Microbial
Ecology

Biofilm Structure and Function and Possible Implications

for Riverine DOC Dynamics

A.M. Romani!, H. Guasch', I. Mufioz?, J. Ruana®, E. Vilalta?, T. Schwartz*, F. Emtiazi* and

S. Sabater’

(1) Inst. Ecologia Aquatica and Dep. Ciencies Ambientals, Universitat de Girona, Campus de Montilivi, 17071 Girona, Spain

(2) Dep. Ecologia, Fac. Biologia, Universitat de Barcelona, Avgda. Diagonal 645, 08028 Barcelona, Spain

(3) Consorci d’Aigiies de Tarragona, Ctra N340 pKm 1094, ’Ampolla, Tarragona, Spain

(4) Department of Environmental Microbiology, ITC-WGT, Forschungszentrum Karlsruhe GmbH, P.O. Box 3640, 76021 Karlsruhe, Germany

Received: 10 March 2003 / Accepted: 29 July 2003 / Online publication: 23 December 2003

Abstract

Biofilms are major sites of carbon cycling in streams and
rivers. Here we elucidate the relationship between biofilm
structure and function and river DOC dynamics. Me-
tabolism (extracellular enzymatic activity) and structure
(algae, bacteria, C/N content) of light-grown (in an open
channel) and dark-grown (in a dark pipe) biofilms were
studied over a year, and variations in dissolved organic
carbon (DOC) and biodegradable DOC (BDOC) were
also recorded. A laboratory experiment on '*C-glucose
uptake and DOC dynamics was also performed by in-
cubating natural biofilms in microcosms. On the basis of
our field (annual DOC budget) and laboratory results, we
conclude that light-grown biofilm is, on annual average, a
net DOC consumer. This biofilm showed a high monthly
variability in DOC uptake/release rates, but, on average,
the annual uptake rate was greater than that of the dark-
grown biofilm. The higher algal biomass and greater
structure of the light-grown biofilm may enhance the
development of the bacterial community (bacterial bio-
mass and activity) and microbial heterotrophic activity.
In addition, the light-grown biofilm may promote abiotic
adsorption because of the development of a polysaccha-
ride matrix. In contrast, the dark-grown biofilm is highly
dependent on the amount and quality of organic matter
that enters the system and is more efficient in the uptake
of labile molecules (higher '*C-glucose uptake rate per
mgC). The positive relationships between the extracel-
lular enzymatic activity of biofilm and DOC and BDOC
content in flowing water indicate that biofilm metabo-
lism contributes to DOC dynamics in fluvial systems.
Our results show that short-term fluvial DOC dynamics
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is mainly due to the use and recycling of the more labile
molecules. At the river ecosystem level, the potential
surface area for biofilm formation and the quantity and
quality of available organic carbon might determine the
effects of biofilm function on DOC dynamics.

Introduction

Dissolved organic matter (DOM) comprises most of the
reduced C in streams and rivers [48] and is removed
from or added to water through biotic and abiotic
pathways [35]. The microorganisms in the water column
or within attached biofilms in the river feed on organic
matter transported by the water [23]. The uptake rate of
organic compounds is heavily related to their lability, and
microorganisms show a faster and preferential use of the
most labile and fresh molecules [5, 32]. Bacterial utili-
zation of DOM is determined by its size and diagenetic
state [1]. However, the availability of dissolved organic
carbon (DOC) for the epilithic bacterial community may
be more dependent on the composition of organic
compounds rather than molecular weight [12]. Bio-
availability of DOC for bacteria in fluvial ecosystems is
related to variations in the composition of DOC (H/C,
O/C ratios [27]). However, a large part of DOC that
enters the system is made up of humic substances and
polymeric molecules [48], which require extracellular
enzyme activity for heterotrophic uptake [6]. It has been
suggested that, in fluvial ecosystems, labile compounds
are quickly recycled, mainly within the benthic biofilm,
while more refractory substances may be transported
further before uptake [21].

In river ecosystems, the benthic community proc-
esses organic matter [26, 30]. Surfaces of the streambed
are covered by structured autotrophic—heterotrophic as-
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semblages embedded within polysaccharidic material,
thereby forming a biofilm [24]. These biofilms are major
sites for the uptake and storage of fluvial DOC [3, 19]
and contribute significantly to C cycling in rivers and
streams. Epilithic microbial communities feed on allo-
chthonous and/or autochthonous organic matter.

Carbon cycling also occurs within the biofilm [49].
The close contact between the algal and the heterotrophic
community in attached biofilms favors the use of algal
material by microorganisms within the biofilm [16, 31].
Algal accumulation and activity enhance the hetero-
trophic community’s use of organic matter by increasing
the amount of substrate available for bacteria [8, 38].
Labile DOC in flowing water could be the primary con-
trol factor of epilithic bacteria, while epilithic algae could
stimulate bacterial growth in later phases [43]. The re-
lease of photosynthetically produced organic C and its
use by bacteria in the microphytobenthos has also been
observed in sediment [15].

Although a few studies have examined biofilm DOC
uptake rates in rivers either in situ or by laboratory ex-
periments [11, 19, 23], little information is available on
the effect of biofilm structure and metabolism on uptake.
Here we elucidate whether biofilms act as sinks or sources
of fluvial DOC, depending on their structure and bio-
mass accumulation. In particular, we hypothesized that
(i) light-grown biofilms have a low DOC consumption
rate because of high internal recycling (high-quality algal-
released DOC available for heterotrophs within the bio-
film); (ii) dark grown biofilms are net consumers of
DOC; and (iii) the DOC budget is affected not only by
community composition (algae, bacteria, microfauna)
but also by the structural components of the biofilm (C
and N content), which may directly affect DOC recycling.
To contrast these hypotheses, a field study was performed
along an open channel and also a dark pipe directly de-
rived from the river. Whereas the former was subjected to
light irradiation, thereby providing the conditions for the
development of autotrophic organisms, the dark pipe
allowed growth of only heterotrophic organisms. The use
of these two systems allowed us to circumscribe the effect
of DOC transport and storage in the water mass and the
biofilm, and we avoided the influence of the hyporheic
zone and groundwater.

Methodology

Sampling Area. The Ebro River, with a mean dis-
charge of 500 m° s~%, drains 85 550 km? of the NE
Iberian Peninsula (Fig. 1). Because of the location of its
headwaters and tributaries, this river has a nivo-pluvial
regime with a low flow during the summer. The sam-
pling area was located in the last 50 km of the river,
where water is diverted through two main irrigation
channels at a rate of 20 m’ s~'. Approximately 15 km
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Figure 1. Sampling sites in the River Ebro. Cl: channel 1; C2:
channel 2; P1: pipe 1; P2: pipe 2; WP: water plant.

downstream from the beginning of the open channels, a
pipe, 15 km long, transports water from one of the
channel to a treatment plant, “Consorci d’Aigiies de
Tarragona” (CAT), which provides drinking water to ~1
million people. The sampling sites were located at the
beginning (channel 1, C1) and at the end of the open
channel (channel 2, C2), and at the beginning (pipe 1,
P1) and at the end of the pipe (pipe 2, P2) (Fig. 1). The
water channel is 10 m wide and 2.65 m deep. The pipe
measures 1.6 m in diameter. Water flow was on average
1 m s ' in both systems. Mean residence time in the
channel and the pipe was 4.2 h. Mean incident light at
midday at 20-40 cm depth was 845.9 umol photons m™>
s~ (SD = 4933, n = 16).

Sampling Strategy

Annual Assessment. Etched 1 cm? glass substrata (400)
were immersed at points C1, C2, P1, and P2 for 2 months
before sampling to allow biofilm colonization. Special
structures were designed to immerse the substrata within
the channel and pipe. Substrata were inserted in Plexiglas
racks (100 substrata per rack) which, in turn, were at-
tached to a metal plate fixed to the sides of the channel
(sites C1 and C2). They were then immersed at a depth of
20-40 cm. A metal box (~1 m®) was used to immerse
racks at P1. At P2, a specific holder 1.6 m long (the whole
pipe diameter) was used. All substrata were placed parallel
to water flow. Substrata were collected in September 2000,
November 2000, May 2001, and July 2001. Samples were
analyzed for biofilm structure (bacterial density, algal
density and composition, chlorophyll, C and N biofilm
content) and function (extracellular enzyme activity).
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Water samples were collected monthly from September
2000 to November 2001 to analyze physical and chemical
parameters, DOC and biodegradable DOC (BDOC).

In November 2001 and April 2002 water samples
from C2 and P2 were also collected for the analysis of
potential extracellular enzyme activity and algal density
in water.

Experimental Approach. In April 2002, glass substrata
were collected from C2 and P2. These samples were taken
directly to the laboratory to measure "*C-glucose uptake
and DOC uptake and/or release rates in microcosm incu-
bations. Samples were also analyzed for biofilm structure
and function. Furthermore, denaturing gradient gel elect-
rophoresis (DGGE) analysis was performed. Water sam-
ples from the four sampling sites were also collected for
analysis of DOC, BDOC, and physical and chemical
parameters.

Physical and Chemical Parameters. Water sam-
ples from the four sampling sites were analyzed monthly
for conductivity, pH, ammonium, nitrite, nitrate, dis-
solved inorganic phosphorus, and carbonates, following
standard methods [2]. DOC was measured using a total
organic carbon analyzer (TOC-5000, Shimadzu). Par-
ticulate organic carbon (POC) was measured at three
sampling times (in triplicate) by filtering 1 L of water on
precombusted and preweighed filters (Whatman GF/F).
The filters were dried (48 h at 110°C) and combusted
(4 h at 450°C). The ash-free dry weight was calculated
and transformed to organic C by the constant 2.4 [25].

BDOC was measured following the procedure de-
scribed by Servais et al. [42]. Once taken, samples (five
replicates for each sampling site) were incubated imme-
diately for 28 days at room temperature (20-24°C) and in
the dark. The glass flasks and ampoules used were pre-
viously heated for 4 h at 550°C to prevent the release of
organic C. All DOC samples were fixed with sodium
azide (2.7 mM) and preserved at 4°C until analysis.

Biofilm Structure

Bacterial Density. Bacterial density was estimated in
triplicate after sonication (90 s, 40 W power, 40 kHz
frequency). After appropriate dilution, fixed samples
were stained for 5 min with DAPI (4,6-diamidino-2-
phenylindole; 2 pg mL™" final concentration) and passed
through 0.2 pm irgalan black-stained polycarbonate fil-
ters (Nuclepore). Bacteria were then counted under a
fluorescence microscope (Nikon) at 1250x magnification
[36]. Fifteen fields were counted per filter for a total of
400-800 organisms.

Chlorophyll Density. Chlorophyll density on the
glass substrata (three replicates for each sampling site)
was measured after extraction in 90% acetone and so-
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nication (4 min). A second and third extraction was
necessary in some biofilms until all chlorophyll had been
extracted. Chlorophyll concentration was measured
spectrophotometrically (PerkinElmer, Lambda UV/VIS
spectrophotometer) after filtration (Whatman GF/F) of
the extract, following the method described by Jeffrey and
Humphrey [17]. The ratio of chlorophyll to carotenoids
and/or chlorophyll degradation products (OD430/
OD665, [25]) was also calculated.

Algal Composition and Abundance. Glass substrata
(three replicates for each sampling site) were fixed with
formalin to study algal composition and abundance.
Substrata were sonicated (3 min) to extract all algae from
the biofilm, and samples were then observed under a light
microscope.

C and N Biofilm Content. Five mL of distilled water
was added to the glass substrata, which were then soni-
cated (4 min) and scraped with a spatula. The extract was
then filtered (precombusted filters Whatman GF/F).
Successive extractions (2—-3) were performed to ensure
total extraction of the colonized biofilm. Filters were
dried (2 days at 110°C) and analyzed for C and N with a
1500 Carlo Erba C/N Analyzer using vanadium pentoxide
as the oxidation catalyzer.

Denaturing Gradient Gel Electrophoresis (DGGE).
Samples from C2 and P2 (five replicates) collected in
April 2002 were analyzed by DGGE. Universal PCR
primers, GC27F and 517R, which target the regions (V1-
3) of 16S rDNA gene of Eubacteria were used for am-
plification [22, 29]. A “touch-down” PCR program de-
signed by Kilb et al. [22] was run with 10 pL of the
biofilm suspension as target. DGGE analysis of the PCR
products (~527 bp) by means of the D Code System
(Bio-Rad Laboratories GmbH, Germany) was performed
using gels with a gradient of 40 to 70% denaturant
(formamide, urea). The DNA bands in the gels were
subsequently stained with SYBR Green I (Molecular
Probes). Pairwise community similarities were quantified
using the Segrenson index [29].

Extracellular Enzyme Activity. ~ The extracellular
enzymes lipase (EC 3.1.1.3), leucine-aminopeptidase (EC
3.4.11.1), B-glucosidase (EC 3.2.1.21), B-xylosidase (EC
3.2.1.37), and phosphatase (EC 3.1.3.1-2) were measured
using fluorescent-linked substrates (methylumbelliferyl,
MUF, but aminomethylcoumarin, AMC, for the pepti-
dase). Immediately after sampling, glass substrata were
incubated at river temperature for 1 h in the dark in a
shaking bath. Incubations were performed at a range of
substrate concentrations—0.1, 10, 300, and 600 pM—in
order to calculate saturation curves. Blanks and standards
of MUF and AMC (0-100 uM) were also incubated. At
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Table 1. Physical and chemical characteristics at the four sampling sites of the channel-pipe system in the River Ebro during the study
period (September 2000-November 2001)

Channel 1 Channel 2 Pipe 1 Pipe 2
Conductivity (uS cm™h) 832.7 (199.5) 829.6 (199.8) 833.3 (199.1) 833.5 (195.3)
PH 8.2 (0.1) 8.2 (0.1) 8.2 (0.1) 8.1 (0.1)
NO;-N (mg L") 2.07 (0.51) 2.12 (0.64) 2.13 (0.62) 2.14 (0.51)

NO,-N (mg L™")
NH,-N (mg L")

0.018 (0.010)
0.047 (0.045)

0.019 (0.009)
0.037 (0.033)

0.018 (0.011)
0.027 (0.019)

0.014 (0.011)
0.026 (0.024)

PO,-P (mg L") 0.095 (0.078) 0.091 (0.073) 0.079 (0.069) 0.086 (0.083)
CaCO; (mg L) 161.3 (11.4) 161.2 (10.8) 161.0 (10.4) 159.9 (11.1)
POC (mg L) 0.90 (0.34) 0.83 (0.25) 0.97 (0.48) 0.90 (0.49)
DOC (mg L) 2.34 (0.45) 2.31 (0.42) 2.26 (0.63) 2.20 (0.39)
BDOC (mg L") 0.57 (0.67) 0.42 (0.37) 0.57 (0.57) 0.36 (0.25)

Values are means of monthly values and standard deviations in parentheses (1 = 14). POC values are averages of three sampling times.

the end of the incubation, glycine buffer at pH 10.4 was
added (1/1, v/v) and fluorescence was measured at 365/
455 nm excitation/emission for MUF and 364/445 nm
excitation/emission for AMC (Kontron, SFM25). All
substrata and standards were prepared with filter-steri-
lized river water (0.2-um pore-size cellulose nitrate
membrane filters). Enzymatic kinetic parameters, V.«
(maximal reaction velocity), and K, (apparent Michaelis
constant), were calculated by nonlinear regression anal-
ysis [40]. The turnover time (K,/Vpn. ratio) was also
calculated after transformation of the parameters to the
same units. Potential enzymatic activity in the water was
measured in a similar way by incubating 10 mL of water
with 100 pL of concentrated artificial substrate to a final
concentration of 600 puM.

"“C-Glucose Assimilation and DOC Dynamics.
The uptake of "*C-glucose and DOC uptake or release
rates by the biofilms from C2 and P2 were measured by
incubation of colonized glass substrata in microcosms at
the same temperature as found in the field (16.5°C). Each
microcosm consisted of a glass jar (19 ¢cm in diameter, 9
cm high) and 18 colonized glass substrata attached to the
bottom by a plastic rod. Water (1.5 L) from the corre-
sponding sampling site was continuously recirculated
with a pump at a current of 0.3 m s~ on average. To
measure '*C-glucose uptake, four microcosms plus a
control were studied for each sampling site. The control
microcosm contained uncolonized glass substrata and
0.2-pm filtered river water. For each microcosm, 5 pCi (1
ml) of "“C-glucose (specific activity 303 mCi mmol ™",
PerkinFlmer) was added to a final concentration of 3.3
uCi L', Similar "*C-glucose concentrations were used
for incubations of epilithic and wood biofilms [34, 44].
Three replicate water samples (1 ml) were taken from
each microcosm at 0, 15, 30, 45, 60, 90, and 120 min. 15
ml of scintillation liquid (Biogreen 1, Scharlau) was then
added to each sample. At the end of the experiment, three
glass substrata were collected from each microcosm to
measure '*C-glucose uptake by the biofilm. Each sub-

strate was gently rinsed with distilled water, sonicated for
2-3 min (with 5 mL of distilled water), and then 15 mL
of scintillation liquid was added. '*C-Glucose abiotic
adsorption was measured by using the glass substrata
incubated in the control microcosm. Radioactivity was
measured in a Packard Tri-Carb 1500 liquid scintillation
analyzer (3 min per vial).

In a separate experiment, DOC uptake or release
rates by the biofilms in the channel and pipe were tested
by incubating colonized glass substrata in microcosms
(same design as above) and changes in DOC and BDOC
concentrations were recorded. Samples for DOC analyses
(two 15-mL replicates) were taken at 0, 1, 2, 4, 6, and 8 h.
They were collected with a syringe, filtered with pre-
combusted Whatman GF/F filters, and preserved with
sodium azide (2.7 mM) in the refrigerator until analysis.
For the pipe biofilms, four microcosms (colonized bio-
film plus water: P-BW) and two water controls (micro-
cosms with pipe water and uncolonized glass substrata:
P-WC) were considered. Incubation was performed in
dark conditions (wrapped in aluminium foil). For the
channel biofilms, light and dark conditions were simu-
lated. Four microcosms (CD-BW) and two water con-
trols (CD-WC) were incubated in the dark, and four
microcosms (CL-BW) and two water controls (CL-WC)
in the light (under artificial light, providing incident light
of 180 pmol photons m~> s™"). A blank microcosm with
uncolonized glass substrata and 0.2 pm filtered water was
also analyzed. At the beginning of the experiment, we
analyzed the DOC and BDOC concentrations of the four
sampling points. At the end, the BDOC content of each
microcosm (two replicates) was measured.

Statistical Analyses.  The differences in the phys-
ical and chemical parameters among C1, C2, P1, and P2
were analyzed by t-test for paired values. For the com-
parison of DOC and BDOC between C1 and C2, and P1
and P2, from the same sampling time, a two-tailed #-test
was used. The Pearson correlation coefficient was calcu-
lated for the physical and chemical parameters in the four
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Figure 2. DOC dynamics along the channel and the pipe during
the study period (September 2000-November 2001). Monthly
values are means + standard errors (n = 3). Significant differences
between sites 1 and 2 are indicated by asterisks (¢-test, P < 0.05).
Horizontal lines indicate annual means.

sampling sites and also for extracellular enzyme activity
and turnover times. Differences in extracellular enzy-
matic activity between sites were analyzed by one-way
analysis of variance followed by a Tukey’s multiple
comparison test for each activity.

Analyses of variance (ANOVA) were performed for
the DOC and BDOC variations in the microcosms after 8
h of incubation.

River DOC Budget. = The DOC and BDOC uptake
or release rates of the channel and pipe were calculated by
means of the DOC and BDOC balance between sites C1
and C2, and P1 and P2, respectively, at the sampling
times when differences between sites were significant. The
DOC and BDOC balance was transformed to pug cm™
h™" by knowing the total water volume and surface area
potentially covered by biofilm in each system (357,750
m’ and 204,900 m” for the channel, 30,159 m® and 75,398
m® for the pipe), and the travel time of certain water
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Figure 3. BDOC dynamics along the channel and the pipe during
the study period (September 2000-November 2001). Monthly
values are means * standard errors (n = 5). Significant differences
between sites 1 and 2 are indicated by asterisks (¢-test, P < 0.05).
Horizontal lines indicate annual means.
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parcel from CI to C2 and P1 to P2, respectively. Mean
annual uptake or release rates were calculated from
monthly results (November 2000—October 2001), and a
value of zero was assigned when nonsignificant differ-
ences were obtained between sampling sites.

Results

Physical, Chemical, and Biological Parameters of the
Flowing Water. = The Ebro River water has a high nu-
trient content, especially for dissolved N (Table 1). Mean
water pH is 8.2 and temperatures range between 8.9°C in
winter and 25°C in summer (annual mean 18.1, SD 5.7).
The chemical characteristics of the river water (except
BDOC) showed no significant differences between the
four sampling points (¢-test, P > 0.2).

The DOC and BDOC concentrations were higher at
the beginning than at the end of the channel and pipe
(Figs. 2 and 3), although significant differences were
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Table 2. Composition and structure of the biofilms grown on the glass substrata in the channel and the pipe

Channel 1 Channel 2 Pipe 1 Pipe 2
Chlorophyll (g cm ™) 3.96 (2.51) 6.07 (4.40) 0.46 (0.37) 0.18 (0.16)
0D430/665 2.92 (1.12) 2.59 (0.80) 5.08 (4.24) 4.54 (2.54)
Algae cell X 10° cm™> 45.64 (71.83) 319.59 (339.09) 1.00 (1.25) 0.74 (1.18)
Bact. cell x 107 cm™2 1.07 (0.55) 0.53 (0.32) 0.32 (0.15) 0.28 (0.10)
C (ug ™) 600.44 (310.04) 675.55 (638.94) 69.46 (34.00) 228.47 (293.53)
N (ug cm™) 52.84 (36.15) 48.06 (36.51) 6.65 (5.18) 76.80 (108.66)
C/N 14.09 (3.33) 14.18 (4.43) 13.26 (2.92) 9.53 (5.23)

Values are means of the four sampling times and standard deviations in parentheses (n = 12).

found only for BDOC in the latter (#-test, P = 0.05, Fig.
3). Monthly results for DOC and BDOC showed signif-
icant differences between C1 and C2, and between P1 and
P2 on several occasions (Figs. 2 and 3). The production
of BDOC along the channel was observed in September
and December 2000 and in November 2001, and con-
sumption was observed in November 2000 and February
2001 (Fig. 3). Significant consumption of BDOC at five
sampling times along the pipe was observed (Fig. 3).

Forty percent of the total cell density in the water
column samples corresponded to cells of benthic origin.
Algal cell densities in the samples from the channel and
pipe ranged from 127 to 494 cell mL™' and from 67 to
154 cell mL™", respectively. Extracellular enzymatic ac-
tivity measured in the water column was clearly higher in
April 2002 than in November 2001. Respectively for the
two periods, B-glucosidase and B-xylosidase activities
ranged between 0.95 and 36.56 nmol L™' h™', phospha-
tase between 31.1 and 232.5 nmol L' h™', peptidase
between 1619 and 8194 nmol L' h™}, and lipase between
0.77 and 19.81 nmol L™" h™'. For most enzymatic ac-
tivities, the pipe samples showed lower activity than those
from the channel.

Biofilm Structure.  The biofilms in C1 and C2 were
characterized by a high C and N content (C/N ratio of
14.1, Table 2). The chlorophyll content did not signifi-
cantly differ between these two sites (#-test, P = 0.17),
reaching 2.9 pg cm™? in autumn-winter and 7.1 pg cm™>
in spring—summer. The biofilms were mainly composed
of benthic cyanobacteria (especially in autumn-winter),
and diatoms and green algae (especially in spring—sum-
mer). Some of the taxa were of planktonic origin. Bac-
terial density ranged between 0.21 and 1.84 x 107 cell
cm 2, values being significantly higher in C1 than in C2
(t-test, P = 0.02).

Although the biofilms at P1 and P2 had a signifi-
cantly lower C content than C1 and C2, they showed a
similar N content, which resulted in a lower C/N ratio,
especially for the P2 samples (Table 2). Chlorophyll and
algal density was very low and had a high OD430/0OD665
ratio. A few diatoms and green algae, mainly planktonic,
were detected in the pipe biofilm. Bacterial cell density
was on average 0.29 X 10" cm > (differences between P1

and P2 were not significant, #-test, P = 0.52), and sig-
nificantly lower than C1 and C2 (#-test, P = 0.02). Cili-
ates, fungi, and nematodes were observed in P1 and P2.

DGGE analysis showed more bands in the microbial
communities in the channel than in the pipe (Fig. 4).

Control P2a P2b C2a C2b

Figure 4. DGGE population analysis of bacteria in biofilms from
the pipe (P2) and the channel (C2). The positive control is Esc-
herichia coli. In each slot, 7 pL of PCR-products was applied.
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Biofilm Function.
tivities per cm” of biofilm were lower in the pipe than in

Figure 5. Extracellular enzymatic activities
in biofilms from the channel and the pipe.
In the left column results are expressed as
nmol per square centimeter of biofilm per
hour, and in the right as nmol per mg C in
the biofilm per hour. Values are means

of monthly results (September 2000,
November 2000, May 2001, July 2001) +
standard errors (n = 16). Lowercase letters
indicate homogeneous subgroups after
Tukey’s test, P < 0.05.

The extracellular enzymatic ac-

the channel, except for lipase (Fig. 5). However, when
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Table 3. Turnover time of substrate hydrolysis (Tt) of the extracellular enzyme activities in the biofilms of the channel and the pipe

Channel 1 Channel 2 Pipe 1 Pipe 2
B-Glucosidase Tt (h) 10.5 (13.8) 10.9 (14.3) 4.7 (5.4) 17.8 (21.9)
B-Xylosidase Tt (h) 18.3 (33.0) 31.1 (55.2) 4.2 (5.8) 25.3 (24.3)
Phosphatase Tt (h) 2.3 (3.5) 2.2 (2.3) 2.9 (4.2) 5.1 (6.0)
Peptidase Tt (h) 1.2 (1.1) 0.6 (0.3) 0.8 (0.5) 3.3 (4.3)
Lipase Tt (h) 7.0 (5.4) 19.1 (26.7) 20.2 (24.4) 20.4 (18.5)

Values (in hours) are means for the four sampling periods and standard deviations (in parentheses).

enzymatic activities were calculated per mg of C, differ-
ences were less obvious. The ANOVA analysis and the
Tukey’s test indicated significant differences between sites
for B-xylosidase and phosphatase (Fig. 5).

Turnover times of substrate hydrolysis for the dis-
tinct enzyme activities (except lipase) were higher for P2
than for P1 (Table 3). The channel communities showed
a high turnover time for the B-xylosidase activity, espe-
cially at C2.

Several enzymatic activities (considered per mg of C)
were significantly correlated with BDOC and DOC con-
centrations, while turnover times were negatively corre-
lated with these two parameters, especially for the pipe
(Table 4). Pipe biofilms showed a positive correlation
between most of the enzymatic activities and accumu-
lated chlorophyll (Table 4).

"“C-Glucose Assimilation and DOC Dynamics.
The decrease in water radioactivity during the 120 min
biofilm incubation in the microcosms followed a linear
model (r* =0.98 and r* = 0.99 for the pipe and the
channel microcosms, respectively). The slopes of the
linear regressions were —16.59 DPM min~! (SD = 4.20)
and —9.37 DPM min~' (SD = 2.46), for the channel and
the pipe microcosms, respectively, leading to incorpora-
tion values of the whole system slightly higher than those
measured specifically for the biofilm. Although respira-
tion of incorporated '*C-glucose could occur during the

incubation, thereby leading to an underestimation of the
uptake rate, this is reported to be <1% of incorporated
“C-glucose for epilithic biofilms [34]. The biofilm up-
take rate of '*C-glucose was higher for the channel (Fig.
6). However, when considering the uptake of “C-glucose
per mg C of biofilm, values were higher in the pipe
biofilms (Fig. 6).

DOC dynamics in the microcosms is summarized in
Table 5. The channel (CL) microcosms showed a signif-
icant increase in DOC and BDOC after 8 h in the light.
This increase was higher for those with water but no
biofilm than for those with biofilm plus water (Table 5).
The budget between the two revealed a net consumption
of 0.26 mg L' of DOC and 0.34 mg L™" of BDOC by the
biofilms in the channel. Under dark conditions, the
channel microcosms did not show significant differences
between DOC after 8 h, but there was a significant in-
crease of 0.18 mg L™" in BDOC. The increase in BDOC in
the pipe microcosms was similar to that observed for
those of the channel in the dark, and the biofilm did not
cause a significant variation (Table 5). Finally, in the
blank microcosm, no significant differences in DOC and
BDOC concentrations were observed after 8 h (ANOVA,
P = 0.7). The uptake rates expressed in pg per cm® per
hour are indicated in Table 6.

River DOC Budget.  An increase in BDOC be-
tween 5.7 and 9 pg per cm® of channel surface per hour

Table 4. Significant Pearson correlations between the extracellular enzymatic activities per mg C and turnover times (T,), to chlo-
rophyll biofilm content and DOC, BDOC water content for the channel and the pipe

Channel Pipe

Chl DOC BDOC Chl DOC BDOC
B-Glucosidase 0.76* 0.78* 0.80**
B-Xylosidase 0.75* 0.53 0.51
Phosphatase 0.75* 0.69 0.72* 0.71* 0.89**
Peptidase
Lipase 0.68* 0.72* 0.90***
B-Glucosidase Tt —-0.82* —-0.78* —-0.56
B-Xylosidase Tt —-0.50
Phosphatase Tt —-0.76 —-0.71 —0.64 —-0.68 —-0.68
Peptidase Tt
Lipase Tt 0.84* —-0.68 -0.61 —0.63 —0.68 -0.71*

Significance is indicated by asterisks, ***: P < 0.001, **: P < 0.01, *: P < 0.05, no asterisk: P < 0.1.
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CHANNEL

was estimated in the channel on four occasions. However,
a decrease occurred in two other periods, thereby pro-
ducing a consumption of 9.4-21.7 pg BDOC cm™> h™".
Therefore, the mean annual DOC uptake rate was 1.86 ug
DOC cm > h™! and 2.06 ug BDOC cm™> h™" (Table 6).

The pipe showed a net decrease of BDOC in five
sampling times. The uptake rate ranged between 1.4 and
11.7 pg cm > h™", while the mean annual DOC uptake
rate for this system was 1.24 ug DOC cm™> h™" and 1.52
pug BDOC cm > h™! (Table 6).

Discussion

The parallel analysis of biofilm structure and function,
and river DOC dynamics in a controlled system, make
feasible to elucidate the possible implications of biofilm
structure and function for the C cycling in the fluvial
ecosystem. The major autotrophic biomass, C content,

Table 5. DOC and BDOC balance (mg L™Y) in the microcosms

per cm? per hour, and ng per mgC per hour.
Values are means + standard errors (n = 4).

bacterial richness, and extracellular enzyme activities at
the light-grown biofilm leads to contrasting implications
for fluvial C cycling: the biofilm exerts a high DOC up-
take from the flowing water but, at the same time, there
exists an internal recycling of high-quality compounds
within the biofilm and a release of algal exudates to the
flowing water (especially in high primary production
period). In contrast, the mainly heterotrophic biomass
accumulated at the dark-grown biofilm, the minor bac-
terial richness and lower extracellular enzyme activities
make this biofilm highly dependent on the DOM input
from the flowing water yet showing a constant (but lower
than the light-grown) DOC uptake rate and the prefer-
ential and efficient use of the more labile molecules.
The higher DOC uptake rate for the light-grown
biofilm may be due to several processes that act simul-
taneously: (1) biotic factors, that is, major heterotrophic
activity, and (2) abiotic factors, that is, biofilm DOM

DOC in DOC fin ADOC BDOC in BDOC fin ABDOC
CL-BW 2.73 (0.14) 3.88 (0.42) 1.15% 0.48 (0.11) 1.54 (0.31) 1.06*
CL-WC 2.73 (0.14) 4.14 (4.09-4.18) 1.41% 0.48 (0.11) 1.88 (1.92-1.85) 1.40*
CL-Biofilm -0.26 —0.34
CD-BW 3.10 (0.52) 3.19 (0.42) 0.09 0.48 (0.11) 0.99 (0.42) 0.51*
CD-WC 3.10 (0.52) 3.17 (2.66-3.67) 0.07 0.48 (0.11) 0.81 (0.80-0.82) 0.33*
CD-Biofilm 0.02 0.18
P-BW 2.83 (0.26) 2.96 (0.23) 0.13 0.36 (0.09) 0.80 (0.12) 0.44*
P-WC 2.83 (0.26) 2.98 (2.96-3.01) 0.15 0.36 (0.09) 0.79 (0.76-0.82) 0.43*
P-Biofilm —0.02 0.01

Values (in mg L") indicate initial DOC and BDOC (DOC in, BDOC in, mean and SD or range for the WC) and final DOC and BDOC at the end of the 8 h
incubation in the microcosms (DOC fin, BDOC fin, mean and SD or range for the WC). The balance is also indicated (ADOC). Significant differences
between initial and final values are indicated by the asterisk (ANOVA, P < 0.01). The balance due to the biofilm is also expressed as the difference between
that in the BW and WC microcosms. CL: Channel light; CD: channel dark; P: pipe; BW: biofilm and water; WC: water control (water and noncolonized

substrata).
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Table 6. DOC/BDOC biofilm uptake rates calculated from the field results and the microcosm experiment expressed in ug cm > h™"

Field annual C-balance Microcosm C-balance

Biofilm C uptake rate (ug cm > h™") DOC BDOC DOC BDOC
Channel —1.86 (4.34) ~2.06 (7.07) -2.71 -3.54
Pipe —1.24 (2.64) —1.52 (3.39) ns ns

The uptake rates from the field annual C balance express the annual average uptake rate in the whole channel and pipe systems (mean values and standard
deviations, n = 12). The results from the microcosms C balance are especifically the uptake rates of biofilm grown at sites C2 and P2 in April 2002 (see Table

5). ns: Not significant.

adsorption and photochemical transformation of DOM.
The development of an active autotrophic community in
a light biofilm might provide appropriate colonization
sites for heterotrophs and may also increase the amount
of organic C available. Although light-grown biofilms
show a slightly, but significantly, higher bacterial density
(18 for an oligotrophic stream [38]), other studies report
that differences in density between biofilms incubated in
the light and dark are not significant [8, 43]. Finally, a
higher bacterial density was observed in biofilms incu-
bated in the dark in a eutrophic river [18]. The higher
extracellular enzymatic activity observed in the light-
grown biofilms indicates that heterotrophic degradation
of polymeric organic matter occurs. However, this deg-
radation activity may be caused by the use of allochth-
onous DOC sources taken directly from the flowing
water or through the use of organic compounds from the
biofilm. Changes in extracellular enzyme activities when
changing organic carbon supply were observed especially
when communities were exposed to labile DOM [9].
Moreover, a further biotic mechanism could be en-
hancement of DOM uptake or photoheterotrophy by
exposure to light [33]. The photochemical degradation of
DOM [28] may also contribute to the higher DOC up-
take rate of the autotrophic biofilm, although Wiegner
and Seitzinger [50] conclude that microbial degradation
is more important than photochemical processes in de-
grading river dissolved organic matter. Finally, biofilm
adsorption may produce an abiotic retention of organic
matter [10]. However, although all of these mechanisms
are possible, in our study the structure of the light-grown
biofilm indicates that abiotic DOM adsorption and mi-
crobial heterotrophic activity may be responsible for the
DOC uptake rate. In the Ebro River, the light-grown
biofilm had a significant contribution of filamentous al-
gal species with epiphytic diatoms and cyanobacteria
which conferred a complicated biofilm structure, as
shown by the high C content and C/N ratio and the
DGGE analysis.

The structural and metabolic characteristics of the
biofilms grown in light suggest internal recycling of
DOM. Although '*C-glucose uptake was higher for the
light-grown biofilm, its efficiency of use ('*C-glucose
uptake per mgC in the biofilm) was lower than for the

dark-grown biofilm. This observation indicates that the
heterotrophic community may use a pool of easily de-
gradable organic matter from the neighboring auto-
trophic component (algal exudates and/or excretion
products [16]). Therefore, in the light-grown biofilm, the
microbial community may not be limited by available
organic C. A similar behavior was observed at the end of
a biofilm colonization experiment, confirming the role of
epilithic algae as a source of organic C for heterotrophs
[43]. Several studies have reported the positive effect of
algal biomass on biofilm metabolism [18, 38, 39].
Moreover, the development of a polysaccharide matrix
(expressed by the high C/N ratio) could act as a reserve of
C and matrix enzymes [13, 45], thereby enhancing in-
ternal DOM recycling.

In contrast, the dark-grown biofilm (characterized by
a lower C/N content and lower bacterial richness) might
use mainly allochthonous DOM sources. Changes in
bacterial community structure (band patterns in the
DGGE) have been observed in aquatic systems and re-
lated to changes in quality and quantity of available or-
ganic carbon [7, 47]. The lower bacterial richness
measured for the biofilms grown in the pipe (site P2)
might indicate the use of a lower quality organic matter
source [47]. The quite constant DOC wuptake rate
throughout the year of the dark-grown biofilm suggests a
limited availability of labile DOC molecules. The rapid
response of the dark-grown biofilm to the input of or-
ganic compounds is expressed by the positive correlation
between the extracellular enzyme activities with chloro-
phyll accumulated within the biofilm. Although chloro-
phyll accumulated on the pipe biofilms is highly
degraded because of senescent algal cells, it may still be a
crucial source of DOM. Also, a higher efficiency in the
uptake of labile compounds for the dark-grown biofilm
suggests a C limitation. The development of a thinner,
less complex biofilm in the dark leads to a minor effect of
abiotic factors on DOC uptake.

Biofilm metabolism, both in light and dark condi-
tions, is highly related to DOC dynamics, which espe-
cially affects the “quality” of organic molecules. This is
expressed by the positive correlations of most biofilm
extracellular enzyme activities with DOC and BDOC.
Fluvial DOC content was related to a lower turnover time



326

for substrate hydrolysis in the biofilm for most of the
enzymes analyzed, indicating that DOC availability en-
hanced its recycling. The preferential heterotrophic use of
the more labile molecules could explain the differences in
DOC lability and utilization between sites P1 and P2 and
indicates a reactivity decrease from P1 to P2.

The annual average rates of DOC uptake in the light-
grown and dark-grown biofilms (2.1 and 1.5 pgcm > h™"
respectively) observed in our study are consistent with the
range of values reported for other river systems [11, 19,
23]. The riverine DOC dynamics analyzed by the field
results (DOC budget) and laboratory experiments (mi-
crocosm incubations) lead to analogous conclusions, but
several points must be taken into consideration. The net
uptake rate calculated from the DOC budget includes not
only the effect of the biofilm but also the variations de-
rived from the flowing water. In the light, BDOC might
increase in several periods of the year because of phyto-
plankton activity, especially in spring. This effect was
confirmed through the microcosm experiment. In the
case of large rivers, such as the Ebro, the phytoplankton
community is well developed [41]. However, the high
current velocity, such as that in the Ebro River channel,
produces the least favorable conditions for phytoplankton
development [14]. Phytoplankton density in the channel
was relatively high, especially in April, but there was a high
proportion of benthic algae, suggesting that drift could
account for a large proportion of the phytoplankton
community. Therefore the uptake rate calculated from the
DOC balance could underestimate the true DOC uptake
rate of the channel biofilm, especially in periods of in-
creased phytoplankton production. Furthermore, this real
uptake rate value is complicated by the DOC released by
the biofilm [23]. The joint variation of the two sources of
DOG, i.e., fluvial DOC and that released from the biofilm,
could explain the large seasonal variability observed in the
DOC budget in the channel. In the dark pipe, the more
constant DOC balance throughout the study period could
be related to the less significant effect of the variations in
the flowing water and the lower effect of the molecules
released by algae from the biofilm.

Both types of biofilms are highly related to fluvial
DOC and, especially, BDOC concentrations, which
summarize the use of the more labile molecules, which
consist of a low (but highly variable) proportion of all
DOM entering the system. The function of the dark-
grown biofilm (efficient uptake of labile molecules and
constant DOC consumption throughout the year) per-
mits the maintenance of low DOC levels. This is impor-
tant for water management since the presence of DOC in
drinking water allows noxious bacterial regrowth in water
pipes [20]. From these results we may suggest that use of
covered conduits may be advisable to substantially di-
minish the DOC concentration in the water.

A.M. RomaN{ ET AL.: BIOFILMS AS SOURCES OR SiNks oF DOC

At the river ecosystem level, these results underlie the
importance of streambed heterogeneity for the whole C
cycling [4]. In a highly heterogeneous stream, where
cobbles, rocks, and sand cover the streambed area, there
is a higher surface area available for biofilm formation at
different physical conditions (light, flow velocity), which
might improve microorganism interactions and, there-
fore, improve C-cycling processes. Apart from biofilm
formation, the second key parameter is DOC concen-
tration and composition: low availability of organic car-
bon for the microbial community might reinforce the
relationships between the biofilm and the flowing water.
The relationships found between biofilm structure and
function and river DOC dynamics of the light- and dark-
grown biofilms in the River Ebro channel-pipe system
suggest that there is a low availability of fluvial C for the
microbial community which can be C limited. This be-
havior could be related to the low DOC content in the
River Ebro water in comparison to other river systems
[46]. Finally, it is fair to say that this study offers an
insight into a compartment affecting riverine C cycling,
but others are substantially important (i.e., subsurface-
sand, hyporheic, groundwater, and riparian habitats) and
should be accounted for to achieve complete under-
standing of organic carbon in rivers (i.e., [37]).
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