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Molecular Fingerprinting of Cyanobacteria from River Biofilms as a
Water Quality Monitoring Tool
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Benthic cyanobacterial communities from Guadarrama River (Spain) biofilms were examined using temperature gradient gel
electrophoresis (TGGE), comparing the results with microscopic analyses of field-fixed samples and the genetic characterization
of cultured isolates from the river. Changes in the structure and composition of cyanobacterial communities and their possible
association with eutrophication in the river downstream were studied by examining complex TGGE patterns, band extraction,
and subsequent sequencing of 16S rRNA gene fragments. Band profiles differed among sampling sites depending on differences
in water quality. The results showed that TGGE band richness decreased in a downstream direction, and there was a clear clus-
tering of phylotypes on the basis of their origins from different locations according to their ecological requirements. Multivari-
ate analyses (cluster analysis and canonical correspondence analysis) corroborated these differences. Results were consistent
with those obtained from microscopic observations of field-fixed samples. According to the phylogenetic analysis, morphotypes
observed in natural samples were the most common phylotypes in the TGGE sequences. These phylotypes were closely related to
Chamaesiphon, Aphanocapsa, Pleurocapsa, Cyanobium, Pseudanabaena, Phormidium, and Leptolyngbya. Differences in the
populations in response to environmental variables, principally nutrient concentrations (dissolved inorganic nitrogen and solu-
ble reactive phosphorus), were found. Some phylotypes were associated with low nutrient concentrations and high levels of dis-
solved oxygen, while other phylotypes were associated with eutrophic-hypertrophic conditions. These results support the view
that once a community has been characterized and its genetic fingerprint obtained, this technique could be used for the purpose

of monitoring rivers.

Nutrient enrichment by humans is recognized as a leading
cause of eutrophication and degradation of the ecological
integrity of streams in the United States (1, 2). Establishing nutri-
ent criteria has become the focus of a national effort to regulate
nutrient content in all water body types in all regions of the United
States (2). In order to protect and restore all aquatic ecosystems,
the European Water Framework Directive (3) incorporates bio-
logical parameters in addition to widely used physicochemical
metrics to establish the concept of ecological quality status of wa-
ters. Current challenges consist of determining reliable indicators
for monitoring the ecological status of rivers in order to measure
and assess the levels of environmental impacts such as eutrophi-
cation. Several methods have been developed for the purpose of
monitoring rivers (4). However, it has been suggested that some
specific features, for instance, in upland river sites with highly
variable nutrient concentrations and ratios, require new or revised
methods for monitoring purposes (4). Consequently, there is a
continuous need to develop and apply novel and effective tech-
niques to monitor the quality of running waters.

Our previous studies have shown changes in the structure and
composition of epilithic cyanobacterial communities in response
to eutrophication in watercourses (5-7). We found that cyano-
bacterial diversity decreased downstream, increasing the abun-
dance of some tolerant species that proliferate because they are
well adapted to high nutrient concentrations. Therefore, this pho-
totrophic community has been proposed as being suitable for
monitoring eutrophication in rivers (5, 8). However, to be effec-
tive, these methods require a high level of accuracy of taxonomic
identification, but this is often time-consuming to achieve due to
difficulties identifying species that exhibit extreme morphological
variability and whose taxonomy is controversial (9). In addition,
in many cases, samples have to be identified by comparison with
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isolated strains, which generate more problems due to culture
selectivity, and because of the fact that many species often develop
anomalous morphological states in culture (9, 10). Therefore, we
aimed to find and develop a method to detect and analyze changes
in cyanobacterial community composition from running waters
with a faster and simpler yet still accurate technique.

Molecular fingerprint analyses using temperature gradient gel
electrophoresis (TGGE)/denaturing gradient gel electrophoresis
(DGGE) techniques have been widely used to determine changes
in bacterial communities in different environments (11, 12) and
to compare temporal and spatial population dynamics (13). In
addition, advances in molecular methods for evaluating microbial
diversity in natural environments have led to the use of new tech-
nical approaches for identification and quantification of microor-
ganisms in contaminated waters that challenge traditional cul-
ture-based and microscopic techniques (14). However, molecular
studies concerning the microbial ecology of lotic ecosystems
(rivers and streams) are still rare compared with those of lakes and
marine habitats (15, 16). A preliminary study using TGGE finger-
prints, conducted in the Guadarrama River (central Spain),
showed a decrease in cyanobacterial diversity along a pollution
gradient during one climatological season (17). However, these
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TGGE profiles did not generate information on community com-
position or establish the phylogenetic relationships and called for
further in-depth studies. The aim of this study was to assess
changes in cyanobacterial communities regarding variations in
nutrient concentrations in the Guadarrama River using this mo-
lecular approach, in parallel with microscopic analyses of field-
fixed samples and the genetic characterization of cultured isolates.
Biofilm samples were analyzed over 1 year to observe seasonal
changes in the community structure of different sampling sites,
and to detect possible associations with changing chemical and
physical parameters. This study was supplemented by excising
TGGE bands, sequence analyses of PCR reamplified products
from 16S rRNA genes, and further phylogenetic analysis.

MATERIALS AND METHODS

Sampling. Samples were collected from the rocks of Guadarrama River,
located in central Spain, near Madrid. Sampling sites were selected in
order to include locations (above and below populated areas) with differ-
ent water quality characteristics. Sampling site 1 (UTM 30TVL4500407)
is unaffected by human influence and is located upstream of an industrial
and populated area; site 2 (UTM30TVK4486420) and site 3
(UTM30TVK4474419), 22 km and 38 km downstream, respectively, re-
ceive industrial and domestic sewage from the nearby human settlements.
The samples were seasonally collected over 1 year (2006 to 2007). Three
stones were selected at random at depths of 0.1 to 0.3 m from a sub-
merged part of the riverbank at each sampling location. The attached
cyanobacteria were removed by brushing an area of 16 cm? of the stone
and collected in sterile plastic bottles. Subsamples were separated for mi-
croscopic examination (fixed with formaldehyde at a final concentration
of 4%), cyanobacterial isolation (aliquots kept at 4°C and at room tem-
perature), and molecular analysis (frozen in liquid nitrogen). Samples of
water were taken in 1-liter wide-mouthed polyethylene jars and kept cool
in the dark. Nutrient chemical measurements were made in the field
within 1 h of collection using a DRELL 2010 portable laboratory (Hach
Company). Water was sampled in the first hours after dawn, and each
sample was analyzed in triplicate.

Water analysis. Dissolved oxygen, temperature, pH, and conductivity
were measured in situ at every sampling site. The following electrodes
were used and set up on the riverbank: for conductivity measurements,
Crison CDTM-523 (Barcelona, Spain); for temperature and dissolved
oxygen measurements, WTW OXI196 (Wissenschaftliche Technische
Werkstetten, Weilheim, Germany); for pH measurements, WTW pH-96;
and for discharge measurements, an FP 101-201 global water flow probe
(Gold River). Nutrient chemical concentrations (NH,"-N, NO; -N,
NO, -N, PO,> -P) were determined using colorimetric methods,
adapted from Standard Methods for the Examination of Water and Waste-
water (18), as previously described (19). Ammonium-N was measured by
the Nessler method (estimated detection limit, 0.05 mg liter ™ '; precision,
+0.015 mg liter '), reading the absorbance at 425 nm. When values were
close to the detection limit (0.01 mg liter '), the salicylate method was
used, reading absorbance at 655 nm. NO; ™ -N was analyzed using a mod-
ification of the cadmium reduction protocol, using gentisic acid instead of
1-naphthylamine (estimated detection limit, 0.5 mg liter '), reading ab-
sorbance at 500 nm. Samples below that detection limit were measured by
a low-range method, which is an expanded modification of the former
method, using a chromotropic acid indicator (estimated detection limit,
0.05 mg liter ™ '; precision, +0.01 mg liter ') and reading at the same
wavelength. NO, -N was determined colorimetrically using chromo-
tropic and sulfanilic acids as indicators (estimated detection limit, 0.01 mg
liter ™'; precision, =0.01 mg liter ') and reading absorbance at 507 nm.
PO,>”-P was measured by a modification of the molybdenum blue pro-
cedure (estimated detection limit, 0.01 mg liter ™ '; precision, =0.01 mg
liter ') and reading absorbance at 890 nm. Every analysis was performed
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three times. The standard deviations of the pseudoreplicate data remained
within the typical precision ranges of each method.

Microscopic observation. Cyanobacteria were identified under a dis-
secting microscope (Leica; Leica Microsystems) and an Olympus BH2-
RFCA photomicroscope equipped with phase-contrast, epifluorescence,
and video camera systems (Leica DC camera; Leica Microsystems). The
percentage of abundance in natural samples was evaluated by counting
the cells in a filament or as equal numbers of individual cells.

Isolation of genomic DNA and amplification of the 16S rRNA gene.
Total genomic DNA from frozen field samples of cyanobacteria was ex-
tracted using a modification of the protocol by Rodriguez et al. (17). A
previous step was added at the beginning of the protocol: 1.5-ml aliquots
of cell suspensions of each culture were homogenized and exposed to
three freeze-thaw cycles, alternating immersion in liquid nitrogen and
heating to 60°C. Cyanobacterial cells were lysed by a hot extraction pro-
cedure performed with 4% sodium dodecyl sulfate, 250 mM NaCl, 100
mM EDTA, and 350 mM guanidine isothiocyanate at 68°C, after vortex
mixing for 1 min and sonication for 2 min. After incubation, the suspen-
sion was centrifuged for 15 min at 13,000 X g (Eppendorf Minifuge), and
600 pl of the supernatant phase was mixed with 75 pl of 5 M potassium
acetate, 250 pl of 40% polyethylene glycol 8000, and 10 pg of glycogen.
Crude DNA extracts were partially cleaned using hexadecyltrimethylam-
monium bromide (CTAB), chloroform extraction, isopropanol precipi-
tation, and filtration with Microcon 100 microconcentrators (Amicon,
Beverly, MA).

Approximately 450 bp of the 16S rRNA gene fragments (correspond-
ing to Escherichia coli positions 358 to 805) were amplified using two sets
of cyanobacterium-specific primers (20): primer pair CYA359F (with a
20-nucleotide GC clamp at the 5’ end) and CYA781R(a) and primer pair
CYA359F (with a GC clamp) and CYA781R(b), as described by Boutte et
al. (21). Thus, two PCR products were amplified for each sample and run
on separate lanes in TGGE. The reverse primers CYA781R(a) and
CYA781R(b), which differ by one base, amplify mainly heterocystous cy-
anobacteria and Chroococcales-Oscillatoriales, respectively. Thermocy-
cling was performed using a Perkin-Elmer GeneAmp 2400 PCR system,
and denaturation was carried out as previously described by Rodriguez
etal. (17).

TGGE. A temperature gradient gel electrophoresis (TGGE) Maxi sys-
tem (Biometra) was used for sequence-specific separation of PCR prod-
ucts. Electrophoresis was performed by loading 6 .l of PCR product in a
gel containing 5% acrylamide—-bisacrylamide, 8 M urea, 2% glycerol, 20%
formamide, and 1% Tris-acetate-EDTA (TAE), as described previously
(17), with a gradient ranging from 38.5 to 49°C. A TGGE ladder was
prepared by mixing equal amounts (3 pl) of the PCR products obtained
from the DNA extracted from reference strains. This marker consisted of
a PCR mix of 16S rRNA gene fragments from five cyanobacterial strains
(Aphanocapsa muscicola UAM 385, Chamaesiphon investiens UAM 386,
Aphanocapsa rivularis UAM 390, Leptolyngbya boryana UAM 391, and
Cyanobium sp. UAM 406) previously isolated from the field samples.

The gels were then stained following a routine silver-staining protocol
(22). Digital images of the gels were analyzed using the Quantity One
software package (Bio-Rad Laboratories; Hercules, CA). TGGE banding
patterns were characterized by the computer-assisted method described
by Fromin et al. (12): after background subtraction and normalization,
bands were described by their standardized position (Y, in pixels, on the
image file), and its relative intensity in the profile (P;), which is calculated
by the relative surface of the peak in the profile (P; = n;/N, where #, is the
surface of the peak i and Nis the sum of the surfaces for all the peaks within
the profile). The data obtained on relative abundances and positions were
then statistically analyzed (see below). A total of 400 bands were carefully
excised from TGGE gels using an autoclaved surgical scalpel. Excised
bands were resuspended as described by Sanguinetti et al. (22) and ream-
plified with the same primers without a GC clamp. The products were
purified using a Real Clean Spin kit (Real) and commercially sequenced in
both directions.
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Phylogenetic analyses. For the phylogenetic analysis, 16S rRNA gene
sequences were aligned using the ClustalW program (23). Pairwise simi-
larities were calculated with the EzTaxon server, a freely available web-
based tool (http://eztaxon-e.ezbiocloud.net/). The alignment was
checked and corrected manually with Bioedit (version 7.0.5.3) (24). The
Mallard program (25) was used to identify chimeras and other anomalies
in 16S rRNA gene sequences within multiple sequence alignments. Se-
quences were subjected to a BLAST search (http://www.ncbi.nlm.nih.gov
/blast), and representative sequences assigned to known cyanobacterial
taxa were added to the alignment. The phylogenetic trees were computed
using neighbor-joining (NJ; Tajima and Nei model), maximum-parsi-
mony (MP; close-neighbor-interchange search model with random tree
addition), and maximume-likelihood (ML; general time-reversible model)
analyses conducted in Mega 5.0 (26). Complete deletion handling of gaps
and confidence levels were calculated via bootstrapping (27) using resa-
mpling numbers of 1,000 for NJ and MP and 100 for ML. Similar cluster-
ing results were obtained with the NJ, MP, and ML methods, so we have
chosen to show here only the 16S rRNA sequence relationships with the
neighbor-joining tree (450 bp).

Statistical analysis. The similarities among TGGE band patterns from
field samples were calculated by cluster analysis using Jaccard’s coefficient
(28) based on the presence or absence of TGGE bands at certain positions
in each lane of the gel, and applying the unweighted-pair group method
using average linkages (UPGMA). This generates a dendrogram depicting
the genetic relationships among samples using the open-source program
R (http://www.r-project.org/) with the prabclus (29) and phangorn (30)
packages. ANOVA (Kruskal-Wallis one-way analysis of variance on
ranks) was used to determine the significance of differences in band rich-
ness at different sampling sites. Canonical correspondence analysis
(CCA), a multivariate statistical method, was used to examine associa-
tions between different TGGE banding patterns and environmental vari-
ables. This takes into account the environmental factors and the presence
or absence of individual bands and the relative intensity of each band
compared with the total band intensity in the lane. To estimate correla-
tions between cyanobacterial abundance and the physicochemical vari-
ables of waters, each band on the TGGE gel was treated as an individual
species. The analyses were carried out using the CANOCO program for
Windows, version 4.5 (31).

Nucleotide sequence accession numbers. The nucleotide sequences
obtained in this work have been deposited in the GenBank database (ac-
cession numbers JX413386 to JX413497).

RESULTS

Water analysis. The physical and chemical properties of water at
sampling locations from the Guadarrama River are summarized
in Fig. 1. There were marked differences between sampling sites,
mainly with respect to nutrient content (dissolved inorganic ni-
trogen [DIN] and soluble reactive phosphate [SRP]) showing
downstream increased eutrophication. SRP values were highest at
sampling sites 2 and 3 (0.81 and 1.12 mg liter ™', respectively),
which can be attributed to agricultural and domestic waste dis-
posal. The highest levels of DIN were also detected at downstream
locations. Nutrient concentrations also showed differences de-
pending on the season, with the highest levels of phosphate and
dissolved inorganic nitrogen at the downstream zone in summer
and spring.

Microscopic analysis. Table S1 in the supplemental material
lists the cyanobacteria observed at different sampling points, with
their corresponding taxonomic assignments and their percentages
of abundance. Species distributions and community structures
differed between sampling sites according to differences in the
nutrient concentrations at different locations. For instance, uni-
cellular species were abundant at all sampling sites but some spe-
cies were observed mainly at a specific site, such as Chamaesiphon
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investiens and Chroococcus minor at oligotrophic-mesotrophic up-
stream sites, and Cyanobium sp. at eutrophic downstream sites.
Regarding the representatives of Oscillatoriales, Phormidium au-
tumnale and Pseudanabaena catenata were more abundant at
downstream sites, and Phormidium sp. appeared exclusively at
downstream sites. In contrast, Leptolyngbya tenuis and Leptolyng-
bya nostocorum mainly appeared at upstream sites, while Leptolyn-
gbya boryana was more abundant at sites 2 and 3. Abundance of
heterocystous species decreased at downstream sites; some of
them, such as Nostoc piscinale, Nostoc punctiforme, and Tolypo-
thrix tenuis, as well as other nonheterocystous cyanobacteria, such
as Leptolyngbya tenuis, Chroococcus minor, and Chamaesiphon in-
vestiens, were never found at site 3, emerging as potential bioindi-
cators of changes in water quality.

TGGE fingerprinting analyses. In order to evaluate finger-
printing differences among the different sampling sites, 24 TGGE
gels were run, giving similar results for each sampling site and
season over the year. Eight representatives of these are shown in
Fig. 2, corresponding to two sets of cyanobacterium-specific
primers in each of the four seasons. Some cyanobacteria may have
more than one 16S rRNA gene copy, and their sequences may not
be identical, with the consequence that they can yield more than
one band in TGGE. For this reason, 13 strains isolated from
this river were analyzed by TGGE, corresponding to the genera
Chamaesiphon, Aphanocapsa, Pleurocapsa, Cyanobium, Pseudan-
abaena, Leptolyngbya, Phormidium, Nostoc, and Tolypothrix. All of
them showed one band, except Tolypothrix sp., which had two
bands (data not shown). In the gels, sampling sites 1, 2, and 3 were
represented by three replicates (a, b, and c) that corresponded to
three stones collected at each sampling point (Fig. 2). Band rich-
ness clearly differed among locations with distinct levels of eutro-
phication (significant differences, P < 0.001); more bands were
present in samples from upstream than in those from downstream
sites. A hierarchical cluster analysis was carried out based on the
TGGE band positions in order to evaluate differences between
genetic profiles among the different sites and seasons analyzed. A
dendrogram was obtained (Fig. 3) showing clusters correspond-
ing to sampling sites and seasons, indicating that banding patterns
obtained from the three replicates had the same overall band dis-
tribution, although some differences were found in the profiles of
site 2 in summer, possibly in relation to more variability in the
water depth covering the stones during this dry season.

Biphasic relationships were found between the TGGE band
number and nutrient concentrations (DIN and SRP) and conduc-
tivity (Fig. 4). More bands were recorded at the upstream site with
low concentrations of DIN and SRP and low conductivity than at
the downstream sites (P < 0.05). Beyond a threshold of nutrient
concentrations or conductivity, as seem in the downstream sites,
the number of bands approached a minimum, with no significant
variation between the two sites (P > 0.05).

Phylogenetic analysis. 16S rRNA gene sequences from the ex-
cised bands were compared with those of cyanobacterial strains
and field samples from the Guadarrama and other Spanish rivers
that had previously been genetically analyzed, and with other se-
quences obtained from GenBank. A total of 112 bands were suc-
cessfully sequenced from a total of 200 excised and reamplified
bands and used for phylogenetic analysis. Two phylogenetic trees
were built: one for unicellular cyanobacteria (Fig. 5A) and the
other for filamentous species and plastids (Fig. 5B). Six main
groups were identified in the phylogenetic tree of the unicellular
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FIG 1 Physicochemical parameters measured at each sampling point in the Guadarrama River during 1 year. DIN, dissolved inorganic nitrogen; SRP, soluble
reactive phosphorus. Error bars indicate standard deviation (n = 3). Sampling sites: 1, white bars; 2, gray bars; 3, black bars.

cyanobacteria (Fig. 5A). Group I was associated with the genus
Chamaesiphon, of which several subclusters were distinguished.
The similarities between these subclusters ranged from 97.7% to
98.7%. Groups A and C comprised bands from sampling site 1,
while group D represented a phylotype that appeared in the three
sampling sites, and subcluster B included two bands from site 2.
Subcluster C also included a sequence of Chamaesiphon subglobo-
sus PCC 7430 from GenBank (98.8% to 99.5% sequence similar-
ity). Cluster II comprised bands from site 3, which did not exhibit
more than 93.0% similarity to any of the cyanobacterial sequences
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available in the databases. Cluster III comprised a TGGE band
from site 3 and the sequence of the cyanobacterium isolated from
this river, which was identified as Aphanocapsa rivularis, as well as
Synechocystis sequences from databases (99.5% to 100% similar-
ity). Close to this group, TGGE bands from sites 1 and 3 and the
isolated culture identified as A. muscicola were grouped (99.1% to
100% sequence similarity) (cluster IV). Cluster V was represented
by sequences belonging to Pleurocapsa sp. and bands correspond-
ing to sites 1 and 2 (95.7% to 100% similarity). Cluster VI con-
tained sequences from the GenBank database of Cyanobium and

Applied and Environmental Microbiology


http://aem.asm.org

Winter

Site 2

Autumn
Site 2

Monitoring Cyanobacterial Communities by TGGE

Summer
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FIG 2 Comparative analysis of TGGE genetic profiles of PCR-amplified fragments of 16S rRNA genes obtained from epilithic biofilms collected from the
Guadarrama River. In the gels, three sampling points (1, 2, and 3) with three replicates (stones a, b, and ¢) during the different climatological seasons are
represented. TGGE gels obtained with primer set CYA359F and CYA781R(b) (A) and using primers CYA359F and CYA781R(a) (B) are shown. A mixture of PCR
products derived from five cyanobacterial strains isolated from the epilithon was applied as a reference marker (M) (from top to bottom: Aphanocapsa muscicola
UAM 385, Chamaesiphon investiens UAM 386, A. rivularis UAM 390, Leptolyngbya boryana UAM 391, and Cyanobium sp. UAM 406).

Synechococcus grouped with a band from site 3 and the Cyanobium
sp. isolate (95.8% to 96.0% sequence similarity).

In the phylogenetic tree of the filamentous cyanobacteria and
plastids (Fig. 5B), the first cluster represented by 16 bands from
sites 2 and 3 (99.5% similarity) belongs to the genus Pseudan-
abaena. In cluster II, corresponding to Phormidium-like cyano-
bacteria, it was possible to distinguish three subclusters (A, B, and
C). Subcluster A included bands from site 1 and sequences from
Phormidium, mainly from polar regions (99.3% to 99.8% se-
quence similarity), while subclusters B and C included bands from
sites 2 and 3, respectively. Cluster III included novel populations
represented by a large number of bands with sequence similarities
ranging from 96.0% to 98.0% with no clear matches identified
from a BLAST search of the database. The closest relative was
Leptolyngbya frigida, but this had less than 94.0% similarity. Dif-
ferences in the locations of bands belonging to the genus Leptolyn-
gbya were also observed in the phylogenetic analysis. Bands from
site 1 and the isolate identified as Leptolyngbya nostocorum to-
gether with sequences from the databases constituted cluster IV
(99.3% sequence similarity), while bands of sites 2 and 3 clustered
together with the isolated strain identified as Leptolyngbya bory-
ana, as well as with Leptolyngbya boryana sequences retrieved from
databases (99.5% to 100% sequence similarity) in cluster V. Clus-
ter VI corresponded to plastid sequences, which were not taken
into account in subsequent analyses. No sequences belonging to
heterocystous cyanobacteria were obtained from any of the sam-
ples analyzed.
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Banding patterns. On the basis of genetic profiles and phylo-
genetic analysis, we can infer the banding patterns for the different
locations, thereby revealing the changes in the populations of cy-
anobacteria along the river (Fig. 6). Bands from different lanes and
similar electrophoretic migration patterns were sequenced in or-
der to confirm that they corresponded to the same sequence: e.g.,
B45 (14 bands), B35 (8 bands), B27 (8 bands), B1 (6 bands), B14
(5bands), B4, B29, and B43 (3 bands from each one), and B21 and
B41 (2 bands from each one). All the bands at the same position
had the same nucleotide composition or were nearly identical
(99.3% to 100% similarity), as we found in a similar study in
another Spanish river (Guadalix River; unpublished data). Con-
sequently, bands with the same electrophoretic position were con-
sidered the same phylotype as reported by other authors (15, 32—
37). Only three phylotypes corresponding to Chamaesiphon had
different electrophoretic migration profiles with almost the same
sequence, although most sequences recovered corresponded to
the same position. For instance, in the case of phylotype D, 7 of the
10 identical sequences were from the same position.

Banding patterns differed, whereby some bands appeared only
in certain sampling sites while others appeared in all of them.
Bands corresponding to some phylotypes of Cyanobium sp. and
Phormidium sp. were present only at sites 2 and 3, while others of
these genera were found only at site 1. In the case of Leptolyngbya,
bands corresponding to phylotypes assigned to L. boryana ap-
peared at all sampling sites, but with greater intensity at sites 2 and
3, while bands corresponding to L. nostocorum were found at site
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1. Bands corresponding to Pseudanabaena, Aphanocapsa, and
Pleurocapsa were observed at all sampling points, where they ex-
hibited spatiotemporal variability. A number of bands with no
clear phylogenetic affiliation had different banding patterns,
whereby some appeared mainly or exclusively upstream, others
appeared only downstream, and some were observed at all sites,
although with a higher intensity downstream (Fig. 6).
Relationship between TGGE band profiles and environmen-
tal variables. CCA was performed to examine the relationship
between the banding pattern and environmental variables, such as
soluble reactive phosphorus (SRP) and dissolved inorganic nitro-
gen (DIN) concentrations, water temperature, and discharge and
dissolved oxygen levels (Fig. 7). The first two axes accounted for
36.8% of the variance (axis 1, 22.2%; axis 2, 14.6%). The Monte
Carlo unrestricted permutation test on the first eigenvalue indi-
cated that the abiotic factors were significantly associated with the
first axis (P << 0.01), and the results of the test for all canonical axes
were also statistically significant (P < 0.01). The first axis was
correlated mainly with discharge, dissolved oxygen, and water
temperature (intraset correlation coefficients, 0.75, 0.67, and
0.34); the second axis was mainly defined by DIN, conductivity,
and SRP (intraset correlation coefficients, 1.00, 0.88, and 0.84,
respectively). Sampling points were defined according to their
physical-chemical parameters: site 1 is located in the upper side of
the graph, defined by a high level of dissolved oxygen and a low
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nutrient load; in contrast, sites 2 and 3 are located in the lower
quadrants, both being defined by high nutrient load, conductivity,
and discharge. The spread of data supports differences between
the oligotrophic conditions in the upper part of the graph and the
eutrophic-hypertrophic conditions in the lower part of the figure.
Therefore, four band groups were defined. Bands present only at
site 1 appear together in the upper side of the figure (groups A and
B). Group A comprised bands found mainly at site 1 (oligotro-
phic-mesotrophic conditions), B18, B23, B26, and B34. Accord-
ing to the phylogenetic analysis, these bands were associated with
Chamaesiphon phylotypes A and D. In addition to these, two
bands were observed (B41 and B43) whose sequences belonged to
the genus Phormidium, in particular, to phylotype A. Similarly,
group B is situated at the upper right side of the graph, close to site
1S (summer), possibly related to a lower discharge rate. This
group included bands affiliated with the genus Chamaesiphon (B9
and B24), phylotype A and cluster II, respectively. In addition, the
phylogenetic analysis indicated some bands affiliated with Lep-
tolyngbya nostocorum (B42). Finally, there were some positions
within group B corresponding to uncultured cyanobacteria (B33).

In contrast, group C was located in the lower quadrants of the
graph next to sites 2 and 3, with high concentrations of nutrients
(DIN and SRP), conductivity, and discharge. Within this group,
there was a large group of bands corresponding to the genus Phor-
midium, particularly phylotypes B (B49) and C (B46), according
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FIG 4 Relationship between TGGE band richness and (A) dissolved inorganic
nitrogen (DIN), (B) soluble reactive phosphorus (SRP), and (C) conductivity.

to the phylogenetic analysis. Other bands were also observed affil-
iated to Cyanobium sp. (B50), Leptolyngbya boryana (B36), Pseu-
danabaena sp. (B45), and Chamaesiphon sp., which belong to phy-
lotype D (B27). Another group of bands was clustered in the lower
right quadrant (group D) which was associated with temperature.
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These bands were identified as Pleurocapsa sp. (B8 and B31),
Aphanocapsa muscicola (B4), and Chamaesiphon sp., from phylo-
type D (B25). We observed some positions of bands in the center
of the graph whose distribution could not be associated with a
specific sampling point or environmental condition. These bands
were identified as belonging to the genera Pseudanabaena (B47),
Leptolyngbya (B37), Aphanocapsa (B28), and Chamaesiphon (B19,
B29, and B30).

DISCUSSION

Changes in TGGE band profiles. Genetic profiles of TGGE re-
flected changes in the structure and composition of benthic cya-
nobacterial communities in the Guadarrama River regarding in-
creases in the nutrient content downstream. Our analysis revealed
differences in the phylotypes present at each sampling site. We
found specific fingerprinting patterns with characteristic band
profiles for each site, which enables the different samples to be
compared directly. The cluster analysis performed with the ge-
netic profiles was consistent with these differences between sam-
pling sites and seasons. Moreover, TGGE band richness decreased
in a downstream direction, in parallel with the reduction in the
number of species at lower locations observed by microscopic
analysis, as has been found in previous studies in this river (17).
Fingerprinting approaches based on comparisons of microbial
communities in biofilms have been used to evaluate and charac-
terize the ecological responses to differences in stream water qual-
ity (38). However, certain limitations, such as comigration of dif-
ferent DNA fragments and the presence of different bands with
the same sequence in a single lane, have been noted that can in-
troduce bias into the analysis and, therefore, jeopardize the correct
interpretation of the data (39). The present study found no evi-
dence for comigration of different DNA fragments; instead, bands
in the community patterns could be unambiguously assigned to a
single phylotype, since comigrating bands had identical or almost
identical sequences, as previously found in several DGGE/TGGE
studies (15, 32-37). Although we cannot completely exclude the
possibility of identical sequences from different bands in the same
lane, the small number of such cases suggests that this is not a
major concern for our analysis. In addition, the TGGE finger-
prints revealed greater genetic diversity than the morphological
observations by microscopy, as has been noted in other studies
(33, 40). However, according to the databases, we found many
bands that corresponded to uncultured bacteria, as has been ob-
served in other studies using TGGE/DGGE techniques (41, 42).
The explanation could be that the organisms isolated and culti-
vated to date represent only a small fraction of the true microbial
diversity (43). This highlights the value of polyphasic approaches
for studying cyanobacterial communities so that phenotypic and
genotypic information and the contributions of the ecological
characteristics thereof can be integrated.

Cyanobacterial phylotypes and water quality. Band phyloge-
netic analysis identified separate clusters corresponding to phy-
lotypes from different sampling sites that were associated with
differences in water quality. Characteristic phylotypes could be
distinguished within the unicellular cyanobacteria (Chroococ-
cales) that appeared at the oligotrophic-mesotrophic sites,
while others were observed in downstream sites with eutro-
phic-hypertrophic waters. Likewise, different phylotypes re-
lated to filamentous cyanobacteria without heterocysts (Oscil-
latoriales) corresponded to different trophic conditions.
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FIG 5 Neighbor-joining trees representing (A) unicellular cyanobacteria and (B) filamentous cyanobacteria and plastids based on the analysis of the 16S rRNA

gene, showing the TGGE band sequences obtained in the present study (in bold). Numbers near nodes indicate bootstrap values greater than or equal to 60% in

neighbor-joining (NJ), maximum-likelihood (ML), and maximum-parsimony (MP) analyses. TGGE bands were named according to the climatological seasons

(A, autumn; W, winter; Sp, spring; S, summer), sampling sites (1 [white circles], 2 [gray circles], and 3 [black circles]), and replicates (stones a, b, and c).
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FIG 6 Diagram of the TGGE banding profiles after computer-assisted characterization and phylogenetic analyses of excised bands.

Similarly, some phylotypes that were not associated with any
particular morphotype or database sequence were unevenly
distributed, with a group of bands that mainly appeared up-
stream, and another cluster that was mainly present down-
stream.

According to the phylogenetic analysis, taxa observed in the
microscopic examination of field samples were the most common
phylotypes found in TGGE sequences, although new populations
(with no clear matches in the databases or in our cultures) were
also abundant. However, we could not recover any bands corre-
sponding to heterocystous cyanobacteria. This was probably due
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to their low abundance in this river, and their even almost disap-
pearing in downstream sites with high nutrient levels, as previ-
ously found in other studies (5, 6, 8, 17, 44). Therefore, some
TGGE bands from the heterocystous cyanobacteria were probably
too weak to be sequenced and so remained anonymous, as noted
in other studies (45). Another limitation noted in studies of cya-
nobacterial communities in soil desert crusts and polar soils (46,
47) was the presence of sheaths in filaments and colonies in their
natural environment, which hinder DNA extraction. However,
this bias was minimized in the present study by using a soil DNA
extraction method modified for benthic cyanobacteria (17).
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FIG 7 Canonical correspondence analysis biplot based on the TGGE bands, with respect to environmental variables. DIN, dissolved inorganic nitrogen; SRP,
soluble reactive phosphorus; DO, dissolved oxygen. Climatological seasons: A, autumn; W, winter; Sp, spring; S, summer. Sampling sites: 1, white circles; 2, gray

circles; 3, black circles. Bands are indicated with black triangles.

Banding patterns of TGGE analyses of 13 isolated cyanobacteria,
including four heterocystous strains, showed that DNA was suc-
cessfully extracted and amplified (data not shown).

The abundance and distribution of cyanobacteria depend
largely on environmental factors. However, we still lack informa-
tion about the influence of important environmental characteris-
tics on their distribution. A knowledge of the factors that regulate
their presence, and the ability to control them, would help us
regulate their abundance and use them as indicators of the trophic
status of water. In our study, different phylotypes showed various
responses to environmental characteristics such as nutrient con-
centrations (DIN and SRP), conductivity, discharge, and dis-
solved oxygen. These results are consistent with those of studies in
eutrophic lakes (37, 48) and of similar investigations in rivers on
bacterial community composition (13, 35, 49), where the domi-
nance of different genotypes largely related to changes in nutrient
concentrations and dissolved oxygen has been noted.

Monitoring rivers: the use of cyanobacterial ecotypes as
bioindicators. Despite an increased general awareness of the need
to protect all types of aquatic habitats, human impacts continue to
impair the services that these ecosystems provide. More-extensive
monitoring studies focusing on major biological compartments
are needed to quantify the current condition of aquatic resources.
Since phototrophic biofilms are directly in contact with the flow-
ing water and relatively sessile, they are potentially good indicators
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of water quality in the streams at a given place and time. These may
therefore be affected and subsequently used to detect the early
effects of disturbances in the ecosystem that may arise, integrating
these effects over extended periods of time (50, 51). Cyanobacte-
ria, as primary producers with a key role in the N and C cycles, can
be useful bioindicators, given that any detrimental effect on this
phototrophic community may have a negative effect on nutrient
availability to organisms at higher trophic levels. Typically, bioin-
dicators used for assessing water quality in flowing waters are
based on macroinvertebrates and diatoms (4). However, the use of
benthic cyanobacteria to assess the nutrient status of rivers in var-
ious ways has also been proposed (5-8, 17, 44). The suitability of
cyanobacteria for assessing water quality in watercourses has been
discussed for many years. They have been found as the dominant
group in clean waters (52, 53), but, on the other hand, a high
relative abundance of filamentous cyanobacteria has been re-
ported in response to eutrophication, organic pollution, or in-
creasing fecal coliform concentration (54-56). Our results from
this and previous studies (5-7, 17) as well as literature data from
bioindicator lists (57, 58) confirm previous suggestions that there
is not always a general response for all cyanobacteria as a group,
since the responses of single species can be quite different. There-
fore, cyanobacteria provide reliable and interpretable indications
of specific changes in water quality, particularly with regard to
trophic status, endorsing their use for monitoring rivers.
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Biomonitoring, defined as the systematic use of living organ-
isms or their responses to determine the condition of or changes in
the environment, has been historically focused on ecological
methods and higher levels of organization, e.g., communities and
ecosystems (59). Ecological coherence of bacterial taxonomic
ranks higher than the species level has led to the suggestion of their
use as alternative ecologically meaningful units (60). However, the
results of our research show distinct patterns of ecological consis-
tency below the level of the genus. In cyanobacteria (and other
bacteria), ecological traits can be taxon specific, leading to differ-
ential distribution of natural populations, and closely related cy-
anobacteria can occupy distinct ecological niches (9, 60). An
ecotype-based model of the structure of microbial populations
has been proposed (61) in which all related inhabitants of a unique
ecological niche are thought to belong to a single, stable ecotype,
within which genetic diversity is limited by a cohesive force(s),
either periodic selection or genetic drift or both. Ecotypes are
equated with true biological groupings and might account for spe-
ciation (61, 62). Within this environmental context, our results
have allowed us the identification of the occupants of particular
ecological niches, so that the particular ecologically relevant taxa,
different ecotypes, can be selected as bioindicators of water qual-
ity. This supports the use of cyanobacteria for monitoring pollu-
tion in running waters.

Monitoring methods: applicability of molecular approaches
for assessing water quality. There is growing interest in the appli-
cation of molecular methods for studying the microbial commu-
nities of environmental systems, in order to identify problem
sources and determine the effect of implemented remedial solu-
tions, in an effort to improve our waters (63). Selection of the most
suitable monitoring method is of crucial interest for a good assess-
ment of water pollution. Since waterborne pathogens pose a sig-
nificant threat to human health and a proper assessment of micro-
bial water quality is of urgent need, microbial water quality
monitoring has undergone a tremendous transition in recent
years, with the novel molecular tools beginning to offer rapid,
high-throughput, sensitive, and specific detection of a wide spec-
trum of microbial pathogens that challenge traditional culture-
based techniques. For instance, real-time quantitative PCR
(qPCR), high-density microarrays, and pyrosequencing are cur-
rently used to achieve simultaneous detection and semiquantifi-
cation of harmful species in environmental samples (64, 65).
However, in waters with no pathogenic microbe contamination,
monitoring methods have traditionally been based on molecular
fingerprinting approaches. DGGE, in particular, has been widely
used to assess microbial community structure in contaminated
soil and water (reference 66 and references therein). A few papers
have reported the use of new technical approaches, e.g., qPCR, for
identifying and counting cyanobacteria in aquatic ecosystems, but
it has mainly been used for the specific evaluation of toxigenic
cyanobacteria (67—69). Use of DNA arrays for the field detection
of cyanobacterial species has also been investigated, and compar-
ison of the microarray data with those obtained by microscopic
examination of the same samples revealed consistent results, dem-
onstrating the potential of this approach for monitoring cyano-
bacteria (14). The results of this study demonstrate the utility of
TGGE paired with sequencing and microscopy for the identifica-
tion of potential bioindicator species. A next logical step, once
bioindicator taxa are identified, would be the development of
faster, easier methods (e.g., qQPCR, antibody capture, etc.) for rou-
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tine monitoring of a select subset of bioindicator organisms.
DGGE/TGGE could be used intermittently to ensure that taxa
other than the target bioindicator species are not changing. When
combined with other methods, like DGGE, this would provide a
comprehensive picture of the internal dynamics of specific cyano-
bacterial populations, in any given water body, in terms of both
quantities and genotype diversity (68). Findings of this study sup-
port our previous suggestion (17) that if we need to detect poten-
tial new changes in the communities due, for instance, to new
sources of pollution, as rapidly as possible, the fingerprint charac-
teristic of a community in a specific place could be used like a bar
code that, like a detector or sentinel, would act as an “early warn-
ing” device alerting us of the possible presence of pollutants in the
environment. The benefits of the implementation of this molecu-
lar fingerprinting in biomonitoring are apparent, as it has the
potential of an efficient and rapid routine analysis of changes in
cyanobacterial communities in response to pollution, allowing us
to assess watercourse quality of rivers in surveillance networks.
However, demonstrating the broader applicability of the pro-
posed approach will require more studies of fluvial systems in
different regions.
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