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The Arabidopsis Nitrate Transporter NRT1.7, Expressed in
Phloem, Is Responsible for Source-to-Sink Remobilization
of Nitrate
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Several quantitative trait locus analyses have suggested that grain yield and nitrogen use efficiency are well correlated with
nitrate storage capacity and efficient remobilization. This study of the Arabidopsis thaliana nitrate transporter NRT1.7
provides new insights into nitrate remobilization. Immunoblots, quantitative RT-PCR, b-glucuronidase reporter analysis,
and immunolocalization indicated that NRT1.7 is expressed in the phloem of the leaf minor vein and that its expression
levels increase coincidentally with the source strength of the leaf. In nrt1.7 mutants, more nitrate was present in the older
leaves, less 15NO32 spotted on old leaves was remobilized into N-demanding tissues, and less nitrate was detected in the
phloem exudates of old leaves. These data indicate that NRT1.7 is responsible for phloem loading of nitrate in the source
leaf to allow nitrate transport out of older leaves and into younger leaves. Interestingly, nrt1.7 mutants showed growth
retardation when external nitrogen was depleted. We conclude that (1) nitrate itself, in addition to organic forms of nitrogen,
is remobilized, (2) nitrate remobilization is important to sustain vigorous growth during nitrogen deficiency, and (3) sourceto-sink remobilization of nitrate is mediated by phloem.

INTRODUCTION
Nitrogen fertilizer is one of the most expensive nutrients to
supply. Approximately 85 to 90 million metric tons of nitrogenous
fertilizers are applied worldwide annually (Good et al., 2004).
However, 50 to 70% of the applied nitrogen is lost from the plant
soil system and causes water pollution (Peoples et al., 1995).
Therefore, improving nitrogen use efficiency (NUE) is important
to reduce the cost of crop production as well as environmental
damage. Nitrogen remobilization is one of the key steps to
improve NUE (Mickelson et al., 2003; Masclaux-Daubresse et al.,
2008).
When plants encounter nutrient deficiency, nitrogen, a mobile
element, can be recycled from older to younger leaves to sustain
the growth of developing tissues, similar to remobilization of
potassium and phosphorus. N remobilization occurs not only
from leaf to leaf during the vegetative stage but also from leaf to
seeds during the reproductive stage (Simpson et al., 1983;
Wendler et al., 1995; Rossato et al., 2001; Schiltz et al., 2005).
High nutrient demand during the reproductive stage cannot be
satisfied by N uptake, and nitrogen recycled from senescent
tissue plays an important role in sustaining grain production. For
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example, in wheat (Triticum aestivum) and maize (Zea mays), the
contribution of leaf N remobilization to grain production is cultivar
dependent, varying from 50 to 90% (Kichey et al., 2007).
Several studies have showed that N remobilization is associated with increased proteolysis activity and senescence in the
source organ, and N import into developing tissues such as
seeds is derived from the remobilization of amino acids liberated
by proteolysis of proteins synthesized during the vegetative
phase (Hortensteiner and Feller, 2002; Good et al., 2004; Jukanti
and Fischer, 2008; Masclaux-Daubresse et al., 2008). Ribulose1,5-bisphosphate carboxylase/oxygenase (Rubisco; accounting
for ;50% of the total soluble protein in a leaf), light-harvesting
complex II, and vegetative storage proteins are major sources of
organic N for remobilization (Matile et al., 1992; Mitsuhashi et al.,
1992; Lansing and Franceschi, 2000). Rubisco proteolysis is
proposed to be initiated by a cleavage via the action of reactive
oxygen species to generate a 37- and 16-kD fragment (Ishida
et al., 1997). Subsequently, endopeptidases and exopeptidases
are required for the complete hydrolysis of Rubisco (Roulin and
Feller, 1998; Kato et al., 2004). Depending on the plant species,
Asn or Gln is the preferred N compound exported from the
senescing leaf (Rochat and Boutin, 1991; Caputo and Barneix,
1997).
In addition to amino acids, inorganic nitrogen in the form of
nitrate might also be remobilized among different organs. Nitrate
and ammonium are two major nitrogen sources that plants
acquire from soil. Due to its toxic effect, ammonium taken into
plants has to be assimilated immediately and converted into
organic nitrogen. However, significant amounts of the nitrate
taken into plants can be stored in vacuoles and recirculated after
storage (Rossato et al., 2001). A study by Richard-Molard et al.
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(2008) showed that an Arabidopsis thaliana line that exhibited
higher nitrate storage capacities coped better with nitrate starvation. In addition, quantitative trait locus (QTL) analysis of maize
and barley (Hordeum vulgare) also showed that increased productivity or grain protein content is probably associated with
their ability to accumulate higher amounts of nitrate in their
leaves during vegetative growth and then to efficiently remobilize
the stored nitrate during grain filling (Hirel et al., 2001; Mickelson
et al., 2003). Although several studies have shown that nitrate
remobilization is important to increase grain yield and withstand
nitrogen deprivation, little is known about how nitrate is remobilized.
Three types of nitrate transporters, NRT1, NRT2, and CLC
(chloride channel family), have been identified in higher plants and
play diverse roles in nitrate balance in the plant (Hechenberger
et al., 1996; Forde, 2000; Orsel et al., 2002; Tsay et al., 2007).
Arabidopsis CLCa, a proton-nitrate exchanger located in tonoplasts, mediates nitrate accumulation in vacuoles (De Angeli
et al., 2006). NRT1 and NRT2 comprise families of protoncoupled transporters with 53 and 7 members, respectively, in
Arabidopsis. Four of them, Arabidopsis NRT1.1, NRT1.2,
NRT2.1, and NRT2.2, participate in nitrate uptake (Tsay et al.,
1993; Wang et al., 1998; Huang et al., 1999; Liu et al., 1999;
Filleur et al., 2001; Little et al., 2005; Li et al., 2007) using a proton
gradient as a driving force to transport nitrate from the soil into
plant cells. On the other hand, both NAXT1 (a NRT1 transporter;
Segonzac et al., 2007) and NRT1.5 mediate nitrate efflux, and
NRT1.5 is involved in xylem loading for root-to-shoot transport
of nitrate (Lin et al., 2008). NRT1.4 regulates leaf nitrate homeostasis (Chiu et al., 2004). NRT2.7 is involved in seed nitrate
storage (Chopin et al., 2007), and NRT1.6 is involved in delivering nitrate from maternal tissue to developing embryos (Almagro
et al., 2008). Nitrate can be stored, and it is important to find out
how the stored nitrate is retrieved to withstand nitrogen deficiency and to sustain high nitrogen demand in the reproductive
stage. In this study, we found that the Arabidopsis NRT1
transporter NRT1.7 is involved in nitrate remobilization. The

Figure 1. NRT1.7 Is a Low-Affinity Nitrate Transporter.
(A) Substrate specificity of NRT1.7. NRT1.7 cRNA-injected oocytes were
voltage clamped at 60 mV and stepped to a test voltage between 0 and
160 mV for 300 ms, in increments of 20 mV. The currents (I) shown
here are the differences between the currents flowing at +300 ms in the
presence and in the absence of 10 mM nitrate or 10 mM dipeptides at the
pH indicated. Similar results were obtained from two other oocytes from
different frogs.

(B) Low-affinity nitrate uptake activity of NRT1.7-, CHL1-, or waterinjected oocytes. Oocytes were incubated with 10 mM 15N-nitrate at pH
5.5 for 2 h. 15N retained in the oocytes was measured as described in
Methods. Values are means 6 SD (n = 5)
(C) High-affinity nitrate uptake activity of NRT1.7-, CHL1-, or waterinjected oocytes. Oocytes were incubated with 250 mM 15N-nitrate at pH
5.5 for 1 h. Values are means 6 SD (n = 10, 9, and 6 for NRT1.7-, CHL1-,
and water-injected oocytes, respectively). For (B) and (C), similar results
were obtained using three other frogs. *, Significant difference at P <
0.001 compared with the water-injected control.
(D) Kinetics of nitrate-elicited currents in a single NRT1.7 cRNA-injected
oocyte. The oocyte was voltage clamped at 60 mV. The inward current
elicited by different concentrations of nitrate at pH 5.5 was plotted as a
function of the external nitrate concentration. In this particular experiment, the Km, calculated by fitting to the Michaelis-Menton equation
using a nonlinear least squares methods in the ORIGIN 5.0 program
(Microcal Software; GE Healthcare), was 2.7 6 0.6 mM. The example
shown is representative of the results from six oocytes from four different
frogs.
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properties of NRT1.7 indicate that nitrate remobilization from
source to sink tissues is mediated by phloem transport.

RESULTS
NRT1.7 Encodes a Low-Affinity Nitrate Transporter
In Arabidopsis, there are 53 NRT1 (PTR) genes, some of which
are known to transport nitrate, while others transport dipeptides.
The protein sequence of NRT1.7 shows 33, 30, 34, 36, 33, 69,
and 35% identity with that of NRT1.1, NRT1.2, NRT1.3, NRT1.4,
NRT1.5 NRT1.6, and NAXT1, respectively, and 40, 37, and 35%
identity with PTR1, PTR2, and PTR3, respectively (see Supplemental Figure 1 online). To determine the substrate specificity of
NRT1.7, in vitro–synthesized cRNA was injected into Xenopus
laevis oocytes for electrophysiological analysis. After 2 d of
incubation in ND96, oocytes were voltage clamped at 260 mV
and then subjected to 300-ms voltage pulses from 0 to ;160 mV
in 220-mV increments. NRT1.7-injected oocytes responded to
10 mM nitrate at pH 5.5 with inward currents. The inward currents
were elicited by nitrate but not by the dipeptides tested (Figure
1A). The current-voltage kinetics of NRT1.7 are similar to those of
other nitrate transporters in the NRT1/PTR family (Huang et al.,
1999; Chiu et al., 2004, Almagro et al., 2008; Lin et al., 2008). The
current elicited by nitrate was pH dependent, with little or no
current detected when exposed to nitrate at pH 7.4, suggesting
that a proton gradient is important for nitrate transport. The pH
dependence of nitrate elicited currents suggested that NRT1.7
might be a proton-coupled nitrate transporter.
Most of the nitrate transporters in the NRT1 (PTR1) family
function as low-affinity transporters with exception of NRT1.1
(CHL1), which is a dual-affinity nitrate transporter (Wang et al.,
1998; Liu et al., 1999; Liu and Tsay, 2003). To determine the
affinity of NRT1.7, the high- and low-affinity nitrate transport
activities of cRNA-injected oocytes were assessed by incubating
the oocytes with 10 mM 15N-nitrate for 2 h or 250 mM 15N-nitrate
for 1 h, respectively. Consistent with the previous data, CHL1
cRNA-injected oocytes showed both high- and low-affinity nitrate transport, while NRT1.7 cRNA-injected oocytes were found
to take up nitrate only with low affinity (Figures 1B and 1C). The
Km of NRT1.7 for nitrate was calculated from currents elicited at
260 mV by different concentrations of nitrate. The average Km
calculated from six independent oocytes was 2.8 6 0.9 mM.
NRT1.7 Is Expressed in Phloem Tissue of Older Leaves
Microarray data from the public resource Arabidopsis thaliana
Expression Database CSB.DB shows that little or no expression
of NRT1.7 can be detected in root and that transcription levels in
leaves increase as leaves age (see Supplemental Figure 2A
online). The differential expression of NRT1.7 in old and young
leaves was further confirmed here by immunoblot analysis
(Figure 2A). Using BiP (Luminal Binding Protein) as loading
control, the NRT1.7 protein level in the oldest leaves was ;25
times higher than that in the youngest leaves. In addition, the
leaves were separated into distal lamina, proximal lamina, and
central part including midrib and petiole for quantitative RT-PCR

Figure 2. NRT1.7 Is Predominantly Expressed in Old Leaves.
(A) High levels of NRT1.7 protein in older leaves. Protein from individual
leaves of 23-d-old plants were separated by SDS-PAGE, transferred to a
polyvinylidene fluoride membrane (Bio-Rad), and hybridized with
NRT1.7-specific antibody. The top part of the same membrane was
hybridized with BiP antibodies as loading control. The values of NRT1.7
protein levels normalized to BiP level, with the young leaf levels set at 1,
are indicated below the blot. Similar results were found in three biological
repeats.
(B) Quantitative RT-PCR analysis of NRT1.7 expression. The leaves were
separated into distal lamina, proximal lamina, and central part, including
midrib and petiole, for RNA isolation. NRT1.7 was preferentially expressed in the distal part of older leaves. The relative expression level
shown here is the expression of NRT1.7 normalized to that of UBQ10.
Values are means 6 SE of four biological repeats. The statistically
significant differences are indicated by different letters (P < 0.01).

analysis. The NRT1.7 mRNA level was higher in the distal lamina
of older leaves (Figure 2B).
To confirm the NRT1.7 expression pattern, 13 independent
transgenic lines expressing b-glucuronidase (GUS) driven by
NRT1.7 promoter were analyzed. Consistent with immunoblot
and RT-PCR results, GUS staining was stronger in the older
leaves, while little or no staining was detected in the younger
leaves. In between, there were a few transition leaves with GUS
staining extending from the tip to the base of the leaves (indicated by arrows in Figure 3A). A similar pattern was found in all of
the 13 independent lines. Source strength is known to develop in
the tip to base direction (Turgeon and Webb, 1973). Preferential
expression of NRT1.7 in the distal part of transition leaves
suggests that NRT1.7 could be involved in exporting nutrient
out of the matured and aged leaves.
Closer examination of the GUS staining indicated that NRT1.7
was mainly expressed in minor veins (Figure 3B). In addition,
microscopy analysis of the leaf sections indicated that the
expression was restricted to the sieve element and companion

Arabidopsis NRT1.7 and Nitrate Remobilization

2753

cell complex (Figure 3C). Whole-mount immunostaining was
used to confirm the NRT1.7 protein location. Green fluorescence
of anti-NRT1.7 antiserum labeling was detected in vascular
tissues of the wild type (Figure 3D) but not nrt1.7-2 mutant
(Figure 3E), and green fluorescence was found to be parallel to
the xylem. In addition, as shown in Figure 3F and Supplemental
Figure 3 online, when sieve plates were stained with aniline blue,
green fluorescence was found to be next to the sieve plates.
Independent evidence of GUS reporter assay and immunolocalization showed that NRT1.7 is present in the companion cell and
sieve element complex. This expression pattern of NRT1.7
suggests that it might be involved in phloem loading, particularly
in mature leaves.
NRT1.7 Is Localized to the Plasma Membrane
To investigate the subcellular localization of NRT1.7, green fluorescent protein (GFP) fused either N-terminally or C-terminally
to NRT1.7 was transiently expressed in Arabidopsis protoplasts
under the control of the cauliflower mosaic virus 35S promoter.
Green fluorescence was seen in cytoplasm in the GFP control,
while the green fluorescence of NRT1.7-GFP and GFP-NRT1.7
(Figure 3G) was detected as a fine ring at the cell periphery,
external to the chloroplasts, indicating that NRT1.7 is localized in
the plasma membrane.
Expression of NRT1.7 Is Diurnally Regulated and Temporally
Opposite to That of NIA2
Shoots of plants grown for 20 d under a 12-h photoperiod were
collected to determine the diurnal changes in the expression of
NRT1.7 and nitrate reductase gene NIA2. Quantitative PCR
analysis indicated that the NRT1.7 transcript level increased
gradually during the light period, reached a maximum in the early
part of the dark period, and declined thereafter (Figure 4). By
contrast, NIA2 transcripts decreased during the light period,
were minimal at the late stage of the light period, and then

Figure 3. High Level of NRT1.7 Expression Is Detected in Phloem.
(A) Histochemical localization of GUS activity in 28-d-old pNRT1.7-GUS
plants. In the sink-to-source transition leaves indicated by arrows,
NRT1.7 expression gradually increased from distal to basal parts of the

lamina. GUS staining patterns were consistent in 13 independent transgenic lines.
(B) GUS activity in minor vein of a 32-d-old pNRT1.7-GUS plant.
(C) Cross section of minor veins of a pNRT1.7-GUS plant. GUS activity
was located at the sieve element and companion cell complex. Xy,
xylem, Ph, phloem.
(D) to (F) Immunodetection of NRT1.7 protein in whole-mount hybridization. Older leaves of Col wild type ([D] and [F]) or nrt1.7-2 mutant
(E) were labeled with anti-NRT1.7 antiserum and with fluorescenceconjugated goat anti-rabbit antiserium. Images were taken by confocal
laser scanning microscopy. Green fluorescence, NRT1.7; red color,
autofluorescence; blue color, sieve plates stained with aniline blue.
Green immunosignal was detected in the wild type (D) but not in nrt1.7
mutant (E). Xy, xylem, Sp, sieve plate.
(G) Subcellular localization of NRT1.7 and GFP fusion protein in Arabidopsis protoplasts. Confocal laser scanning microscopy pictures (top
panels) and corresponding bright-field images (bottom panels) of Arabidopsis protoplasts transiently expressing NRT1.7-GFP, GFP-NRT1.7, or
GFP alone.
Bars = 10 mm.
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Figure 4. NRT1.7 Expression Is Diurnally Regulated.
RNA from shoots of 20-d-old wild-type (Col) plants grown under 12-h
photoperiod were used for quantitative RT-PCR. The relative expression
levels are the expression of NRT1.7 and NIA2 normalized to the expression of UBQ10. Values are means 6 SE of five biological repeats at each
time point except time 0 with only two biological repeats.

increased gradually during the dark period. This opposite temporal pattern of NRT1.7 and NIA2 mRNA levels suggests that
NRT1.7 is needed when nitrate reductase activity is low.
nrt1.7 Null Mutants Accumulate a Higher Amount of Nitrate
in Older Leaves
To determine the in vivo function of NRT1.7, two T-DNA insertion
mutants were isolated. Mutant nrt1.7-1 in the Wassilewskija (Ws)
ecotype was isolated by PCR-based screening (Krysan et al.,
1999), and a second mutant, nrt1.7-2, SALK_053264, in the
Columbia (Col) ecotype was obtained from the ABRC (Alonso
et al., 2003). In nrt1.7-1 and nrt1.7-2 mutants, one copy and three
contiguous copies of T-DNA, respectively, were inserted in the
second intron of NRT1.7 gene (Figure 5A). No expression of
NRT1.7 mRNA and protein could be detected by RT-PCR (data
not shown) and immunoblot analysis (Figure 5B) showing that
both are null mutants.
The nitrate content in each leaf was analyzed in the wild type
and mutants. Compared with the wild type, higher amounts of
nitrate accumulated in older leaves of the mutants (Figures 5C
and 5D; see Supplemental Figure 4 online). Preferential expression of NRT1.7 in older leaves and accumulation of nitrate in the
older leaves of the mutants suggest that NRT1.7 is responsible
for remobilizing nitrate from the older leaves to other tissues.
nrt1.7 Mutants Are Defective in Remobilizing 15N-Nitrate
from Older Leaves to Younger Leaves
That NRT1.7 functions in nitrate remobilization was further confirmed by a 15N-nitrate spotting experiment. 15N-nitrate was
spotted on distal parts of the oldest nonsenescent leaf, and 20 h
after spotting, 15N content of different leaves and organs was
analyzed. In the wild type, 15N-nitrate spotted on the old leaf
moved to younger leaves; in the mutants, little or no 15N could be
found in the young leaves (Figures 6A and 6B). In contrast with
sucrose export studies (Kiefer and Slusarenko, 2003), 15N
remobilization does not show a vertical transport pattern (orthostichy). The amount of 15N exported out of the spotted leaf in

the mutants was 20 to 40% of the wild-type levels. These data
indicate that the nitrate transporter NRT1.7 is responsible for
remobilizing nitrate from older leaves to N-demanding tissues,
such as young leaves.
Since NRT1.7 is expressed in the phloem of older leaves, the
amount of nitrate in the phloem sap was compared between the
wild type and mutants. In a slight modification of an older
protocol (Deeken et al., 2008), the third and fourth leaves were
cut, recut in EDTA buffer, washed, and then placed into tubes
with 200 mL of EDTA buffer. After phloem bleeding for 1 h, the
buffer solution, which contained diluted phloem sap, was used
for composition analyses. The glucose content in the phloem
exudates was lower than the detection limit (50 n mole/g fresh
weight [FW]), suggesting that the contamination of damaged cell
extract in the exudates was low. Nitrate content in the exudates
was 159.9 6 9.7 n mole/g FW in Ws, 96.8 6 7.4 in nrt1.7-1, 193.2 6
11.5 in Col, and 123.9 6 5.0 in nrt1.7-2 (Figure 6C), indicating that
compared with the wild type, the nitrate content of phloem
exudate in nrt1.7 mutants decreased 35 to 40%. Other types of
transporters or loading mechanisms could be responsible for the
remaining nitrate detected in the phloem sap of the nrt1.7
mutants. The sucrose content in the mutants is comparable to
the values of their corresponding wild types (Figure 6D), suggesting that reduced nitrate content in the mutants is not due to
reduced exudation rate of phloem sap in the mutants. Probably
due to the differences in plant species and leaf ages, the
sucrose-to-nitrate ratio of phloem exudates in this study is
;10, which is lower than the ratio of 30 observed in wheat
(Hayashi and Chino, 1986).
Growth Retardation in nrt1.7 Mutants during
Nitrogen Starvation
Under nutrient-sufficient conditions, no growth difference was
seen between mutants and the wild type. However, when plants
were starved of nitrogen at an early stage (10 d after germination), both nrt1.7 mutants showed growth retardation compared
with the wild type (Figure 7A). When compared with the wild type
grown in the same pots, the rosettes in the mutants were ;30%
smaller in diameter (Figures 7B and 7C). Quantitative RT-PCR
analysis revealed that NRT1.7 expression in shoot was induced
by nitrogen starvation (Figure 7D; see Supplemental Figure 6
online). The growth retardation found in mutants and the enhanced expression of NRT1.7 during nitrate starvation suggest
that nitrate remobilization is important to sustain vigorous growth
under nitrogen starvation conditions.

DISCUSSION
Arabidopsis NRT1.7 Mediates Phloem Loading of Nitrate in
Source Leaves to Remobilize Nitrate from Older Leaves to
Nitrogen-Demanding Tissues
Functional analysis in Xenopus oocytes showed that NRT1.7 is a
pure low-affinity nitrate transporter, with a Km of ;2.8 mM in
oocytes. A GFP fusion study showed that NRT1.7 is located in
the plasma membrane. Immunoblot analysis showed that
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NRT1.7 is mainly expressed in older leaves. GUS staining analysis and immunolocalization further indicated that NRT1.7 is
expressed in the companion cell and sieve element complex of
the minor vein. Compared with the wild type, more nitrate
accumulated in older leaves of nrt1.7 mutants, a defect in nitrate
remobilization that was further confirmed by 15N-nitrate tracing
assay, which showed that 15N-nitrate spotted on the oldest leaf
could be remobilized to younger leaves in the wild type but not in
nrt1.7 mutants. In addition, the nitrate content of phloem exudates from older leaves of nrt1.7 mutants fell. Taken together,
these data suggest that NRT1.7 in source leaves is involved in
loading nitrate into the phloem for remobilization.
NRT1.7, a plasma membrane transporter of the sieve element/
companion cell complex, was involved in moving excess nitrate
from older leaves into developing tissues, indicating that apoplastic phloem loading is responsible for nitrate remobilization.
Some studies have suggested that nitrate cannot be detected in
phloem sap (Pate et al., 1975; Hocking, 1980); however, using a
different detection method (e.g., liquid chromatography), some
studies found 1.9 to 8.1 mM nitrate in phloem sap of plants grown
with sufficient nitrate (Smith and Milburn, 1980; Hayashi and
Chino, 1985, 1986; Allen and Smith, 1986).
Nitrate is known to be stored in vacuoles. Therefore, excess
nitrate stored in mesophyll cells needs to be transported across
the tonoplast and then the plasma membrane to be loaded
apoplastically into the phloem. These three steps of transport
(across tonoplast of mesophyll cell, plasma membrane of mesophyll cell, and plasma membrane of companion cell and sieve
element) need to be coordinated to remobilize nitrate efficiently.
Genes involved in the first two steps have not been identified.
The reduced nitrate content in phloem sap and reduced 15NO32
remobilization in nrt1.7 mutants suggest that transport across
the plasma membrane of companion cell and sieve element is a
rate-limiting step for nitrate remobilization.

Nitrate Remobilization Is Important for Sustained Growth
under Nitrogen Starvation

Figure 5. Nitrate Accumulated in Older Leaves of nrt1.7 Mutants.
(A) Schematic map of the nrt1.7-1 and nrt1.7-2 mutants. Both mutants
carry the T-DNA insertion in the second intron of the NRT1.7 gene. The
black and white boxes represent the coding and untranslated regions,
respectively. The number indicated the insertion site of two mutants with
start codon as 1 and stop codon as 3890.
(B) Immunoblot analysis of NRT1.7 protein levels in the wild-type and in
homozygous nrt1.7 mutants. Total membrane proteins (10 mg) from two
wild types and two mutants were separated by SDS-PAGE and analyzed
as described in the legend of Figure 2A. Both nrt1.7 lines are null
mutants.

NRT1.7 is involved in nitrate remobilization from the old leaf.
Mutants of nrt1.7 defective in this process had retarded growth
when the plants encountered long-term severe nitrogen deficiency during vegetative growth, indicating that internal nitrate
remobilization between leaves was important for plants to cope
with nitrogen deficiency and the importance of enhanced NUE
for maximum growth. Consistent with this, by comparing nitrogen contents and growth of two Arabidopsis lines in response to
nitrogen starvation, Richard-Molard et al. (2008) found that the
line with higher nitrate storage capacity prior to nitrate starvation
coped better with nitrate starvation. Our study of NRT1.7

(C) and (D) More nitrate accumulated in older leaves of mutants.
Individual leaves were collected and nitrate content measured from 28to 32-d-old plants grown in soil with full nutrient under 16-h photoperiods. The wild type and mutant were grown in the same pot for
comparison. Similar results were observed in three different pairs of
Ws and nrt1.7-1 comparisons and three of Col and nrt1.7-2.
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provides genetic evidence for the involvement of nitrate remobilization in the ability to withstand nitrogen starvation. It will be
interesting to see in the future if any QTL associated with NUE will
be mapped to NRT1.7 orthologs in crop plants.
It is well documented that during leaf senescence, organic
nitrogen derived from degraded protein will be remobilized to
support the growth of young tissues (Masclaux-Daubresse et al.,
2008). Our study of NRT1.7 indicates that inorganic nitrogen
nitrate can also be remobilized from older leaves into nitrogendemanding tissues. In addition to growth retardation upon longterm nitrogen starvation, mutants of nrt1.7-2 also showed early
senescence in older leaves when plants encountered nitrogen
deficiency during the reproductive stage (see Supplemental
Figure 7 online). Interestingly, such senescence was initiated
from distal parts of the leaf, where expression of NRT1.7 is
initiated. The senescence could be caused by excess nitrate
accumulation in older leaves or enhanced nitrogen demand
signal from the reproductive tissues. The enhanced nitrogen
demand signal may accelerate senescence to enhance proteolysis and remobilization of organic nitrogen into sink tissues.
However, the early senescence phenotype was only observed in
nrt1.7-2 mutants (Col ecotype) but not in nrt1.7-1 mutants (Ws
ecotype) and thus may be due to different nitrogen use strategies
in different Arabidopsis ecotypes.
Nitrate Remobilization Is Mediated by Phloem Transport
NRT1.7, responsible for remobilizing nitrate from older leaves to
N-demanding tissues, is expressed in the sieve element and
companion cell complex. Therefore, in contrast with root-toshoot nitrate transport via the xylem, nitrate remobilization
among different leaves and reproductive tissues is mediated
by the phloem. Localization of NRT1.7 in the plasma membrane
and the expression of NRT1.7 in the sieve element and companion cell complex indicate that nitrate can be loaded into the
phloem. Reduced nitrate content in the phloem exudates collected from older leaves of nrt1.7 mutants suggest that nitrate
itself is normally transported out of older leaves. Whether nitrate
will be converted to some organic form as it travels from older
leaves to N-demanding tissues is still an open question.

Figure 6. nrt1.7 Mutants Are Defective in Remobilizing 15N-Nitrate from
Old to Sink Tissues.

(A) and (B) 15N-nitrate tracing assay in the wild type and mutant. The 28to 32-d-old plants grown in soil with full nutrient availability under 16-h
photoperiod were used for 15N-nitrate tracing. 15N-nitrate was spotted
on the oldest leaf, and after 20 h, the 15N content was measured in
different leaves. The amount of 15N in each leaf is presented as the
percentage of total 15N in rosette leaves. Values are mean 6 SE of three
independent plants. *, Significant difference (P < 0.01) between the wild
types and mutants.
(C) Nitrate contents in phloem exudates. Nitrate contents in phloem
exudates of old leaf were lower in nrt1.7 mutants. Values are means 6 SE
of three biological repeats. *, Significant difference (P < 0.005) between
the wild types and mutants.
(D) Sucrose contents in phloem exudates. Sucrose content in the same
phloem exudates of (C) were measured. There was no significant
difference between the wild types and mutants. Values are means 6
SE of three biological repeats.
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Phloem-mediated nitrate remobilization could take advantage
of the source-to-sink directed transport of phloem. Indeed, in the
wild-type plant, the majority of 15N-nitrate spotted on older
leaves was transported directly to young leaves. Sometimes, a
small amount of 15N-nitrate spotted on old leaf was found to have
leaked out into adjacent leaves. This leak transport to adjacent
leaves was more obvious in nrt1.7 mutants, when the function of
the NRT1.7 was blocked (Figures 6A and 6B). The leak or
diffusion process could provide an alternative pathway to transport nitrate out of older leaves, but NRT1.7 is responsible for a
superhighway to facilitate the rapid delivery of nitrate from older
leaves to N-demanding tissues.

Comparison of Diurnal Regulation of NRT1.7 and
Nitrate Reductase
Nitrate is assimilated by nitrate reductase in cytosol, and excess
nitrate in the cell can be stored in the vacuole. Similar to the
expression of nitrate reductase genes (Cheng et al., 1991), the
expression level of NRT1.7 was also diurnally regulated. However, the temporal pattern of NRT1.7 was opposite to that of
NIA2 in that NRT1.7 expression was highest at dusk, while NIA2
was highest at dawn. The opposite diurnal patterns of NRT1.7
and NIA2 suggest that when nitrate reductase activity is downregulated during the night, excess nitrate in the leaf can be
exported out by NRT1.7. Using different time periods for assimilation and export could ensure that the older leaves still get
sufficient nitrate for assimilation to meet their own nitrogen
demand, and only excess nitrate is transported out. For most
plants, the amount of sucrose exported from the source leaf
during the night is similar to or slightly lower than the amount
exported during the day (Pate et al., 1979; Mitchell et al., 1992).
The sucrose exported during the night comes from hydrolysis of
starch stored during the day. Since nitrate remobilization and
sucrose remobilization use the same path phloem for transport,
and NRT1.7 expression is upregulated by sucrose (see Supplemental Figure 8 online), nitrate remobilization might be an additional step of regulation for N-C balance.

Figure 7. nrt1.7 Mutants Showed Growth Retardation upon Nitrogen
Starvation.
(A) Representative 35-d-old plants grown with full nutrient for 10 d and
then nitrogen starved for 25 d. Photos of 10-d-old plants before starvation are shown in Supplemental Figure 5 online.
(B) Rosette size of the wild type and nrt1.7 mutants under nitrogen
starvation. Values are means 6 SD; n = 5 for Ws/nrt1.7-1, and n = 4 for
Col/nrt1.7-2. Plants were grown with full nutrient for 10 d and then
nitrogen starved for 25 d for Ws background and 15 d for Col background. *, Significant difference (P < 0.005) between the wild types and
mutants.
(C) Quantitative RT-PCR analysis of NRT1.7 expression in nitrogen
starved plants. Plants were grown hydroponically for 34 d with full
nutrients and then shifted to nitrogen-depleted medium for the time
indicated. The relative expression level is the expression of NRT1.7
normalized to that of UBQ10. Values are means 6 SE of three biological
repeats. *, Significant difference (P < 0.005) between full nutrient and
nitrogen starvation.

METHODS
Functional Analysis of NRT1.7 in Xenopus laevis Oocytes
A full-length pNRT1.7 (At1g69870) clone was isolated from an Arabidopsis thaliana cDNA library (Elledge et al., 1991) using the NRT1.1 (CHL1)
homology EST clone (clone ID 119P20) as a probe. The 1.9-kb full-length
cDNA fragment of NRT1.7 was subcloned into the pGEMHE vector
(Liman et al., 1992) to generate pGEMHE-NRT1.7. The pGEMHE-NRT1.7
was linearized using NheI, and capped mRNA was transcribed in vitro
using mMESSAGE mMACHINE kits (Ambion). Oocytes were injected with
100 ng of NRT1.7 cRNA as described previously (Tsay et al., 1993).
Electrophysiological analyses of injected oocytes were performed as
described previously (Huang et al., 1999). Nitrate uptake assays using
15N-nitrate were performed as described previously using a continuousflow isotope ratio mass spectrometer coupled with a carbon nitrogen
elemental analyzer (ANCA-GSL MS; PDZ Europa; Lin et al., 2008), and
oocytes injected with CHL1 cRNA (Liu et al., 1999) were used as a positive
control.
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Plant Growth Condition and nrt1.7 Mutants
Unless otherwise indicated in the figure legend, most Arabidopsis plants
used in this study were grown in soil containing compost:humus at a 3:1
ratio, at 228C, with a 16-h photoperiod, and 60% relative humidity,
irrigated with full nutrient using HYPONeX #2 fertilizer (Almagro et al.,
2008) at final concentrations of 6 mM nitrate, 5.3 mM potassium, and 3.5
mM phosphate. For nitrogen starvation experiments, plants were grown
in soil containing perlite:vermiculite at a 1:2 ratio and covered with a thin
layer of fine vermiculite, irrigated with HYPONeX #2 fertilizer for 10 or 25 d
as indicated in the figure legends, and then watered with a nitrogendepleted solution containing 5 mM K2HPO4/KH2PO4, pH 5.5, and the
basal nutrients (1 mM MgSO4, 0.1 mM FeSO4-EDTA, 0.5 mM CaCl2, 50
mM H3BO3, 12 mM MnSO4, 1 mM ZnCl2, 1 mM CuSO4·5H2O, and 0.2 mM
Na2MoO4·2H2O). For phloem exudate collection and measurement of
NRT1.7 expression in response to starvation, plants were grown hydroponically in a solution containing 1 mM K2HPO4/KH2PO4 at pH 5.5, the
basal nutrients described above, and with or without 1 mM NH4NO3. All
experiments compared by wild-type and mutant plants were grown in the
same pot.
The nrt1.7-1 line was obtained from the ALPHA population (Ws ecotype) of T-DNA–tagged plants generated by the Arabidopsis Knockout
Facility at the University of Wisconsin Biotech Center (Krysan et al., 1999).
The primers used for PCR screening were JL202 (Lin et al., 2008) and the
NRT1.7 forward primer (59- CCACACCCACCATATATTATCTACTCACT-39). The second mutant nrt1.7-2 (SALK_053264) was provided by
the Salk Institute Genomic Analysis Laboratory (Alonso et al., 2003).
Antibody and Immunoblots
The anti-NRT1.7 rabbit polyclonal antibody was generated using a
peptide corresponding to the first N-terminal 50 amino acids. The
cDNA fragment encoding the N-terminal 1 to 50 amino acids was
amplified by PCR using primer pairs of forward 59-gaattctaATGGTTTTGGAGGATAG-39 and reverse 59-aaGCTTTTTCTCTACCTTCTCAG-39,
which introduced EcoRI and HindIII restriction sites, respectively, and
subcloned into pGEX-KG in frame with the glutathione S-transferase
(GST) to generate pGEX-KG-NRT1.7-N50. GST fusion protein was
isolated from Escherichia coli (BL21) and purified by GST beads. Purified
GST fusion protein was emulsified with Freund’s adjuvant and injected
into New Zealand rabbits according to the protocol of Spindler et al.
(1984).
For protein immunoblot analysis, tissues were homogenized in ice-cold
extraction buffer consisting of 15 mM Tris-HCl, pH 7.8, 250 mM sucrose,
1 mM EDTA, 2 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 0.6%
polyvinylpyrrolidone, and protease inhibitor cocktail (Roche). The homogenate was then centrifuged at 10,000g for 10 min, and the supernatant was collected in a chilled tube. The supernatant was centrifuged at
100,000g for 1 h, and then the pellet, the microsomal fraction, was
dissolved in 4% SDS. Ten micrograms of protein were analyzed by SDSPAGE. Detections were performed using the ECL protein gel blotting
system (Amersham, GE Healthcare). Anti-NRT1.7, Anti-BiP, and horseradish peroxidase–labeled anti-rabbit IgG antibody were used at dilutions
of 1:2000, 1:2000, and 1:10,000, respectively. Bands were detected by
BioMax MR film (Kodak) and quantified by VisionWorks analysis software
from Ultra-Violet Products, and the signals were in linear range.
RT-PCR and Quantitative RT-PCR
The ImProm-II reverse transcriptase (Promega), oligo(dT) primers, and
the RNA isolated from different developmental stages of leaves and
flowers were used to synthesize the first-strand cDNAs. Primers across
the intron of Histone were used to exclude genomic contamination.
Primers specific for the NRT1.7, NIA2, and UBQ10 gene were designed

by ABI software. Quantitative PCR was performed with an AB7500
using Power SYBR Green (ABI System). The primers used were as follows: Histone (forward, 59-AACCACTGGAGGAGTCAAGA-39; reverse,
59-CAATTAAGCACGTTCTCCTCT-39), NRT1.7 (forward, 59-CAACAGTCAGTTTCCAGAGCACAT-39; reverse, 59-CGACAGTCACAAGGAAACTACTAAGGTA-39), NIA2 (forward, 59-AGGATCCAGAGGATGAGACTGAAA-39;
reverse, 59-CCTTAGCTGATTCCACTACGTACCA-39), and UBQ10 (forward, 59-AGAAGTTCAATGTTTCGTTTCATGTAA-39; reverse, 59-GAACGGAAACATAGTAGAACACTTATTCA-39).

Promoter-GUS Analysis
A 1.35-kb genomic fragment of NRT1.7 promoter (21346 to +3 bp) was
generated by PCR using the primers forward 59-gtcgaCAAATATTTTCCTATAACATA-39 and reverse 59-ggatcctCATCTCTAAGATATTACT-39, cut
with XbaI and BamHI, and then inserted in frame in front of uidA (GUS) of
pBI101. Plant trasnsformation was performed as previously described
(Clough and Bent, 1998). Homozygous transgenic plants (T3) of 28- to 32d-old cultivated in full nutrient soil were used for GUS histochemical
assay, using GUS staining as described previously (Lagarde et al., 1996).
Cross sections of 2-mm thickness were prepared using a microtome
(Ultracut E; Reichert-Jung) from tissues embedded in medium-grade LR
White (London Resin Company).

Whole-Mount Immunolocalization
To enhance the specificity, anti-NRT1.7 antiserum was affinity purified
first by the antigen used to raise antiserum (a GST fusion of the first 50
amino acids of NRT1.7) and then by HA-tagged full-length NRT1.7
protein. Older (40 d old) Col and nrt1.7-2 leaves were used for wholemount immunohybridization (Bauwens et al., 1994). For antigen retrieval
before hybridization, tissues were incubated in 1 mM EDTA at 958C for 5
min and then blocked for 2 h in blocking buffer (50 mM Tris-HCl, pH 7.5,
150 mM NaCl, and 1% gelatin). After 36 h incubation with affinity-purified
anti-NRT1.7 antiserum in 1:10 dilution at 48C, tissues were washed three
times with blocking buffer and then hybridized with Alexa Fluor 488 goat
anti-rabbit IgG (Molecular Probes) in 1:500 dilution. Green fluorescence
was detected by a Zeiss LSM META-510 microscope with excitation at
488 nm. Fluorescence emission signals were detected using a band-pass
filter of 505 to 530 nm. Sieve plates were stained with 0.2% aniline blue
(Water Blue; Fluka) in 50 mM Na-PO4 buffer for 30 min. Aniline blue
fluorescence was detected with an excitation light of 405 nm and bandpass filter of 420 to 480 nm.

GFP Fusion and Subcellular Localization
To construct the plasmid encoding NRT1.7-GFP fusion protein, NRT1.7
cDNA was amplified by PCR using the primers NRT1.7NF (59-tctagATGGTTTTGGAGGATAGA-39) and NRT1.7NR (59-ggatccCATTTCATCGATTTCTT-39); the former primer introduces a XbaI restriction site, and
the latter removes the stop codon and introduces a BamHI restriction site.
The amplified DNA fragment was then cloned in frame in front of the GFP
coding region in the vector 326-GFP (Lee et al., 2001), leading to the final
pNRT1.7-GFP construct under the control of the 35S promoter. The
fusion linker between NRT1.7 and GFP contained seven amino acids
(YIQGDIT). To construct the plasmid encoding pGFP-NRT1.7 fusion
protein, the NRT1.7 cDNA was amplified by PCR with primers NRT1.7CF
(59-ctcgagATGGTTTTGGAGGATAGA-39) and NRT1.7CR (59-ctcgagTCATTTCATCGATTTCTT-39), which introduced XhoI restriction sites,
and then cloned in frame into vector 326-GFP-nt (no termination codon)
behind GFP. The fusion linker between GFP and NRT1.7 contained 13
amino acids (PRAIKLIDTVDLE). The vector 326-GFP was used as a free
GFP control.
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Transient transformation of Arabidopsis protoplasts with polyethylene
glycol was performed as described previously (Yoo et al., 2007). After
transformation, protoplasts were incubated overnight at room temperature
under illumination (25 mE) and then observed by a Zeiss LSM510 microscope with excitation at 488 nm. Fluorescence emission signals were
detected using a band-pass filter of 505 to 530 nm for GFP and a long-pass
filter of 650 nm for the far-red autofluorescence of the chloroplast.

Supplemental Figure 3. Continuous Confocal Images of NRT1.7
Whole-Mount Immunostaining.

Measurement of the Nitrate Content in Arabidopsis Leaves

Supplemental Figure 7. Early Senescence in nrt1.7-2 Mutant with
Late Nitrogen Starvation.

The rosette leaves were collected and immediately frozen in liquid
nitrogen. To extract nitrate, samples were boiled in water (100 mL/mg
FW) and then freeze-thawed once. After filtering through 0.2-mm polyvinylidene fluoride membrane (Pall Corporation), nitrate content of the
samples was determined by HPLC using a PARTISIL 10 SAX (strong
anion exchanger) column (Whatman) and 50 mM phosphate buffer, pH
3.0, as the mobile phase.
15N-Nitrate

Tracing Assay

Three days after bolting, 10 mL of 50 mM K15NO3 with a 98% atom excess
of 15N was spotted on distal parts of the oldest leaf. Approximately 20 h
after spotting, individual leaves were collected and dried at 808C for 24 h,
at which point 15N content was analyzed as described previously using a
continuous-flow isotope ratio mass spectrometer coupled with a carbon
nitrogen elemental analyzer (ANCA-GSL MS; PDZ Europa) (Lin et al.,
2008).

Supplemental Figure 4. The Ratio of Nitrate Content in Each Leaf.
Supplemental Figure 5. nrt1.7 Mutants Do Not Show Growth Defect
before Nitrogen Starvation.
Supplemental Figure 6. Expression of NRT1.7 Is Regulated by
Nitrogen Starvation.

Supplemental Figure 8. Expression of NRT1.7 Is Regulated by
Sucrose.
Supplemental Data Set 1. Text File Corresponding to the Alignment
in Supplemental Figure 1.
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Collection and Analysis of Phloem Exudates
Three days after bolting, phloem exudates were collected from excised
leaves using procedures modified from the protocol previously described
(Deeken et al., 2008). The third and fourth leaves were cut, and the tip of
the petiole was recut in EDTA buffer (5 mM Na2EDTA, pH 7.5, osmotically
adjusted to 270 mosmol with sorbitol) with fresh razor blades without
wounding. The leaves were washed with a large volume of sterile EDTA
buffer to remove contaminants and then placed in 200 mL new EDTA
buffer. During phloem sap exudation, the leaves were illuminated (25 mE)
and incubated in a chamber. After 1 h of bleeding, the buffer solution
containing phloem exudates was analyzed for nitrate and sugar content.
Nitrate content was measured by HPLC as described above. Sucrose and
glucose content were measured by the DNS method as described
elsewhere (Bernfeld, 1995).
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: At1g69870 (NRT1.7),
At1g12110 (CHL1, NRT1.1), At1g69850 (NRT1.2), At3g21670 (NTP3,
NRT1.3) At2g26690 (NTP2, NRT1.4), At1g32450 (NRT1.5), At1g27080
(NRT1.6), At1g08090 (NRT2.1), At1g08100 (NRT2.2), At1g12940
(NRT2.7), At3g45650 (NAXT1) At3g54140 (PTR1), At2g02040 (PTR2),
At5g46050 (PTR3), At5g40890 (CLCa), At5g40780 (LHT1), At4g05320
(UBQ10), At1g22710 (SUC2), At4g22200 (AKT2), At4g40040 (Histone),
and At5g42020 (BiP).
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure 1. Amino Acid Sequence Alignment of the
Arabidopsis Nitrate Transporters in NRT1 Family.
Supplemental Figure 2. NRT1.7 Expression Levels in Vegetative
Tissues.
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