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a  b  s  t  r  a  c  t

Our  results  show  that  AtNRT2.1  expression  has a positive  effect  on  the  NH4
+ ion  influx,  mediated  by the

HATS,  as  also  occurs  with  AtAMT1.1  expression  on  the NO3
− ion  influx.  AtNRT2.1  expression  plays  a  key

role in  the  regulation  of  AtAMT1.1  expression  and  in  the  NH4
+ ion  influx,  differentiating  the  nitrogen
eywords:
MT1
RT2
H4

+ influx
−

source,  and particularly,  the  lack  of  it.  Nitrogen  starvation  produces  a  compensatory  effect  by  AtAMT1.1
when  there  is  an  absence  of  the  AtNRT2.1  gene.  Our results  also  show  that,  in the  atnrt2  mutant  lack-
ing both  AtNRT2.1  and AtNRT2.2,  gene  functions  present  different  kinetic  parameters  on  the  NH4

+ ion
influx  mediated  by the HATS,  according  to the  source  and  availability  of nitrogen.  Finally,  the  absence
of  AMT1.1  also  produces  changes  in  the  kinetic  parameters  of the NO3

− influx,  showing  different  Vmax

values  depending  on  the  source  of  nitrogen  available.
O3 influx

ntroduction

Nitrogen (N) can be found in the soil as a complex blend of
rganic and inorganic compounds, with NO3

− and NH4
+ ions as the

ain sources of mineral N available for plant nutrition. Because
hese N forms can show high variability in the soil, both in space
nd in time, plants have had to develop a set of different uptake
ystems to adapt themselves to the external conditions and their
utritional requirements. There are multigenic families, both for
he NO3

− transporters and for the NH4
+ transporters, indicating

hat different genes play different roles in N nutrition and allow
he plant to adapt to different environmental conditions by means
f regulating these genes. Members of the NRT2 gene family encode
igh-affinity NO3

− transporters (Forde, 2000), whereas the AMT1
ultigenic family genes encode high-affinity NH4

+ transporters in
ifferent plant species (Howitt and Udvardi, 2000).

Among the components of the NRT2 family, up to 7 in Arabidopsis
haliana (Orsel et al., 2002), it seems that NRT2.1 is a major com-
onent of the NO3

− HATS, as illustrated by the fact that several
utants disrupted the NRT2.1 gene (Little et al., 2005; Li et al.,
Please cite this article in press as: Camañes G, et al. Reciprocal regulation b
and NO3

− influxes. J Plant Physiol (2011), doi:10.1016/j.jplph.2011.10.011

007) or both NRT2.1 – NRT2.2 genes (Cerezo et al., 2001; Filleur
t al., 2001) lost up to 72% of the high affinity NO3

− uptake activity.
RT2.1 expression is regulated by N sources and their concentra-
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© 2011 Elsevier GmbH. All rights reserved.

tions (Filleur and Daniel-Vedele, 1999; Gansel et al., 2001; Girin
et al., 2007; Okamoto et al., 2003; Zhuo et al., 1999) and there
is increasing evidence that NRT2 transporters are also regulated
at the posttranscriptional level in various species (Fraisier et al.,
2000; Wirth et al., 2007). Castaings et al. (2011) suggest that NO3

−

is rapidly and specifically sensed by plant cells and that a NO3
−

signaling pathway adjusts the expression of a large set of genes to
adapt cell and organ metabolism and growth to N availability.

With regard to the AMT1 family, the AtAMT1.1,  AtAMT1.2
and AtAMT1.3 genes contribute to the influx mediated by the
HATS. Influx measurements in a T-DNA insertion line showed
that AMT1.1 is responsible for about 30% of the ammo-
nium acquisition in Arabidopsis roots (Kaiser et al., 2002).
It appears that the AtAMT1.1 gene may  be responding to
differences in N concentration and source. AMT1.1 expres-
sion is regulated similarly to NRT2.1 by N sources and their
concentrations (Gazzarrini et al., 1999; Rawat et al., 1999; Camañes
et al., 2009), and at the posttranslational level, AMT1.1 can be
inactivated by C-terminal phosphorylation that interacts with
neighboring subunits in a trimer (Loqué et al., 2007).

We can draw from all of these studies that the regulation of
N uptake is a complex and highly regulated process that depends
on both endogenous and exogenous factors of the plant. Recently,
we have advanced in molecular knowledge of N sensing in plants,
etween AtNRT2.1 and AtAMT1.1 expression and the kinetics of NH4
+

such as the dual function of the nitrate transport CHL1 (Muños
et al., 2004; Ho et al., 2009; Wang et al., 2009), the roles of dif-
ferent transcription factors (Rubin et al., 2009; Wang et al., 2009)
or of the protein kinases (Ho et al., 2009; Hu et al., 2009). Proof

dx.doi.org/10.1016/j.jplph.2011.10.011
dx.doi.org/10.1016/j.jplph.2011.10.011
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:cerezo@camn.uji.es
dx.doi.org/10.1016/j.jplph.2011.10.011
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f the complexity of the process can be obtained when observing
nteractions among different genes. In A. thaliana, the reciprocal
egulating interaction that might exist in the expression of genes
rom the same family, and even from different families, has been
hown (Cerezo et al., 2001; Muños et al., 2004). Krouk et al. (2006)
howed that NRT1.1 expression takes part in NRT2.1 expression.
aiser et al. (2002) showed the existence of a compensatory effect
y the AtAMT1.2 and AtAMT1.3 genes when there is an absence
f the AtAMT1.1 gene. This compensatory effect also occurs with
he AtNRT2.2 gene. This gene makes only a small contribution to
he NO3

− HATS, except that when AtNRT2.1 is lost, its contribu-
ion increases and results in a partial compensation (Li et al., 2007).
AR2.1/NRT3.1 has been described as a trans-membrane protein

hat is involved in the NRT2.1 transporter post-translational reg-
lation, but it has no transporter activity in itself (Okamoto et al.,
006; Orsel et al., 2006). Surprisingly, atnar2.1 null mutants display
tronger HATS activity reduction than the double mutant atnrt2.1-
tnrt2.2 (Orsel et al., 2006). There are some indications that NRT2.1
ould also act either as a NO3

− sensor or signal transducer to coor-
inate the development of the root system and coordinate it with
utritional cues (Little et al., 2005). Because NRT2.1 presents a dual
utrient transport/signaling function, it could be considered a puta-
ive NO3

− transceptor (Gojon et al., 2011).
Due to the importance of the NRT2.1 and AMT1.1 genes in N

utrition in low external N concentration conditions, and due to
he fact that both genes respond by de-repressing with a lack of N
nd induction because of low N concentrations, the aim of this work
as to examine the effect of AtNRT2.1 expression on the regulation

f AtAMT1.1 expression and on the kinetic parameters of the influx,
nd vice versa.

aterials and methods

lant material and growth conditions

The Arabidopsis thaliana genotypes used in this study were the
ild type Wassilewskija (Ws) the Ws  mutant atnrt2 (atnrt2.1-2.2)

Filleur et al., 2001), the EMS  lin1 line (Little et al., 2005) and the
mt1-1:T-DNA mutant (Kaiser et al., 2002) and their correspond-
ng wild type in the Col-0 and Col-3 gl1 backgrounds, respectively.
ll plant genotypes were grown hydroponically as described in
ejay et al. (1999).  The seeds were germinated directly on top of
odified eppendorf tubes filled with pre-wetted sand. The tubes
ere then positioned on floating rafts transferred on tap water in

 growth chamber under the following environmental conditions:
ight/dark cycle 8 h/16 h, light intensity 200 �mol  s−1 m−2, temper-
ture 25 ◦C/20 ◦C, hygrometry 80%. After 1 week, the tap water was
eplaced by complete nutrient solution. Then, plants were grown
ntil the age of 6 weeks on a 1 mM NH4NO3 nutrient solution (con-
rol plants), which prevented any growth difference between the
our genotypes (data not shown) (Lejay et al., 1999; Cerezo et al.,
001). Before the experiments, nitrogen was supplied as 1 mM
O3

− for 24 h (N-NO3
− induced plants), 0.1 mM NH4

+ 24 h (N-NH4
+

nduced plants) or 48 h on nitrogen-free solution (de-repressed
lants). The other nutrients were added as described in Lejay et
l. (1999).  Nutrient solutions were aerated vigorously, renewed
eekly and the day before the experiments, pH was  adjusted at

.0.
All experiments were repeated three or five times, and typical

esults are shown.
Please cite this article in press as: Camañes G, et al. Reciprocal regulation 

and NO3
− influxes. J Plant Physiol (2011), doi:10.1016/j.jplph.2011.10.011

oot influxes of 15NO3
− and 15NH4

+

An influx of either 15NO3
− (Col and amt1-1:T-DNA plants) or

5NH4
+ (WS  and atnrt2 plants) into the roots was  assayed as
 PRESS
hysiology xxx (2011) xxx– xxx

described by Delhon et al. (1995) and Gazzarrini et al. (1999),
respectively. Control plants, N-NO3

− or N-NH4
+ induced plants

and de-repressed plants of four genotypes were sequentially trans-
ferred to 0.1 mM CaSO4 for 1 min  and to complete nutrient solution
(pH 6.0) containing either 15NO3

− or 15NH4
+ (98% atom excess 15N)

for 5 min, at the concentrations indicated in figures. At the end of
the 15N labeling, roots were washed for 1 min  in 0.1 mM CaSO4 and
were separated from shoots. The roots were dried at 70 ◦C for 48 h,
weighed, crushed in a hammer-mill and analyzed for total 15N con-
tent using an integrated system for continuous flow isotope ratio
mass spectrometry (Euro-EA elemental analyser, EuroVector S.P.A.
and Isoprime mass spectrometer, GV Instruments). Root influx is
expressed in �mol 15NO3

− or 15NH4
+ (g root DW)−1 h−1.

Kinetics of 15NO3
− and 15NH4

+ influx

The kinetics of 15NO3
− influx (Col and amt1-1:T-DNA plants)

and 15NH4
+ influx (WS  and atnrt2 plants) as a function of exter-

nal 15NO3
− or 15NH4

+ concentrations ([15NO3
−]0 and [15NH4

+]0)
were measured with [15NO3

−]0 or [15NH4
+]0 ranging from 0.02 mM

to 0.8 mM.  For the kinetics studies, control plants, N-NO3
− or

N-NH4
+ induced plants and de-repressed plants of four geno-

types were used. A data transformation method based on the
Michaelis–Menten formalism was  used to obtain Vmax and Km esti-
mates. The experiment was  repeated three times.

RNA extraction and Real-time PCR analysis

Gene expression by quantitative real-time RT-PCR was per-
formed using RNA samples extracted from root tissue using the
Total Quick RNA kit (TALENT, Italy) according to the manufac-
turer’s instructions. To avoid contaminating DNA, the samples were
treated with DNAse I. A total of 1 �g of total RNA was annealed
to oligo-dT and reverse transcribed using Omniscript Reverse
Transcription kit (QIAGEN) to obtain cDNA. The sequences of the
gene-specific oligonucleotides designed and used for real-time
PCR are the following: AMT1.1 forward: 5′acactgtggccagttaggcg3′

and reverse: 5′ccgtggggatgtctttgaga3′, NRT2.1 forward:
5′agtcgcttgcacgttacctg3′ and reverse: 5′accctctgacttggcgttctc3′;
ˇ-Tubuline (TUB) forward: 5′cgattccgttctcgatgttgt3′ and
reverse: 5′aatgagtgacacacttggaatcctt3′ and EF1� forward:
5′gtcgattctggaaagtcgacc3′ and reverse: 5′aatgtcaatggtgataccacgc3′.
Real-time PCR was conducted using the QuantiTectTM SYBR Green
PCR Kit (QIAGEN) and the SmartCycler II instrument (Cepheid).
The experiment was repeated three times.

Results and discussion

Is there reciprocal regulation between AtNRT2.1 and AtAMT1.1
expression and influxes, mediated by the HATS, of NH4

+ and
NO3

−, respectively?

The induction of NH4
+ and NO3

− influxes mediated by the
HATS and the induction of the AtAMT1.1 and AtNRT2.1 expres-
sion, by NO3

− and NH4
+, together with de-repression due to a

lack of N, has been shown previously (Filleur and Daniel-Vedele,
1999; Gazzarrini et al., 1999; Gansel et al., 2001; Okamoto et al.,
2003). However, there are no studies examining the NH4

+ influx
and AtAMT1.1 expression in plants which lack AtNRT2.1 function
as well as the influence of AtAMT1.1 in NO3

− influx and AtNRT2.1
expression, both genes involved in N uptake.

Our results show that when WS  and atnrt2 plants grow in
between AtNRT2.1 and AtAMT1.1 expression and the kinetics of NH4
+

1 mM of NH4NO3 there are no significant differences in the NH4
+

ion influx mediated by the HATS, and the average value is up
to 60.5 ± 2.0 �mol  (g DW)−1 h−1 (Fig. 1A). Under the same con-
ditions, the NO3

− ion influx, mediated by the HATS, in Col and

dx.doi.org/10.1016/j.jplph.2011.10.011
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Fig. 1. Correlation between 15NH4
+ influx and AMT1.1 expression in WS and atnrt2 after transfer of hydroponically grown plants from 1 mM NH4NO3 to 1 mM NH4NO3, 1 mM

NO3
− or to 0.1 mM NH4

+ during 24 h or to nitrogen deficiency during 48 h. Arabidopsis were grown hydroponically with N supplied as 1 mM NH4NO3 during 6 weeks. (A)
Root 15NH4

+ influx was  assayed by 5-min labeling at 0.2 mM external 15NH4
+ to determine the uptake activity of the HATS in WS and atnrt2 plants. Each value is the mean of

15–20  replicates ± SE. (B) Real-time PCR analysis of the expression of AMT1.1. The plants were from the same experiment as those used for measurements of influx activity
in  (A). The AMT1.1 transcript levels were normalized to the expression of TUB measured in the same samples. The experiment was  repeated using EF1  ̨ with similar results.
E  expe
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ach  bar represents average data with standard error bars from three independent
ars  indicate statistically significant differences (P < 0.05; t test).

mt1-1:T-DNA plants does not show significant differences and the
verage value is 18.3 ± 1.2 �mol  (g DW)−1 h−1 (Fig. 2A). These influx
alues are similar to the order of magnitude observed by other
uthors in plants grown under similar conditions (Cerezo et al.,
001; Gansel et al., 2001; Loqué et al., 2006). Similarly, we observed
hat AtAMT1.1 expression is equal in WS  and atnrt2 plants and
tNRT2.1 expression does not show significant differences in Col
nd amt1-1:T-DNA plants in these conditions. In addition, the level
f expression of AtAMT1.1 and AtNRT2.1 are the same among the 4
enotypes (Figs. 1B and 2B). Although the exclusive nutrition with
H4

+ may  result in toxicity for plants (Britto and Kronzucker, 2002),
he fact that plants prefer to absorb NH4

+ rather than NO3
− when

oth forms of N are present in the environment at a low concen-
ration has been shown in A. thaliana and other vegetable species
Gebler et al., 1998; Gazzarrini et al., 1999; Camañes et al., 2009).
his can be explained by the lower energy cost for the plant when
ssimilating N-NH4

+ (Bloom et al., 1992). Although AtAMT1.1 and
tNRT2.1 expression are not different, the NH4

+ ion influx is three
imes higher than the NO3

− ion influx, which could be explained
y the larger capacity of HATS for NH4

+ ion than for NO3
− ion

Kronzucker et al., 1995, 1996).
When WS  and atnrt2 plants are treated with 1 mM of NO3

−

ver 24 h, an induction of the NH4
+ ion influx three times higher

s observed compared to control plants (1 mM NH4NO3), with no
ifferences between the two genotypes, and the average value is
Please cite this article in press as: Camañes G, et al. Reciprocal regulation b
and NO3

− influxes. J Plant Physiol (2011), doi:10.1016/j.jplph.2011.10.011

70.7 ± 7.6 �mol  (g DW)−1 h−1. This induction cannot be explained
y an increase in AtAMT1.1 expression, which remains constant
nd at the same level as in control plants (Fig. 1). Similarly,
ol and amt1.1:T-DNA show an induction of the NO3

− ion influx
riments obtained with a pool of 12 plants per point. Different letters on top of the

of 41 ± 2.3 �mol  (g DW)−1 h−1 and 28 ± 1.8 �mol  (g DW)−1 h−1,
respectively. This difference in the NO3

− influx value is signifi-
cant and is not correlated to AtNRT2.1 expression, which remains
constant in both genotypes, although it shows an induction with
an expression two times higher than in plants grown with 1 mM
NH4NO3 (Fig. 2). Our results seem to indicate that AtNRT2.1 expres-
sion does not exert any control on the NH4

+ ion influx or on
AtAMT1.1 expression in the induction mediated by NO3

−, whereas
AtAMT1.1 expression seems to be involved in the NO3

− ion influx
induction without affecting the AtNRT2.1 expression.

When plants are treated with 0.1 mM NH4
+ over 24 h, the

NH4
+ ion influx induction is produced both in WS  and atnrt2

plants, although the influx is almost 4-fold [220.0 ± 5.7 �mol
(g DW)−1 h−1] higher in WS and 3-fold [150.3 ± 4.8 �mol  (g
DW)−1 h−1] higher in atnrt2 compared to plants grown with 1 mM
NH4NO3 (Fig. 1A). An induction of AtAMT1.1 expression is also
observed without differences between the two genotypes (Fig. 1B).
Similarly, differing induction of NO3

− influx is produced in Col
[58.6 ± 8.3 �mol  (g DW)−1 h−1] and [42.0 ± 2.2 �mol (g DW)−1 h−1]
in amt1-1:T-DNA plants (Fig. 2A). A very strong induction of
AtNRT2.1 expression is also produced and does not show differences
between genotypes (Fig. 2B). These results seem to indicate that, in
the induction mediated by NH4

+, AtNRT2.1 expression exerts some
control over the NH4

+ ion influx and none over AtAMT1.1 expres-
sion. Under the same conditions, AtAMT1.1 expression seems to be
etween AtNRT2.1 and AtAMT1.1 expression and the kinetics of NH4
+

involved in the induction of the NO3
− ion influx without affecting

AtNRT2.1 expression.
When plants are under conditions lacking N for 48 h, signif-

icant differences are observed in both the NH4
+ ion influx and

dx.doi.org/10.1016/j.jplph.2011.10.011
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Fig. 2. Correlation between 15NO3
− influx and NRT2.1 expression in Col and amt1-1:T-DNA after transfer of hydroponically grown plants from 1 mM NH4NO3 to 1 mM NH4NO3,

1  mM NO3
− or to 0.1 mM NH4

+ during 24 h or to nitrogen deficiency during 48 h. Arabidopsis were grown hydroponically with N supplied as 1 mM NH4NO3 during 6 weeks.
(A)  Root 15NO3

− influx was  assayed by 5-min labeling at 0.2 mM external 15NO3
− to determine the uptake activity of the HATS in Col and Amt1-1:T-DNA plants. Each value

is  the mean of 15–20 replicates ± SE. (B) Real-time PCR analysis of the expression of NRT2.1. The plants were from the same experiment as those used for measurements of
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important role in controlling AtAMT1.1 expression.
The differences observed in both ecotypes between the tran-

scription levels of the AtAMT1.1 and AtNRT2.1 genes and their

Fig. 3. AMT1.1 expression in Col and lin1 after transfer of hydroponically grown
plants from 1 mM NH4NO3 to 1 mM NH4NO3 or to nitrogen deficiency during 48 h.
Arabidopsis were grown hydroponically with N supplied as 1 mM NH4NO3 during
6  weeks. Real-time PCR analysis of the expression of AMT1.1. The AMT1.1 transcript
nflux  activity in (A). The NRT2.1 transcript levels were normalized to the expressio
imilar results. Each bar represents average data with standard error bars from thre
n  top of the bars indicate statistically significant differences (P < 0.05; t test).

tAMT1.1 expression in WS  and atnrt2 plants (Fig. 1). The NH4
+ ion

nflux is 275.1 ± 6.7 �mol  (g DW)−1 h−1 in WS  and 172.4 ± 4.4 �mol
g DW)−1 h−1 in atnrt2 plants, and AtAMT1.1 expression shows a
reat de-repression (approximately 6-fold more than in plants that
ave remained with 1 mM NH4NO3) in WS  plants, whereas the
tAMT1.1 gene de-repression in atnrt2 plants is 12-fold (Fig. 1). A
ifferential increase of the NO3

− influx around 60.3 ± 3.3 �mol  (g
W)−1 h−1 and 40.2 ± 3.2 �mol  (g DW)−1 h−1 also occurs in the Col
nd amt1-1:T-DNA plants respectively. This increment is similar to
he one produced by the 0.1 mM of NH4

+ treatment (Fig. 2A). N
tarvation de-repressed AtNRT2.1 with no difference between both
enotypes, and somehow this effect is also observed in NH4

+ treat-
ent (Fig. 2B). The results seem to indicate that, in de-repression
ediated by the lack of N, AtNRT2.1 expression exerts some con-

rol over the NH4
+ ion influx and AtAMT1.1 expression, whereas

tAMT1.1 expression seems to be involved in the NO3
− ion influx

nduction without affecting AtNRT2.1 expression.
Li et al. (2007) examined HATS activity in AtNRT2.1 and AtNRT2.2

ingle and double mutants and showed that AtNRT2.1 is responsi-
le for 72% of the HATS activity. This result suggests that AtNRT2.2
akes only a small contribution to the system, except when

tNRT2.1 is lost. In that case, its contribution increases and results
Please cite this article in press as: Camañes G, et al. Reciprocal regulation 

and NO3
− influxes. J Plant Physiol (2011), doi:10.1016/j.jplph.2011.10.011

n a partial compensation. The single mutant AtNRT2.1 (lin1) was
lso subjected to N starvation for 48 h and we observed the same
esults as for the double mutant atnrt2. In conditions lacking N,
ol and lin1 plants show a great AMT1.1 gene de-repression. This
UB measured in the same samples. The experiment was repeated using EF1  ̨ with
pendent experiments obtained with a pool of 12 plants per point. Different letters

de-repression in lin1 plants was double that in the wild type (Fig. 3).
This result could indicate that the AtNRT2.2 gene does not play an
between AtNRT2.1 and AtAMT1.1 expression and the kinetics of NH4
+

levels were normalized to the expression of TUB measured in the same samples. The
experiment was repeated using EF1  ̨ with similar results. Each bar represents aver-
age data with standard error bars from three independent experiments obtained
with a pool of 12 plants per point. Different letters on top of the bars indicate
statistically significant differences (P < 0.05; t test).

dx.doi.org/10.1016/j.jplph.2011.10.011
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Fig. 4. Kinetics of 15NH4
+ influx in Arabidopsis roots in the low 15NH4

+ concentration range. Arabidopsis were grown hydroponically with N supplied as 1 mM NH4NO3 during
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 weeks. After that one group of plants were transferred to 1 mM NH4NO3, other gro
4  h, and other group of plants were transferred to nitrogen-free nutrient solution
5NH4

+. Each data is the mean of 30 replicates ± SE. *Statistically significant differen

espective influxes of NH4
+ and NO3

− (Figs. 1 and 2) led us to
tudy the kinetic parameters in the different treatments. The kinetic
arameters of the NH4

+ ion influx mediated by HATS in WS  and
tnrt2 plants and, NO3

− ion influx mediated also by the HATS in Col
nd amt1-1:T-DNA plants, were measured. Our results show that
lants grow with a continuous contribution from both N sources
1 mM NH4NO3), and do not exhibit significant differences between
he kinetic parameters of the WS  and atnrt2 plants (Fig. 4 and
able 1) or Col and amt1-1:T-DNA plants (Fig. 5 and Table 1). The
inetic parameters again show the greater capacity of the NH4

+ ion
−
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and NO3

− influxes. J Plant Physiol (2011), doi:10.1016/j.jplph.2011.10.011

nflux mediated by the HATS when compared to that of NO3 ion.
he value obtained for Vmax is three times higher, with no signif-
cant differences in the Km (Table 1) when plants grow with both
ources of N. These values are similar to those obtained by other

able 1
inetic parameters for saturable of 15NH4

+ influx (WS  and atnrt2 plants) or 15NO3
− influx

s  1 mM NH4NO3 during 6 weeks. To kinetics studies control plants (1 mM NH4NO3), ind
−N)  were used. Km is measured in �M and Vmax in [�mol  (g DW)−1 h−1].

1 mM NH4NO3 1 mM NO3
−

Km Vmax Km Vma

WS 95 ± 6 102 ± 10 40 ± 3 178
atnrt2 100 ± 8 99 ± 8 44 ± 2 185
Col 124 ± 12 32 ± 2 100 ± 9 58
amt1.1:T-DNA 115 ± 9 28 ± 2 120 ± 11 49

* Statistically significant differences between values (P < 0.05; t test).
lants were transferred to 1 mM KNO3 and other group to 0.1 mM (NH4)2SO4 during
) during 48 h. 15NH4

+ influx was measured at different concentrations of external
 < 0.05; t test).

researchers in analogous culture conditions (Cerezo et al., 2001;
Gansel et al., 2001; Loqué et al., 2006). These results indicate that,
in mineral nutrition conditions with both sources of N, there is
no reciprocal effect of AtNRT2.1 and AtAMT1.1 expression on the
NH4

+ and NO3
− influxes, respectively, or over the expression of

each gene.
A different response was observed among the two ecotypes

in the induction treatment with 1 mM NO3
−. We found a 2-fold

induction compared to the control with no significant differ-
ences between genotypes (Fig. 4 and Table 1) in the capacity

+

etween AtNRT2.1 and AtAMT1.1 expression and the kinetics of NH4
+

and affinity (Vmax and Km) of the NH4 influx, whereas an induc-
tion is also produced but with significant differences between Col
and amt1.1:T-DNA plants. In this case, there is a loss of 15% in
the induction capacity in mutant plants, and this effect happens

 (Col and amt1-1:T-DNA). Arabidopsis were grown hydroponically with N supplied
uced plants (1 mM NO3

−), induced plants (0.1 mM NH4
+) and de-repressed plants

0.1 mM NH4
+ −N

x Km Vmax Km Vmax

 ± 12 85 ± 5 250 ± 15* 57 ± 4 302 ± 15*

 ± 15 82 ± 6 217 ± 12* 52 ± 6 238 ± 12*

 ± 3* 120 ± 9 76 ± 5* 30 ± 2 81 ± 5*

 ± 2* 115 ± 11 62 ± 5* 28 ± 2 60 ± 4*
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Fig. 5. Kinetics of 15NO3
− influx in Arabidopsis roots in the low 15NO3

− concentration range. Arabidopsis were grown hydroponically with N supplied as 1 mM NH4NO3 during
6  months. After that one group of plants were transferred to 1 mM NH4NO3, other group of plants were transferred to 1 mM KNO3 and other group to 0.1 mM (NH4)2SO4
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uring 24 h, and other group of plants were transferred to nitrogen-free nutrient
xternal 15NO3

− . Each data is the mean of 30 replicates ± SE. *Statistically significan

ithout modifying their affinity for the substrate (Fig. 5 and
able 1). These results suggest that AtNRT2.1 expression induced by
O3

− does not have an influence on AtAMT1.1 expression and NH4
+

on influx, but that AtAMT1.1 is important for the regulation of NO3
−

ptake.
When plants are treated with 0.1 mM NH4

+, similar results
re obtained in both ecotypes if compared with its corresponding
utant. In WS  and atnrt2 plants there is a higher influx induction

han the produced in the previous treatment. Nevertheless, this
ifference in the induction can be more easily attributed to the

ncrease of Vmax than to the decrease of Km (the affinity for the
ubstrate is not altered in these plants) (Fig. 4 and Table 1). atnrt2
utant plants lost 13% of their response capacity to the induction
ith NH4

+. Col and amt1-1:T-DNA plants also undergo a differen-
ial induction with this treatment in which Km is not altered, while
max is increased in both cases, although in amt1-1:T-DNA mutant
lants there is a smaller increase, such as 18% (Fig. 5 and Table 1).

t appears that AtNRT2.1 expression does not have an effect on
he induction of AtAMT1.1 expression, but it somehow regulates
he NH4

+ ion influx, modifying the Vmax value. Likewise, AtAMT1.1
xpression does not affect the induction of AtNRT2.1, but it affects
he Vmax value. The most notable results regarding the function of
Please cite this article in press as: Camañes G, et al. Reciprocal regulation 

and NO3
− influxes. J Plant Physiol (2011), doi:10.1016/j.jplph.2011.10.011

he AtNRT2.1 and AtAMT1.1 expression are those obtained with the
reatment lacking N. In that case, there is no difference between the
ffinity for NH4

+ ion in WS  and atnrt2 plants, which is higher than
n plants that have grown with 1 mM NH4NO3 or in those plants
ion (−N) during 48 h. 15NO3
− influx was measured at different concentrations of

rences (P < 0.05; t test).

treated with N-NH4
+. Nevertheless, the capacity for the ion influx is

diminished by 22% in atnrt2 plants (Fig. 4 and Table 1). Moreover, a
strong difference in AtAMT1.1 expression exists between genotypes
(Figs. 1 and 3). With regard to Col and amt1-1:T-DNA plants (Fig. 5
and Table 1), similar results to those obtained in the treatment with
N-NH4

+ are found; these similar results refer to Vmax (18% less in
mutant plants), without altering Km between genotypes. It reaches
the lowest values among the 4 treatments. It appears that AtNRT2.1
expression affects the de-repression of the AtAMT1.1 gene by means
of some transcriptional mechanism, and it also acts on the regula-
tion of NH4

+ uptake. On the other hand, AtAMT1.1 expression does
not affect AtNRT2.1 expression, but we  observed a modification of
the Vmax value.

For first time, we show the effect of a gene involved in N trans-
port over another gene of a different family but involved in the
N uptake. Taking these results together, it seems that the func-
tions and importance of both AtNRT2.1 and AtAMT1.1 differ with
respect to the regulation of one gene over the others, in different
nutritional conditions in which the sources and concentrations of
available N are altered. It is possible that AtNRT2.1 expression may
be a sign that could inform the plant of the type of N source avail-
able. Ho et al. (2009) confirmed the signaling function for other
between AtNRT2.1 and AtAMT1.1 expression and the kinetics of NH4
+

NO3
− transporters such as NRT1.1. It would also play an important

role in regulating the AtAMT1.1 expression at the transcriptional
level. Its role as a long distance signal that indicates lack of N to the
whole plant has been reported by Gansel et al. (2001).  AtAMT1.1

dx.doi.org/10.1016/j.jplph.2011.10.011
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xpression would never regulate AtNRT2.1 expression at the tran-
criptional level with different N sources.

Taking all these results into consideration, AtNRT2.1 expression
eems to favor the NH4

+ uptake, mediated by the HATS differently,
epending on the N source or on the lack of this element. It plays a
ajor role in the AtAMT1.1 gene de-repression in conditions lacking
, showing differences between WS  and atnrt2 that could indicate

 compensatory effect of AtAMT1.1 expression due to the absence
f AtNRT2.1. AtAMT1.1 expression also favors the NO3

− ion influx
y means of some mechanism independently of the N source used
N-NH4

+ or N-NO3
−). Moreover, it seems that it does not affect the

egulation of the AtNRT2.1 expression.
To explain the discrepancy observed between the AtAMT1.1

nd AtNRT2.1 gene transcription levels and their respective NH4
+

nd NO3
− ion influx, it is possible that, in mutant plants, other

MT1 or NRT2 transporters could be affected, modifying the NH4
+

nd NO3
− HATS activity. Even proteins not belonging to any of

hese gene families, like NAR2/NRT3-1, could be altered on the
tamt1.1-TDNA mutant, triggering a reduction of NH4

+ uptake, or
tAMT1.1 and AtNRT2.1 transporters could be regulated at the
ost-transcriptional level under these conditions.

It is not surprising that AtNRT2.1 expression plays a more com-
lex role than the AtAMT1.1.  Recently, AtNRT2.1 was suggested
s a putative NO3

− transceptor because it presents a dual nutri-
nt transport/signaling function (Gojon et al., 2011). Remans et al.
2006) concluded that the NRT2.1 protein is responsible for the
oordination of the root development with external availability of
O3

−. We  believe that AtNRT2.1 expression represents a key point
n producing the induction and/or de-repression of the AtAMT1.1
ene, as well as the NH4

+ ion influx regulation, mediated by the
ATS, depending on the N source.
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