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ABSTRACT: Our knowledge of microbial diversity in the environment is still limited, and there are
many species as yet unidentified in both soil and water. Studies of the microbial diversity of wetland
ecosystems have been neglected for years, as is the case of Tablas de Daimiel National Park (TDNP),
a Spanish semi-arid wetland system of international importance in terms of waterfowl. We report the
bacterial diversity of water column, sediment (upper and lower layers) and biofilm samples from the
TDNP system using a 16S rRNA gene library approach. A sequence comparison of the 703 clones
obtained revealed a number of bacterial phylogroups unreported to date. Bacterial diversity was high
(Shannon values of 3.2 to 4.9), with the highest corresponding to the water sample, followed by the
water–sediment interface (upper sediment). The sequences affiliated with the Proteobacteria and
Bacteroidetes phyla were the most frequently found. Sequence distribution corresponded closely
between the water column and upper sediment layers on the one hand, and the lower sediment and
biofilm layers on the other. Gamma- and Deltaproteobacteria were the most dominant groups in the
clone libraries from samples of water and upper sediment environments, whereas Alpha- and
Betaproteobacteria were dominant in lower sediment and biofilm. In total, 265 new phylogroups
were found with less than 97% similarity to the closest taxonomically defined 16S rRNA gene
sequences in public sequence repositories.
KEY WORDS: Microbial communities · Bacterioplankton · Sediment · Water–sediment interface ·
Biofilm · 16S rRNA · Wetlands
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Wetlands play an important role in maintaining biodiversity (Mitsch & Gosselink 2000). However, studies
of the microbial component they harbour (especially
bacteria) have been neglected for years. Although
molecular markers were first used to determine bacterial diversity some 20 yr ago (Bottger 1989, Weisburg et
al. 1991, Baker et al. 2003), most studies of natural wetlands only report data about total bacterial biomass
(Ortega-Mayagoitia et al. 2002, Farnell-Jackson &
Ward 2003, Rodrigo et al. 2003). Molecular fingerprint-

ing and cloning techniques have been applied to ecological studies in wetlands quite recently. Some
authors have described the microbial community
structure from meso- or microcosms studied in artificially constructed wetlands (Ahn et al. 2007). However,
there are few studies of the diversity of natural microbial communities of water, water–sediment interfaces
or biofilms in wetlands (Baik et al. 2008). Moreover,
since the extent of microbial diversity in nature is still
largely unknown, there might be many more species
from soil and water wetland environments yet to be
identified (Hahn 2006, Ghosh et al. 2007).
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Tablas de Daimiel National Park (TDNP), located in
the centre of the Iberian Peninsula, is among the most
important Spanish wetland systems. In 1940, it covered
about 150 km2 (Heras et al. 1971), although currently it
is greatly diminished (Alvarez-Cobelas et al. 2001).
TDNP has been subjected to drainage policies during
the last 60 yr, mainly to extend agricultural lands
(Cobelas et al. 1996). Water pollution, mainly organic
matter, nitrogen and phosphorus, coming from point
(towns and agro-industry) and non-point (agricultural
practices in the watershed) sources, started in the late
1970s and reached a peak by the middle of the following decade, decreasing later as a result of newly implemented water-treatment plants in the catchment area.
Water availability became limited between the late
1970s and the 1990s because of irrigation programs,
which depleted the groundwater aquifer. Despite this,
the land is still valuable in terms of its waterfowl populations (particularly the red-crested pochard Netta
rufina Pallas) and plant species (e.g. the macrophyte
Cladium mariscus [L.] Pohl). TDNP was designated as
a Special Protection Area in 1979 (EU Birds Directive).
It has also been a RAMSAR site since 1982 (Convention on Wetlands of International Importance, Iran,
1971; www.ramsar.org). The biodiversity of most biological compartments of this ecosystem is well known
(phytoplankton, zooplankton, fish, vegetation; Cirujano et al. 1996, Rojo et al. 2000, Ortega-Mayagoitia et
al. 2002). By contrast, the bacterial diversity it shelters
is still unknown. This study aims to describe the bacterial diversity inhabiting this environment using the 16S
rRNA gene as a molecular marker; clone libraries were
constructed for 4 kinds of samples from this wetland
environment: water, water–sediment interface, sediment and biofilm, taken during the summer season.

MATERIALS AND METHODS
Sampling site. TDNP is a semi-arid floodplain located in central Spain (39° 08’ N, 3° 43’ W, Fig. 1), which
has been subjected to fluctuations in the water table
arising from the interaction of surface flooding due to
stream- and groundwater discharges and water retention by watermill dams. The highly variable hydrology
leads to fluctuating hydrologic connectivity patterns
and hydroperiods. Its watershed is about 13 000 km2,
underlain by Pliocene limestone, marls and calcretes,
but its discharge into TDNP is low due to water diversion for heavy agricultural irrigation. Due to these
changes in water availability and extensive irrigation
of surrounding farmlands, the wetland must now be
artificially flooded via an aqueduct, and even then only
part of it receives water. Thus, water input varies
greatly, both seasonally (winter rains) and annually
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Fig. 1. Location of Tablas de Daimiel National Park (TDNP)
wetland, 39° 08’ N, 3° 43’ W

(Sanchez-Carrillo & Alvarez-Cobelas 2001). TDNP has
been monitored from 1992 to the present (AlvarezCobelas et al. 2001) and has been described as a
eutrophic (OECD 1982) and turbid ecosystem that
covers less than 15 km2.
During the experimental period, TDNP water pH
was around 7 to 9. Water sulphate concentrations were
around 4 g l–1. The minimum and maximum concentrations of total nitrogen varied between 0.2 and 3.7 mg
l–1. Total phosphorus ranged between a minimum of
0.015 mg l–1 and a maximum of 0.123 mg l–1. Chlorophyll (chl) a concentrations ranged between 6 and
26 µg l–1. Phytoplankton biomass registered a minimum of 0.03 mg wet weight (ww) l–1 and a maximum of
95 mg ww l–1. Cryptophytes and diatoms were the
most abundant algae, with chlorophytes and Cyanobacteria as co-dominant groups (Rojo et al. 2000). Total
zooplankton biomass fluctuated appreciably throughout the annual cycle (from undetectable levels to
280 mg ww l–1). Ciliates were among the most important components of zooplankton in terms of biomass;
the omnivorous copepod Acanthocyclops robustus
Sars was the largest zooplankter for most of the year,
while cladocerans appeared and peaked only in spring
(Ortega-Mayagoitia et al. 2000). The main area of the
wetland is covered by emerging macrophytic reed
beds of Phragmites australis (Cav) Trin. ex Steud. and
saw grass Cladium mariscus. Artificially introduced
fish, comprising carp Cyprinus carpio (L.), mosquitofish Gambusia holbrooki (Gir.) and pumpkinseed
Lepomis gibbosus (L.), have displaced wetland native
species. The flooded areas are covered by dense beds
of charophytes (mainly Chara spp.).
Samples for bacterial diversity analyses were taken
in Entradilla (Fig. 1), which is practically the only part of
the wetland that, at present, remains flooded throughout the year. Entradilla is a fairly constantly isolated
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brackish pond (conductivity 2 to 12 mS cm–1) surrounded by a reed fringe, 50 to 70 cm deep, with a high
concentration of dissolved organic carbon (4 to 13 mg
l–1). Sampling was performed at noon on 13 June 2007,
as a representative month of the dry hydrological
period.
Sampling procedures. Two litres of water (water
sample: ‘W’) were collected in a sterile plastic flask,
taking care not to disturb the water column by submerging the flask from the surface down. A sediment
sample was collected by using a sterile plastic core to
penetrate the sediment to a depth of about 10 cm.
About 3 g (1 cm thick layers) were taken from the top
(first) centimetre of the sediment (the water–sediment
interface was called the upper sediment sample: ‘US’)
and bottom layers (5 cm deep in the sediment, lower
sediment sample: ‘LS’). A third kind of sample was collected on a microbial mat covered mainly by benthic
algae (diatoms), Cyanobacteria and remains of emergent vegetation that was located on the ‘beach’ or
shore surrounding the water (biofilm sample: ‘B’). A
slice of this biofilm, rich in remains of vegetation, was
collected with a sterile spatula. About 3 g were recovered from the bottom part of the biofilm layer. Immediately after sampling, all samples were stored at 4°C in
the dark until processed in the laboratory within the
following 12 h. In the laboratory, the entire volume of
the water sample was prefiltered through a 3 µm filter
(Millipore). The filtered water was concentrated in a
0.2 µm Sterivex filter (Millipore) for subsequent lysis
and DNA extraction steps.
Total bacterial numbers and limnological variables.
For bacterial counts, water samples (1 ml) were stained
in the dark with 4’, 6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich) following standard procedures (Porter &
Feig 1980). A minimum of 10 microscopy fields and
around 1000 cells sample–1 were counted for each sample. Slides were observed at a total magnification of
1000×. For each sample, random microscope fields were
captured as images with a digital camera (Nikon
DXM1200F). Counts were made on a computer screen.
The solid samples (US, LS and B; 0.1 cm3 sample) were
put into sterile plastic vials (10 ml capacity) with 7.9 ml of
particle-free water, mixed vigorously for 10 min with a
shaker (Falc Mix 20) at 1500 rpm and sonicated for
10 min. The sonic bath (Elmasonic S 30H) was filled with
ice water to prevent the cells from overheating. After
sonication, the tubes were shaken again and allowed to
settle for 5 min before the supernatant was collected.
The supernatant was treated for bacterial enumeration
(staining, counting) as described above for the water
samples. Bacterial cell counts were transformed into biomass by estimating cellular biovolumes and assuming a
bacterial cellular density of 1 g cm– 3 (Linley et al. 1983).
Water temperature, pH, conductivity and dissolved
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oxygen values were measured in situ with the appropriate sensors. Total phosphorus and nitrogen concentrations were determined following standard methods
(APHA-AWWA-WEF 2005).
DNA extraction. DNA from water samples was
extracted directly from Sterivex filters (Steward et al.
2004). The water was purged by insufflating air into
the Sterivex filters, and 1.8 ml of STE buffer (20%
sucrose, 50 mM Tris-HCl, 50 mM EDTA) was added.
Lysis was performed by adding 100 µl of 50 mg ml–1
lysozyme (Roche) to the samples and incubating them
at room temperature for 1 h. Then 80 µl of 10 mg ml–1
Proteinase K (Sigma-Aldrich) were added and samples
incubated for 1 h at 60°C. The complete lysates were
aspirated from the inlet of the Sterivex filter with a
syringe and cleaned by phenol::chloroform, phenol::
chloroform::isoamyl alcohol extraction. The DNA was
then purified by adding ammonium acetate followed
by isopropanol precipitation at –20°C overnight. The
samples were then centrifuged at 15 700 × g for 30 min
and the pellets were washed in 70% ethanol. The pellets were air dried and resuspended in TE (10 mMol
TrisHCL:1 mMol EDTA) buffer.
Sediment and biofilm (US, LS and B) DNA were
extracted and purified with the PowerSoilTM DNA Kit
(MoBio) following the manufacturer’s instructions.
PCR conditions, cloning and sequencing. 16S rDNA
genes were amplified by polymerase chain reaction
(PCR) using universal eubacterial forward and reverse
primers 27F (5’-AGAGTTTGATYMTGGCTCAG-3’)
and 1492R (5’-TACGGYTACCTTGTTACGACT-3’)
(Lane 1991, Yakimov et al. 2004). The PCR conditions
were: initial denaturing step at 95°C (4 min) followed
by 30 cycles of denaturing, annealing and an extension
of 95°C (30 s), 53°C (30 s), 74°C (1 min), and a final extension step at 74°C (10 min). The PCR products were
purified by ammonium acetate precipitation (0.1 vol
ammonium acetate 7.5 M, 2 vol absolute ethanol) and
washed in water. The products were transformed by
electroporation in the TOPO-XL vector of the TOPOXL PCR cloning kit (Invitrogen), according to the
manufacturer’s instructions. Transformed cells were
plated on Luria-Bertani (LB) medium (10 g l–1 tryptone;
5 g l–1 yeast extract; 10 g l–1 NaCl; agar 1%) agar plates
with kanamycin (final concentration 50 µg ml–1) for
screening. Positive colonies were picked and grown in
LB broth for plasmid extraction by a Millipore Plasmid
MiniPrep96 kit. Plasmid extraction was automated by
using a MULTIPROBE II-Robot Liquid Handling
System (Packard). Purified plasmids were sequenced
with the ABI BigDye Terminator Cycle Sequencing
system kit V3.1 (PE Applied Biosystems) using M13
forward and reverse primers. Almost all clones were
sequenced in both directions and were overlapped to
obtain the complete 16S rDNA gene sequence.
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Sequence analysis. In total, 703 clones were sequenced with an average length of 1215 nucleotides.
Each electropherogram was manually checked with the
Geneious suite (v3.7.1). No chimeras were detected using the Chimera Check function from the Ribosomal
Database Project (RDP). Taxonomy relationships for
each sequence were attributed by carrying out similarity
searches against a curated dataset of reference sequences from the RDP (Cole et al. 2009). From an original set of about 350 000 sequences, we obtained a nonredundant dataset by performing a clustering at 99% of
similarity with the CD-HIT program (Li & Godzik 2006),
generating a dataset of about 65 000 sequences with
known taxonomic affiliation. A local BLAST search of a
whole TDNP sequence dataset (Altschul et al. 1990) was
performed against this restricted dataset from the RDP
database. Best match sequences were used to assign a
minimal but confident taxonomical position to each
TDNP sequence. In the event that the taxonomical position was not clear, we used upper unambiguous hierarchical assignation (at the level of phylum, class, order,
family, genus), leaving the lower level as ‘unidentified’.
Clusters at several levels of similarity were obtained with
‘CD-HIT’ (see ‘Results’).
Rarefaction analysis was carried out with paleontological statistics software (PAST v 1.19; Hammer et al.
2001). PAST software was also used to calculate several diversity indices, such as Dominance, Shannon,
and Equitability. The Dominance index was calculated
as D = Σ (ni/n)2 where ni is the number of individuals of
taxon i, and n is the total number of individuals. The
Shannon information index was calculated as H = –Σ
ni/n ln(ni/n) (Shannon & Weaver 1963), and the Equitability index was calculated as J = H/Hmax where H is
the Shannon information index and Hmax = ln (S ),
where S is the richness or number of taxa.
Sequence alignments were obtained by the RDP
online applications and, when necessary, manually
checked and corrected using the BioEdit Sequence
Alignment Editor program version 5.09 (www.mbio.
ncsu.edu/BioEdit/bioedit.html; Hall 1998). Phylogenetic trees were constructed following Minimum Evolutionary methods (MEGA software version 4; Kumar
et al. 2008). Bootstrap tests based on 500 replicates
were obtained. All sequences are freely accessible
in GenBank (www.ncbi.nlm.nih.gov/Genbank/index.
html) under accession numbers FJ516762 to FJ517139.

Table 1. Values of the main limnological variables measured
on the sampling date in June 2007
Variable

Value

Temperature (°C)
Conductivity (mS cm–1)
Dissolved oxygen (mg l–1)
pH
Total nitrogen (mg N l–1)
Total phosphorus (mg P l–1)
Planktonic chlorophyll a (µg l–1)
Secchi depth (m)

21.8
9.1
10.8
7.47
1.97
0.014
6.5
0.5

phosphorus concentration was close to the lowest limit
registered for TDNP for previous years, whereas total
nitrogen concentration was closer to the highest values
reported for this wetland. The total bacterial density in
the W sample was 2.3 × 106 cells ml–1 (± 0.03 × 106 cells
ml–1, 95% CI), representing a biomass of 0.1 µg ww
ml–1. In US and LS samples, the bacterial densities
were 1.2 ± 0.11 × 106 and 2.3 ± 0.14 × 106 cells mg–1 dry
weight (dw) sediment, respectively. The corresponding biomass was 0.06 and 0.11 µg ww mg–1 dw sediment, respectively). Finally, total bacterial density was
the highest in the B sample with 2.8 ± 0.09 × 106 cells
mg–1 dw (0.14 µg ww mg–1 dw sediment).

Diversity indices and rarefaction
The 4 samples harboured high bacterial diversity.
According to the ‘order’ level described in ‘Material
and methods’, 30, 16, 23 and 19 taxa were identified for
W, US, LS and B samples, respectively. In general, the
dominance values were quite low at all clustering levels for all samples, indicating high diversity in TDNP.
The Shannon index, calculated on clusters obtained at
97% of similarity (superscript), shows the following
upward gradient for diversity, LS: 3.297 < B: 3.697 < US:
4.397 < W: 4.997 (Table 2). Not only did the W sample
show the most diverse bacterial community, but also
the most evenly distributed one (J 97 = 0.95; Table 2).
The rarefaction analysis for the 4 samples (Fig. 2)
shows that all curves are saturated at the order level.
However, on observing the distribution of closely
related taxa (i.e. at 97% of similarity clustering) the
curves do not reach a plateau, and those corresponding to LS and B samples seem to have smaller slopes.

RESULTS
Diversity distribution
Limnological variables and total bacterial numbers
TDNP waters were well oxygenated on the sampling
date and water pH was around 7.5 (Table 1). Total

Fig. 3 shows the percentage distribution of clones at
phylum, class and family levels. Most of the retrieved
clones belong to the phylum Proteobacteria: 46, 41, 72,
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Table 2. Diversity indices applied to sequence abundances for operational taxonomic units (OTUs) calculated at the order level
and 97% of clustering similarity. For each sample, the labels in superscripts describe the phylogenetic level or the similarity
threshold (%) used to make the clusters
Water
OTUorder
OTU97
Sequences
Richness (S)
Dominance (D)
Shannon (H )
Equitability (J )

239
30
0.07
3.0
0.87

166
169
0.01
4.9
0.95

Upper sediment
OTUorder OTU97
152
16
0.08
2.9
0.85

Lower sediment
OTUorder
OTU97

146
115
0.04
4.3
0.91

23
0.17
2.4
0.75

160

Number of OTUs

140
120
100

45

89 133 177 221

80
60

19
0.14
2.4
0.82

71
0.06
3.6
0.85

Figs. S1 to S3 in the supplement
(available at www.int-res.com/articles/
suppl/a059p033_app.pdf) show the
taxonomical positions of representative
clones for each cluster together with
their closest RDP best match reference
sequences.

180
35
30
25
20
15
10
5
0
1

58
0.10
3.2
0.79

Biofilm
OTUorder
OTU97

Distribution of Proteobacteria
W

Within the Proteobacteria, the classes
Alpha- and Betaproteobacteria were
LS
much more abundant in LS and B
20
B
samples (Fig. 3). Epsilonproteobacteria
were less abundant (around 1%) and
0
1
21
41
61
81 101 121 141 161 181 201 221
were found only in the LS and B samples.
Conversely, classes Gamma- and DeltaNumber of sequences
proteobacteria were more abundant in
Fig. 2. Rarefaction curves, calculated at the order level of clustering (inset) and
the W and US samples. Less than 1% of
at 97% of clustering similarity. The lines describe the samples of water (W),
unclassified Proteobacteria sequences
upper sediment (US), lower sediment (LS) and biofilm (B). OTU: operational
taxonomic unit
were retrieved from W, US and B samples (Fig. 3). Although all Proteobacteria
and 66% for W, US, LS and B samples, respectively
classes were represented by sequences found in TDNP,
(described in detail in the following section).
some families were only found in some TDNP habitats.
Sequences belonging to Bacteroidetes were the secAt the family level, the most abundant families of
ond most abundant with 14% (W), 14% (US), 10% (LS)
Alphaproteobacteria were the Rhodobacteraceae (LS:
and 14% (B). The Cyanobacteria phylum was quite
10.5% and B: 13% of clones) and Sphingomonadaceae
abundant in the US sample (19%), while it was found
(LS: 7.2%, B: 6.9%). Other minor groups of Alphaat only 5, 5 and 2%, in W, LS and B samples, respecproteobacteria were retrieved in all 4 samples (Fig. 3,
tively. Chloroflexi and Actinobacteria sequences repFig. S4). A similar distribution was observed for Burkresented between 1 and 9% of each sample.
holderiaceae, the most-represented family of BetaproLess abundant phyla showed an uneven distribution:
teobacteria (LS: 28%, B: 21%). The family Comamonclones of the phyla Acidobacteria were found only in W
adaceae was also found mainly in LS (6%) and B (5%)
and US samples at 7.1% (20 clones) and 1.8% (3 clones),
samples. Hydrogenophilaceae were only found in W
respectively. Similarly, Nitrospira, with 3.4 and 1.2%
and US (4 and 2%, respectively; Fig. S5). Within
(8 and 2 clones), Spirochaetes with 1.2 and 1.8% (3 and
Gammaproteobacteria, Chromatiaceae was the most
3 clones), as well as Firmicutes, Deferribacteres and
abundant family, with clones present only in the W and
WS3, were only retrieved from W and US samples.
the LS samples. Other less abundant families were
Classes of Bacteroidetes, Sphingobacteria, Planctofound mainly in the LS samples (Fig. S6). Finally, a
mycetacia, Proteobacteria (all but Epsilonproteobactesubset of unidentified Gammaproteobacteria was
ria) and Verrucomicrobia were retrieved from all the
found from W, US, LS and B samples, at percentages of
samples at variable percentages.
8.0, 8.4, 6.7 and 3.4% (10, 8, 5 and 5 clones), re40

US

Fig. 3. Distribution of clone percentages among phylum-class-family taxonomic levels for water (W), upper sediment (US), lower sediment (LS) and biofilm (B) samples. Pie charts describe classes among the 4 samples (upper
key). Histograms represent Proteobacteria families grouped by classes (key to the right)
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Fig. 4. Clone distribution at the phylum and class taxonomic level of ‘new’ phylogroups. ‘New’ phylogroup clones were considered when the best match had a similarity value below 97%. Bars subdivided to show sample origin (sed: sediment)

spectively (Fig. 4, Fig. S7 in the supplement). Within
the Deltaproteobacteria, Desulfobacteraceae was the
most abundant family, found only in the W (11%) and
the US (9%) samples. Only 3 clones belonging to
Epsilonproteobacteria (family Campylobacteraceae)
were identified in B (2) and LS (1) samples.

New phylogroups
For 359 of the 703 clones analysed, the closest database match was less than 97% similar. By applying the
same clustering criterion to these 359 clones, we
defined 265 new phylogroups, with the following distribution: 124 operational taxonomic units calculated at
97% of clustering similarity (OTUs97) in the W sample;
81 OTUs97 in the US sample; 35 OTUs97 in the LS sample; and 55 OTUs97 in the B sample. Fig. 4 shows the
distribution of the new phylogroups, at the levels of
phylum and class.
The Proteobacteria included 107 new phylogroups,
with the following class distribution: Delta (48) > Alpha
(37) > Gamma (14) > Beta (6) > Unclassified (2) (Fig. 5).
W and US samples had the highest number of new
phylogroups belonging to the Deltaproteobacteria (30

and 16, respectively). Of these, 15 and 7 phylogroups,
respectively, belonged to the family Desulfobacteraceae. The rest belonged to different orders of
Deltaproteobacteria, such as Bdellovibrionales, Myxococcales and Syntrophobacterales. Regarding Alphaproteobacteria, the highest number (16 clusters) of
new phylogroups belonged to the family Rhodobacteraceae. New, less abundant phylogroups belonging to
the Gammaproteobacteria were found almost uniformly distributed among all 4 samples, but remained
unidentified below the class level. Within Betaproteobacteria, unidentified clusters were found belonging to the order Burkholderiales and Rhodocyclales.
In the phylum Bacteroidetes, 42 new phylogroups
distributed among the 4 samples were found (Fig. 4).
The distribution within classes is as follows: Bacteroidetes was predominant in W (7) and B (2) samples;
Flavobacteria were found in B (4) and LS (3) samples;
and Sphingobacteria were found in W (6), LS (3) and B
(9) samples.
Finally, 85 less abundant new phylogroups were
found within other phyla (Fig. 4), such as Chloroflexi,
Deferribacteres, Cyanobacteria, Firmicutes, Lentisphaerae, Nitrospira, Spirochaetes, Verrucomicrobia,
as well as other unidentified bacteria.
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Fig. 5. Clone distribution of ‘new’ phylogroups within the phylum of Proteobacteria. ‘New’ phylogroup clones were considered
when the best match had a similarity value below 97%. Bars subdivided to show sample origin (sed: sediment)

DISCUSSION
Overall phylogenetic bacterial diversity
Total prokaryotic densities found in TDNP waters
were in the range of bacterial abundances found in
other wetlands (for example, the riverine wetland
described by Farnell-Jackson & Ward 2003). Gene
sequences belonging to 13 phyla from 27 of the cultured Eubacteria were retrieved from the 4 TDNP
habitats. In addition, sequences belonging to uncultivated candidate divisions OP10 and WS3 were obtained, as well as many sequences that could not be
affiliated to any known sequence with sufficient similarity. Although many bacteria are represented, the
true bacterial diversity may still be underestimated, as
indicated by the rarefaction curves, which do not reach
a diversity plateau, especially for W and US samples.
Despite this, the eubacterial diversity (measured by
the Shannon index) in W and US samples obtained in
TDNP (H = 4.9 and 4.4, respectively) is higher than in
other types of environments, where bacterial diversity
was described by similar methodology, for example the
monimolimnion of Lake Pavin in France (H = 3.1 to 3.6;
Lehours et al. 2007) or the water column and water–
sediment interface of a freshwater pond, also in France
(4.0 and 3.3, respectively; Briée et al. 2007). In the
Korean Woopo wetland, Baik et al. (2008) reported a
value of H = 4.4. Ahn et al. (2007) reported H values of

2.9 to 3.1 for soil microbial communities in treated
microcosm wetlands. On the other hand, bacterial
diversity (H = 3.2) in TDNP sediment is close to the
diversity described for soils (H = 3.3 to 4.0) in Northern
Victoria Land (Antarctica; Niederberger et al. 2008) or
the sediments of the pond studied by Briée et al. (2007;
H = 3.9). In comparison with marine habitats, Zaballos
et al. (2006) reported maximum H values of 4.02 for the
Ionian Sea.
The 4 samples analysed for bacterial diversity
belong to 4 types of environment, and the bacterial
clone libraries found were different, which would indicate spatial heterogeneity of the microbial community
in TDNP. W and US samples were the richest in bacterial phyla, and some of them were exclusive to these 2
environments. Conversely, the LS and B samples contained no exclusive phyla (with the exception of the
OP10 group sequences, found in low abundance);
however, exclusive families were found in each environment. Our findings could support the idea that
there is environmental selection of organisms with
suitable physiology (Niederberger et al. 2008). W and
US samples were the most similar, probably because
the US sample represents the interface between the
water column and the sediment and many kinds of
bacteria can share these 2 environments (Stevens et al.
2005). Moreover, in a shallow environment like TDNP,
resuspension of surface sediment and mixing with the
water column is likely to occur. The fact that bacterial
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diversity was highest in the W sample is probably due
to the influence of the submerged vegetation, among
other factors. In the Entradilla sampling station, dense
meadows of charophytes (Chara hispida) grow all year
round, and many other organisms (e.g. epiphytic
algae, zooplankters, macroinvertebrates, fish) associated with them can provide nutrient sources, attachment surfaces and microenvironments for certain types
of microorganisms (Basu et al. 2000).
Phylotypes belonging to Chloroflexi were found both
in plankton and biofilm samples in moderate abundance. Chloroflexi are anoxygenic phototrophic filamentous bacteria, which can be quite thermophilic and
are frequently encountered in hot springs, although
environmental surveys have also revealed many
diverse phylotypes of these green non-sulphur bacteria in anoxic zones of stratified freshwater systems
(Gich et al. 2001). More recently, Shrestha et al. (2009)
detected expressed sequence tags affiliated with Chloroflexi in both oxic and anoxic paddy soils. One TDNP
sequence from the W sample was found to be related
to an uncultured Dehalococcoides species.
Cyanobacteria clone sequences were more abundant in US than in the other 3 samples. This is not surprising because at the water–sediment interface there
are higher concentrations of Cyanobacteria, including
both those settled from the water column (102 ind. ml–1)
and those with benthic habits. It is worth mentioning
that gene sequences of chloroplasts belonging to eukaryotic algae are also included in this phylum (Garrity et
al. 2005), as a distinct and highly diverse subgroup.
Thus, some chloroplast sequences retrieved from
TDNP match with those of some diatom species. A
chloroplast sequence that was very similar to the
Chara vulgaris sequence in the database was also retrieved from the TDNP US sample. This can be explained by the presence of Chara hispida meadows in
Entradilla waters. Some non-chloroplast TDNP Cyanobacteria sequences were affiliated with those of the
genera Lyngbya, Halomicronema and Leptolyngbia.
Other sequences were affiliated with unclassified and
uncultured cyanobacterial sequences in the database.
A particular case is that of Actinobacteria, known to
be an important ecological player in brackish water
(Holmfeldt et al. 2009); however, sequences belonging
to this group were scarcely found in TDNP libraries. In
W and US, Actinobacteria-related sequences do not
correspond closely with cultured species, similar to
what was found in Lake Taihu, where Actinobacteria
were not found at eutrophied sites (Liu et al. 2009).
Similarly, sequences of the phylum Acidobacteria were
also found only in W and US. Briée et al. (2007) found
acidobacterial phylotypes in a freshwater pond, both in
water and sediments and, conversely to TDNP, they
were much more frequent in sediment samples.
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Presence of the phylum Planctomycetes was not high
in TDNP libraries, but their abundance was quite similar in each sample. Some Planctomycetes species are
facultative aerobic chemoorganotrophs, which grow
by fermentation or respiration, although others are
strict anaerobic autotrophs that carry out the anaerobic
oxidation of ammonia using nitrite (anammox). Since
the TDNP environments under study differ in terms of
redox conditions, species with aerobic and anaerobic
metabolisms are likely to occur.
In TDNP, sequences of the phylum Verrucomicrobia
were retrieved from all environments although in low
abundance. Known Verrucomicrobia species are able
to ferment a variety of sugars (aerobic or facultatively
aerobic chemoheterotrophic bacteria), and hence they
may participate in the degradation of organic material
in TDNP. One TDNP sequence from the B sample is
very similar to that of Alterococcus agarolyticus.
Another sequence, also from B, is distantly related to
the genus Kocuria. Two species of this genus are
K. palustris and K. rhizophila, isolated from the rhizoplane of the narrow leaved cattail Typha angustifolia
(Kovacs et al. 1999). The TDNP B sample was taken
from an area covered by similar emergent aquatic
vegetation.
Most genera in the phylum Nitrospira are aerobic
chemolithotrophs, including nitrifiers and dissimilatory
sulphate reducers. This fits well with the kind of habitat in which TDNP Nitrospira sequences were found in
terms of oxygen availability (only water and water–
sediment interface). Sequences of Spirochaetes, a phylum that includes chemoorganotrophic, anaerobic,
microaerophilic, facultative anaerobic or aerobic bacteria, were retrieved only from W and US. One
sequence retrieved from W matched an uncultured
species of the genus Spirochaeta, and another from US
with an endosymbiont spirochete. In other freshwater
water-bodies, Spirochaetes were also found in plankton and sediments (Briée et al. 2007).
The phenotypically varied Firmicutes phylum was
poorly represented in TDNP libraries, with 2 of the 3
classes of this phylum: Bacilli in US and Clostridia in
W, whose sequences are close to those of uncultured
soil bacteria. Sequences belonging to the phylum
Deferribacteres were found only in W and US samples.
Just 1 clone affiliated to Lentisphaerae was retrieved
from TDNP water. This relatively new phylum is composed of bacteria from marine and anaerobic terrestrial environments, but other isolates are strictly aerobic, chemoheterotrophic, and facultatively oligotrophic
spherical bacteria (Cho et al. 2004).
Although certain general patterns that are typical of
freshwater lakes and rivers (Zwart et al. 2002), such as
the dominance of the phyla Proteobacteria and Bacteroidetes, can also be observed in TDNP brackish
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waters, this system has a particular microbiota. We
found 265 new phylogroups with similarity values
below 97% and without close references in the public
sequence repository. They belonged mainly to Proteobacteria, in particular, and more specifically to the
families Burkholderiaceae, Rhodobacteraceae and Desulfobacteraceae. Thus, TDNP constitutes a reservoir
of bacterial biodiversity characterised by a high number of new or previously not well described bacterial
taxa.

Bacteria related to the main biogeochemical cycles
Bacterial heterotrophy in aquatic ecosystems is important in the overall carbon cycle (Van Mooy et al.
2001). There is a great amount of emergent aquatic
vegetation (mainly reed and saw grass) surrounding
the water in TDNP (Alvarez-Cobelas et al. 2008), and
there are also charophyte meadows, which account for
a large quantity of organic matter (OM). The degradation of autochthonous OM in this ecosystem requires
the participation of several microbial partners (Docherty et al. 2006). Specialised bacteria will initially
degrade complex polymers (e.g. cellulose, long fatty
acids). Later, fermenting microorganisms will degrade
simpler organics into small molecules (i.e. acetate) that
can be utilised by acetogenic methanogens (Briée et al.
2007). Several TDNP lineages could perform such decomposition functions. Hydrogen, a major end-product
of fermentation, is likely to be released into the environment, as there are some phylotypes related to
hydrogen oxidising bacteria (e.g. Hydrogenophaga
relatives). The main sink for hydrogen is probably constituted by methanogenic Archaea. At present, we do
not have data about Archaea in TDNP, but the same
kind of samples will be processed to assess archaeal
diversity in the near future.
The sulphur cycle is also likely important in TDNP
due to the high sulphate concentrations in water and
sediments. Many bacterial sequences of families related to this cycle were found. For example, there was
a large abundance of clone sequences related to phototrophic sulphur bacteria (like Ectothiorodospiraceae
and Chromatiaceae) or to the Alphaproteobacteria
Rhodospirillaceae. In a parallel study, phototrophic
bacteria containing bacteriochlorophyll a and living in
aerobic conditions were detected forming a conspicuous microbial mat during summer, in the vicinity of our
sampling point (M. A. Rodrigo et al. unpubl. data).
Aerobic anoxygenic phototrophs (AAP; belonging
to Alpha- and Gammaproteobacteria) have been described for marine habitats and more recently for
freshwater systems (Page et al. 2004, Gich & Overmann 2006). Masin et al. (2008) reported on the impor-

tant and widespread distribution of such phototrophs
(containing bacteriochlorophyll a) in freshwater environments. They are obligate aerobes because they
require oxygen for respiration and growth. We found
sequences related to Erythrobacter, which has been
described as containing bacteriochlorophyll a, although this is a marine genus (Yurkov & Beatty 1998).
TDNP could be an additional environment where AAP
is found. Sequences belonging to 3 families of sulphate-reducing bacteria (Desulfobacteraceae, Desulfobulbaceae and Desulfomicrobiaceae) were also present in W and US samples only. We expected to find
this group in the other habitats under study, but no
sulphate-reducing bacterial sequences were found in
LS and B samples, the reasons for which remain unknown. Most sulphate-reducing sequences of the
family Desulfobacteraceae retrieved from TDNP are
not affiliated with sequences of described and cultured
species found in the database.
The microbial nitrogen cycle is very complex and the
major players involved are not fully known (Jetten
2008). Regarding bacteria in TDNP that could be
involved in the nitrogen cycle, sequences close to the
family Rhizobiaceae were retrieved only in LS and B
samples. Since the biofilm was within emergent palustrine vegetation, this fact could explain the presence of
members (maybe symbiotic nitrogen-fixing species) of
this family. Other clone sequences could be affiliated
to bacteria related to the nitrogen cycle, such as those
belonging to the phyla Nitrospira or Planctomycetes.
However, these sequences do not confidently match
any known genera.

CONCLUSIONS
It is becoming increasingly clear that wetland microbial communities influence important processes at the
ecosystem level (including nutrient cycling and decomposition; Farnell-Jackson & Ward 2003) and there
is a clear relationship between structure and functioning in ecosystems (Logue et al. 2008). This highlights
the importance of knowing the microbial community
structure. Our study has contributed to the description
of the bacterial community structure in some of the
main compartments of a wetland (water, water–sediment interface, sediment and biofilm related to aquatic
vegetation) in the summer season. These preliminary
results point out that each kind of environment harbours an idiosyncratic microbiota. This may suggest
that each environment fulfils special conditions for the
growth of certain kinds of bacteria. In addition, the
study reveals that TDNP wetland is rich in new types of
bacteria. Further studies are required to discover the
relationship between structure and functioning.
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