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Abstract

The information content and responsiveness of microbial
biofilm community structure, as an integrative indicator
of water quality, was assessed against short-term changes
in oxygen and nutrient loading in an open-water
estuarine setting. Biofilms were grown for 7-day periods
on artificial substrates in the Pensacola Bay estuary,
Florida, in the vicinity of a wastewater treatment plant
(WWTP) outfall and a nearby reference site. Substrates
were deployed floating at the surface and near the
benthos in 5.4 m of water. Three sampling events covered
a 1-month period coincident with declining seasonal
WWTP flow and increasing dissolved oxygen (DO) levels
in the bottom waters. Biomass accumulation in benthic
biofilms appeared to be controlled by oxygen rather than
nutrients. The overriding effect of DO was also seen in
DNA fingerprints of community structure by terminal
restriction fragment length polymorphism (T-RFLP) of
amplified 16S rRNA genes. Ribotype diversity in benthic
biofilms at both sites dramatically increased during the
transition from hypoxic to normoxic. Terminal restric-
tion fragment length polymorphism patterns showed
pronounced differences between benthic and surface
biofilm communities from the same site in terms of
signal type, strength, and diversity, but minor differences
between sites. Sequencing of 16S rRNA gene clone
libraries from benthic biofilms at the WWTP site
suggested that low DO levels favored sulfate-reducing
prokaryotes (SRP), which decreased with rising oxygen
levels and increasing overall diversity. A 91-bp ribotype
in the CfoI-restricted 16S rRNA gene T-RFLP profiles,
indicative of SRP, tracked the decrease in relative SRP
abundance over time.

Introduction

Microbial biofilms are complex communities that can be
comprised of bacteria, protozoa, microalgae, and micro-
metazoa existing in an extracellular polysaccharide matrix.
Their development is affected by biotic and abiotic
characteristics of the milieu and is therefore integrative
of environmental conditions [44]. Many microorganisms
in estuarine environments are particle-attached or asso-
ciated with surfaces [9, 10]. The tremendous surface area
available within intertidal marshes, sea grasses, and
oyster reefs in addition to shell, sand, and mud benthos
makes the contribution of biofilms to estuarine ecosys-
tem function significant.

The use of the biomass and community structure of
the eukaryotic microalgal part of periphytic biofilms has
been formalized as a standard method in freshwaters [13,
46, 49] although the prokaryotic part of this indicator
system has been largely ignored. Due to the tremendous
metabolic diversity of prokaryotes, the information
content of this component of biofilm community struc-
ture is potentially valuable to assess ecosystem condition.
Standardization of procedures and validation of responses
of prokaryotes would allow the use of biofilms as
indicators in not only aerobic photic zones but also in
light-limited and low dissolved-oxygen (DO) zones
common to most coastal estuaries.

To assess this potential, we hypothesized that
estuarine biofilm prokaryotic communities would reflect
differences in water-quality parameters over short spatial
and temporal scales. The potential of bacterial commu-
nities responding to changing environmental conditions
has been documented in a limited number of in situ and
field studies. Different successions of bacterial popula-
tions in microbial mats and a mudflat beach were
observed as a response to experimental petroleum ex-
posure [1, 3, 39]. Microbial mats have been reported to
reveal noticeable seasonal, site-, and depth-specific
differences [29]. Previous work by our group [31] hasCorrespondence to: Richard Allan Snyder; E-mail: rsnyder@uwf.edu
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documented significant differences in habitat-specific
microbial diversity of 7-day-old biofilms for two very
closely located but distinct benthic habitats: an oyster
reef and a muddy sand bottom. In addition to this
habitat fidelity, Moss et al. [28] found temporal stability
of biofilm prokaryotic community structure within an
undisturbed habitat during summer months (often
considered an index period for determining ecosystem
status). In this report, we studied the response of
developing biofilm prokaryotic communities to changing
environmental conditions over three consecutive sam-
pling periods.

We took advantage of a Bnatural experiment^ in-
volving a site at a wastewater treatment plant (WWTP)
outfall whose effluent volume decreased over time, and a
nearby reference site intended to isolate any effect from
the added nutrients and organics from the WWTP.
Sampling encompassed a 1-month summer period dur-
ing which DO concentrations in bottom waters at both
sites increased from severe hypoxia (0–3 mg DO l

_1) to
normoxic (3–7 mg DO l

_1) conditions.
DO availability appeared to dominate the response

of overall bacterial diversity and relative sulfate-reducing
prokaryote (SRP) abundance, masking differences due to
the WWTP effluent. Although we are far from fully
understanding what controls the structure and function
of biofilm communities, this study adds to our knowl-
edge of how the prokaryotic community composition of
nascent microbial biofilms responds to changes in
ambient water conditions.

Materials and Methods

Study Area and Sample Collection. Nascent biofilms
were collected at two locations (site 1 and site 2) in
Santa Rosa Sound, Florida. Site 1 (30-3306900N;
87-1302400W) was an established monitoring station for
the outfall of a WWTP. Site 2 (30-3404200N; 87-1101700W)
was situated 2 km away with equivalent depth (5.4 m)
and similar bathymetric features but was separated by a
short point of land. Temperature, salinity, and DO were
measured with hand-held meters (YSI Inc., Yellow
Springs, Ohio, USA or Hach-Hydrolab Corporation,
Loveland, CO, USA) in addition to conductivity,
temperature, and DO recording sondes (Hach-
Hydrolab) for continuous data recording 15 cm over
the benthos. Water temperatures ranged between 28.1
and 30.8-C. The oxygen data sonde at site 2 did not pass
QA/QC, and the DO recorded by hand held meters was
reported. Samples for nutrient analysis of the water
column were analyzed by US EPA standard methods
(300.00, 300.01, and 300.03) on a Bran–Luebbe
autoanalyzer. The data on the volume and nutrient
content of the WWTP effluent were provided by the
Emerald Coast Utilities Authority.

Polyvinylchloride frames were constructed to hold
acrylic plates, which served as artificial substrates for bio-
film growth [44]. Surface samplers measured 57�15 cm
overall, holding 12.7�9.5 cm plates 3 cm apart. Benthic
samplers measured 28�28 cm overall, holding an acrylic
rack for 19.5�9.5 cm plates 3 cm apart. The difference
in size was to account for an anticipated greater biomass
on the surface plates. Concrete was molded onto the
frames to serve as an anchor and to collect biofilms 10–
15 cm above the bottom. An additional set of plates was
floated at the surface just under the air–water interface
tethered to a benthic unit. Sampling was performed over
a 1-month time course with three 7-day growth periods:
13–20 August, 22–29 August, and 5–12 September.

Biofilm Biomass Determination by Elemental

Analysis. Biofilm material was scraped from plates,
collected on pre-ashed glass fiber filters (Whatman GF/F;
nominal pore size 0.7 mm), and frozen at _80-C until
analysis. Samples were dried under vacuum and com-
busted for analysis of carbon and nitrogen content in an
elemental analyzer (CE Elantech Flash EA 1200). Carbon
and nitrogen content of the biomass was expressed as
micromole per square centimeter of plate area.

Genomic DNA Extraction. Biofilm material was
collected on membrane filters (Millipore Duropore; pore
size 0.2 mm) and frozen at _80-C until analysis. Material
on filters was washed off with 2% NaCl and harvested
by centrifugation at 7,000 rpm for 10 min in a micro-
centrifuge. Genomic DNA was extracted by bead beating
(15 s, speed 4.5 m s

_1) using the FastDNA Spin Kit
according to the protocol of the manufacturer
(Qbiogene, Montreal, Canada). DNA was extracted
from at least three independent plates and pooled be-
fore PCR amplification to incorporate any among-slide
variability.

Amplification of 16S rRNA Genes. Bacterial small
subunit rRNA genes were amplified from purified
genomic DNA using the bacteria-specific forward
primer 27F (50-AGAGTTTGATC(A/C)TGGCTCAG-30,
corresponding to Escherichia coli positions 8 to 25; 22)
and the universal reverse primer 1492R (50-GG(C/
T)TACCTTGTTACGACTT-30, corresponding to E. coli
positions 1510 to 1492; 22). Two versions of the forward
primer 27F were used with different modifications at the
50 end: For terminal restriction fragment length (T-
RFLP) analysis, 6-carboxyfluorescein (6-FAM) was added
to allow the detection of terminal fragments; for cloning,
the 4-bp sequence CACC was added to allow directional
insertion into the vector. PCR amplification was per-
formed in 50 ml reaction mixtures containing 5 ng of
sample DNA, 1.25 U of ExTaq polymerase (Takara Mirus
Bio, Madison, WI, USA), 1� ExTaq buffer (supplied;
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with 2 mM MgCl final concentration), 0.2 mM of
each deoxynucleoside triphosphate, 2.5 mg bovine serum
albumin (Roche Diagnostics, Indianapolis, IN, USA), 2%
dimethyl sulfoxide (Acros Organics, Morris Plains, New
Jersey, USA), and each primer at 0.2 mM. Identical
reaction mixtures without target DNA were used as
negative controls and did not yield products. The PCR
conditions used were 1.5 min of initial denaturation
(94-C) followed by 30 cycles of 94-C for 1 min (denatur-
ation), 45-C for 1 min (annealing), and 72-C for 90 s
(elongation) in a TC-312 thermal cycler (Techne Inc.,
NJ, USA) with a final extension step at 72-C for 7 min.
Product lengths were in the expected range of 1,500 to
1,600 bp.

Gel Extraction. All PCR products were separated
on 0.8% agarose gels, excised, and purified using the
QIAquick Gel Extraction Kit (QIAGEN, Valencia, CA,
USA) by following the manufacturer’s instructions.

T-RFLP Analysis. Gel-purified 16S rRNA gene
PCR products were enzymatically digested in separate re-
actions for 4 h at 37-C using 10 U each of CfoI, MspI, or
RsaI (Roche Diagnostics). The digested DNA was pre-
cipitated with 0.1 volumes of 3 M sodium acetate (pH
5.2) and 2.5 volumes of 95% ethanol at _20-C (over-
night) followed by centrifugation at 4-C at 16,000�g for
30 min. The DNA pellet was washed with 1 ml of ice-
cold 70% ethanol followed by centrifugation for 5 min at
4-C. After removing all ethanol, the DNA pellet was
dried and resuspended in 10 ml water. A 150- to 250-ng
DNA aliquot was mixed with 5 ml deionized formamide
and 0.5 ml internal lane standard (Mapmarker 1000,
Bioventures Inc., Murfreesboro, TN, USA). Samples were
denatured at 95-C for 5 min and immediately chilled on
ice. The fluorescent labels of the terminal fragments were
detected on an ABI Prism 310 Genetic Analyzer (Applied
Biosystems) in GeneScan mode (15 kV, 5-s injection, 60-C
for 40 min). Terminal restriction fragments (T-RFs),
which were G50 bp, 91000 bp, or with a peak height less
than 50 fluorescence units, were excluded from the
analysis. Fragment sizes were estimated by using the Local
Southern Method in GeneScan 3.1 software (Applied
Biosystems).

Statistical Analysis of T-RFLP Data. Terminal
restriction fragment length polymorphism patterns were
analyzed using the DAX software (Van Mierlo Software
Consultancy, Eindhoven, The Netherlands). Only peaks
over a threshold of 150 DAX units were considered.
Peaks from different sites were considered identical if
their fragment lengths were within a relative tolerance of
1%. This Bbinned^ dataset was subjected to principal
component analysis using PC-ORD version 4 (standard
parameters; 25).

Cloning and Sequence Analysis. The 4-bp
sequence CACC at the 50 end of each 16S rRNA amplicon
(introduced by the forward primer) allowed directional
cloning into pENTR/TOPO vectors (Invitrogen Corp.,
Carlsbad, CA, USA) by providing the recognition site for
topoisomerase I. PCR products were cloned in accordance
with the manufacturer’s instructions, and ligation mixtures
were used to transform competent E. coli TOP10 (supplied
with the cloning kit). Recombinants were selected by
using LB agarose plates containing 50 mg kanamycin ml

_1.
E. coli transformants carrying plasmids with inserts were
grown overnight in LB broth with 50 mg kanamycin ml

_1.
Plasmid DNA was prepared from the clones with a
QIAprep Spin Miniprep Kit (QIAGEN, Valencia, CA,
USA) according to the manufacturer’s instructions. The
insert orientation was verified by PCR amplification (with
1 ml of a 100-fold diluted plasmid preparation as template
and PCR conditions as described above for 16S rRNA
gene amplification) using primers 27F and M13R (supplied
with the cloning kit). Only clones with the desired insert
orientation (for which a PCR product was obtained) were
sequenced. Sequencing was carried out at the Genomics
Technology Support Facility (Michigan State University,
Lansing, MI, USA) by using the M13F-20 primer (50-
GTAAAACGACGGCCAG-30). Sequences with a range of
about 600–800 bases were obtained for most clones. The
sequenced clone libraries comprised 90 (13–20 August),
100 (22–29 August), and 98 (5–12 September) sequences
for benthic biofilms from site 1 and 100 sequences for the
benthic biofilm (13–20 August) from site 2. Unaligned
sequences were entered into the Blast search program
(Blastcl3) of the National Center for Biotechnology
Information to obtain closest matches for identification
of clones to their lowest possible taxonomic identity.

Results

Growth of Biofilms and Water-Quality Parameters.

Biofilms from site 1 were developed under higher
nutrient and higher organic loads than those from site
2 during the first sampling interval (Fig. 1A, B). The
effluent volume from the Pensacola Beach WWTP
decreased over the time course studied (Fig. 1A).
Dissolved nitrate concentrations were elevated for the
benthic water compared to the surface water for the
August 20th and 29th incubation periods at both sites
but decreased over time (Fig. 1B). Benthic concentrations
of nitrate decreased over time in accordance with the
decrease in effluent volume. Phosphate levels were higher
at both benthic sites relative to surface waters during the
first interval but were variable over the remaining
1-month period (data not shown). Salinity values were
higher at the benthos for both sites between the 13th and
20th of August (Fig. 2A). This stratification of the water
column contributed to sustained low concentrations of
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DO in the bottom water during the first incubation with
minimum values of 0.11 mg/l (site 1) and 0.38 mg/l (site 2).
Stratification has also been known to limit benthos-derived
nutrients from reaching surface waters. With the subse-
quent incubations, the stratification broke down, and the
variance in DO values at the benthos increased over time
(Fig. 2B). Point measurements during the day at site 2
also showed increasing DO concentrations with the sub-
sequent incubations. The dissolved oxygen at the surface
was fairly constant ranging between 5.8 and 8 mg/l during
the study period.

Elemental analysis documented relative trends in
biofilm biomass (as carbon and nitrogen) at both sites
over the study period (Table 1). For the August 20th and
29th incubation periods, biomass was similar between
sites for both benthic and surface biofilms, respectively.
Surface biofilms had higher biomass than benthic
biofilms for the incubation ending on the 29th of August.
The biofilms that were recovered on the 12th of
September had greater biomass than the first incubation
periods for all but the surface sample at site 2, and

surface biomass was approximately double than that of
benthic biomass. Increased biomass in the benthic samples
corresponded to increased oxygen availability. Increased
biomass in the surface biofilms is likely a response to
destratification of the water column and alleviation of
nutrient limitation under high light levels, which is typical
for stratified, late summer estuarine water columns.

Biofilm Community Comparisons. Based on 16S
rRNA gene T-RFLP fingerprints, low diversity was found
in benthic biofilms for the 13–20 August sampling period
during the lowest DO recordings (Figs. 2B and 3A), with
the WWTP site having twice the number of CfoI-
generated peaks as the reference site. Two CfoI-generated
T-RFs with 91 and 564 bp were dominant for both site 1
(out of 19 peaks) and site 2 (out of eight peaks). 16S
rRNA gene diversities were substantially higher and more
similar in benthic biofilms with increasing oxygen
concentrations between 22–29 August (45 peaks for site
1, 52 peaks for site 2) and 5–12 September (57 peaks for site
1, 61 peaks for site 2). Patterns obtained with MspI and
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RsaI showed the identical tendencies in terms of diversity
(data not shown). Surface biofilms from the first
sampling event were also more dissimilar between sites
than with subsequent samples, with a higher number of
peaks at site 1 than site 2.

Principal component analysis of T-RFLP patterns
(incorporating the data from all three restriction diges-
tions) supported the visually obvious difference between
benthic and surface biofilms (Fig. 4). For benthic biofilms
grown under maximum effluent flow (20 August), T-
RFLP patterns separated along the axis of the second
component from other benthic samples and were identical
for both sites (Fig. 4) relative to the other benthic samples,
which act as outgroups for these low-DO samples.

Phylogenetic Community Composition of Benthic

Biofilms from Site 1. Sequencing of 16S rRNA gene

clones from benthic biofilms grown at site 1 allowed an
affiliation of individual community members to phy-
logenetic groups (Fig. 5). The majority of clones showed
highest sequence similarity to the a, g, and d subgroups
of Proteobacteria or the Cytophaga–Flavobacterium–-
Bacteroides (CFB) group. Clones that could not be
affiliated to these most abundant phylogenetic
groups were classified as BOthers^ including mem-
bers of the phyla Verrucomicrobia, Pseudomonas, and
Holophaga–Acidobacterium.

The most dramatic change over time occurred in the
d-Proteobacteria. Members of this group in the biofilm
grown on 13–20 August accounted for 36% of all clones
compared to 16 and 17% for 22–29 August and 5–
12 September, respectively. The next largest shifts were
an increase in the g- and a-Proteobacteria as the d-
Proteobacteria decreased (Fig. 5).

Table 1. Carbon and nitrogen content of biofilm biomass at three sample dates

Date

Site 1 Site 2

mmol N/cm
2

mmol C/cm
2

mmol N/cm
2

mmol C/cm
2

Benthic Benthic

8/20/03 0.0124 0.0877 0.0150 0.1095
8/29/03 0.0360 0.3276 0.0427 0.3516
9/12/03 0.2827 1.9908 0.0931 0.5366

Surface Surface

8/20/03 0.0125 0.1061 0.0120 0.0928
8/29/03 0.1762 1.2553 0.1625 1.8077
9/12/03 0.4770 3.7541 0.1815 1.3502

Figure 3. Summary of T-RFLP profiles from PCR-amplified 16S rRNA genes from 7-day-old biofilms at the sample sites 1 and 2 (benthos
or surface). Fingerprints are shown for a time scale comprising three growth periods. PCR products were restricted with CfoI. The
fragment lengths of prominent peaks are indicated. Fluorescence intensity is shown on the y-axis, whereas fragment length (in bp) is
shown on the x-axis.
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The majority of the two dominant phylogenetic
groups from site 1, the g and d subclasses of Proteobacteria,
showed homology either to the functional groups of SRP
or the sulfide-oxidizing prokaryotes (SOP) based on their
16S rRNA gene sequences. In the biofilm from the 13–20
August sampling period, potential SRP and SOP repre-
sented 36 and 37% of all clones, respectively (Fig. 6).
Potential SOP decreased over time from 36 to 27% of all
clones. However, the major change observed was within
the SRP with the relative abundance of potential SRP
changing from 36 to 10% and 14% over time.

Sequences from benthic biofilms harvested at site 1,
which were shared between different sampling periods or
found more than once in a single clone library, are
shown in Table 2. The clone library retrieved from the
13–20 August biofilm showed considerable redundancy
correlating with the highly uneven T-RFLP profile: The
majority of the g- and d-Proteobacteria showed closest
similarity to the endosymbiont of Ridgeia piscesae and
the uncultured delta proteobacterium clone KorMud-
V8C77, making up 21.1 and 24.5% of all sequences,
respectively. All other community members, which are
not given in Table 2, were found only once in the
particular sampling period.

Relative Peak Area of Characteristic T-RF of 91

bp. Nearly without exception, all 16S rRNA gene
sequences showing homology to SRP have a CfoI
restriction site between positions 94 and 97 starting
from the 50-end of the 27F primer. The resulting T-RF in
the actual fingerprint showed up at 91 bp. The sharp
drop in the relative abundance of potential SRP over the
time course correlated with a similarly dramatic relative
decrease of this 91 bp T-RF in the corresponding benthic
community fingerprint from site 1. Figure 7 shows the
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peak areas of this T-RF as a relative percentage of the
total peak areas of all peaks in the corresponding
fingerprints from all sites.

Comparison of Benthic Biofilms from Sites 1 and 2 for

22–29 August. The benthic biofilm from site 2 grown
on 22–29 August was further analyzed by cloning and
sequencing of amplified 16S rRNA genes to study the
effect of the WWTP effluent on the community structure.
The substantially higher number 16S rRNA gene
sequences from this biofilm could be assigned to the
members of the CFB group, when compared to the
benthic biofilm from site 1 during the same sampling
period (Table 3), at the cost of the g- and d-Proteobacteria.
Within the d- and g-Proteobacteria, 10 and 6 sequences
showed similarities to potential SRP and 33 and 28 to
potential SOP for sites 1 and 2, respectively. The libraries
from site 1 and site 2 with 100 clones each shared only
two identical sequences (see Table 2) despite overall
similarity in T-RFLP profiles (Fig. 3).

Discussion

This study shows a response of prokaryotic community
composition of microbial biofilms to increasing oxygena-
tion and reduction in WWTP effluent volume. This
temporal responsiveness of biofilm communities to chang-
ing environmental parameters adds a new dimension to a
previous finding that 7-day-old estuarine biofilms can
exhibit substantial community composition differences
over a short spatial scale, dependent on habitat differences
where they are incubated [31]. The prokaryotic compo-
nent of biofilms seems to integrate ambient water
conditions early in their development.

The outfall site of a WWTP (site 1) was chosen for
two reasons: (1) The fact that effluent volume normally
decreases after a summer peak, providing changes in the
surrounding water where biofilms were grown; and (2)
the potential to study the effect of elevated nutrient and
organic loading compared to a reference site with similar
hydrologic features. The nitrate concentration was half of
what was measured at site 1 (Fig. 1B). The measured
nitrate levels suggested that the impact of the outfall was
most acute at the benthos and not in the surface water
although the T-RFLP fingerprints show a distinct dif-
ference between surface sites with maximal WWTP flow
that is lost with lower flow and destratification of the
water column. Although the dissolved organic matter
and the total organic load at the two sites were not
determined, elevated dissolved organic carbon (DOC)
was likely at the outfall site as well. The existence of
moderate site-specific differences in the community
composition is exemplified for the benthic biofilms
grown on 22–29 August (Table 3).58
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Sulfate-reducing Prokaryotes. The two overlying
gradients at the benthos over the time course, decreasing
nutrient and increasing DO concentrations, had dramatic
effects on the development of the biofilm communities.
Although absolute certainty is elusive in field experiments,
the severe hypoxia during 13–20 August in combination
with nutrients and DOC from elevated WWTP effluent
volume would have created conditions very favorable for
SRP, which represented 36% of the total benthic biofilm
community at site 1. In the biofilm from the 13–
20 August sampling period, more than 24% of all clones
showed 98% similarity to both the uncultured delta
proteobacterium clone KorMud-V8C77 (first identified
from an intertidal mudflat-sediment vegetated by Suaeda
japonica) and the Desulfuromonadales bacterium clone
SIMO-2442 (first identified in a salt marsh). Dissimilatory
sulfate-reducing bacteria are common in estuarine and
coastal marine sediments [21, 35, 47] as well as in WWTP
systems [23, 40]. They use sulfate as an electron acceptor
in the anaerobic oxidation of organic substrates such as
lactate, acetate, and propionate, which are mainly the
products of fermentative organisms [2, 48]. Although
sulfate reduction is principally an anaerobic process, SRP
are oxygen tolerant and are readily recovered from oxic
habitats [11, 26, 27]. Their activity can dominate
anaerobic terminal oxidation of organic matter in high-
sulfate environments (910 mM), degrading up to 50% of
all organic matter in coastal marine sediments [21].
Sulfate-reducing prokaryotes in biofilms and sediments
have been quantified using fluorescent in situ hybrid-
ization (FISH) in other studies showing that SRP can
constitute a substantial part of bacterial communities
in organic-rich, low-DO environments. For example,
around 3–5% of total cells stained by 40,6-diamidino-2-
phenylindole were found to be SRP in a well-established
aerated sludge [42]. Okabe et al. [33] report SRP abun-
dances around 10% in their mature wastewater biofilms as
determined by FISH analysis explaining their higher
numbers as a result of lower DO concentrations when
compared to the other wastewater systems mentioned
above. Purdy et al. [34, 36] report that SRP account for up
to 11 and 24% of the total bacterial communities in the
anaerobic sediments of the Colne estuary (United King-
dom) and the River Tama estuary (Japan), respectively.
Both estuaries were impacted by treated municipal sewage
effluent and other cultural enrichments.

The primers 27F and 1492R used for amplification of
16S rRNA genes are commonly used for phylogenetic
community analyses and have not been reported to have a
particular bias for SRP although they do integrate all PCR-
inherent biases [4, 24].

We found that the change in relative proportions of
potential SRP as determined from the clone libraries from
site 1 was reflected in the relative peak areas of the CfoI-
generated 16S rRNA gene T-RF at 91 bp (Figs. 6 and 7). As

this peak was nearly exclusively assigned to potential SRP
through in silico digestion of obtained 16S rRNA gene
sequences, it appears to indicate their abundance quite
well. The same correlation was presented by Urakawa et al.
[45] studying microbial communities from Japanese
coastal sediments.

Sulfur-oxidizing Bacteria. Sulfate-reducing pro-
karyotes produce, as a consequence of their metabolic
activity, large amounts of sulfide ions and thus create an
opportunity for SOP. These organisms represented an-
other dominant group of early colonizers in the 7-day-
old biofilms as suggested by the 16S rRNA gene sequence
data. This close association of sulfate-reducing bacteria
and sulfur-oxidizing bacteria was not surprising consid-
ering the fact that both phylogenetically diverse groups of
microorganisms are adapted to the conditions found in
the bottom waters (e.g., rich in organic matter, neutral
pH, and low DO). Whereas the diversity and ecophys-
iology of SRP have been intensively investigated [32, 33,
40], comparatively little is known about the diversity and
ecological importance of SOP involved in the sulfur
cycle. Sulfur-oxidizing populations involved in the sulfur

Table 3. Phylogenetic distribution of sequences from benthic
biofilms grown at Site 1 and 2 during 22–29 August

Location
a-Proteo

bacteria
g-Proteo

bacteria
d-Proteo

bacteria
CFB
group Others

Site 1 11 54 16 8 11
Site 2 16 42 8 21 13

Numbers indicate relative proportions of the indicated phylogenetic
groups in percent of the total community.
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Figure 7. Relative peak areas of the 91-bp terminal restriction
fragments from CfoI-generated 16S rRNA gene T-RFLP finger-
prints from biofilms grown at the indicated sites and over the
given time periods. The peak areas were calculated as a percentage
of the total peak area in the corresponding T-RFLP pattern.
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cycle are primarily responsible for the oxidation of
sulfide and/or elemental sulfur to sulfate in the presence
of oxygen [18]. Members of this phylogenetically diverse
group have been found in a wide variety of freshwater
and marine habitats, such as sediments and microbial
mats [6, 7, 15], hydrothermal vent systems [43], ground
water and caves [5, 41], and also in wastewater biofilms
[19, 22] where reduced sulfur is available. These organ-
isms are also found as symbionts in a wide variety of
marine invertebrate taxa [12, 16, 38].

The overwhelming majority of clones in the benthic
biofilms from site 1 classified as S-oxidizing g-Proteobac-
teria showed close homology to lithoautotrophic bacterial
endosymbionts. Free-living sulfide-oxidizing autotrophs
have been identified in a variety of sulfide-rich habitats,
such as shallow-water marine sediments [15], sewage
outfall areas [14, 20], pulp mill effluent sites [37], anoxic
basins [14], sea-grass beds [17], and hydrothermal vents
[8, 30]. In the biofilm from the 13–20 August sampling
period, 21% of all clones show closest similarity to the S-
oxidizing symbiont of the hydrothermal-vent tubeworm
R. piscesae. In silico restriction of the obtained 16S rRNA
gene sequence using the CfoI recognition codon revealed
that this clone produces a theoretical T-RF at 564 bp,
which can be clearly seen in the corresponding commu-
nity profile of the 13–20 August biofilm (Fig. 3A).

Concluding Remarks. In summary, we report
shifts in biofilm community structure of 7-day-old
biofilms associated with changes in DO and local
enrichment from a WWTP effluent in an estuarine
environment. Among the environmental factors
measured, low DO emerged as the dominant factor in
this study influencing microbial population dynamics,
with differences due to WWTP effluent as a secondary
effect. The observations support the hypothesis that
nascent microbial biofilm communities cannot only
change at short spatial scales but also at short temporal
scales. The results raise questions as to whether the
microbial pool serving for recruitment of new biofilm
assemblages is highly dynamic or if the development
process itself is selective of colonizers and responds to
changing conditions. Isolating the effect of anthropogenic
stresses from other environmental parameters requires
further, higher resolution work.
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