
AQUATIC MICROBIAL ECOLOGY
Aquat Microb Ecol

Vol. 56: 13–23, 2009
doi: 10.3354/ame01313

Published online July 9, 2009

INTRODUCTION

Nitrification — the microbial oxidation of ammonia to
nitrite and nitrate — occurs in a wide variety of envi-
ronments and plays a central role in the global nitro-
gen cycle. Until recently, chemolithoautrophic ammo-
nia-oxidizing bacteria of the classes Betaproteo-
bacteria and Gammaproteobacteria were considered
to be the only groups of microorganisms that are able
to obtain energy via conversion of NH4

+ to NO2
–. How-

ever, the recent cultivation of an ammonia-oxidizing
crenarchaeote (Könneke et al. 2005) has expanded our
knowledge of the microbial communities involved in
ammonia-oxidation, and thus in the global nitrogen
cycle. This study was followed by other pioneering
investigations that indicated the widespread distribu-

tion of ammonia-oxidizing archaea (AOA) in the ocean
water column and in sediments (Francis et al. 2005), in
estuarine sediments (Beman & Francis 2006, Dang et
al. 2008), in natural and managed soils (Leininger et al.
2006) and in wastewater treatment plant bioreactors
(Park et al. 2006). Presently, studies focusing on the
quantification of the abundance of bacterial vs.
archaeal amoA genes, and on their relative contribu-
tions to nitrification (Hallam et al. 2006a, Leininger et
al. 2006, Wuchter et al. 2006, Caffrey et al. 2007,
Mosier & Francis 2008, Nicol et al. 2008, Santoro et al.
2008) are also emerging. Almost all quantitative stud-
ies indicate that amoA genes of AOA are more abun-
dant than those of ammonia-oxidizing bacteria (Beta-
proteobacteria AOB) (Hallam et al. 2006a, Leininger et
al. 2006, Wuchter et al. 2006, Agogué et al. 2008, Nicol
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et al. 2008), except for a few studies that found numer-
ical dominance of Betaproteobacteria AOB in different
coastal and estuarine sediment sites (Caffrey et al.
2007, Mosier & Francis 2008, Santoro et al. 2008).
Salinity, oxygen, sulphide, temperature and pH have
been previously identified as important variables con-
trolling the relative abundances of Betaproteobacteria
AOB and AOA in estuarine and coastal sediments
(Caffrey et al. 2007, Mosier & Francis 2008, Nicol et al.
2008, Santoro et al. 2008). However, the environmental
variables that drive the variability in Betaproteobacte-
ria AOB and AOA over seasonal time scales are still
poorly understood. In the present study, we estimated
both Betaproteobacteria AOB and AOA amoA gene
abundances over a 12 mo period in sandy intertidal
sediments of the Douro River estuary, as well as impor-
tant environmental variables and nitrification rates.
Relationships between the abundances of these 2
groups of ammonia-oxidizers and nitrification rates
were established to provide insights on their relative
contributions to nitrification.

MATERIALS AND METHODS

Site description and sample collection. The study
was conducted in an intertidal sandy flat, which is
the dominant intertidal environment within the lower
Douro River estuary (Vieira & Bordalo 2000). These
sediments are mainly composed of highly permeable
coarse sand and gravel (>0.5 mm), with high positive
redox potential values being measured within the
0.5 cm depth (Eh = 144.9 ± 20.1 mV). Although no
data on oxygen levels in the layers beneath the sur-
face are available, the sediment was colored slightly
green on top, yellow from below the surface to
approximately 6–8 cm depth and occasionally gray
below 6 cm, indicating that the sediments were oxy-
genated. These sediments were also characterized by
a high mean chl a content and low values of total
organic matter (see Table 2). This site has been phys-
ically, chemically and biologically characterized in
previous studies (e.g. Mucha et al. 2003, Magalhães
et al. 2005a,b). Monthly surveys were conducted
between February 2002 and January 2003, during
which 2 cores (3 cm diameter and 8 cm long) were
collected at a single location. Cores were homoge-
nized, stored in sterile plastic bags and transported to
the laboratory in the dark in refrigerated ice chests.
Subsamples of the homogenized sediment were
immediately processed for the analysis of total
organic matter, chl a content and nitrification rates,
and further subsamples were frozen and stored at
–70°C until DNA extraction. Nitrification rates were
measured in triplicate aerobic slurries by using the

difluoromethane (DFM) inhibition technique (Miller
et al. 1998), using subsamples of homogenized sedi-
ment retrieved from the same location. Nitrification
rates were calculated by the difference between
NH4

+ accumulation in treatments with and without
DFM (Magalhães et al. 2005a).

Total cell counts. For total counts of microbial cells,
1 g of homogenized sediment sample was added to a
mixture of 2.5 ml saline solution (0.2 µm-filtered, 9 g l–1

NaCl) and 200 µl Tween 80 (0.2 µm-filtered, 12.5%
v/v), and fixed with 1 ml of formaldehyde (0.2 µm-
filtered, 4% v/v). The slurries were stirred at 150 rpm
for 15 min, and sonicated for 20 to 30 s at low intensity
(0.5 cycle, 20% amplitude). Subsamples of the slurries
were then stained with DAPI and incubated in the dark
for 12 min (Porter & Feig 1980). Samples were filtered
onto black Nucleopore polycarbonate filters (What-
man, 0.2 µm pore size, 25 mm diameter) under gentle
vacuum and washed with autoclaved 0.2 µm-filtered
distilled water. Membranes were set up on glass slides
and cells counted at 1875× on an epifluorescence
microscope (Laphot, Nikon).

Quantitative real-time PCR and cloning. Total com-
munity DNA was extracted from 1 g wet wt of sedi-
ment using an ultra powersoil DNA isolation kit
(MoBio Laboratories). Reproducibility of the amount of
DNA extracted was tested in triplicate sandy sediment
samples (CV = 14%). The efficiency of DNA extraction
from sandy sediment samples was tested according to
Okano et al. (2004) by adding a known number of Sili-
cibacter pomeroyi cells to the sediment. The number of
S. pomeroyi cells in liquid medium was determined
with an epifluorescence microscope after DAPI stain-
ing, and nosZ gene copy numbers were calculated
considering that S. pomeroyi has 1 nosZ copy cell–1

(Moran et al. 2004). A total of 4.0 × 106 S. pomeroyi
cells were added to 1 cm3 of sandy sediment and DNA
was extracted in triplicate as described above. The cal-
culated nosZ copy numbers, based on DAPI counts,
were on average 8.0 × 106 ± 3.2 × 105 cells cm–3 of sed-
iment. The difference in nosZ copy numbers between
samples with and without target DNA addition as mea-
sured by real-time PCR was 2.2 × 106 ± 3.0 × 105 cells
cm–3 of sediment. Therefore, the extraction efficiency
of the powersoil DNA isolation kit was 27.5 ± 2.2%,
which is in agreement with DNA recovery efficiencies
calculated in other studies (Mumy & Findlay 2004,
Okano et al. 2004). Quantitative PCR was conducted in
a real-time PCR system (MiniOpticon CFB-3120, Bio-
Rad) to determine bacterial and archaeal 16S rRNA
and amoA gene copy numbers using previously
described primer sets (Table 1). PCR reactions were
run in duplicate with 4 ng of template DNA in 25 µl
reaction volume containing: 12.5 µl of SYBR green
supermix (BioRad), 2 µl of each primer (10 µM), 1 to
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3 µl of template and 5.5 to 7.5 µl of nuclease-free water
(Promega). All reactions were performed in white
0.2 ml strips with ultraclear optical flat caps (BioRad).
For all primer sets, the thermal cycle was programmed
to 5 min of precycling at 94°C, 8 cycles of 94°C denat-
uration for 30 s, 65°C annealing for 30 s, and 72°C
extension for 30 s followed by 27 cycles where anneal-
ing temperature was changed to 57°C. Duplicate PCR
reaction mixtures with all reagents except template
DNA served as the negative control. Standards con-
sisted of cloned DNA fragments (from sandy sediment
samples from the Douro River estuary) that contain the
target region of each primer set. The PCR product
obtained was gel purified with the QIAquick gel
extraction kit (Qiagen) and the amplicons cloned using
the TOPO TA cloning kit (Invitrogen) according to the
manufacturer’s instructions, except for slight modifica-
tions (vector DNA and salt solution was decreased to
0.5 µl and chemically competent cells decreased to
23 µl). Plasmids were isolated using the GeneElute
plasmid miniprep kit (Sigma) and DNA concentrations
of purified plasmids determined fluorometrically with
PicoGreen ds DNA quantitation kit (Molecular Probes,
Invitrogen). Standard curves were generated in dupli-
cate for each primer set and amplification of standards
was linear over 6 orders of magnitude, using different
concentrations of plasmid DNA (from 0.2 to 0.2 × 10–6

ng DNA); PCR reactions with standards and environ-
mental samples were run together in the same PCR
block. The R2 values between plasmid DNA copy num-
bers and the calculated threshold cycle value across
the specified concentration ranged from 0.98 to 1.00
and amplification efficiency ranged between 95 and
101% for all standard curves generated. Target copy
numbers for each reaction were calculated from the
standard curves, assuming that the average molecular
mass of a double-stranded DNA molecule is 618 g
mol–1, and data are presented as number of gene
copies cm–3 of sediment, based on the DNA extraction
efficiency calculated above. Assuming that each Beta-
proteobacteria AOB carries 2 or 3 nearly identical
copies of the amoA gene (Norton et al. 1996, 2002,

Bruns et al. 1998) and AOA carries 1 amoA gene copy
cell–1 (Hallam et al. 2006a, Agogué et al. 2008), Beta-
proteobacteria AOB amoA copy numbers were divided
by 2.5 to convert values into numbers of cells. Melting
curves and agarose gels of the qPCR products were
run following each qPCR assay to confirm that the flu-
orescence signal originated from the specific PCR
products (see an example in Fig. 1). Also, to confirm
specificity of the qPCR assays, qPCR products from 2
environmental samples (July and October) generated
by all primer sets were cloned as described above; 4
colonies were randomly selected from the library of
each primer set, except for the AOA primer set, where
a total of 50 colonies were randomly selected for the
phylogenetic analysis of amoA amplicons. Insert size
was verified by digestion with EcoRI and 41 clones
with the correct insert size were sequenced.

Phylogenetic analyses. All sequences were compared
with reference sequences from GenBank using the basic
local alignment search tool (BLAST; Altschul et al. 1990),
and demonstrated specificity of the amplicons generated
by qPCR with all primer sets. Phylogenetic analysis
included the previously reported 745 sequences from
soils (Francis et al. 2005, Leininger et al. 2006, He et al.
2007), marine water columns (Beman & Francis 2006,
Mincer et al. 2007), sediments (Francis et al. 2005),
wastewater treatment plant bioreactors (Park et al.
2006), and amoA genes from Nitrosopumilus maritimus
(Coolen et al. 2007) and Cenarchaeum symbiosum
(Hallam et al. 2006b). In addition, a total of 168 se-
quences from unpublished studies that were available in
the database were included in our analysis. Sequences
were aligned with Clustal W (Thompson et al. 1994) as
implemented in Bioedit version 7.0.5 (Hall 1999) and
phylogenetic trees were inferred using the MEGA
software package version 3.1 (Kumar et al. 2001), em-
ploying maximum parsimony and neighbour-joining
methods for comparison. Bootstrap analysis was used to
estimate the reliability of phylogenetic reconstructions
(1000 replicates). Clone sequences from the present
study were deposited in GenBank under accession
numbers EU099927 to EU099966.
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Target group Primers Sequence (5’– 3’) Source

Bacteria 341F CCT ACG GGA GGC AGC AG Muyzer et al. (1993)
534R ATT ACC GCG GCT GCT GG

Archaea ARCH1-1369F CGG TGA ATA CGT CCC TGC Suzuki et al. (2000)
PROK1541R AAG GAG GTG ATC CRG CCG CA

Betaproteobacteria amoA-1F GGG GTT TCT ACT GGT GGT Rotthauwe et al. (1997)
AOB amoA amoA-2R’ CCT CKG SAA AGC CTT CTT C Okano et al. (2004)

Archaea amoA Arch-amoAF STA ATG GTC TGG CTT AGA CG Francis et al. (2005)
Arch- amoAR GCG GCC ATC CAT CTG TAT GT

Table 1. Oligonucleotide probes used in this study
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RESULTS AND DISCUSSION

Microbial community structure

In the sandy sediments of the Douro River estuary,
bacteria greatly dominated over archaea, since
archaeal 16S rRNA gene copy numbers represented
just between 0.9 and 11.8% of the total bacterial 16S
rRNA gene copy numbers (Fig. 2). Bacterial plus
archaeal 16S rRNA gene copy number quantification
by real-time PCR based on 16S rRNA gene copy num-
bers agreed well with total counts of DAPI stained
cells. A significant positive correlation was observed
between bacterial plus archaeal 16S rRNA gene copy
numbers and DAPI cell counts (r = 0.63, p = 0.03, n =
12), with the ratio between these variables being 1.5 ±
1 (Fig. 3). Although archaea have been detected at up
to 30% of total rRNA in marine picoplankton (DeLong
et al. 1994), and represented (on average) 16% of the
total DAPI stained cell counts in the water column of
the Douro estuary (Abreu 2005), the domain Archaea
represents a minor component (between 1 and 12%) of
the microbial community in many other habitats

(DeLong 1992, Massana et al. 1997,
Sahm & Berninger 1998, Sievert et al.
2000), with particularly low numbers
obtained in sandy tidal flats (<1% of
DAPI stained cell counts; Ishii et al.
2004). Total cell counts obtained in the
present study are also in agreement with
DAPI stained cell counts detected in
sandy sediments elsewhere (Llobet-
Brossa et al. 1998, 2002). The lower
abundance of bacteria in sandy sedi-
ments compared with fine sediments was
already demonstrated in previous stud-
ies, and is attributed to the smaller spe-
cific surface area of these types of sedi-
ments (Llobet-Brossa et al. 1998, Rusch
et al. 2003, Musat et al. 2006).

Betaproteobacteria AOB amoA copy
numbers ranged from 0.8 × 106 to 7.5 ×
106 gene copies cm–3 of sediment corre-
sponding to 0.1 to 8.4% of the total bacte-
rial 16S rRNA gene copies (Fig. 2). Ar-
chaeal amoA copy numbers varied
between 0.9 × 105 to 8.6 × 105 cm–3 of sed-
iment. Compared to total archaeal 16S
rRNA copy numbers, AOA amoA repre-
sented between 0.8 to 25.9% of the total
archaeal community. Our results showed
numerical dominance of bacterial over
archaeal ammonia-oxidizers, with Beta-
proteobacteria AOB/AOA ratios ranging
from 1 to over 39 (Fig. 4). The ratio

equaled 1 only in April when amoA gene copy numbers
were similar in both populations (Figs. 2 & 4). The per-
centages of Betaproteobacteria AOB to the total bacter-
ial fraction are in agreement with the percentages pre-
viously reported in coastal marine sediments and
wastewater treatment plants (0.01 to 5.7%; Urakawa et
al. 2006a, b). Moreover, Betaproteobacteria AOB amoA
copy numbers of the Douro River intertidal sandy sedi-
ments fell within the range of Betaproteobacteria AOB
abundances reported in earlier studies performed in
different sediment and soil ecosystems (Mendum et al.
1999, Hermansson & Lindgren 2001, Leininger et al.
2006, Bernhard et al. 2007, He et al. 2007). AOA amoA
copy numbers were found to be less abundant than in
other soil systems, (Leininger et al. 2006), but are in the
range of values reported for coastal permeable sedi-
ments (Santoro et al. 2008) and estuarine sediments
(Mosier & Francis 2008). Interestingly, these qPCR data
disagree with recent reports for different ocean water
masses (Hallam et al. 2006a, Wuchter et al. 2006, Min-
cer et al. 2007) or in distinct soil types (Leininger et al.
2006, Nicol et al. 2008), where Betaproteobacteria AOB
amoA gene counts were found to be several orders of
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Fig. 1. Examples of clone (black lines) and respective environmental sample
(grey lines; June) melting curve analysis of online PCR signals, and agarose gel
(2%) of amplification products for the 4 primer sets used to target the different
groups of prokaryotes: (a) bacteria, (b) archaea, (c) ammonia-oxidizing bacteria

(Betaproteobacteria AOB), and (d) ammonia-oxidizing archaea (AOA)



Magalhães et al.: Ammonia-oxidizing bacteria vs. archaea in sandy sediments

magnitude lower than AOA amoA gene counts. How-
ever, in agreement with our results, a few recent stud-
ies have demonstrated that AOA are not always the
most abundant ammonia-oxidizing microorganisms in
the environment, by reporting that Betaproteobacteria
AOB amoA may be several times more abundant than
crenarchaeal amoA in different estuarine and coastal
sediments examined (Caffrey et al. 2007, Mosier &
Francis 2008, Santoro et al. 2008).

Temporal variability and environmental controls

Different monthly patterns of variation were ob-
served for total bacterial 16S rRNA and amoA copy
numbers (Fig. 2). While bacterial 16S rRNA copy num-
bers reached maximum values in October and Decem-
ber, Betaproteobacteria AOB exhibited a peak in June.
Results indicated that chl a and total bacterial 16S
rRNA copy numbers are significantly correlated (r =
0.81, p = 0.002, n = 12). Covariance between algae and
bacteria could reflect the reliance of bacteria on algae
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for their organic carbon requirements (Gasol & Duarte
2000), but also of algae on bacteria for nutrients
(Zubkov & Tarran 2008). Thus, these relationships sug-
gest that bacterial production is being supported by al-
gal-released DOC instead of allochthonous DOC. Ar-
chaeal 16S rRNA and amoA copy numbers exhibited
similar seasonal patterns of variation, with minimum
values observed in March and September and peaks of
abundance observed in April, July, October and Janu-
ary, but with different relative amplitudes (Fig. 2b,d).
Although Betaproteobacteria AOB:AOA ratios and ar-
chaeal 16S rRNA and amoA copy numbers were not
related to any environmental variable evaluated in the
present study, our results suggest that salinity may
play a role in driving Betaproteobacteria AOB abun-
dances. If data from May are considered to be an out-
lier, Betaproteobacteria AOB amoA gene copy num-
bers are positively and significantly related to salinity
(r = 0.60, p = 0.04, n = 11; Fig. 5), with the highest Be-
taproteobacteria AOB abundance being detected at
higher salinities (Fig. 2, Table 2). Salinity was reported
to be a key variable in selecting AOA and Betapro-
teobacteria AOB community shifts in coastal and estu-
arine sediments (Mosier & Francis 2008, Santoro et al.
2008). Betaproteobacteria AOB were found to be ~30×
more abundant than AOA in saline stations of a sandy
coastal sediment (Santoro et al. 2008), and AOA were
found to be more abundant than Betaproteobacteria
AOB only in the low salinity region of the San Fran-
cisco Bay estuary (Mosier & Francis 2008). The fact that
sandy sediments of the Douro River estuary are located
in the lower stretch, characterized by almost perma-
nently brackish water conditions (Table 2) (Vieira &
Bordalo 2000), could explain the dominance of Be-
taproteobacteria AOB over AOA during our 12 mo sur-
vey period (Fig. 2c,d). Shifts in the relative abundance

of ammonia-oxidizing bacteria and archaea have also
been related to oxygen conditions in coastal sandy sed-
iments (Santoro et al. 2008), in distinct soil types
(Leininger et al. 2006) and in the Black Sea water col-
umn (Coolen et al. 2007, Lam et al. 2007). Results from
these studies indicate higher relative AOA abun-
dances in the suboxic and anoxic zones and higher
levels of Betaproteobacteria AOB in higher-oxygen
conditions, although maximum crenarchaeal amoA ex-
pression may not coincide with higher abundance of
AOA amoA (Lam et al. 2007). The high permeability of
the sandy sediments of the Douro River estuary that
support aerobic metabolism in deeper layers (Huettel
& Gust 1992, Rusch et al. 2001), could also favour the
dominance of Betaproteobacteria AOB over AOA.
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2002–2003 Nitrification TCC OM Chl a NH4
+ NO3

– + NO2
– Salinity

(nmol NH4
+ (cells cm–3 sed.) (%) (µg g–1 sed.) (µM) (µM)

g–1 sed. h–1)

Feb 11.3±3.0 4.3×108±0.4×107 0.7±0.6 10.7±0.8 21.1±1.7 34.5±1.1 22.7
Mar 14.3±5.0 0.2×108±8.0×107 0.1±0.2 5.6±0.7 21.9±0.9 31.9±0.9 15.1
Apr 2.7±1.8 3.1×108±3.7×107 0.7±0.3 10.1±0.3 38.6±3.3 39.6±0.3 16.0
May 25.1±4.8 6.3×108±4.1×107 0.4±0.3 9.5±0.4 36.9±1.4 21.5±0.1 24.0
Jun 78.5±24.6 6.4×108±8.7×107 0.3±0.4 12.5±0.7 100.0±6.4 5.2±0.3 26.8
July 15.8±5.8 5.4×108±1.6×107 1.3±0.8 15.4±1.1 22.0±3.3 12.8±0.2 25.0
Aug 6.5±7.4 6.1×108±5.4×107 0.9±0.8 14.3±0.2 40.8±2.4 65.0±0.6 13.9
Sep 11.0±1.6 0.6×108±1.1×107 0.3±0.4 10.2±0.8 168.7±2.2 36.0±0.5 13.2
Oct 5.0±2.6 5.4×108±9.5×107 0.3±0.4 16.3±1.1 49.9±3.3 20.6±1.1 22.7
Nov 7.4±4.6 5.5×108±1.1×107 0.2±0.1 8.2±0.6 121.7±1.7 59.1±1.8 9.0
Dec 41.9±12.8 10.7×108±5.7×107 0.2±0.2 21.3±1.8 46.7±2.7 59.9±1.0 3.4
Jan 30.5±17.0 1.9×108±1.1×107 0.4±0.3 16.4±1.8 65.4±2.6 92.0±2.8 1.5

Table 2. Potential nitrification rates, total cell counts (TCC), total organic matter (OM) and chl a concentrations in the sediment
(sed.), and overlying water column inorganic nitrogen concentrations and salinity (mean ± SD, 3 replicates) during the monthly

sampling survey. Columns 2 and 6–8 are data from Magalhães et al. (2005a)
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Abundance and activities of betaproteobacterial
AOB and AOA

Previous results of NH4
+ enrichment experiments

conducted in the same sediment site of the Douro River
estuary (Magalhães et al. 2005a) showed that nitrifica-
tion rates were stimulated by NH4

+ availability up to
~100 µM, but that nitrification rates were inhibited at
higher NH4

+ concentrations. These findings corrobo-
rate betaproteobacterial AOB abundance values pre-
sented here, since the highest Betaproteobacteria AOB
amoA copy number was observed in June (7.5 × 106

copies cm–3 sed.) when NH4
+ concentration was close

to 100 µM, and lower amoA copy numbers were
observed in September and November (Fig. 2) when
NH4

+ concentrations were >100 µM of NH4
+ (Table 2).

This variability in Betaproteobacteria AOB abundance
values is also in agreement with monthly data for nitri-
fication rates that showed a peak in June and lower
values at higher NH4

+ concentrations (Table 2, Fig. 2).
In contrast, AOA amoA gene copy numbers were not
related to NH4

+ availability or to nitrification rates.
Published cell-specific ammonia-oxidation in pure

cultures revealed that rates could range between 0.3
to 53 fmol of N cell–1 h–1 (Skinner & Walker 1961,
Ward 1987, Ward et al. 1989, Laanbroek & Gerards
1993). In addition, in situ cellular rates of ammonia-
oxidation were found to be equally variable (between
0.03 and 43 fmol of N cell–1 h–1; c.f. Coskuner et al.
2005). If the amoA copy numbers are divided by 2.5,
the abundance of Betaproteobacteria AOB present in
the sandy flat of Douro estuary might support the
nitrification rates measured in the same samples (5.0 ±
2.6 to 78.5 ± 24.6 nmol NH4

+ g sed.–1 h–1; Table 2).
Nitrification rates would range between 6.6 to
60.0 nmol NH4

+ g sed.–1 h–1 if cell-specific ammonia-
oxidation were 20 fmol of N cell–1 h–1. AOA amoA
gene copy numbers obtained (Fig. 2) accounted (on
average) for 1.9 to 17.3 nmol NH4

+ g sed.–1 h–1, assum-
ing the same cell-specific ammonia-oxidation rate and
that AOA have 1 copy of amoA cell–1; this is not suffi-
cient to explain the higher nitrification rates measured
(Table 2). Thus, the numerical abundance of Betapro-
teobacteria AOB amoA genes compared with those of
AOA, and the fact that AOA amoA gene copy num-
bers were not related to NH4

+ availability or to nitrifi-
cation rates, suggest that Betaproteobacteria AOB
(mainly composed of Nitrosospira-like species (Maga-
lhães et al. 2007) are more active contributors to nitri-
fication processes in the sandy flat of the Douro River
estuary. However, although most of the environmen-
tal studies, including the present one, have focused on
the Betaproteobacteria AOB, ammonia oxidizers that
belong to Gammaproteobacteria might also contribute
to the rates of nitrification measured (Lam et al. 2007).

AOA diversity

To assess AOA diversity, archaeal amoA gene
libraries were generated. From a total of 41 sequenced
clones, 23 operational taxonomic units (OTUs, based
on a 2% cutoff) were recovered. AmoA sequences
were compared with the nearest environmental
sequences in the databases to explore the distribution
and coverage of the AOA community that inhabit
sandy sediments of the Douro River estuary. Phyloge-
netic analysis (Fig. 6) revealed that all archaeal amoA
sequences retrieved from Douro River estuarine sedi-
ments were closely related to sequences previously
classified as sequences from the ‘water column’, ‘sedi-
ments’, and ‘soil/sediments’ (Francis et al. 2005, Park
et al. 2006). The recovered amoA sequences had 70 to
100% identities between each other and fell into 7 dis-
tinct phylogenetic clusters throughout the phyloge-
netic tree (Fig. 6). Most of the recovered sequences
(71%) fell into the ‘sediments’ and ‘sediment/soil’ clus-
ters previously described by Francis et al. (2005).
Sequences that fell into the ‘sediments’ cluster shared
80 to 90% nucleotide sequence identity with Nitrosop-
umilus maritimus (Könneke et al. 2005), and were most
closely related (with 81 to 99% similarities) to
sequences from different estuarine sediments. The
34% of sequences that fell into the sediment/soil clus-
ter included sequences from distinct soil types
(Leininger et al. 2006, He et al. 2007, S. Avrahami et al.
unpubl., S. A. Wakelin & J. R. Stephen unpubl.), from
estuarine sediments (Francis et al. 2005, Beman &
Francis 2006), from San Francisco Bay sediments (Park
et al. 2006), and from wastewater treatment plant
bioreactors (Park et al. 2006). Two of the recovered
sequences (Clones A13 and A16) clustered together
with the amoA gene from soil fosmid; these sequences
had nucleotide identities of 98% (Fig. 6). Interestingly,
10 of the recovered sequences fell into previously
described water column Cluster A (Francis et al. 2005),
and showed between 81 to 86% nucleotide identity
with sequences from Monterey Bay, the Black Sea,
eastern tropical North Pacific water columns (Francis
et al. 2005) and from Oahu seawater in Hawaii (Mincer
et al. 2007). Douro River estuarine sediment clones
included in this cluster had between 74 and 80% simi-
larities with sequences that fell into the well supported
clade (bootstrap value, 100%) previously described as
water column Cluster B (Francis et al. 2005), that com-
prises water column sequences from different geo-
graphical locations (Fig. 6). Based on phylogenetic
analyses, crenarchaeal amoA sequences recovered in
the present study showed a fair diversity, with repre-
sentatives in a number of previously defined clusters.
In addition, 2 sequences (Clones A37 and O5) seemed
to form a novel cluster together with one other
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Fig. 6. Phylogenetic relationship among archaeal amoA sequences retrieved from intertidal flats of the Douro estuary and other
different geographic locations. The unrooted neighbor-joining tree was based on 591 nucleotide sequences and was constructed
based on Kimura distances and the neighbor-joining method. Distance bootstrap values >50% are indicated at branch points
(1000 iterations). The major clusters indicated were also supported using maximum parsimony analysis. Clones obtained from

this study are shown in bold. Scale bar indicates Kimura distance
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sequence in the data base obtained from red soils (He
et al. 2007). Overall, our findings suggest that both
benthic and planktonic AOA populations were associ-
ated with the sandy flat of the Douro River estuary.
This may be related to the fact that the system is sub-
jected to semidiurnal tides (Vieira & Bordalo 2000),
resulting in immersion and emersion every 6 h that
may select for both planktonic and benthic communi-
ties adapted to 2 different habitats (pelagic and ben-
thic).

CONCLUSIONS

While there are still few available environmental
studies on the relative abundance of Betaproteobacte-
ria AOB vs. AOA, these studies show the occurrence of
higher archaea-like than bacteria-like amoA gene
numbers in soils, estuarine sediments and ocean
waters (e.g. Hallam et al. 2006a, Leininger et al. 2006,
Wuchter et al. 2006, Mincer et al. 2007, Nicol et al.
2008), with the exception of a few studies (Caffrey et
al. 2007, Mosier & Francis 2008, Santoro et al. 2008).
Here, we confirm that at least in our estuarine environ-
ment, Betaproteobacteria AOB amoA copy numbers
clearly dominate over those of AOA amoA almost year
round. In concordance, relationships established with
nitrification rates and nitrification rate estimations
based on cell-specific ammonia-oxidation suggest that
Betaproteobacteria AOB may play a greater role than
AOA in nitrification processes in these aerobic sandy
sediments. While more detailed studies are needed to
fully understand the environmental variables that con-
trol the relative abundance of ammonia-oxidizing bac-
teria and archaea in natural environments, our results
indicate that salinity may play a decisive role in con-
trolling shifts in the dominance of these communities.
Phylogenetic analysis revealed that the archaeal
ammonia-oxidizing community in the sandy intertidal
flat of the Douro River estuary is composed of a combi-
nation of planktonic and benthic assemblages that are
well adapted to the semidiurnal tidal regime in this
temperate estuary. Finally, the observations reported
in the present study contribute to the improvement of
our knowledge on the relative contributions of Beta-
proteobacteria AOB and AOA to nitrification pro-
cesses, and on the global diversity and distribution of
AOA amoA-like genes.
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