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INTRODUCTION

In recent years, studies on aquifer microbiology have
received increasing attention, as there is an important
concern about the quality of natural water resources
(Leclerc & Moreau 2002). Underground aquifers serve as
important sources of potable water. They include shal-
low, intermediate and deep aquifers, depending on their
depth and their active water flow (in the order of m d–1,
yr–1 and century–1, respectively). They constitute the
natural biotopes of subsurface microbial communities,

whose diversity and ecology have also been actively
studied in recent years. This is partly due to the develop-
ment of molecular tools to characterise microbial diver-
sity, particularly 16S rRNA gene-based surveys, as most
of these subsurface microorganisms are difficult to re-
trieve in culture (Ghiorse & Wilson 1988, Pedersen 2000,
Parkes et al. 2005, Schippers et al. 2005).

Most of the microbial diversity studies focusing on
aquifer communities have been carried out in sites con-
taminated by different linear and polycyclic hydro-
carbons, chlorinated compounds or heavy metals (e.g.
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Dojka et al. 1998, Takai et al. 2001, Kleikemper et al.
2002). Aquifers contaminated with organic compounds
have been investigated to identify indigenous micro-
organisms involved in natural bioremediation aiming at
prospective biotechnological applications. Early molec-
ular diversity studies of hydrocarbon- and chlorinated-
solvent contaminated aquifers revealed the presence of
microorganisms belonging to known bacterial phyla as
well as divergent lineages affiliated with candidate
divisions or defining novel candidate-division-level
groups (Dojka et al. 1998). By contrast to hydrocarbon-
polluted aquifers, organic matter is scarce in aquifers
associated with deep underground systems, such as
deep mines (Pedersen 2000) or the deep sub-seafloor
(Fisk et al. 1998, Edwards et al. 2005). Microbial life
in such systems is thought to be largely based on
chemolithoautotrophy and metabolic rates may be ex-
tremely low (Parkes et al. 2005, Schippers et al. 2005).

Compared to contaminated aquifers, pristine sites
have been less studied. Nevertheless, reports on the
microbial diversity associated with deep aquifers, par-
ticularly of sites possessing distinctive physico-chemi-
cal characteristics such as acidic (Lehman et al. 2001),
alkaline (Fry et al. 1997) or geothermal (Chapelle et al.
2002, Kimura et al. 2005) subsurface environments
exist. Pristine aquifer systems can be very different
according to the geological context, and among those
that have attracted microbial classical and molecular
studies, some flow through igneous rocks (granites and
basalts; Pedersen 2001, Miyoshi et al. 2005, Ball &
Crawford 2006), others settle in sedimentary rocks,
karstic environments or sandy areas (Hirsch & Rades-
Rohkohl 1990, Shi et al. 1999, Detmers et al. 2001,
Farnleitner et al. 2005, Santoro et al. 2006).

Several studies have compared contaminated and
pristine aquifers (e.g. Griebler et al. 2002). In a com-
parative analysis between 2 different sampling points,
1 fuel-contaminated and the other non-polluted, within
the same aquifer, Shi et al. (1999) found a higher pro-
portion of Beta- and Gammaproteobacteria in the con-
taminated sample. Another comparative study focus-
ing on the long-term effect of benzene on a sandstone
aquifer showed a reduced microbial diversity in con-
taminated compared to control sites. Multivariate sta-
tistical analyses indicated a correlation between the
decrease in microbial diversity and anoxia. Rather than
the toxic effect of benzene itself, anoxia caused by the
microbial degradation of benzene and the decrease of
available redox species were the major factors explain-
ing the decline of microbial diversity (Fahy et al. 2005).

Although molecular surveys based on 16S rRNA and
conserved metabolic genes provide insight on the phy-
logeny and potential activity of microorganisms that
are present in the subsurface, there is little information
about their actual metabolic status, as an unknown

proportion of the detected phylotypes may be inactive.
In the present study, we observed the microbial diver-
sity and activities associated with a pristine coastal
aquifer in the Doñana National Park, south-western
Spain. Doñana is one of Europe’s most important wet-
land reserves and is a major site for migrating birds.
This area has a typical Mediterranean climate (dry and
hot summer and little rainfall in winter) with some
oceanic influences, broad seasonal temperature and
precipitation variability, and quite stable annual vari-
ability across time. Coastal marshes represent the
largest epicontinental aquatic environment in Doñana,
together with several shallow lakes (López-Archilla et
al. 2004), whose integrity and long-term maintenance
are assured by groundwater input. Doñana’s aquifer is
settled in detritical deposits from the Neogene, which
are covered by Quaternary fluvio-marine and eolian
materials. Sands, silty sands and gravels, occasionally
inter-layered with fine clay sedimentary materials,
are the main components of the system (Trick &
Custodio 2004).

Doñana’s aquifer is eminently freshwater, although
it may be locally affected by seawater intrusion; from a
hydrodynamic point of view, it is confined below the
clay material, being phreatic in the upper sand layers
(Custodio et al. 1995, Lozano & Palancar 1995). In gen-
eral, the phreatic level is adjusted to the topography,
with an average of 6 m for the water table depth in
many different points (Custodio et al. 1995, Lozano
2004). We report a study of 2 samples representing 2
distinct sub-systems of Doñana’s aquifer (49S1 and 56S
at 15 and 80 m depth, respectively). Microbial diversity
was greater at the shallower site, which had lower
mineral content, higher oxygen concentration and
showed higher potential hydrolytic activities. How-
ever, the deeper site exhibited a relatively wide diver-
sity of Euryarchaeota, with lineages clearly belonging
to the anaerobic methane-oxidising archaeal group
ANME2. These were identified together with phylo-
types of classical aerobic methane-oxidising bacteria,
suggesting that both aerobic and anaerobic methane
oxidation coexist in the same aquifer samples. 

MATERIALS AND METHODS

Sampling and physico-chemical measurements.
Groundwater samples were collected in July 2004 from
the aquifer that feeds Doñana National Park, south-west-
ern Spain, using 2 different piezometers designated
49S1 and 56S. The wells were drilled by the
Guadalquivir River Water Authority in the Aeolian
Littoral Mantles, a geomorphologic system formed by
sand deposition in the form of active and stabilised
dunes. The co-ordinates for the 2 piezometers were
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x = 721413, y = 4096827, UTM (Universal Transverse
Mercator) 29 (49S1) and x = 733070, y = 4087500, UTM
29 (56S). The piezometer screen intervals were situated
at a depth of 15 m (49S1) and between 74 and 80 m (56S).
Groundwater samples were taken with the help of a
pneumatic pump (Uwitec©) especially designed to pump
the aquifer interstitial water, avoiding its mixture with
the water accumulated in the piezometer. The porosity of
the sand unit sustaining the aquifer corresponded to
23–38% (Iglesias 1999). Pumped groundwater was col-
lected from each borehole only after measurements of
temperature, dissolved oxygen (DO), pH and electrical
conductivity had stabilised (Haveman & Pedersen 2002).

Physical parameters (temperature, DO, pH and elec-
trical conductivity) were measured in situ with a WTW
340i handheld multi-parameter device, and samples
for microbiological analysis were taken (see below).
The piezometric level was measured in each piezo-
meter with a water level acoustic indicator (Nord-
meyer). For chemical determinations (alkalinity, am-
monium, nitrate, nitrite, soluble reactive phosphorus
[SRP], total phosphorus concentration), samples were
stored in triplicate in polyurethane or glass bottles,
previously treated with 5% HCl and washed with dis-
tilled water, and then kept frozen or refrigerated until
laboratory analyses were done. Chemical analyses
were carried out using standard methods (APHA et al.
1989). Alkalinity was measured during the same sam-
pling day. Ferrous and ferric ions, as well as the total
iron concentration, were determined in the laboratory
by the ferrozine colorimetric method (Viollier et al.
2000); samples were stabilised with HCl (0.12 N final
concentration) until the analysis was done. Various
water samples were collected carefully in sterile con-
tainers to prevent possible external contamination and
were conditioned in the appropriate ways (see below)
for subsequent microscopy, enzymatic and molecular
biology analyses in the laboratory. 

Biological parameters and enzymatic assays. For
epifluorescence microscopy observations, groundwater
samples from each piezometer were collected and fixed
with formaldehyde (4% v/v final concentration) in
100 ml polyurethane bottles (pre-treated with HCl and
rinsed with distilled water, as above) in triplicate; these
samples were stored in the dark at 4°C until further
analysis. Water samples were filtered through 0.2 µm
GTBP membrane filters (Millipore GTBP02500), and
cells were counted by epifluorescence microscopy
observation after staining with 4’,6-diamidino-2-
phenylindole-dihydrochloride (DAPI; Fry 1990). Single
cell biovolumes were estimated with the aid of an ocu-
lar micrometer under an Olympus IX50 inverted micro-
scope to measure the lengths and widths of cells at a
magnification of 1000× on the same filters from which
their abundance was determined. Cell biovolumes

were calculated assuming that cells were spheres or
cylinders with hemispheres on both sides. Linear di-
mensions were converted to volumetric ones using geo-
metric formulas and the single cell biomass calculated
from single cell biovolumes using the allometric model
conversion factor: C = 120V0.7, where C is cell biomass
(fg C) and V is cell biovolume (µm3) (Bölter et al. 2002).

Water samples to estimate microbial activity, produc-
tivity as deduced from the leucine incorporation rate,
enzymatic activity, bacterial functional groups and
community diversity studies were collected in sterile
glass bottles, stored at 4°C and transported to the labo-
ratory. Microbial activity was estimated using an ATP-
based method on triplicate groundwater samples col-
lected in 20 ml bottles. ATP assays were carried out
during the same sampling day. ATP was extracted
using a commercial kit (BioThema) and quantified via
the luciferin-luciferase enzyme assay using a Berthold
Junior LB9509 luminometer, with a detection limit of
approximately 10 × 10–18 mol ATP. For each assay, ATP
was extracted from 50 µl groundwater following the
manufacturer’s instructions. Duplicate autoclaved
water samples were used as controls for each assay.
The relative light units (RLU) measured with the lumi-
nometer were converted into ATP concentration values
using a regression equation calculated with an ATP
standard provided in the same commercial kit. To esti-
mate the active biomass, we applied the conversion
factor: 1 ng ATP l–1 = 250 ng C l–1 (Karl 1980).

Microbial productivity was estimated by measuring
the incorporation of 3H-leucine into cellular proteins
(Kirchman et al. 1985). Three replicates and 2 controls
were analysed for each piezometer. 3H-leucine
(37 MBq mol–1; Amersham Pharmacia Biotech) was
added to 10 ml groundwater to a final concentration of
11 nM, and incubated for 1 h at 20°C. Leucine incorpo-
ration was stopped with 1.1 ml of formaldehyde, and
samples were frozen (–20°C) until protein extraction.
Insoluble protein material was precipitated with hot
trichloroacetic acid and collected on cellulose filters
(Kirchman et al. 1985). Incorporated radioactivity was
measured after addition of scintillation cocktail in a
Wallack 1209 Rackbeta Liquid Scintillation Counter
(LKB). Microbial productivity was then estimated
according to the equation: Productivity = LI × 131.2 ×
0.073 × (C/protein) × ID, where LI is the leucine incor-
poration rate (mol l–1 h–1), 131.2 is the molecular weight
of leucine, 0.073 is the average percentage of leucine
in cell proteins, C/protein is the ratio of cellular carbon
to protein (0.86) and ID is the isotope dilution (both
external and internal), which is assumed not to have
taken place in this study (Simon & Azam 1989).

The enzymatic activities of β-D-glucosidase, leucine
aminopeptidase, phenol oxidase and alkaline phos-
phatase were assayed by incubation with pNP-β-D-
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glucopyranoside, leucine p-nitroanilide, L-3,4-dihydr-
oxyphenylalanine (L-DOPA) and pNP-phosphate, re-
spectively. All substrates were obtained from Sigma. As-
says for β-D-glucosidase and phenol oxidase were
conducted at 20°C in 50 mM acetate buffer, pH 5.0, un-
der previously determined substrate saturating
conditions. For alkaline phosphatase and leucine
aminopeptidase, assays were conducted in 5 ml reaction
volumes with 50 mM Tris-HCl, pH 8.5, under previously
determined substrate saturating conditions. In all cases,
3 analytical replicates and duplicate controls were car-
ried out. A more detailed description of the procedures
used can be found in (Sinsabaugh et al. 1994).

Different microbial functional activities revealing
the presence of nitrifying, sulphate-reducing, denitri-
fying and iron-metabolising microorganisms were
assayed using Biological Activity Reaction Tests
(BARTTM, LaMotte; Cullimore 1993). Tests are done at
room temperature and consist of the inoculation of a
sample in a culture tube with the particular medium
assayed that contains a colour indicator shifting upon a
redox change. A ball is placed on top of the water col-
umn that restricts the amount of oxygen entering it, so
that aerobic organisms grow around the ball and
anaerobic organisms grow deep down in the water col-
umn. If the type of organisms tested is present in the
sample, the indicator will change colour, indicating
that the targeted reaction has taken place. These tests
are semi-quantitative, allowing not only the detection
of a given activity but also providing an indication of
the level of activity. In our case, the presence of the
above functional groups was determined in 10 ml
groundwater samples from each piezometer.

DNA extraction, PCR amplification, cloning and
sequencing. For molecular diversity estimates, 1 l of
each groundwater sample was filtered across 0.22 µm
pore diameter GTTP filters (Millipore), which were
stored at –20°C until nucleic acids were extracted. Fil-
ters were washed extensively with phosphate saline
buffer (130 mM NaCl, 10 mM phosphate buffer, pH
7.4) to resuspend the retained biomass. Subsequently,
lysis proceeded by the addition of 80 µg ml–1 Pro-
teinase K, 1% SDS, 1.4 M NaCl, 0.2% β-mercap-
toethanol and 2% CTAB (final concentrations) and
incubation of the samples overnight at 55°C. DNA
from lysates was extracted sequentially with hot phe-
nol (65°C), phenol-chloroform-isoamyl-alcohol, and
chloroform-isoamyl-alcohol. Nucleic acids were con-
centrated by salt and ethanol precipitation. Nucleic
acids were resuspended in 10 mM Tris-HCl, pH 8.0.
16S rRNA genes were subsequently amplified by PCR
using different combinations of bacterial (B-), archaeal
(A-) and prokaryotic-specific primers: B-27F (AGAG
TTTGATCCTGGCTCAG), A-23FLP (GCGGATCCGC
GGCCGCTGCAGAYCTGGTYGATYCTGCC), Ar109F

(ACSGCTGCTCAGTAACACGT), A-ANMEF (GGCT
CAGTAACACGTGGA) and 1492R (GGTTACCTTGT-
TACGACTT). PCR reactions were performed under
the following conditions: 2 min denaturation at 94°C;
30 cycles of denaturation at 94°C for 15 s, annealing at
50 to 55°C for 30 s, extension at 72°C for 2 min; and
7 min extension at 72°C. Dimethyl sulphoxide was
added to a final concentration of 3 to 5% to the PCR
reaction mix. 16S rRNA gene clone libraries were con-
structed using the Topo TA Cloning system (Invitro-
gen) following the instructions provided by the manu-
facturer. Three 16S rRNA gene libraries were
constructed for the archaea (2 for 49S1 and 1 for 56S),
and another three for bacteria (2 for 49S1 and 1 for
56S). After plating, positive transformants were
screened by PCR amplification of inserts using M13R
and T7 flanking vector primers, and positive clones
were sequenced by Genome Express (Meylan) with
the PCR amplification primers used in each case. Par-
tial sequences (600 to 800 bp) of good quality were
retained for subsequent analyses: 71 and 90 bacterial
sequences, and 19 and 21 archaeal sequences from
49S1 and 56S, respectively, for a total of 201 sequences
(Table 2). From these, a total of 75 clones represen-
tative of the diversity found (representing groups
of sequences with >97% identity, see Appendix 1,
available as supplementary material at www.int-
res.com/articles/suppl/a047p123_app.pdf) were fully
sequenced in order to carry out detailed phylogenetic
analyses: 44 and 19 bacterial clones, and 4 and 8
archaeal ones, from 49S1 and 56S, respectively.

Biodiversity estimates. Rarefaction curves and dif-
ferent biodiversity indices were estimated from our
sequence data using the program DOTUR (Schloss &
Handelsman 2005). Prokaryotic high-quality partial
sequences were aligned using ClustalX (Thompson et
al. 1997) for 49S1 (15 m depth) and 56S (80 m depth)
independently, and the respective distance matrices
were generated in Phylip format after excluding gaps.
The resulting matrices were used as input for DOTUR
in order to generate rarefaction curves at 97%
sequence identity level, corresponding roughly to the
species level, lineage-through-time plots, and different
species richness indicators considering 97% (species)
and 95% (genus level) threshold values for the de-
finition of operational taxonomic units (OTUs; see
Table 2). The homologous and heterologous coverage
of the 2 sets of libraries (for 49S1 and 56S, respectively)
as a function of phylogenetic distance was compared
using the program LIBSHUFF (Singleton et al. 2001).

Phylogenetic analyses. Alignment and preliminary
distance phylogenetic analysis of the 205 partial 16S
rRNA gene sequences were done using ClustalX. This
allowed the identification of identical or nearly identi-
cal sequences and the selection of clones for complete
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sequencing. The 75 representative clones that were
completely sequenced, together with their closest ho-
mologues in GenBank (http://ncbi.nlm.nih.gov/) as de-
tected by BLAST (Altschul et al. 1997), were aligned
automatically with an alignment containing ~16 000
16S rRNA gene sequences using the program BABA
(H. Philippe pers. comm.). The multiple alignment was
then manually edited using the program ED from the
MUST package (Philippe 1993). Neighbour-joining
(NJ) trees were constructed for the different prokary-
otic taxa in order to choose representative subsets of
sequences for further phylogenetic analyses. Gaps and
ambiguously aligned positions were excluded from our
analyses using strict criteria, which resulted in align-
ments of variable length (positions). Four different sub-
sets of 16S rRNA gene sequences were selected to en-
sure good taxonomic coverage of different regions in
phylogenetic trees. These subsets were: Archaea (49
sequences, 848 positions), overall bacterial phylogeny
including candidate divisions (91 sequences, 1092
positions), Beta- + Gammaproteobac-
teria (94 sequences, 1238 positions),
and Alpha- + Deltaproteobacteria (49
sequences, 1187 positions). These data-
sets were analysed by maximum likeli-
hood (ML) using TREEFINDER (www.
treefinder.de) applying a general time
reversible (GTR) model of sequence
evolution, and taking among-site rate
variation into account by using a 6-cat-
egory discrete approximation of a Γ dis-
tribution (invariable sites are included
in one of the categories). ML bootstrap
proportions were inferred using 1000
replicates. Phylogenetic trees were
viewed using the program TREEVIEW
(Page 1996). The sequences reported in
this study were submitted to GenBank
under accession numbers DQ837222 to
DQ837296 (see also Figs. 3 to 5 and
Appendix 1).

RESULTS AND DISCUSSION

Physico-chemical characteristics of
sampling sites

A preliminary study of the physico-
chemical and biological characteristics
of various samples collected from a
variety of piezometers placed at 30 dif-
ferent sites and depths in Doñana
National Park had revealed the pres-
ence of 2 types of samples that shared,

respectively, very similar and homogeneous character-
istics (S. Velasco & A. I López-Archilla unpubl.). They
corresponded to 2 distinct sub-systems in the aquifer,
one lying below the sand dunes and characterised by
low-mineral waters, and the other richer in minerals,
below the salt marshes. We therefore selected 1 repre-
sentative sample of each, namely 49S1 and 56S, for
further analysis. 

We measured various physico-chemical parameters
and collected samples for biological analyses from the
2 selected piezometers. Piezometer 49S1 was placed at
15 m depth and approximately 2 km from the shore-
line, and 56S at approximately 80 m depth and 0.5 km
from shore. The physico-chemical characteristics of the
2 aquifer samples were quite different. The shallower
site, 49S1, was more acidic (pH 5.17) and with less
alkalinity (0.5 meq l–1), and contained lower inorganic
nutrient concentrations, including SRP, nitrite, nitrate,
ammonium and iron (Table 1). By contrast, 56S had
neutral pH (7.45) and higher alkalinity (6 meq l–1), as
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49S1 56S

Sampling depth (m) 15 74–80
T (°C) 19.2 ± 0.1 22.1 ± 0.1
Phreatic levela (m) 3.06 1.64
Dissolved oxygen (mg l–1) 1.13 ± 0.06 0.86 ± 0.00
pH 5.17 ± 0.14 7.45 ± 0.03
Electric conductivity (mS cm–1) 0.15 ± 0.02 21.01 ± 0.15
Total alkalinity (meq l–1) 0.523 ± 0.023 6.000 ± 0.000
[N-NH4] (mg l–1) 1.22 ± 0.09 7.78 ± 1.39
[N-NO2

–] (mg l–1) 0.004 ± 0.007 0.000 ± 0.000
[N-NO3

–] (mg l–1) 0.339 ± 0.071 0.431 ± 0.034
[Fe2+] (mg l–1) 0.051 ± 0.015 0.122 ± 0.083
[Fe3+] (mg l–1)) 0.379 ± 0.242 1.317 ± 0.724
Total [Fe] (mg l–1) 0.430 ± 0.255 1.439 ± 0.648
[P-SRP] (mg l–1) 0.002 ± 0.000 0.423 ± 0.041
[P-Pt] (mg l–1) 0.013 ± 0.001 0.521 ± 0.041
Total [P] (mg l–1) 0.039 ± 0.001 1.598 ± 0.125
Active biomassb (g C ml–1) ND 3.8 10–7 ± 1.1 10–7

Cell density (107 cell ml–1) 9.30 ± 8.74 9.34 ± 8.15
Cell volume (µm3) 0.78 ± 0.89 1.05 ± 1.04
Cell biomass (fgC) 89.97 ± 72.15 114.62 ± 76.00
C incorporation (10–8 g C h–1l–1) 2.8 ± 2.0 0.3 ± 0.2
Aminopeptidase activityc (nmol h–1ml–1) 0.004 ± 0.012 0.001 ± 0.002
Phosphatase activityc (nmol h–1ml–1) 0.616 ± 0.182 0.003 ± 0.006
Glucosidase activityc (nmol h–1ml–1) 0.738 ± 0.557 0.000 ± 0.000
Phenol-oxidase activityc (nmol h–1ml–1) 2.869 ± 1.650 5.348 ± 0.661
Sulphate reduction (BART) ++ +++
Nitrification (BART) – –
Denitrification (BART) ++ +++
Iron-metabolising (BART) ++ +++
aGroundwater table
bEstimated by the ATP method (see ‘Materials and methods’)
cnmol of transformed substrate h–1 ml–1

Table 1. Physico-chemical and biological parameters measured in the 15 m deep
(49S1) and 80 m deep (56S) samples collected from the coastal freshwater
aquifer in Doñana National Park, Spain. SRP: soluble reactive phosphorus; 

ND: not determined. ++, +++: increasing growth yield; –: no growth
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well as higher concentrations of inorganic nutrients
(Table 1). The presence of relative high levels of Fe3+ in
the samples is due to the occurrence of a deeper layer
of red sands rich in iron oxides (red formation) that is
washed by the up-welling water flux (Trick & Custodio
2004). The 2 sites were suboxic, although 56S was
closer to anoxia than 49S1 (oxygen concentration of
0.86 vs. 1.13 mg l–1, respectively). Notably, conductiv-
ity values were far higher in 56S (21 mS cm–1) than in
49S1 (0.15 mS cm–1), being intermediate between typ-
ical freshwater and seawater levels (41.5 mS cm–1).
This reveals the marine influence due to the greater
depth of the 56S piezometer and its closest location to
the seashore.

Biological parameters and enzymatic activities

Cell density was similar in both aquifer samples, al-
though the error bars for these measurements were im-
portant due to the small cell size and to the unspecific
DAPI staining of some tiny sediment particles sus-
pended in the sample. Despite similar cell densities,
both aquifer samples showed different biological activ-
ities, as shown by BARTs and enzymatic assays. It is im-
portant to note that these activities are tested in the lab-
oratory by incubation of aquifer samples and therefore
indicate only potential metabolic activities taking place
in situ. The biological heterotrophic activity in the
deepest sample was smaller, as the incorporation rate of
3H-leucine was more important in 49S1 than in 56S. By
contrast, 56S displayed greater sulphate reduction,
denitrification and iron-metabolising activities as re-
vealed by the BARTs (see ‘Materials and methods’ and
Table 1). The phenol-oxidase activity, which is related
to the degradation of recalcitrant organic matter frac-
tions (Sanderman & Amundson 2005), was also higher
in 56S. In contrast, 49S1 samples displayed higher
phosphatase, aminopeptidase and glucosidase activi-
ties (Table 1), which are involved in the degradation of
nucleic acids, polypeptides and linear carbohydrates
constituting the easiest accessible fractions of organic
matter that are first consumed (labile pool). A higher
phenol-oxidase activity in deeper aquifer layers would
be in agreement with the consumption of simpler or-
ganic matter in upper layers, while only the more com-
plex, aromatic-rich, organic compounds percolate to
greater depths. Although cell density was similar in
both aquifer samples, cells observed in 56S samples ap-
peared to be relatively larger and therefore constitute
more biomass compared to those from 49S1 (Table 1).
However, since the standard deviations for these values
were high, this observation would need further confir-
mation. The average cell size was 0.8 to 1 µm3 for both
aquifer samples, which is in the range of cell volumes

reported in the literature for other aquifer samples (0.03
to 1.14 µm3; e.g. Balkwill & Ghiorse 1985, Bernard et al.
2000, Griebler et al. 2002). This is not surprising, since
the size of microorganisms inhabiting groundwater is
usually small, including, notably, a large diversity of or-
ganisms that pass through 0.2 µm pore filters (Miyoshi
et al. 2005). In order to identify the microbial lineages
that might be responsible for the biological activities
measured in the 2 aquifer samples, we subsequently
carried out a molecular survey of the prokaryotic
components of the aquifer’s microbial communities.

Overall phylogenetic diversity and diversity
estimates

We purified nucleic acids from 49S1 and 56S samples
and then amplified and cloned 16S rRNA genes using
different combinations of archaeal- and bacterial-spe-
cific primers. The different 16S rRNA gene libraries
were screened and a total of 201 partial sequences
generated (71 and 90 bacterial sequences, and 19 and
21 archaeal sequences from 49S1 and 56S, respec-
tively). We compared them by BLAST to sequences
deposited in GenBank to assess the phylogenetic
diversity present in our samples (Fig. 1 and Appen-
dix 1). Subsequently, 75 representative clones were
completely sequenced in order to carry out detailed
phylogenetic analyses (see below). The bacterial
diversity was greater in 49S1 than in 56S libraries, with
members of up to 9 different bacterial phyla or candi-
date divisions and a few very divergent phylotypes of
uncertain affiliation (Fig. 1). Taxa identified in 49S1
included the Proteobacteria, with representatives of
the Alpha-, Beta-, Gamma- and Delta- subdivisions,
Planctomycetes, Acidobacteria, Nitrospirae and the
candidate divisions or phyla ‘Endomicrobia’, SPAM,
OP11, OP3 and a novel division-level group of bacte-
ria, some of whose members appear to be denitrifying
microorganisms forming syntrophic consortia with
anaerobic methane-oxidising archaea (Raghoebarsing
et al. 2006). ‘Endomicrobia’ is a candidate phylum cor-
responding to the candidate division Termite Group 1,
whose members have been retrieved mostly from ter-
mite guts (Stingl et al. 2005). By contrast, only mem-
bers of 2 bacterial phyla (Proteobacteria and Firmi-
cutes) were amplified from the 56S sample. In both
aquifer samples, the dominant group in libraries was
that of the Betaproteobacteria, which is frequently and
abundantly detected in groundwater (Miyoshi et al.
2005, Santoro et al. 2006), although the Gammapro-
teobacteria were also very abundant in the 56S library.
Despite the fact that the phylum-level bacterial diver-
sity appeared greater in the shallower 49S1, the
archaeal diversity appeared wider in 56S (see below).
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To gain insight into the degree of exploration of the
16S rRNA gene libraries constructed from the 2
aquifer samples, we made rarefaction curves and
estimated different diversity indices. We produced 2
independent alignments, corresponding to the com-
plete sets of partial sequences retrieved from 49S1
and 56S, respectively. We then generated the respec-
tive distance matrices to produce accurate estimates
of the level of phylotype redundancy (rarefaction
curves) and to calculate various diversity indices
based on the proportional number of species (see
‘Materials and methods’). As a practical criterion to
define prokaryotic species or, rather, an OTU, we
considered those sequences having more than 97%
identity as members of the same OTU (Schloss &
Handelsman 2005). Rarefaction curves for 49S1 and
56S did not reach saturation, although 56S was much
closer to it as the curve seemed to approach an
asymptote (Fig. 2A). In the lineage-through-time plots
(Schloss & Handelsman 2005), the 49S1 curve was
also above that of 56S, indicating that there were
consistently higher numbers of 49S1 than 56S OTUs
at different phylogenetic distances (Fig. 2B). The
greater diversity in 49S1 libraries was also reflected
by higher values in all diversity estimates done
(Table 2). Thus, the Shannon index, widely used to
compare OTU richness in different samples, was rela-

tively high in 49S1 at the species level,
being moderate in 56S. This trend was
also observed when considering the
genus-level approximation (95% se-
quence identity). However, it is difficult
to compare with other environmental
studies of aquifers, since diversity mea-
surements are not usually estimated.
We also represented the evolution of
the non-parametric species richness
estimators Chao1 and abundance-
based coverage estimators (ACE) as a
function of the number of sequencs
sampled (Fig. 2C). Both indices yielded
similar OTU estimations and, again,
estimates were higher for 49S1 than
for 56S. In addition, we constructed a
square distance matrix including the
sequences from the 2 libraries to deter-
mine whether they were significantly
different. The comparison of the homo-
logous (C49S1) versus the heterologous
(C49S1/56S) coverage (Singleton et al.
2001) showed that the 2 sets of libra-
ries were indeed significantly different
(ΔC49S1/56S = 0.002, p = 0.001).

Archaeal community composition

We detected members of both archaeal kingdoms,
Crenarchaeota and Euryarchaeota, in Doñana Natio-
nal Park. However, they appeared to be distinctly dis-
tributed, with members of the Crenarchaeota only
detected in the shallower 49S1 sample and members
of the Euryarchaeota exclusively in the deeper 56S
sample. From the 40 partial sequences analysed, we
completely sequenced 12 clones representative of the
archaeal diversity found. All crenarchaeotal phylo-
types belonged to the mesophilic Group I, which is
largely distributed in marine, freshwater and soil sam-
ples. Most of our phylotypes clustered with environ-
mental sequences retrieved from soil and from deep
aquifers or mines (Fig. 3 and Appendix 1) (Takai et al.
2001, Kimura et al. 2005), with the exception of
Doñana 49S-2A-3, whose closest neighbour was a
sequence retrieved from 770 m deep plankton in the
Pacific Hawaii Ocean Timeseries (HOT) station
(DeLong et al. 2006). The lifestyle of Group I Crenar-
chaeota was elusive for a long time, although, based
on the incorporation of labelled bicarbonate during in
situ incubation experiments, an autotrophic metabo-
lism has been postulated (Wuchter et al. 2003). The
discovery of amo-related genes in genome fragments
of soil Crenarchaeota led to the suspicion that they
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Fig. 1. Distribution in major phylogenetic groups of 16S rRNA bacterial genes
of the 15 m deep (49S1) and 80 m deep (56S) samples collected from the coastal
freshwater aquifer in Doñana National Park, Spain. Denitrifying-AOM-related
corresponds to the novel division-level group proposed by Raghoebarsing et
al. (2006) including the bacterial symbiont of a denitrifying AOM consortium.
AOM: anaerobic oxidation of methane. ‘Endomicrobia’ is a candidate phylum 

equivalent to the Candidate Division Termite Group 1
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could oxidise ammonia (Venter et al. 2004, Francis et
al. 2005, Schleper et al. 2005, Treusch et al. 2005) and,
recently, this was confirmed by the isolation of
Nitrosopumilus maritimus, an autotrophic ammonia-

oxidising crenarchaeote (Konneke et al.
2005). The fact that the rest of Group I
Crenarchaeota also display this type of
metabolism cannot be assured with cer-
tainty. Nevertheless, the fact that various
metagenomic crenarchaeote fragments
contain amo-related genes suggests that
this may be the case and that a large pro-
portion of these archaea do play a key
role in the nitrogen cycle (Nicol &
Schleper 2006).

Although the bacterial diversity in 56S
was relatively limited in terms of
detected phyla and the only archaea
found were Euryarchaeota, these were
highly diverse. 56S archaeal phylotypes
were scattered in the euryarchaeotal
tree, with phylotypes belonging to well-
defined groups such as the Methano-
microbiales and the Methanosarcinales,
but also to groups of environmental se-
quences (Fig. 3). In all cases, the closest
relatives of our phylotypes were se-
quences retrieved from environments
highly reduced or with strong redox
gradients, such as mud volcanoes, hydro-
thermal sediments, cold seeps or sul-
phide springs (Fig. 3. and Appendix 1).
Some of them were identified in hydro-
carbon- and chlorinated-solvent con-
taminated aquifers (Dojka et al. 1998).
The metabolic capacities of the Ther-
moplasmatales-related and other diver-
gent euryarchaeotal lineages cannot be
inferred at present. By contrast, the phy-
lotype Doñana 56S-3A-18, well nested
within the Methanomicrobiales, is most
likely a methanogen, since all cultivated
Methanomicrobiales are methanogens.
Similarly, we can reasonably infer the
metabolism of the phylotypes belonging
to the Methanosarcinales. Although
many Methanosarcinales are methano-
gens, members of various clusters form-
ing the large ANME2 group are methan-
otrophic, possibly by performing reverse
methanogenesis (Hallam et al. 2004), in
syntrophy with sulphate-reducing bacte-
ria (Boetius et al. 2000, Orphan et al.
2001a). Our phylotypes Doñana 56S-3A-
36 and Doñana 56S-3A-21, the most rep-

resented euryarchaeotal clone in our library (Ap-
pendix 1), were very closely related to other ANME2
members, strongly suggesting that they might be
anaerobic methanotrophs.
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General bacterial diversity

The bacterial diversity was greater in 16S rRNA
gene libraries from the shallowest Doñana aquifer
sample, 49S1. The 71 partial 49S1 sequences distrib-
uted in various phyla and candidate divisions, whereas
of the 90 partial 56S sequences, only 1 belonged to a
phylum different from the Proteobacteria, the Firmi-
cutes (Fig. 1). Clones representative of the Proteobac-
teria (see following section) and the rest of the detected
bacterial phyla or candidate divisions (Fig. 4) were
fully sequenced for detailed phylogenetic analyses.
Phylotypes belonging to phyla other than the Pro-
teobacteria and the Firmicutes were only identified in
49S1. Some clones affiliated to phyla with cultivated
representatives, namely Planctomycetes, Acidobacte-
ria and Nitrospirae, but most of them belonged to can-
didate divisions without cultivated members (Fig. 1).
The closest relative of Planctomycetes-related se-
quences from Doñana was the uncultured anaerobic
ammonium-oxidising bacterium Kuenenia stuttgar-
tiensis. As revealed from a recent metagenomic analy-
sis, K. stuttgartiensis appears highly versatile with
respect to energy metabolism (Strous et al. 2006). The
presence of related sequences in Doñana’s pristine
aquifer might indicate the occurrence of anammox
bacteria, which are key players in nitrogen cycling, in
suboxic subsurface environments. We also detected a
phylotype (49S1-2B-27) closely related to a sequence
from a deep igneous aquifer that belonged to the
Nitrospirae, a phylum including the nitrite-oxidising
genus Nitrospira (Fig. 4). Although the Nitrospirae
include metabolically diverse bacteria, nitrite oxida-
tion is widespread in this group, and Doñana 49S1-2B-
27 appears indeed related to environmental lineages
of nitrite-oxidising Nitrospirae (Daims et al. 2001),
although this metabolic activity cannot be directly
inferred. The other bacterial phylum with cultivated

species having representatives in Doñana’s aquifer
was that of the Acidobacteria. The Acidobacteria is a
diverse taxon that, so far, has been predominantly
detected in soils (Quaiser et al. 2003). In fact, the 2
different phylotypes identified in the sample 49S1
were most closely related to soil and rhizosphere
clones (Fig. 4 and Appendix1).

In addition to phylotypes ascribed to known phyla,
several Doñana sequences clustered with candidate
bacterial divisions, and a few divergent ones did not
affiliate with any described taxa. This was the case of
phylotypes Doñana 49S1-2B-10, closely related to a
rhizosphere environmental sequence and potentially
related to the Chloroflexi, and Doñana 49S1-1B-52,
forming a cluster with sequences from deep-sea sedi-
ment and crustal fluid (Fig. 4). The fact that these se-
quences clustered with other environmental se-
quences suggests that they do correspond to actual
groups of organisms that await description. Some phy-
lotypes were ascribed to the Candidate Division OP3,
originally identified in a Yellowstone hot spring
(Hugenholtz et al. 1998), and SPAM, which was identi-
fied in alpine soil (Lipson & Schmidt 2004). The se-
quence Doñana 49S1-2B-60 nested within the Candi-
date Division Termite Group 1, also known as
candidate phylum ‘Endomicrobia’, which are typical
endosymbionts of strict anaerobic flagellate protists
living in termite guts (Stingl et al. 2005). Endosymbi-
otic ‘Endomicrobia’ are thought to ferment and deliver
hydrogen to the hydrogenosomes of anaerobic flagel-
lates. Nevertheless, ‘Endomicrobia’ phylotypes are not
exclusive to termite guts, since several environmental
sequences retrieved from suboxic or anoxic environ-
ments belong to this group as well (Fig. 4). In fact,
the closest relative to Doñana 49S1-2B-60 is a se-
quence from an Australian aquifer (Kimura et al. 2005).

OP11 and a novel division-level group identified
recently in symbiotic consortia (Raghoebarsing et al.

2006) were the 2 candidate divisions
relatively more abundant in Doñana
49S1 libraries. Phylotypes belonging to
the OP11 were broadly distributed
within this group (Fig. 4). Candidate
Division OP11 was initially identified in
a Yellowstone hot spring (Obsidian
Pool) together with other OP lineages
(Hugenholtz et al. 1998). Later, envi-
ronmental sequences belonging to this
large and highly diverse cluster were
found in many different environments
that had common properties of being
anoxic, reduced and with a high con-
centration of sulphur species (Harris et
al. 2004). In particular, OP11 appears to
be abundant and diverse in deep
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49S1 (15 m depth) 56S (74–80 m depth)

Total no. of 94 111
sequences

No. of unique 78 76
sequences

Diversity indices 97% identity 95% identity 97% identity 95% identity
± CI (5%) ± CI (5%) ± CI (5%) ± CI (5%)

Simpson 0.06 0.07 0.13 0.14
Shannon 3.13 ± 0.23 2.99 ± 0.22 2.29 ± 0.20 2.23 ± 0.23
ACE 64 ± 29 64 ± 27 47 ±32 50 ± 43
Chao1 56 ± 25 49 ± 26 29 ± 18 30 ± 23

Table 2. Prokaryotic species richness estimates at different levels of operational
taxonomic unit sequence identity in 49S1 and 56S samples from the coastal

aquifer of Doñana National Park. CI: confidence interval
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groundwater, being likely indigenous to subsurface
biotopes (Dojka et al. 1998, Miyoshi et al. 2005).
Although their metabolism is not yet known, given the
type of environments where members of this group are
found, it might be related to redox reactions involving
sulphur compounds (Harris et al. 2004). Finally, a rela-
tively high proportion of Doñana bacterial phylotypes
was very closely related to the groundwater environ-
mental sequence 12-48 and to the clone D-BACT
(Fig. 4 andAppendix 1). The latter corresponds to the
bacterial symbiont of an archaeal–bacterial consor-
tium mediating the anaerobic oxidation of methane
(AOM) coupled to nitrate reduction (Raghoebarsing et
al. 2006). Until very recently, only AOM consortia cou-
pling methane oxidation to sulphate reduction had
been described (Boetius et al. 2000, Orphan et al.
2001a). These involve syntrophy between ANME1-
and ANME2-related Euryarchaeota and sulphate-
reducing Deltaproteobacteria. However, Raghoebars-
ing et al. (2006) succeeded in enriching AOM consortia
from anoxic sediments in which putative methan-
otrophic archaea establish a syntrophic relationship
with divergent denitrifying bacteria that form a novel
division-level group. Since our Doñana sequences are
very closely related to these bacteria, it could be
hypothesised that they are denitrifiers that, perhaps,
intervene in the AOM reactions. However, the latter
point remains speculative, since we failed to amplify
euryarchaeotal sequences from the 49S1 sample and,
although the archaeal lineages detected by Raghoe-
barsing et al. (2006) in their AOM consortia do not
affiliate with classical ANME groups, they are related
to Euryarchaeota from contaminated soils and ferro-
manganese nodules in freshwater sediments (Raghoe-
barsing et al. 2006). We cannot exclude that Eur-
yarchaeota are indeed present in this part of the
aquifer, since, given the phylogenetic divergence
within archaea, there are no truly archaeal-specific
primers able to retrieve all archaeal lineages. Never-
theless, it might also be possible that these novel divi-
sion bacteria are denitrifiers that can or cannot estab-
lish symbiotic consortia to carry out AOM.

Proteobacteria

As mentioned before, both the 49S1 and 56S libraries
were dominated by phylotypes ascribed to the Beta-
proteobacteria and, to a lesser extent, the Gamma-
proteobacteria (Fig. 1). Phylotypes belonging to other
proteobacterial subdivisions were much less abundant.
Thus, deltaproteobacterial phylotypes were found only
in the 49S1 sample. They formed a compact, but quite
diverse, group related to sulphate-reducing species of
the order Desulfovibrionales and 1 phylotype from

Yellowstone’s Obsidian Pool (Fig. 5A). We indeed
detected sulphate-reduction activity in the 49S1
aquifer using the BART system (see ‘Materials and
methods’), indicating that sulphate reduction is at least
a potential activity in situ. Nevertheless, this method
reported a higher sulphate-reducing activity in the 56S
samples, despite the fact that we did not retrieve any
Deltaproteobacteria or other typical sulphate-reducers
in the corresponding 16S rRNA gene library. This
suggested that sulphate reduction in the 56S aquifer
sample was carried out by deltaproteobacterial species
that were not recognised by our primers or by or-
ganisms not belonging to this phylogenetic group. At
any rate, activities measured in the BARTs only
indicate that those activities may occur in situ, as the
experimental conditions are different in the laboratory
test tubes. 

The other proteobacterial subdivision found, Alpha-
proteobacteria, was mostly retrieved in 49S1. The only
alphaproteobacterial phylotype found 56S was very
closely related to a methyl-halide oxidising bacterium
belonging to the Rhodobacteraceae, which are com-
mon aquifer inhabitants (Ball & Crawford 2006; our
Fig. 5A). Methyl halides are often associated with
human pollution, but they can also be present in pris-
tine environments, as they are naturally produced, e.g.
by certain fungi, plants and marsh communities and
during biomass decay (Rhew et al. 2003). Some 49S1
alphaproteobacterial phylotypes were closely related
to clean- or contaminated-soil isolates, others to
aquatic systems, including upland streams and waste-
water-treatment reactors. Doñana 49S1-2B-2 had no
close relatives, being only distantly related to
Rhodobacter spp. Rhodobacter-related phylotypes
have been identified in artesian pristine waters (Ball &
Crawford 2006). By contrast, 49S1-1B-36 was almost
identical to several Methylocystis spp., including M.
parvus. These species are aerobic methane-oxidisers,
but they can also oxidise a wide range of aliphatic and
aromatic compounds (Hanson & Hanson 1996).
Methanotrophic bacteria can also function at very low
oxygen concentrations (Roslev & King 1994), similar
to those encountered in Doñana’s aquifer samples.
As other gammaproteobacterial methanotroph-like se-
quences have also been found (see below), it could be
hypothesised that aerobic methane oxidation might
exist in this aquifer under microaerophilic conditions.

Our phylotypes were widely distributed in the
betaproteobacterial tree, although there was little
overlap between the subgroups found in the 2 aquifers
(Fig. 5B). A number of 56S phylotypes (Doñana 56S-
1B-48, 56S-1B-81, 56S-1B-20 and 56S-1B-30) emerged
within well-supported groups with other clones
retrieved in sulphide-rich environments (caves and
mines). These lineages are distantly related to the
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Fig. 5. Maximum likelihood phylogenetic trees showing the
position of Proteobacteria phylotypes retrieved from a coastal
freshwater aquifer in Doñana National Park. (A) Deltapro-
teobacteria and Alphaproteobacteria; (B) Beta- and Gamma-
proteobacteria. Italic names correspond to cultivated species
or strains, the rest correspond to 16S rRNA environmental
clones. Names in bold correspond to clones obtained in this
study. Accession numbers are given in brackets only for envi-
ronmental clones or non-described species. Only bootstrap 
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sulphur-oxidising genus Thiobacter, within the order
Hydrogenophilales. That was also the case for Doñana
56S-1B-90, which was almost identical to the
chemolithoheterotroph Limnobacter thiooxidans. Most
of the 49S1 phylotypes branched within groups con-
taining mostly heterotrophic species, such as those
related to the genera Burkholderia and Rhodocyclus or
to the Comamonas-Variovorax clade. Betaproteobac-
teria belonging to these groups have been frequently
detected in 16S rRNA surveys of aquifers (Pedersen et
al. 1996, Ball & Crawford 2006). The phylotype Doñana
49S1-1B-49 was related to Nitrosospira, a genus of
ammonium-oxidising bacteria that appears very abun-
dant in anoxic marine sediments (Freitag & Prosser
2003) and dominates in nitrifying bed reactors
(Schramm et al. 1998). Notably, a large proportion of
the clones in the 56S library (26 clones nearly identical
to Doñana 56S-1B-1 in Fig. 5B) were related to the
betaproteobacterial genus Methylophilus, together
with 1 phylotype slightly more distantly related.
Methylophilus spp. metabolise a variety of C1 com-
pounds other than methane (e.g. methanol, methyl-
amines), which are present in lake sediments (Ner-
cessian et al. 2005).

We observed similar trends for the gammapro-
teobacterial phylotypes, since Doñana sequences were
also broadly scattered within this group and since
clones from the 2 depth samples were not generally
mixed. The only exception was that of gammapro-
teobacterial methanotrophs, including members of the
genera Methylomonas and Methylobacter (Fig. 5B).
Both 49S1 and 56S sequences were found to affiliate
with this cluster, suggesting that aerobic methano-
trophy might occur at both aquifer depths. In addition
to methanotrophic-like sequences, most of the remain-
ing gammaproteobacterial phylotypes were closely
related to typically heterotrophic genera such as
Frateuria, Pseudomonas, Thalassolituus, Acinetobac-
ter, and Colwellia. Doñana 56S-1B-19 was closely
related to Thioalkalispira microaerophila, a versatile
lithoautotrophic oxidiser of sulphur species (Sorokin
et al. 2002).

As mentioned above, betaproteobacterial phylotypes
were by far the most diverse and abundant in 49S1
libraries. They were also very diverse and abundant in
56S libraries but, in this case, they were nearly
equalled by the Gammaproteobacteria (Figs. 1 & 5).
Betaproteobacteria are abundant in freshwater,
including groundwater (e.g. Lindstrom et al. 2005,
Miyoshi et al. 2005, Van der Gucht et al. 2005), and
therefore it is not surprising to find them associated
with the Doñana aquifer. Gammaproteobacteria are
also widespread in many environments, but are partic-
ularly diverse and abundant in seawater (Venter et al.
2004, DeLong et al. 2006). This, together with the fact

that the 56S sample has a conductivity value interme-
diate between those of fresh and seawater, suggests
that this particular region of the aquifer receives some
input of marine water and its associated microbiota.
Indeed, some of the 56S gammaproteobacterial phylo-
types are closely related to typical marine bacteria,
such as Thalassolituus and Colwellia spp. (Fig. 5).

In summary, the Doñana aquifer phylotypes belong-
ing to the highly versatile Proteobacteria tended to
group with heterotrophic lineages, sulphate-reducers
(exclusively in the shallower aquifer sample 49S1) and
other S-metabolisers (Limnobacter, Thioalkalispira),
ammonium-oxidising bacteria (Nitrosospira-like)
and, most of all, with C1-metabolising microorgan-
isms, including typical methanotrophs of the alpha-
(Methylocystis) and gammaproteobacterial (Methylo-
bacter, Methylomonas) subdivisions as well as with
methylotrophic species of the Betaproteobacteria
(Methylophilus). This suggests that aerobic methane
oxidation, under microaerophilic conditions, might be
an important process in the 2 aquifer sub-systems.

Concluding remarks

Most environmental sequences retrieved from
Doñana’s aquifer were related to phylotypes identified
in contaminated aquifers and other underground habi-
tats. Since Doñana’s aquifer is a pristine environment,
this suggests that a portion of the sequences found in
contaminated aquifers actually correspond to the
indigenous microbiota associated with subsurface sys-
tems. In fact, contaminated aquifers are often polluted
with hydrocarbon and chlorinated compounds, but
these can also be naturally produced during the
decomposition and detrital processing of organic mat-
ter (Sanderman & Amundson 2005). We detected
higher phenol oxidase activities in the deeper Doñana
sample. Conversely, greater enzymatic activities
related to the degradation of the labile pool of organic
matter (nucleic acids, proteins and polysaccharides)
were observed in the shallower sample. This would
agree with the sequential degradation of organic mat-
ter as a function of depth, with easily degradable
organic pools preferentially degraded in upper layers
and complex organic matter fractions reaching deeper
aquifer regions (Sanderman & Amundson 2005).

Several of the Doñana’s aquifer phylotypes were
closely related to cultivated species of known meta-
bolism, which, together with the biological activities
assayed in the laboratory, allows the potential occur-
rence of some metabolic processes in this ecosystem to
be hypothesised. Many phylotypes were related to typ-
ical heterotrophic bacteria, mostly within the Proteo-
bacteria, in agreement with various hydrolytic enzy-
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matic activities measured in the laboratory (Table 1).
Iron redox activities were measured in Doñana’s
aquifer samples (Table 1). Sulphate reduction was also
detected in both aquifer samples in the laboratory
(Table 1), although the precise identity of potential sul-
phate-reducers could not be established in the deeper
sample. Sulphur-oxidising bacteria could be repre-
sented in our samples by a betaproteobacterial cluster
within the Hydrogenophilales, Limnobacter- and
Thioalkalispira-like phylotypes and, perhaps, the
OP11 division (Harris et al. 2004). Nitrogen and
methane cycles could also be active in Doñana’s
aquifer. Many phylotypes were related to species
involved in nitrogen cycling. They correspond to lin-
eages that might be responsible for the aerobic oxida-
tion of ammonia to nitrite, such as those related to the
classical nitrifier genus Nitrosospira within the
Betaproteobacteria (Schramm et al. 1998) and, likely,
the crenarchaeotal Group I phylotypes (Francis et al.
2005, Konneke et al. 2005, Nicol & Schleper 2006).
Members of the methanotrophic Proteobacteria, well
represented in Doñana’s aquifer, can also oxidise
ammonia using methane monooxygenase (Hanson &
Hanson 1996). Phylotypes related to nitrite-oxidising
lineages within the phylum Nitrospirae are also pre-
sent. In addition, the presence of Doñana sequences
related to the versatile anammox planctomycete Kue-
nenia stuttgartensis suggests a potential for the anaer-
obic oxidation of ammonium to N2 using nitrite (Strous
et al. 1999). 

In the opposite direction, denitrification was mea-
sured in Doñana samples (Table 1). This activity
appears to be important in coastal aquifers where the
presence of archaeal amo genes has been reported
(Francis et al. 2005, Santoro et al. 2006). Potential
nitrate-respiring candidates in Doñana might corre-
spond to phylotypes related to the denitrifiers Thioal-
kalispira, Burkholderia, Limnobacter, the Comamonas
group, or the novel denitrifying AOM-related division
(Raghoebarsing et al. 2006). Finally, lineages involved
in methane metabolism also occurred in Doñana’s
aquifer, particularly in the deepest sample. These
included typical methanogenic archaea (Methanomi-
crobiales) and a variety of lineages related to aerobic
methane oxidisers (Methylocystis, Methylobacter,
Methylomonas) and anaerobic methane oxidisers
(Methanosarcinales ANME2 group). This might indi-
cate that aerobic and anaerobic methane oxidation
could co-occur in certain regions of the aquifer. To
date, anaerobic methane oxidation by ANME-related
archaea has been reported nearly exclusively in
marine sediments (Orphan et al. 2001b, Knittel et al.
2005), although a recent study showed that ANME-
related anaerobic methanotrophs coexist with bacter-
ial aerobic methanotrophs in a freshwater lake (Eller et

al. 2005). The co-occurrence of both methane oxidation
processes might be more widespread in nature than
previously thought, as this is also the case for sub-
surface ecosystems.
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