Extremophiles (2009) 13:785-792
DOI 10.1007/s00792-009-0266-y

ORIGINAL PAPER

NO;3; /NO, assimilation in halophilic archaea:
physiological analysis, nasA and nasD expressions

Rosa Maria Martinez-Espinosa - Belén Lledo -
Frutos C. Marhuenda-Egea - Susana Diaz -
Maria José Bonete

Received: 17 March 2009/ Accepted: 23 June 2009/ Published online: 11 July 2009

© Springer 2009

Abstract The haloarchacon Haloferax mediterranei is
able to assimilate nitrate or nitrite using the assimilatory
nitrate pathway. An assimilatory nitrate reductase (Nas) and
an assimilatory nitrite reductase (NiR) catalyze the first and
second reactions, respectively. The genes involved in this
process are transcribed as two messengers, one polycis-
tronic (nasABC;, nasA encodes Nas) and one monocistronic
(nasD; codes for NiR). Here we report the Hfx mediterranei
growth as well as the Nas and NiR activities in presence of
high nitrate, nitrite and salt concentrations, using different
approaches such as physiological experiments and enzy-
matic activities assays. The nasA and nasD expression
profiles are also analysed by real-time quantitative PCR.
The results presented reveal that the assimilatory nitrate/
nitrite pathway in Hfx mediterranei takes place even if the
salt concentration is higher than those usually present in the
environments where this microorganism inhabits. This
haloarchaeon grows in presence of 2 M nitrate or 50 mM
nitrite, which are the highest nitrate and nitrite concentra-
tions described from a prokaryotic microorganism. There-
fore, it could be attractive for bioremediation applications in
sewage plants where high salt, nitrate and nitrite concen-
trations are detected in wastewaters and brines.
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Introduction

The nitrate assimilation is a main process of the N-cycle
carried out by higher plants, algae, yeast and bacteria
(Hageman and Redd 1980; Lin and Stewart 1998; Rich-
ardson and Watmough 1999). This process starts when
nitrate is transported into the cells by an active transport
system and then reduced to ammonium by the sequential
action of assimilatory nitrate reductase (Nas) (Rubio et al.
1996; Moreno-Vivian et al. 1999) and assimilatory nitrite
reductase (NiR) (Sengupta et al. 1996; Moreno-Vivian
et al. 1999). Ammonium produced by NiR is incorporated
into carbon skeletons by glutamate dehydrogenase or glu-
tamine synthetase—glutamate synthase pathway (Flores
et al. 1983; Kanamori et al. 1987).

Nitrate and nitrite have important agricultural, envi-
ronmental and public health implications. The manufac-
turing of chemicals such as pesticides, herbicides,
explosives and dyes usually generates effluents containing
complex mixtures of salts and nitrate or nitrite (Moreno-
Vivian et al. 1999; Schlesinger 2009). The capacity of
microorganisms to degrade organic pollutants is severely
limited by their ability to survive or proliferate in these
salted wastewaters (Blasco et al. 2001). The increase in
salinity and nitrate/nitrite concentrations in soils and
ground waters in the last few decades has focused much
attention on the physiological and molecular mechanisms
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involved in salt-stress tolerance and nitrate metabolism by
microorganisms (Moreno-Vividn et al. 1986). Microor-
ganisms are in general sensitive to low nitrate and nitrite
concentrations. The negative effect of these nitrogen
compounds is mainly due to the extreme toxicity of nitrite
and nitric oxide produced upon nitrate reduction. The last
compound is produced through respiratory nitrate reduction
(Carr and Ferguson 1990; Bonete et al. 2008).

Haloferax mediterranei is an Halophilic archaeon able
to assimilate nitrate and nitrite, thanks to Nas and NiR,
enzymes previously characterized in our research group
(Martinez-Espinosa et al. 2001a, b). With the objective to
analyse if Hfx mediterranei could be applied in wastewater
or brines bioremediation techniques, we have analysed the
assimilatory nitrate pathway in Hfx mediterranei cells
grown in cultures containing high nitrate or nitrite con-
centrations. We prove that this strain is resistant to very
high nitrate and nitrite concentrations, and the influence of
nitrate/nitrite concentrations on growth and enzymatic
activities is also discussed.

Materials and methods
Growth conditions

Haloferax mediterranei (ATCC 33500) cultures were
grown in a 25% (w/v) mixture of inorganic salts (25% SW)
as described before (Martinez-Espinosa et al. 2001a, b).
This minimal mineral medium was supplemented with
0.005 g/l FeCls; 0.5 g/l KH,PO4; 5 g/l glucose and
0.5 mM-2 M KNOj3 or 0.5-50 mM KNO,. In all cases,
high pure nitrate and nitrite salts were used to avoid the
effect of trace amounts of nitrate in the nitrite preparations
or vice versa.

The pH value of the culture media was adjusted to 7.3
using KOH or HCI1. The media were inoculated with a seed
culture grown for 5 days. 0.51 batch cultures of Hfx
mediterranei were grown aerobically at 37°C in 11
Erlenmeyer flasks on a rotary shaker at 200 rpm. Cultures
with KNO, concentrations higher than 10 mM were also
grown in a 2-1 flask in a Biostat® B fermenter (B. Braun
Biotech International, Melsungen, Germany) with contin-
uous pH control system. Growth was monitored by mea-
suring the optical density (O.D.) at 600 nm. All the cultures
cited above were carried out in quadruplicate, and the data
points plotted are the average of the results obtained from
them.

Cell-free extracts

Aliquots (12 ml) of cell suspensions were harvested at
different times during the cultures growth and washed by
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centrifugation at 30000xg for 20 min at 4°C in a Sigma
2K15 centrifuge. Then, the pellet was washed with 25%
SW followed by centrifugation at the conditions cited
above. The freshly harvested cells were resuspended in a
50 mM phosphate buffer, pH 7.3 containing 2.5 M
(NH4)>SO,4. The cells were disrupted by sonication at
150 W for eight periods of 3 min each at 4°C. The sus-
pension was centrifuged at 30000x g for 20 min.

Determination of nitrate and nitrite

The nitrate disappearance of the medium was estimated by
UV method after a 50-fold dilution of 1 ml of the medium
(Martinez-Espinosa 2004). The nitrite concentration within
the media was determined after a 40-fold dilution of 25 pl
of the medium using the diazo-coupling method (Snell and
Snell 1949). Nitrate and nitrite concentrations were mea-
sured in crude extracts or in culture media at the times
shown in the figures. Data presented in “Results” corre-
spond to the average of four separate experiments yielding
essentially the same results.

Nitrate reductase and nitrite reductase assays

Nas and NiR activities were measured by colorimetric
determination of nitrite produced or consumed as previ-
ously described by using the diazo-coupling method
(Martinez-Espinosa et al. 2001a, b). All the activity assays
were carried out in triplicate and against a control assay
without enzyme. The enzymatic activity units are described
as nmol nitrite produced per min or nmol nitrite consumed
per min for Nas and NiR activities, respectively. The
concentration of the protein was quantified by means of
Bradford method.

RNA isolation and cDNA synthesis

Total RNA was extracted using the High Pure RNA Iso-
lation Kit (Roche) from Hfx mediterranei cells grown in
ammonium (control) and nitrate media. Cells were har-
vested at different O.D. The reaction mixture for reverse
transcription contained: 60 U of MultiScribe Reverse
Transcriptase with the supplied 10xRT Buffer, 8§ U of
RNase ribonuclease inhibitor, 2.5 uM of random hexamers,
2 mM dNTPs, 5.5 mM MgCl, and 0.5 pg of a RNA
template.

To estimate the genomic DNA contamination in isolated
RNA, cDNA synthesis was performed in duplicate omit-
ting RTase from the reaction mixture. The reaction con-
ditions were as follows: incubation for 10 min at 25°C,
followed by 50 min at 37°C, enzyme inactivation for 5 min
at 95°C and rapid cooling to 4°C. cDNA samples were
stored at —20°C before PCR analysis.
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Table 1 Primers and TagMan probes

Gene Forward primer (5 — 3') TagMan probe (5' — 3') Reverse primer (5" — 3') Position (PCR
product size)
Ala-t-RNA GGC TAACAC GGG FAM CTC AGT GGT AGA TGG GCA TCC TCC 108-166 (58 pb)
CCC ATA G GTG CCT C TAMRA TTG CAA AG
nas ACC GCG ACG FAM TCC CGC CAG CAT TGG GTG GTG 1935-1991 (56 pb)
ACG CT GAC TC TAMRA AAT CGA AAG C
nir ACG AAG AGC FAM TTC GCG GAT CCC GTG GTC GTG 731-793 (62 pb)
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Fig. 1 Analysis of Hfx mediterranei growth, Nas and NiR activities
in minimal culture media with nitrate as sole nitrogen source. a O.D.
(600 nm); b nitrite concentration within the media; ¢ Nas activity
(mU/mg prot.); d NiR activity (mU/mg prot.). (circle) 0.5 mM,
(square) 5 mM, (triangle) 25 mM nitrate media

TagMan quantitative PCR

The cDNA quantification was performed on an ABI
PRISM 7700 Sequence Detection System (PE Applied
Biosystems, Foster City, CA, USA). TagMan probes and
primers used in this study (Table 1) were designed using
the Primer Express 1.5 Software (PE Applied Biosystems)
according to assimilative nitrate reductase (nasA, AJ621498),
assimilative nitrite reductase (nasD, AJ621501) and Ala-tRNA
(AF093412) gene sequences from Hfx mediterranei. The
probes were labelled with a reporter dye (FAM) at their
5" end and a Quencher dye (TAMRA) at its 3’ end. Quanti-
tative PCR was performed with 1 pl of cDNA tem-
plate, 10 ul of 2x TagMan PCR Master Mix (PE Applied
Biosystems), 900 nM final concentration of each primer
and 250 nM final concentration of each TagMan probe.
Primers and probes were synthesized by PE Applied
Biosystems.

Thermal cycling conditions for real-time PCR runs were
as follows: 2 min at 50°C, 10 min at 95°C, 40 cycles of

15 s at 95°C, and 1 min at 60°C. The data collection was
performed during each annealing step. Two negative con-
trols’ reaction without template and two genomic DNA
contamination controls were included in each real-time
PCR run. For each time point of the growth curve, three
replicates were analysed. Data acquisition was performed
with the SDS 1.7 software (PE Applied Biosystems). The
comparative 2-AACr method (Livak and Schmittgen
2001) was used to quantify the nas and nir mRNA content
relative to the Ala-t-RNA content. The Ala-t-RNA is the
16S/23S spacer intervening sequence, which is a common
feature in Euryarchaeota (Briones and Amils 2000). Cali-
brator was the sample grown in ammonium medium since
in presence of ammonium assimilatory nitrate pathway is
kept out (Martinez-Espinosa et al. 2007). The mRNA
quantities in all other samples are expressed as an n-fold
difference relative to the calibrator.

Results
Nitrate assimilation by Hfx mediterranei

Hfx mediterranei growth, enzymatic activities (Nas and
NiR) as well as the expression profile of nasA and nasD
genes were analysed from minimal culture medium under
aerobic conditions supplemented with 0.5 mM-2 M KNOs.

In those cultures with initial nitrate concentrations
<5 mM (nitrogen starvation), nitrate was completely
consumed during the first 60 h and consequently, the final
0O.D. of these cultures did not reach the optimal O.D. at
stationary phase of growth (O.D. = 2.4), nevertheless all
cultures with initial nitrate concentrations >20 mM showed
O.D. around 2.4 at stationary phase (Fig. 1a). All growth
curves obtained from cultures with high nitrate concen-
trations (20 mM-2 M) showed the same pattern that those
observed from 25 mM nitrate cultures.

Concerning the specific Nas and NiR activities’ mea-
surements during the cells growth in 0.5-25 mM nitrate
media (Fig. Ic, d), it can be observed that in the presence
of nitrate concentrations <5 mM, Nas activity was detected
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Fig. 2 Relationship between NiR activity and intracellular nitrite
concentration in Hfx mediterranei cells grown in presence of 100 mM
nitrate. (filled circle) Nitrite concentration within the medium (mM),
(filled triangle) intracellular nitrite concentration (umol NO, /mg
prot.) and (filled square) specific NiR activity (mU/mg prot.)

concurrently or even slightly after NiR activity. However,
when nitrate concentrations were higher than 5 mM, Nas
activity was detected at O.D. values between 0.4 and 2.5,
whereas NiR activity appeared at mid-exponential phase of
growth (0.D. = 1.2).

Nas activity in crude extracts from cells grown in low
nitrate concentration media (5 mM) was smaller than those
activity values obtained from cells grown in presence of
nitrate concentrations >5 mM. NiR activity showed the
same pattern described for Nas; however, in low nitrate
concentration media (0.5 mM) specific NiR activity was
higher than in media with 5-25 mM nitrate. From these
results it is possible to think that this fact could be a
physiological adaptation to facilitate the utilization of
nitrogen in minimal medium with nitrate/nitrite depletion.
Nevertheless, specific NiR activity becomes much higher
in 100 mM nitrate cultures (500 mU/mg) (Fig. 2)

When nitrate concentration was higher than 20 mM,
nitrite was quantified at high concentrations (10-30 mM)
within the media at stationary phase of growth. This pattern
has also been previously described from different micro-
organisms (Martinez-Luque et al. 1991) and it has been
analysed in detail in 100 mM nitrate culture media, con-
ditions previously used to purify Nas and NiR (Martinez-
Espinosa et al. 2001a, b). As it is shown in Fig. 2, when the
0.D. is around 0.4 (which corresponds to the beginning of
the exponential phase of growth) we detected nitrite
accumulation within the cells. The intracellular nitrite
concentration reached the higher value when the O.D. of
the cultures was around 0.78-0.81 and shortly after that,
high NiR activity levels can be detected.

The behaviour of the Nas and NiR activities described
above by physiological approaches was in agreement with
the results obtained from real-time quantitative PCR
experiments. In first place, real-time PCR validation was
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Fig. 3 nasA and nasD mRNA expression levels under different
growth conditions during different O.D. Comparisons between results
obtained from cultures grown in 5 mM NO; ™~ (hatched bar), 25 mM
NO;~ (light shaded bar) and 100 mM NO;~ (dark shaded bar) as
sole nitrogen source. Data plotted are the average of the results
obtained from quadruplicate experiments. Bars represent the standard
deviations

carried out as previously described (Ginzinger 2002). A
dilution series over four orders of magnitude of cDNA
amount was used for real-time PCR and plotted the Cr as a
function of log;, concentration of template; the slope of the
resulting trend line was a function of the PCR efficiency.
The amplification efficiencies for nas, nir and Ala-t-RNA
were 97, 99 and 99%, respectively, suggesting that AACr
method could be used for relative quantification.

As can be seen in Fig. 3, the nasA (Fig. 3a) and nasD
(Fig. 3b) mRNA contents steadily increased during expo-
nential phase and then decreased at the beginning of the
stationary phase (O.D. around 1.8). The maximum nasA
(codes for Nas) and nasD (encodes NiR) mRNA expressions
were detected before the maximum enzyme activity in all
conditions. We observed that nasA mRNA expression
depends on NO5; ™ concentration. When NO3 ™ concentration
in cultures was 100 mM, we detected the maximum
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expression level, 24-fold. In contrast, no significant differ-
ences were detected between 5 and 25 mM NO3™ cultures.
Moreover, we could observe that nasA mRNA expression
decreased faster after the maximum expression in those
media containing 100 mM NO; ™. This fact suggests that the
product of nitrate assimilation repress the expression of
nasA mRNA. The nasD mRNA levels monitored from
culture media with 5, 25 and 100 mM NO;~ show a clear
induction (Fig. 3b). In all experiments, the maxima nasD
expressions were detected after the maximum Nas activity
(coded for nasA), suggesting that NO,~ could act as an
inductor of the gene expression.

Finally, it has been observed that there is a relationship
between the initial nitrate concentrations of the unbuffered
cultures and pH changes. When initial nitrate concentration
in the medium was >25 mM, initial pH value (7.3)
increased up to 9, which did not caused growth limitation.
To eliminate the effect of pH modification on growth, pH
was continuously controlled. Thus, we observed that Hfx
mediterranei is able to grow in minimal medium in pres-
ence of high concentrations of nitrate (up to 2 M).

Nitrite assimilation by Hfx mediterranei

To analyse if Hfx mediterranei is able to use nitrite as sole
nitrogen source for growth, two different assays were
carried out. On one hand, 0.5-10 mM KNO, minimal
media without continuous pH control were studied. On the
other hand, 0.5-50 mM KNO, with continuous pH control
were prepared as explained in “Material and methods”.
Figure 4 illustrates Hfx mediterranei growth, nitrite con-
sumption and NiR activity obtained from media without
constant pH control. Gene expression assays by means of
real-time quantitative PCR were also carried out to quan-
tify the expression of nasD (Fig. 5).

Under all conditions assayed, nasA mRNA was
observed in minimal medium supplemented with nitrite,
indicating that although the nasA expression is higher in
nitrate medium (nitrate has positive effect on nasA), basal
nasA expression take place in presence of nitrite as sole
nitrogen source. The specific activity of this basal Nas
activity was around 0.1 mU/mg protein. The highest NiR
activity levels were detected in minimal medium with
2 mM nitrite (Fig. 4c). As shown in Fig. 5, nasD mRNA
expression depends on NO,™ concentration and on the
0O.D. of the culture. The maximum nasD expression was
75-fold in medium with 2 mM NO, . No significant
differences were detected in media with 0.5 or 1 mM,
probably because of nitrogen depletion.

In minimal medium with nitrite concentrations <2 mM,
all nitrite were consumed by cells and the stationary phase
was reached at a relatively low O.D. (cell growth was
limited by low nitrite concentration) (Fig. 4a, b). However,
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Fig. 4 Analysis of Hfx mediterranei growth, Nas and NiR activities,
in minimal culture media with low nitrite concentrations as sole
nitrogen source. a O.D. (600 nm); b nitrite concentration within the
medium; ¢ NiR activity (mU/mg prot.). (circle) 0.5 mM, (square)
1 mM, (triangle) 2 mM, (inverted triangle) 3.5 mM, (diamond)
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Fig. 5 nasD mRNA expression level under different growth condi-
tions during different O.D. Comparisons between results obtained
from cultures grown in 0.5 mM NO,~ (hatched bar), 25 mM NO;~
(light shaded bar) and 100 mM NO;~ (dark shaded bar) as sole
nitrogen source. Data plotted are the average of the results obtained
from quadruplicate experiments. Bars represent the standard
deviations

cell growth was not improved by increasing nitrite con-
centration. Besides, in all the media with high nitrite
concentrations, the pH value decreased from 7.3 up to 4
after 50 h of incubation. In presence of 10 mM nitrite, for
example, the O.D. reached by the culture was lower than
that observed in 2 mM nitrite cultures. These results
seemed to point towards: (i) nitrite toxicity or (ii) negative
effect of the culture acidification on the cells growth.

To determine if Hfx mediterranei is able to tolerate higher
nitrite concentrations under pH control, cells were grown in
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Fig. 6 Hfx mediterranei growth in minimal culture media with
40 mM nitrite as sole nitrogen source. Cultures were grown in a
Biostat® B fermentor with continuos control of pH. (inverted
triangle) O.D. (600 nm), (filled square) nitrite concentration in the
culture media

nitrite cultures loaded in the Biostat® B fermenter with
continuous pH control system. In this kind of experiments,
Hfx mediterranei grew optimally in presence of 50 mM
nitrite. The growth of Hfx mediterranei under these condi-
tions makes possible the removal of most of nitrite present
within the culture media; in 40 mM nitrite minimal media,
for example, only 25% of the nitrite added to the culture was
still present at the stationary phase of growth (Fig. 6).

Discussion

The Hfx mediterranei growth, as well as assimilatory nitrate
and nitrite reductases activities were studied by adding
0.5 mM-2 M KNOj; or 0.5-50 mM NO,~ to minimal cul-
ture media under aerobic conditions. In parallel, real-time
quantitative PCR experiments were carried out to quantify
the expression of two of the genes involved in nitrate and
nitrite assimilations: nasA, which encodes the Nas (Lledo
et al. 2005) and nasD (codes for NiR) (Lled¢ et al. 2005).

Using physiological, biochemical and molecular biology
approaches, we have observed that during the cell growth
in culture media with nitrate concentrations >5 mM, the
induction of nasA takes place first followed by the induc-
tion of nasD. This profile correlates with the enzymatic
activity profile. The intracellular nitrite concentrations
increased shortly before we detected the highest NiR
activities, which suggest that the nitrite accumulation
within the cells could be acting as a signal for the nitrite
reductase activity increase.

Nitrate has a positive effect on nasA induction as well as
nitrite has positive effect on nasD induction, but basal Nas
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activity is also detected in those media with nitrite as sole
nitrogen source. This is not an expected result, because Nas
activity would not be detected if nitrate is the only signal
for assimilatory nitrate reduction pathway as it has been
previously described (Chai and Stewart 1998). So, this
result suggests that in Hfx mediterranei there are other
signals promoting the induction of the assimilatory nitrate
reduction pathway. In this way studies on regulation of the
genes involved in carbon and nitrogen assimilation should
be addressed as it has been reported from cyanobacterium
such us Synechococcus (Suzuki et al. 1996).

Several pH changes were observed in all the cultures
during the experiments development. The highest nitrate
concentrations, the highest pH values were detected in the
culture media at stationary phase of growth. The pH
increase in nitrate media is an expected result since an acid
is consumed by the cells and converted to an amine.
Besides, it is also possible a pH increase because of the
nitrate transport systems. This effect has also been previ-
ously analysed in cyanobacteria, where pH changes in
media with NO;~ were caused by uptake of this anion
associating with proton pumps (Flores et al. 1983). In all
unbuffered nitrite cultures, a dramatic drop of the initial pH
value was observed (from 7.3 up to 4) after 50 h of incu-
bation. This pH drop was more pronounced if higher NO,™
concentrations were used. It has been described that in
unbuffered medium supplemented with carbohydrates, the
growth of some halophilic archaea is accompanied by a
decrease in pH (Oren and Gurevich 1994). The decrease in
the pH in culture media containing different carbon sources
has been associated so far with the dissimilatory modified
Entner—-Doudoroff pathway, and the excretion of acetate
and pyruvate (Tomlinson and Hochstein 1972). The
greatest decrease in pH occurred in presence of glucose,
galactose or lactose; although the final pH in these media
depended both on the substrate and on the archaea strain
(Tomlinson and Hochstein 1972). By HPLC analysis, we
have demonstrated that organic acids excretion is not
enough to generate pH changes from 7.3 to 4 (results not
shown). So, we propose that the organic acid production
plus nitrite transport mechanisms (proton pumps) could be
associated with the drop of pH observed. Future study on
nitrate/nitrite transporters will shed light on nitrite/proton
pumps in Hfx mediterranei.

Nitrite is toxic, at concentrations <5 mM, for most of the
microbiological systems analysed (Shen et al. 2003; Alonso
and Camargo 2006), and it is also toxic for aquatic animals
and even for humans. Related to this, it has been reported
that nitrite strongly inhibits bacterial metabolism by inac-
tivating Fe-S proteins (Moreno-Vividn et al. 1986) and
some aerobic enzyme such as cytochrome oxidase, aconi-
tase and fumarase (Martinez-Luque et al. 1991). However,
on the basis of the results presented in Fig. 6, the toxic
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effect of low nitrite concentrations on Hfx mediterranei
cells did not turn out to be the cause of the growth changes.
The highest nitrite concentration used in this study (50 mM)
is one of the highest concentrations described for a pro-
karyotic microorganism with the exception of Rhodococcus
sp. RB1, which is able to grow in presence of 60 mM nitrite
(Blasco et al. 2001). The Hfx mediterranei growth under
these conditions, which are toxic for almost all of the
microorganisms studied up to now, makes possible the
nitrite removal from the culture media. Even without pH
control, Hfx mediterranei is able to grow in presence of
nitrite concentrations up to 3 mM, which is higher than the
nitrite concentration tolerated by the majority of microor-
ganisms described up to now. The nitrate and nitrite con-
centrations usually present in wastewaters are smaller than
the values mentioned throughout this study, so it is possible
to think that this haloarchaeon could be an excellent model
for salted wastewater bioremediation techniques. Although,
several anthropogenic activities are contributing to the
water pollution, for now, it is unlikely to find wastewaters
containing nitrate or nitrite concentrations around 2 M or
50 mM, respectively (Schlesinger 2009). Nevertheless, we
have explored the tolerance limits for nitrate and nitrite
using a Halophilic archaeon as a model, to point out their
possible role in extreme bioremediation processes, in terms
of salts concentrations.

In summary, the results reported here indicate that Hfx
mediterranei is able to grow in presence of salt concen-
trations that are even higher than those detected in their
natural environments and it tolerates high nitrate or nitrite
concentrations. During the cells’ growth, nitrate and nitrite
are removed from the culture media. There is worldwide
concern over the excessive use of fertilizers in agricultural
activities, leading to nitrate and nitrite accumulation in
groundwater. These studies should make significant con-
tributions to future understanding of the assimilatory
nitrate pathway regulation in archaea and reveal that Hfx
mediterranei could be a microorganism very interesting for
bioremediation applications.

Acknowledgments This study was funded by research grants from
the MEC Spain (BI02005-08991-C02-01 and BIO2008-00082).

References

Alonso A, Camargo JA (2006) Toxicity of nitrite to three species of
freshwater invertebrates. Environ Toxicol 21:90-94

Blasco R, Martinez-Luque M, Madrid MP (2001) Rhodococcus sp.
RBI1 grows in the presence of high nitrate and nitrite concen-
trations and assimilates nitrate in moderately saline environ-
ments. Arch Microbiol 175:435-440

Bonete MJ, Martinez-Espinosa RM, Pire C, Zafrilla B, Richardson DJ
(2008) Nitrogen metabolism in haloarchaea. Saline Syst 4:9. doi:
10.1186/1746-1448-4-9

Briones C, Amils R (2000) Nucleotide sequence of the 235 rRNA
from Haloferax mediterranei and phylogenetic analysis of
halophilic archaea based on LSU rRNA. Syst Appl Microbiol
23:124-131

Carr GJ, Ferguson SJ (1990) Nitric oxide formed by nitrite reductase
of Paracoccus denitrificans is sufficiently stable to inhibit
cytochrome oxidase activity and is reduced by its reductase
under aerobic conditions. Biochim Biophys Acta 1017:57-62

Chai W, Stewart V (1998) NasR, a novel RNA-binding protein,
mediates nitrate-responsive transcription antitermination of the
Klebsiella oxytoca M5al nasF operon leader in vitro. J Mol Biol
283:339-351

Flores E, Ramos JL, Herrero A, Guerrero MG (1983) Nitrate
assimilation by cyanobacteria. In: Papageorgiu GC, Packer L
(eds) Photosynthetic prokaryotes: cell differentiation and func-
tion. Elsevier Scientific Publishing Co., New York., pp 363-387

Ginzinger DG (2002) Gene quantification using real-time quantitative
PCR: an emerging technology hits the mainstream. Exp Hematol
30:503-512

Hageman RH, Redd AJ (1980) Nitrate reductase from higher plants.
Methods Enzymol 69:270-281

Kanamori K, Weiss RL, Roberts JD (1987) Ammonia assimilation in
Bacillus polymyxa. 15N NMR and enzymatic studies. J Biol
Chem 262:11038-11045

Lin JT, Stewart V (1998) Nitrate assimilation by bacteria. Adv
Microb Physiol 39:330-379

Livak KJ, Schmittgen DS (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the AACt method.
Methods 25:402-408

Lledé B, Marhuenda-Egea FC, Martinez-Espinosa RM, Bonete MJ
(2005) Identification and transcriptional analysis of nitrate
assimilation genes in the halophilic archaeon Haloferax medi-
terranei. Gene 361:80-88

Martinez-Espinosa RM (2004) Fisiologia de la asimilacion de
nitrogeno en Haloferax mediterranei. In: Biblioteca Virtual
Miguel Cervantes (eds) Purificacion y caracterizacion de nitrato
y nitrito reductasas asimilativas. Universidad de Alicante, pp 29

Martinez-Espinosa RM, Marhuenda-Egea FC, Bonete M (2001a)
Purification and characterisation of a possible assimilatory nitrite
reductase from the halophile archaeon Haloferax mediterranei.
FEMS Microbiol Lett 196:113-118

Martinez-Espinosa RM, Marhuenda-Egea FC, Bonete MJ (2001b)
Assimilatory nitrate reductase from the haloarchacon Haloferax
mediterranei: purification and characterisation. FEMS Microbiol
Lett 204:381-385

Martinez-Espinosa RM, Lled6 B, Marhuenda-Egea FC, Bonete MJ
(2007) The effect of ammonium on assimilatory nitrate reduction
in the haloarchaeon Haloferax mediterranei. Extremophiles
11:759-767

Martinez-Luque M, Dobao MM, Castillo F (1991) Characterization of
the assimilatory and dissimilatory nitrate-reducing systems in
Rhodobacter: a comparative study. FEMS Microbiol Lett
83:329-334

Moreno-Vivian C, Cardenas J, Castillo F (1986) In vivo short-term
regulation of nitrogenase by nitrate in Rhodopseudomonas
capsulata E1F1. FEMS Microbiol Lett 34:105-109

Moreno-Vivian C, Cabello P, Martinez-Luque M, Blasco R, Castillo
F (1999) Prokaryotic nitrate reduction: molecular properties and
functional distinction among bacterial nitrate reductases. J
Bacteriol 181:6573-6584

Oren A, Gurevich P (1994) Production of D-lactate, acetate, and
pyruvate from glycerol in communities of halophilic archaea in
the Dead Sea and in saltern crystallizer ponds. FEMS Microbiol
Ecol 14:147-156

Richardson DJ, Watmough N (1999) Inorganic nitrogen metabolism
in bacteria. Curr Opin Chem Biol 3:207-219

@ Springer


http://dx.doi.org/10.1186/1746-1448-4-9

792

Extremophiles (2009) 13:785-792

Rubio LM, Herrero A, Flores E (1996) A cyanobacterial narB gene
encodes a ferredoxin-dependent nitrate reductase. Plant Mol Biol
30:845-850

Schlesinger WH (2009) On the fate of anthropogenic nitrogen. PNAS
106:203-208

Sengupta S, Shaila MS, Rao GR (1996) Purification and character-
ization of assimilatory nitrite reductase from Candida utilis.
Biochem J 317:147-155

Shen QR, Ran W, Cao ZH (2003) Mechanisms of nitrite accumu-
lation occurring in soil nitrification. Chemosphere 50:747-753

@ Springer

Snell CD, Snell CT (1949) Colorimetric methods of analysis. Van
Nostrand, New York, pp 802-807

Suzuki I, Sugiyama T, Omata T (1996) Regulation by cyanate of the
genes involved in carbon and nitrogen assimilation in the
cyanobacterium Synechococcus sp. strain PCC 7942. J Bacteriol
178:2688-2694

Tomlinson GA, Hochstein LI (1972) Isolation of carbohydrate-
metabolizing, extremely halophilic bacteria. Can J Microbiol
18:698-701



	NO3&minus;/NO2&minus; assimilation in halophilic archaea: �physiological analysis, nasA and nasD expressions
	Abstract
	Introduction
	Materials and methods
	Growth conditions
	Cell-free extracts
	Determination of nitrate and nitrite
	Nitrate reductase and nitrite reductase assays
	RNA isolation and cDNA synthesis
	TaqMan quantitative PCR

	Results
	Nitrate assimilation by Hfx mediterranei
	Nitrite assimilation by Hfx mediterranei

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


