster by elevated
proportions of galactose and less glucose. The
R20.100LC60 sample was distinct from the other two

Table 3. Monosaccharide composition of CPS fractions
extracted from mature biofilms.

Sugar Median prop. Rank
Glucose 27.8 1 +1
Arabinose 5.0 7+ 1
Xylose 5.2 6+ 2
Gluc. acid 6.0 6 +1
Fucose 9.7 5+ 1
Galactose 10.6 4 +3
Rhamnose 11.5 4 4+ 2
Mannose 17.5 2+ 1
Gal. acid 2.2 9+ 0

Median proportions are expressed as mol %. Ranks are given as
mean + SE over seven experiments rounded to integer values.

Proportion [%]

0 10 20 30 40

R20.100LC60|4

R30.100LC60)
R30.100LC120
R20.25L.C60]
R30.25L.C60

1

o

R30.25L.C120[+
R20.25L.C120|+
BB e e e s T T T 1
O @ (@ O @ @ P P @ 00 05 1.0 15 20 25
30 5521052 500 8%, 8% (82 P ‘ 1
& @ao\ﬁ'o“\“ ‘g\i}c,o‘ -a(r\%b\?g;@«\‘;\a@@\p Euclidean distance

Figure 2. Heatmap of the proportions of monosaccharides
and dendrogram of the monosaccharide composition.
Monosaccharides are ordered by their median values
(Supplementary Table 2), while Runs are ordered according
to the cluster tree. Cutting the dendrogram at a euclidean
distance of 1.5 (grey bar, right panel), three clusters are
obtained which are marked by the rectangles around the run
labels (left panel).

clusters mainly due to the high proportion of xylose
ranking third with 14.8%, far above its median value.
Rhamnose proportions in turn were extremely low in
this sample (5%, rank 7). This clustering of the
monosaccharides did not reveal a clear effect by any
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of the environmental parameters. The high similarity
of the R30.25and R30.100 samples, respectively,
suggested a major effect of the inoculum and/or the
inoculation process used in each incubator run.

Total proportion of uronic acids

In Figure 3A the total proportion of uronic acids
(TUrAc) in each experiment is shown. Values ranged
between 7.5% in R20.25LC120 and R30.100LCI120
and 11.2% in R30.25LC60. The impact of environ-
mental factors is assessed in Table 2. For the
experiments performed at 30°C (R30.25 and
R30.100), there was an apparent decrease of TUrAc
with light intensity, ie R30.25LC60 showed larger
proportions of TUrAc than R30.25LC120, and like-
wise for R30.100. However, this was not the case for
R20.25, hence a consistent effect of light was not
apparent. Concerning the two other parameters, there
were indications that TUrAc increased with tempera-
ture and decreased at higher flow velocity, as all
possible comparisons showed consistent trends.

Cytochemistry

AB pH 2.5 staining revealed the presence of carboxylic
groups in the envelopes of all chroococcalean and
oscillatorialean cyanobacteria and in the diatom Dia-
desmis confervacea, while no reaction was elicited by any
of the featured green algae (Supplementary Table 2)
[Supplementary material is available via a multimedia
link on the online article webpage]. Staining with AB at
pH 0.5 indicated the presence of sulphated residues in
the exopolysaccharides of the coccoid cyanobacterium
Chroococcus sp. and of D. confervacea. No sulphated
residues were detected either in the unicellular cyano-
bacterium Synechocystis sp., or in any of the oscillator-
ialeans and the green algae.

Phototrophic biovolumes

Figure 3B shows the total phototrophic biovolumes
(VTowar) and the proportions of the different photo-
trophic taxa. The highest Vryow was recorded in
R30.25LC60 with (1032 + 39) x 10° yum® cm 2 and
the minimum value was observed in R20.25LC120
with (121 + 10) x 10° um® cm 2 Cyanobacteria
dominated the samples of all runs except for R20.25,
with  biovolume  (Vcyano)  varying  between
(15 + 1) x 10° and (779 + 24) x 10° um® cm 2 in
R20.25LC60 and R30.25LC60, respectively. Diatoms
were only present in R20.100 and R30.25, showing a
peak biovolume (Vpi,) of (225 + 17) x 10° ,um3
em 2 in R30.25LC60. This value was substantially
higher than the other two non-zero values of Vpjay,

101

Total uronic acids [%]

-y

N

o

o O
1

B Cyanobacteria
P4 Diatoms B
1000 [0 Green algae

Biovolume [108 ym3 cm™]
[e))
o
o

Figure 3. Quantitative observations for all analysed
samples. A: Total proportion of uronic acids (mol %). B:
Total phototrophic biovolumes (10® um® cm™2) of mature
biofilms and proportions of the major taxonomic groups.

(4 x 10° and 9 x 10° um® cm~?). Green algae bio-
volumes (VGreen) Were non-zero in all runs, yielding at
least (13 + 1) x 10° um® cm 2 (R30.100LC60). Green
algae dominated in R20.25 communities, reaching an
overall maximum of (199 + 32) x 10° yum® cm~? in
R20.25L.C60.

Figure 4A—D shows the log—log scatter plots of the
total amount of CPS vs Vo, Veyanos Vpiar and
VGreen- From visual inspection of the plot, two
influential points were identified and marked with an
open square (R30.25LC120) and open circle
(R30.100LC120). Both samples were characterised by
the dominance of cyanobacteria together with a
considerable biovolume of green algae (Figure 3B),
but CPS of R30.100LC120 had an extremely low value.
A correlation analysis of the remaining points (solid
dots) showed a significant correlation between CPS
and Vo (r = 0.98, p = 0.019) and CPS and Veyano
(r=10.98, p =0.018). The correlation between CPS
and Vp;. Was not significant, due to the low number of
points. Finally, there was an anti-correlation of CPS
and Vgreen (r = —0.99, p = 0.01) with diatom biovo-
lume (rho = 0.91, p = 0.005). The bottom row of
Figure 4 (E-H) exhibits CLR—CLR scatterplots of the
proportions of TUrAc vs the logarithm of Ve and
the CLR of the proportions of cyanobacteria, diatoms
and green algae. Here, the R20.100LC60 sample,
whose monosaccharide composition was very different
from the other samples (Figure 2) was identified as an
influential point. Excluding this point, TUrAc was
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Figure 4. Relations of capsular polysaccharide properties
with phototrophic biovolumes. Top row A-D: Log-log
scatterplots of CPS and total phototrophic biovolume
(Vtota1), and biovolumes of cyanobacteria (Vcyano), diatoms
(Vpiay) and green algae (Vgreen).- O = the influential sample
R30.25LC120; O = the R30.100LC120 sample. Bottom row,
E-H: CLR-Log/CLR scatterplots of total uronic acids
(TUrAc), vs total phototrophic biovolume (Vrow) and the
CLR of the proportions (Prop) of Vcyanos Vbiat, and Vreen-
O =the R20.100LC60 sample (see text for further
explanations).

marginally correlated to Vg (r = 0.8, p = 0.056). A
significant correlation was given with the proportion of
Veyano (r = 0.85, p = 0.03) and a marginally signifi-
cant anti-correlation given with Vgreen (r = —0.8,
p = 0.055).

Discussion

In the present study, the amount and the physico-
chemical properties of CPS of phototrophic biofilms
sampled from an Italian WWTP and cultured in a
microcosm under different conditions of light intensity,
temperature and water flow velocity were assessed.
Simultaneously, the biovolumes of phototrophs were
analysed to assess the dependency of CPS on taxon
composition. One aim was to unravel the most
important interactions in the network consisting of
matrix properties, environmental factors and photo-
trophic species biomass, in order to contribute to the
deeper understanding of the overall ecological perfor-
mance and the biotechnological potential of photo-
trophic biofilms.

The strongest relations evidenced in the experi-
ments involved the amount of CPS, which was
correlated with the total phototrophic biovolume, ie
the estimated phototrophic biomass (Figure 4). More
specifically, as the highest total biovolumes were
correlated with high biovolumes of cyanobacteria
(Veyano) and diatoms (Vpiy), and the overall maxi-
mum values of CPS, Veyano and Vpiy were all reached
in R30.25LC60, the amount of CPS in mature biofilms
appeared to be significantly related to these two taxa.
In contrast, the amount of CPS was generally low in
samples with high biovolumes of green algae,
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suggesting a reduced importance of the latter for CPS
abundance. Exopolysaccharide production is known to
be related to both the phototrophic and the hetero-
trophic components of biofilm communities (Decho
1990). The heterotrophic fraction was not evaluated in
this work. However, the consistency of the phototrophic
contribution (up to 60%) has been shown in parallel
experiments (Zippel and Neu 2005). The present results
therefore stress the already known importance of the
total phototrophic component for CPS production,
and go further by identifying cyanobacteria and di-
atoms as the key sub-components in this process.
Significant relationships have been reported only be-
tween capsular or bound polysaccharide production and
total phototrophic biomass for natural and cultured
phototrophic biofilms as for diatom-dominated commu-
nities (Bellinger et al. 2005; Stal and Defarge 2005) and
algal microphytobenthos (Barranguet et al. 2005). In the
present study, the biovolume data of the phototrophic
multispecies cultured biofilms allowed identification for
the first time of the major contribution of two
phototrophic taxon groups to CPS quantities.

A number of cyanobacteria and one diatom species
were also recognised as the main producers of the high
proportions of carboxylic groups in the CPS. The
presence of these groups, embedded in the chiral
saccharide moieties was found in all CD spectra,
exhibiting an ellipticity in the spectral region between
200 and 240 nm (Supplementary Figure 1). The HPLC
studies confirmed the presence of two uronic acids,
galacturonic and glucuronic acid, in the heteropoly-
meric matrix, along with eight neutral monosacchar-
ides (Figure 2). As in the case of the total amount of
CPS, the quantitative assessment of the TUrAc
revealed a significant correlation with the proportion
of cyanobacteria and diatoms, and an anti-correlation
with the proportion of green algae (Figure 4E-H). This
is confirmed by the results of AB staining experiments,
which detected the presence of carboxylic and sulphate
groups in the envelopes of cyanobacteria and diatoms,
but not in green algae (Supplementary Table 2). This is
in accordance with previous studies of natural biofilms
from the same sampling site (Congestri et al. 2006),
indicating that the results obtained from the featured
cultured biofilms could be extrapolated to photo-
trophic biofilms in their natural environment.

The complex monosaccharide composition of the
CPS, in which glucose and mannose were the dominant
sugars, was similar to that of exopolysaccharides
synthesised by a variety of cyanobacteria (De Philippis
and Vincenzini 1998; Bellezza et al. 2003, 2005, 2006;
Parikh and Madamwar 2006) and diatoms (Staats
et al. 1999; de Brouwer et al. 2002; Underwood et al.
2004; De Philippis et al. 2005; Abdullahi et al. 2006;
Hanlon et al. 2006; Bahulikar and Kroth 2008).
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Even though the proportions of the monosaccharides
did not vary by large numbers, the performance of
hierarchical cluster analysis revealed a clear pattern of
similarities between the different samples (Figure 2): the
closest similarities between any two samples were
observed for the two R30.25 and R30.100 samples,
respectively, suggesting that the common inoculum
played a critical role in the determination of the
monosaccharide composition. This was an apparent
contradiction to the authors’ observation that the
different samples of natural communities all had a low
biodiversity with stable taxon numbers (Congestri et al.
2003, 2006; Guzzon et al. 2005). However, DGGE
analysis of 16S and 18S rRNA gene fragments in parallel
studies performed by Roeselers et al. (2006) also showed
that the community composition in the cultured biofilm
varied in spite of unchanged taxon numbers. In their
study, these authors discussed the hypothesis that the
observed variations might be introduced by random
variations in the course of the experiment, eg by
turbulence, or be due to nonlinear effects, ie chaotic
dynamics, in biofilm development. In order to reduce the
uncontrolled amount of variability in future microcosm
experiments on phototrophic biofilms, the assessment of
the species composition by taxon numbers could be
complemented and fine-tuned by other techniques, eg
quantitative DNA-based molecular studies.

As in the work by Roeselers et al. (20006), the
masking of environmental effects by variations in the
species community interfered with the objective of
identifying significant effects of light intensity, tem-
perature and flow velocity. However, the present study
suggested some tendencies, which are in line with the
work of other authors. The strongest effect elicited by
light intensity was the reduction of growth at lower
intensity, severely limiting the latter at the lowest
intensity. This is in accordance with other experiments
performed with the same inocula and the same
incubator prototype (Roeselers et al. 2006; Zippel
et al. 2007). According to the observed difference
between corresponding samples (Table 2), the amount
of CPS increased with temperature. This has been
reported earlier by work of Staats et al. (2000) and
Wolfstein and Stal (2002) on the EPS content of
benthic diatoms. As these authors suggested, this
temperature-dependent increase could be related to
an increase in photosynthesis rates, given the demon-
strated direct relationship between the production of
EPS and oxygenic photosynthesis. The TUrAc fol-
lowed the same tendency for temperature and appar-
ently decreased with flow velocity.

Comparing CD spectra for samples exposed to
different temperatures and pH values did not show any
variation elicited by these factors (Supplementary
Figure 1). This result is in agreement with observations

made on phototrophic biofilms naturally developing
on the sedimentation tank walls of the Fiumicino
WWTP (Congestri et al. 2006). The stability of the
conformation against changes in temperature and pH
could be explained by a random arrangement of these
polymers in solution, and the presence of a disordered
sequence of saccharide units in the biopolymer chain
(Cesaro et al. 1990). The ‘random-coil’ polymeric
conformation was also demonstrated in previous
studies on chemically similar polysaccharides produced
by some cyanobacteria (Cesaro et al. 1990; Bellezza
et al. 2003, 2005, 2006) and by the green macroalga
Ulva sp. (Paradossi et al. 2002).

Conclusions

The CPS of cultured phototrophic biofilms were found
to be composed of at least ecight monosaccharides
arranged in a disordered sequence of saccharide units
and in a spatially random fashion. Glucose dominated
in all samples followed by mannose independent of the
biomass of the constituent taxa.

The relevant role of cyanobacteria and diatoms in
the production of large amounts of CPS and high
proportions of uronic acids was highlighted by the
contribution of these taxon groups to the phototrophic
biofilm biomass.

The effects of environmental parameters on photo-
trophic biomass and CPS properties can be overridden
by variability in the biofilm species composition. To
better understand environmental impacts, future stu-
dies should tightly control the shift in diversity and
abundance of the taxa involved at all biofilm develop-
mental stages.

Along with high light intensity as a key environ-
mental factor for the development of phototrophic
biofilms, higher temperatures enhance the amount of
CPS and the proportion of uronic acids up to 11%,
making these communities useful for water treatment
in open systems in the Mediterranean area.
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