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The NAR?2 protein of Chlamydomonas reinhardtii has no known transport activity yet it is required for high-affinity nitrate
uptake. Arabidopsis (Arabidopsis thaliana) possesses two genes, AtNRT3.1 and AtNRT3.2, that are similar to the C. reinhardtii
NAR2 gene. AtNRT3.1 accounts for greater than 99% of NRT3 mRNA and is induced 6-fold by nitrate. AtNRT3.2 was expressed
constitutively at a very low level and did not compensate for the loss of AtNRT3.1 in two Atnrt3.1 mutants. Nitrate uptake by
roots and nitrate induction of gene expression were analyzed in two T-DNA mutants, Atnrt3.1-1 and Atnrt3.1-2, disrupted in
the AtNRT3.1 promoter and coding regions, respectively, in 5-week-old plants. Nitrate induction of the nitrate transporter
genes AtNRT1.1 and AtNRT2.1 was reduced in Atnrt3.1 mutant plants, and this reduced expression was correlated with
reduced nitrate concentrations in the tissues. Constitutive high-affinity influx was reduced by 34% and 89%, respectively, in
Atnrt3.1-1 and Atnrt3.1-2 mutant plants, while high-affinity nitrate-inducible influx was reduced by 92% and 96%, respectively,
following induction with 1 mm KNO, after 7 d of nitrogen deprivation. By contrast, low-affinity influx appeared to be
unaffected. Thus, the constitutive high-affinity influx and nitrate-inducible high-affinity influx (but not the low-affinity influx)
of higher plant roots require a functional AtNRT3 (NAR2) gene.

Nitrate influx into plant roots has been defined
kinetically as being composed of at least four additive
fluxes; constitutive high-affinity influx (CHATS),
nitrate-inducible high-affinity influx (IHATS), constitu-
tive low-affinity influx (CLATS), and inducible low-
affinity influx (ILATS; Crawford and Glass, 1998; Forde,
2000). Members of the NRT2 family of transporters are
involved in the IHATS in fungi, algae, and plants. The
first members of this family were cloned from Aspergil-
lus nidulans and Chlamydomonas reinhardtii (Unkles et al.,
1991; Quesada et al., 1994) by use of mutants defective
in nitrate transport. Sequence similarities among these
genes enabled Trueman et al. (1996) to clone the first
members of this family from plants (HUNRT2.1 and
HouNRT2.2 from barley [Hordeum vulgare]). Subsequently,
AtNRT2.1 and AtNRT?2.2 were cloned from Arabidopsis
(Arabidopsis thaliana; Filleur and Daniel-Vedele, 1999;
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Zhuo et al., 1999) along with similar genes from several
other plant species (for review, see Crawford and Glass,
1998; Forde, 2000). Evidence that NRT2 genes play an
important role in high-affinity nitrate transport came
first from strong correlations between AfNRT2.1 and
AtNRT2.2 expression and high-affinity influx during
induction by nitrate (Zhuo et al., 1999; Okamoto et al.,
2003) and during down-regulation by various nitrogen
sources (Vidmar et al., 2000; Nazoa et al., 2003). A T-DNA
mutant of Arabidopsis disrupted in the AtNRT2.1 and
AtNRT2.2 genes exhibited severe and specific impair-
ment of IHATS function, providing further support for
this idea (Cerezo et al., 2001; Filleur et al., 2001). However,
in C. reinhardtii NRT2 genes do not act alone; two
high-affinity nitrate transporter genes (CrNRT2.1 and
CrNRT2.2) require a second gene, CrNAR?2, to function
in nitrate transport (Quesada et al,, 1994). A role for
CrNAR? in nitrate uptake was confirmed in Xenopus
oocytes. Oocytes injected with CrNAR2 or CrNRI2.1
mRNA separately gave no evidence of nitrate transport
activity, whereas coinjection of both mRNAs produced
nitrate currents (Zhou et al., 2000). Similar results were
reported for barley, where one of three NAR2-like genes,
HuNAR2.3, is able to increase nitrate transport compared
to water-injected Xenopus oocytes when coexpressed
with HuNRT2.1 (Tong et al., 2005). These findings indicate
that NAR?2 is not required for transcriptional regulation
of NRT2.1 but is, instead, facilitating NRT2.1 transport
activity perhaps by a direct interaction.

The completion of the Arabidopsis genome-sequencing
project enabled us to search for the presence of NAR2
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genes in this plant. Two such NAR2-like genes were
found. We propose to name them AtNRT3.1 and AtNRT3.2,
respectively, since NAR is already reserved for another
gene in Arabidopsis. We obtained two T-DNA insertion
mutants for AfNRI3.1, one disrupted in the promoter
region and the other in the coding region. These mutants
were used to investigate whether high-affinity nitrate
transport in Arabidopsis requires NRT3 function in planta.

RESULTS
Identification of the AtNRT3 Gene Family

Two genes in Arabidopsis were revealed by a ho-
mology search against the Arabidopsis genome data-
base (Arabidopsis Genome Initiative, 2000) using the
C. reinhardtii NAR2 sequences, namely, AtNRT3.1
(GenBank ID: AJ310933; Arabidopsis Genome Initia-
tive [AGI] code: At5g50200) and AtNRT3.2 (GenBank
ID: BX842351; AGI code: At4g24720). Predicted open
reading frames of AtNRT3.1 and AtNRT3.2 encode 210
and 209 amino acids, respectively, sharing 61% iden-
tity and 76% similarity with each other (Fig. 1A).
SignalP (Nielsen et al., 1999) and PSORT (Nakai and
Kanehisa, 1992) predict that both AtNRT3 proteins
possess signal peptides, with a predicted cleavage site
between amino acids 22 and 23. One transmembrane
region was predicted at the C terminus, leaving a long
hydrophilic N-terminal end that is predicted to be
extracellular.

Isolation of Atnrt3 Mutants

To find a T-DNA insertion in AtNRT3.1, a PCR-
based screen was carried out with a population of
60,480 T-DNA insertion lines (ecotype Wassilewskija
[Ws] background) from the Arabidopsis knockout
facility at the University of Wisconsin (see “Materials
and Methods” for details). A T-DNA insertion line was
isolated, and sequence analysis of the T-DNA-genomic
DNA junction regions revealed that the insertion was
184 bp upstream from the predicted start codon of
AtNRT3.1; there was a deletion of 51 bp of genomic
DNA (—185 to approximately —235) and both 5’ and
3’ ends of the T-DNA were right borders, predict-
ing two copies of T-DNA in a tandem inverted orienta-
tion. This T-DNA line was designated as Atnrt3.1-1
(Fig. 1B).

Another putative Atnrt3.1 mutant was identified in
the FLAGdb T-DNA lines (Samson et al., 2002). PCR
analysis with respective primers of AtNRT3.1 genomic
DNA and the T-DNA confirmed a T-DNA insertion
near the end of the gene. The T-DNA insertion started
at 858 bp from the start codon, deleting 66 bp of exon
2 and 5 bp of the 3’ untranslated region. This second
mutant was designated as Atnrt3.1-2 (Fig. 1B).

The T-DNA mutants were backcrossed twice to wild
type (ecotype Ws) and the resulting homozygous lines
were used for further investigation. To determine
T-DNA copy number, Southern-blot and relative quan-
titative real-time PCR analyses were carried out (Fig. 1,
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C and D). For Southern-blot analysis, genomic DNAs
of Atnrt3.1-1 and Atnrt3.1-2 were digested with Sall/
Sphl and BamH]I, respectively, and hybridized with the
T-DNA-specific probe (1.2 kb of B-glucuronidase (GUS)
gene; Kaiser et al., 2002). The fragment sizes in the blot
are similar to the predicted sizes (Fig. 1, B and C). GUS
gene copy numbers were also determined by quanti-
tative real-time PCR assay (Ingham et al., 2001). The
results from both methods indicated that Atnrt3.1-1 and
Atnrt3.1-2 carry two copies and one copy of T-DNA,
respectively.

Expression of AfNRT3.1 and AtNRT3.2 in Wild-Type
Plants and Atnrt3.1 Mutants

Several expressed sequence tags (ESTs) and full-
length cDNA sequence data of AtNRT3.1 are published
in The Arabidopsis Information Resource database
(http:/ /arabidopsis.org/), indicating that AtNRT3.1 is
indeed expressed in Arabidopsis plants, whereas no
EST is available for AtNRT3.2. We analyzed the expres-
sion level of the two AtNRT3 genes in wild-type roots
that had been grown in 1 mm NH,NO; for 4 weeks,
followed by 1 week in 50 uM KNO; by real-time relative
reverse transcription (RT)-PCR. Figure 2A shows rela-
tive expression levels of AtNRT3.1 and AtNRT3.2 genes
against clathrin, a housekeeping gene (AGI code:
At4g24550). Relative to clathrin, AtNRT3.1 showed a
much higher level of expression than AtNRT3.2, which
was barely detectable. Several more gene-specific primer
sets were employed to confirm these results (data not
shown). This may explain the absence of an EST for
AtNRT3.2, yet we were able to detect expression of this
gene due to the sensitivity of the assay.

The expression profile of the AtNRT3 genes was also
examined in Atnrt3 mutant plants. AINRT3.1 expres-
sion levels in roots of Atnrt3.1-1 and Atnrt3.1-2 mu-
tants were reduced by 90% and 100%, respectively,
compared to those of wild-type plants under the same
conditions (i.e. 1 mm NH,NO; for 4 weeks, followed by
1 week in 50 um KNOj). In Atnrt3.1-1 shoots, levels of
AtNRT3.1 were roughly 1% to approximately 2% of
those of wild-type roots, whereas in Atnrt3.1-2 there
was a complete absence of AtNRT3.1 (Fig. 2B). These
results demonstrate that Atnrt3.1-1 is a knockdown
mutant and Atnrt3.1-2 is a knockout mutant. They also
show that AtNRT3.1 expression is much higher in
roots than shoots (about 100-fold higher).

It is possible that AtNRT3.2, a homolog of AtNRT3.1,
might have compensated for the loss of AtNRT3.1
function in the Atnrt3.1 mutants. However, expression
levels of AtNRT3.2 in roots and shoots of Atnrt3.1
mutant plants remained at low levels, though some-
what higher than in wild-type roots (Fig. 2C).

Phenotypes of the Atnrt3.1 Mutants and Restoration of
Wild-Type Phenotype with an AtNRT3.1 cDNA

There was no obvious phenotype when the Atnrt3.1
mutants were grown in peat-based soil, but phenotypic
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Figure 1. Amino acid sequences of A
AtNRT3 proteins and characterization
of Atnrt3.1 T-DNA lines. A, Amino
acid sequence comparison of AtNRT3.1
and AtNRT3.2. Identical amino acids
are shaded. Arrows indicate predicted
cleavage sites. The transmembrane re-
gion predicted by TMHMM (Krogh
et al., 2001) is boxed. B, Schematic
diagram of AtNRT3.T with the T-DNA
insertions. In AtNRT3.1 white boxes
indicate 5’ or 3’ untranslated region,
and black boxes indicate open reading
frame. The T-DNAs in the Atnrt3.7-1
and Atnrt3.1-2 mutants are inserted
186 bp upstream of the first putative
start codon, and 63 bp before the stop
codon, respectively. The diagram is
not drawn in scale. R, Right border; B
L, left border; Sa, Sall; Sp, Sphl; B,
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Atnrt3.1-1 and Atnrt3.1-2 were diges-
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tively, and probed with a 1.2-kb
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differences became apparent when external nitrogen
sources were controlled. When grown on plates con-
taining 250 um NO;™ as the sole source of available
nitrogen for 10 d, mutant plants grew poorly, shoot
growth being particularly affected (Fig. 3A). By contrast
to these phenotypic differences, mutant growth was
normalized when plants were grown on 2.5 mm NO;~,
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500 um NH,NO,, or 250 um NH," as sole nitrogen
sources (Fig. 3, B-D).

When mutants (both Atnrt3.1-1 and Atnrt3.1-2) and
wild-type plants were grown in a common tank con-
taining 1 mm NH,NO, for 4 weeks, followed by 1 week
without a source of nitrogen, to deinduce the IHATS in
preparation for influx measurements, shoot-to-root
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Figure 2. Expression analysis of AtNRT3.7 and AtNRT3.2 by relative
quantitative real-time RT-PCR. Plants were grown for 4 weeks in T mm
NH,NO, and then transferred to 50 um KNO, for 1 week. A, Relative
expression level of AtNRT3.7 and AtNRT3.2 against clathrin, a house-
keeping gene, in wild-type roots. The inset is an expanded-scale plot of
AtNRT3.2. B and C, Relative expression profile of AtNRT3.1 (B) and
AtNRT3.2 (C) in wild-type plants and Atnrt3.1 mutants. Each sample
was normalized by clathrin and relatively expressed to wild-type root.
The values are means of four replicates (two biological replicates X
two independent reactions). Error bars = se. Different letters above the
bars indicate significant difference at P < 0.05 (ttest). n.d. indicates the
following levels: root (<0.1%) and shoot (0%).
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ratios were consistently and significantly lower (P <
0.05) in the mutant plants than in wild-type plants.
Absolute values for shoot-to-root ratios varied from one
experiment to another. Table I provides representative
values for wild-type plants and Atnrt3.1 mutants as
well as shoot and root fresh weights (FWs). Shoot:root
ratios were 3.5 (wild type), 1.4 (Atnrt3.1-1), and 1.5
(Atnrt3.1-2), respectively, differences that were highly
significant (P < 0.05), as were shoot biomasses, but root
weights were not different. However, in some experi-
ments using older plants FWs of mutant roots were
greater than those of wild-type plants (data not shown).
Genetic complementation of the two mutant lines by
introducing a AtNRT3.1 cDNA driven by the cauli-
flower mosaic virus (CaMV) 35S promoter (lines C1-3,
C1-13, C2-2, and C2-5) restored their growth on 250 um
NO; to that of wild-type plants (Fig. 3, E and F).

Nitrate Responses of AtNRT3 and Nitrate
Transporter Genes

The induction by nitrate of AfNRT3 and the major
nitrate transporter genes was examined in plants
previously deprived of nitrogen and subsequently ex-
posed to 1 mm KNO; for 3 or 6 h. Growth and nitrogen
deprivation conditions were the same as used for the
nitrate uptake experiments described below. Following
this treatment, RNA was extracted and analyzed by
relative real-time RT-PCR. In wild-type roots, AtNRT3.1
was strongly induced by 1 mm KNO; (6-fold by 3 h); in
shoots there is much less AfNRT3.1 mRNA and little
response to the same treatment (Fig. 4A). The Atnrt3.1-1
mutant showed significantly less AtNRT3.1 mRNA in
roots prior to reexposure to KNO, (<40% of wild type),
and no response to inducing conditions (1 mMm KNO;);
shoots showed expression levels similar to those of the
wild type. Compared to wild type (100%), the level of
AtNRT3.1 mRNA in the Atnrt3.1-2 mutant was essen-
tially 0% in both roots and shoots as expected for a null
mutant. AtNRT3.2 showed no consistent pattern of ex-
pression in wild-type and mutant plants except for a
slight induction after 6 h in wild-type plants (Fig. 4B).

Two NRT nitrate transporters, a dual-affinity nitrate
transporter, AtNRT1.1 (CHLI) (Tsay et al., 1993; Wang
et al., 1998; Liu et al., 1999; Liu and Tsay, 2003), and a
high-affinity nitrate transporter, AtNRT2.1, were also
analyzed under the same conditions as described above.
In wild-type roots, both AtNRT1.1 and AtNRT2.1 were
induced approximately 13- and 18-fold, respectively,
by 1 mm KNOj;, peaking at 6 and 3 h, respectively (Fig.
4,C and D). AtNRT1.1 mRNA levels were estimated to
be 20- to 35-fold lower than those for AtNRT2.1 in
induced roots based on real-time RT-PCR cycle num-
ber comparisons (data not shown). AtNRT1.1 expres-
sion level in wild-type shoots was higher than roots at
0 h, and showed a slight induction by KNO;, whereas
AtNRT2.1 expression levels were <1% of roots but
were induced significantly by 3 h. Similarly both NRT
genes were strongly induced by KNO; in the Atnrt3.1
mutant roots, indicating that the defect in AtNRT3.1
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Figure 3. Plant growth on various nitrogen sources.
A to D, Wild-type plants and Atnrt3.7 mutants were
grown on vertical plates containing 250 um KNO,
(A), 2.5 mm KNO; (B), 500 um NH,NO; (O), or 125
um (NH,), succinate (D) with other nutrients for 10 d.
E and F, Complemented lines (C1-3, C1-13, C2-2,
and C2-5) with 355-NRT3.1 in the Atnrt3.1-1 (E) and
Atnrt3.1-2 (F) mutant background were grown in
250 um KNO;, for 10 d.

did not prevent induction of these nitrate transporter
genes at the transcriptional level. Nevertheless, the
expression levels of both AtNRT1.1 and AtNRT2.1 in
the mutants were significantly lower than those in
wild type. AtNRT1.1 levels in Atnrt3.1-1 and Atnrt3.1-2
peaked with 8- and 4-fold induction, respectively,
giving expression levels that were 50% and 75% lower
than wild type, respectively. AtNRT2.1 was induced
about 20-fold in both mutants. However, the expres-
sion levels were also lower than wild type in the same
order (wild type > Atnrt3.1-1 > Atnrt3.1-2) at all time
points. In shoots of the mutants, AtNRT1.1 levels were
similar to wild type, whereas AtNRT2.1 levels re-
mained low and showed a small induction (Fig. 4, C
and D).

Tissue Nitrate Analysis

To determine tissue NO;  accumulation during the
standard induction period (i.e. 6 h pretreatment in
1 mm KNO,, as used for the gene expression analyses
described above), root and shoot samples of wild-type
and Atnrt3.1-2 mutant plants were weighed, boiled in
distilled water for 5 min, and tissue NO;~ concentra-
tions determined by the Cataldo method (Cataldo
et al.,, 1975). As shown in Table II, wild-type roots
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and shoots accumulated significantly more NO; ™ than
mutant during 6 h, spec1f1ca11y 5.4-fold higher in w11d-
type roots (7.5 umol g ' FW versus 1.4 umol g~' FW
increases in wild type and mutant, respectlvely) and
52-fold more in w11d -type shoots (5 2 umol g LFw
versus 0.1 pumol g~' FW increases in wild type and
mutant, respectively).

High-Affinity Nitrate Influx

High-affinity nitrate influx into intact roots of wild-
type and mutant plants was examined using *NO,~ to

Table 1. Shoot and root FWs and shoot:root ratios in wild-type and
Atnrt3.1 mutants

Plants were grown for 4 weeks in T mm NH,NO; and then nitrogen
deprived for 1 week. The values are the means of five (wild type) or 12
(Atnrt3.1 mutants) plants = se. Differences between wild-type and
mutant shoot weights and shoot:root ratios were highly significant (P >
0.05, t test).

FW
Genotype Shoot:Root Ratio
Shoot Root
g plant”™’
Wild type 0.46 = 0.03 0.13 = 0.02 3.5
Atnrt3.1-1 0.23 £ 0.02 0.17 = 0.05 1.4
Atnrt3.1-2 0.15 £ 0.03 0.10 = 0.03 1.5

Plant Physiol. Vol. 140, 2006
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Figure 4. Expression analysis of AtINRT3, AtINRT1.1, and AtNRT2.1 genes in response to nitrate by relative quantitative real-time
RT-PCR. A to D, Plants were grown for 4 weeks in T mm NH,NO, and then nitrogen deprived for 1 week before being reexposed
to T mm KNO, for 0, 3, and 6 h. Each sample was normalized by clathrin and relatively expressed to wild-type root at O h.
Relative expression values of AtNRT3.1 (A), AtNRT3.2 (B), AtNRT1.1 (C), and AtNRT2.1 (D) are means of four replicates (two
biological replicates X two independent reactions). Error bars = se. Asterisk (*) indicates significant difference of the mutants
from wild type (t test, P < 0.05). n.d. indicates the following levels: root (<0.3%) and shoot (0%).

determine the effect of the Atnrt3.1 mutations. Figure
5A shows high-affinity nitrate influx into roots of wild-
type and Atnrt3.1-2 mutant plants, measured at exter-
nal NO;~ concentrations from 10 to 150 um. In this
experiment, plants were grown for 4 weeks in 1 mm
NH,NO, and then transferred to solutions without
nitrogen for 7 d before being reexposed to 1 mm KNO,.
This treatment has previously been shown to deinduce
IHATS and ensure that root NO; stores are consumed
(Okamoto et al., 2003). Subsequently, the provision of
1 mm KNO,; for 6 h to plants pretreated in this fashion,
caused AtNRT2.1 transcript and high-affinity nitrate
influx to reach peak values within 3 and 6 h, respec-
tively. Thereafter, transcript abundance and influx
gradually decline (Okamoto et al., 2003). Compared
to wild-type plants, nitrate influx into roots of mutant
plants was reduced across the whole range of NO;
concentration examined. V__ .  values for wild-type
and mutant plants were 8.3 = 0.7 and 0.2 = 0.1 umol g
FW 'h™!, respectively, while corresponding K, values
were 60 * 11 and 129 * 65 uM. The V_,, for influx was

Plant Physiol. Vol. 140, 2006

reduced by 98%. Similar results were obtained with
Atnrt3.1-1 mutant plants (data not shown), however
the high-affinity influx was reduced by only 80% in
this mutant. To determine the component fluxes (CHATS
and IHATS) of the measured high-affinity influx it is
necessary to measure influx in uninduced plants.
Thus, influx was also measured in nitrate-deprived

Table Il. Tissue nitrate concentration in wild type and the
Atnrt3.1-2 mutant

Plants were grown for 4 weeks in T mm NH,NO, and then nitrogen
deprived for 1 week. Nitrate contents (umol g_1 FW) were then
measured at time O (0 h) and after 6 h of incubation with T mm KNO,.
The values are the means of five plants = st. Differences between wild-
type and mutant root or shoot were significant at 6 h (P > 0.05, t test).

Genotype  Treatment (1T mm KNO;) Root Shoot
Wild type 0h 0.38 £ 0.1 5.0 = 0.1
6 h 7902 102 *0.2
Atnrt3.1-2 0h 0.3 £0.1 6.3 = 0.15
6 h 1.7 £ 0.1 6.4 £ 0.1
1041
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Figure 5. ">NO,~ influx into wild-type and Atnrt3.7-2 mutant roots. A,
High-affinity ">’NO,~ influx. Plants were grown for 4 weeks in 1 mm
NH,NO, and then nitrogen deprived for 1 week before being reex-
posed to 1T mm KNO; for 6 h. Nitrate influx was then measured at 10,
25,50, 75,100, 125, and 150 um NO, ™ as described in “Materials and
Methods.” Data values are means = st of five replicates. The fitted
curve was obtained by direct fit to the Michaelis-Menten equation.
Estimated K, and V,, values are indicated in the figure. B, Low-affinity
BNO,™ mflux Plants were grown for 4 weeks in T mm NH,NO; and
then nitrogen deprived for 1 week before being reexposed to 1 mm
KNO, for 6 h. Nitrate influx was then measured at 1, 5, and 10 mm
NO, ™. Data values are means * st of four replicates.

plants during the first 10 min of exposure to 100 um
KNO, after 7 d of nitrogen deprivation. The results of
this experiment are shown in Figure 6A as percentages
of the wild-type fluxes. Absolute 1nﬂux Values before
induction were 1.9 + 0.1 umol g FW ' h™! (wild type)
and 1.26 = 0.1 (Atnrt3.1-1 mutant), respectively, a

reduction of 34%. In separate experiments correspond-
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ing values for wild type and the Atnrt3 1- 2 mutant
were 2.7 * 0.4 and 0.3 = 0.1 umol g FW ™' h™}, respec-
tively, a reduction of 89%. Using the same batch of
plants, ®NO,~ was measured after 6 h of exposure to
1 mm KNO The measured fluxes (CHATS plus
IHATS) had 1ncreased t09.84 £ 1.0 umol g FW 'h!
in wild-type roots, 1.9 * 0.32 i in the Atnrt3.1-1 mutant,
and 032 = 0.2 umol g FW ™' h™! in the Atnrt3.1-2
mutant. Thus, IHATS influx (measured flux in induced
plants minus that of uninduced plants) was reduced
by 92% and 96% in the Atnrt3.1-1 and Atnrt3.1-2
mutants, respectively (Fig. 6B).

Low-Affinity Nitrate Influx

To determine if the low value of influx in the mutant
plants was due in part to disruption of the LATS
influx, 3NO influx into roots of both lines of mutant
plants, deprlved of nitrate for 7 d, and then exposed to
1 mM KNO; for 6 h, was determined from solutions
containing 1 5, and 10 mm K"®NO; (Fig. 5B). In both
lines ®NO,~ influx in the LATS concentratlon range
was found to be unaffected by the AtNRT3.1 mutation,
except that measured fluxes at all three concentrations
were reduced by the extent to which the IHATS flux
had been reduced. Data for the Atnrt3.1-2 mutant line

120 CHATS |

100‘

801 1

Wild type  Atnrt3.1-1 Atnrf312

B IHATS
1001 1

BNO;" Influx (as % of wild type values)
o

201 1
6 _ r—l—ﬁ

Wild type Atnrt3.1-1 Atnrt3.1-2
Figure 6. ’NO, ™ influx by CHATS and IHATS. A, *NO, ™ influx due to
CHATS in wild-type and Atnrt3.7 mutants as percentages of wild-type
fluxes. Plants were grown for 4 weeks in 1 mm NH,NO, and then ni-
trogen deprived for 1 week. Nitrate influx was then measured at 100 um
NO,”. B, NO,™ influx due to IHATS in wild-type and Atnrt3.1
mutants as percentages of wild-type fluxes. Plants were grown for
4 weeks in T mm NH,NO; and then nitrogen deprived for 1 week
before being reexposed to T mm KNO; for 6 h. Nitrate influx was then
measured at 100 um NO, . IHATS influxes were calculated by
subtracting the measured CHATS flux from the flux measured after
induction. Data values are means = st of four replicates.
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is shown in Figure 5B. Results for the Atnrt3.1-1 mutant
(data not shown) were essentially identical to those for
Atnrt3.1-2.

DISCUSSION

The goal of this study was to determine if high-
affinity nitrate transport into roots of Arabidopsis
requires the presence of a functional NAR2-like gene
(i.e. AtNRT3) in addition to members of the NRT?2
family. A requirement for the presence of functional
AtNRT2.1 and AtNRT2.2 genes was established previ-
ously by demonstrating that inducible high-affinity
nitrate influx in a T-DNA mutant disrupted in
AtNRT2.1 and AtNRT2.2 was strongly impaired com-
pared to control plants (Cerezo et al., 2001; Filleur et al.,
2001). The same study revealed that low-affinity influx
was unaffected by this disruption.

Expression Patterns of AtNRT3 and AtNRT2.1 Genes

The absence of ESTs for AtNRT3.2 and the present
expression analyses of AtNRT3.1 and AtNRT3.2 sug-
gest that only AfNRT3.1 would be detected under the
conditions examined. The pattern of expression of
AtNRT3.1 is quite similar, with respect to induction by
nitrate, to AtNRT2.1, which is thought to encode an
inducible high-affinity nitrate transporter (Zhuo et al.,
1999; Cerezo et al., 2001; Filleur et al., 2001; Okamoto
et al., 2003). In the Atnrt3.1 T-DNA mutant plants,
AtNRT3.1 transcript levels were low or virtually un-
detectable compared to wild-type plants deprived of
nitrate (Fig. 4). After exposure to 1 mm KNO; to induce
expression of nitrate-inducible genes, AtNRT3.1 tran-
script abundance actually declined in the Atnrt3.1-1
mutant. By contrast AtNRT3.1 transcript abundance
increased 6-fold in wild-type plants during the first 3 h
after resupply of 1 mm KNO,, and tended to decline by
6 h. This decline was observed to continue until 24 h
had elapsed, when the expression level was down
to preinduced level (data not shown). This pattern of
AtNRT3.1 expression in wild-type plants following
reexposure to KNOj; is similar to that of AtNRT2.1,
which typically peaks in abundance after 3 h then
declines (Fig. 4; see Zhuo et al., 1999; Okamoto et al.,
2003).

In this study, AtNRT2.1 abundance in roots of the
Atnrt3.1-1 and Atnrt3.1-2 mutants increased approxi-
mately 13- and 6-fold, respectively, after reexposure to
1 mm KNO, (Fig. 4D), demonstrating that AtNRT3.1 is
not required for transcription of AtNRT2.1. We also
examined expression patterns of AtNRTI1.1 (CHLI),
another nitrate-inducible gene encoding the inducible
dual-affinity nitrate transporter. Transcript abun-
dances increased as a result of this protocol both in
the Atnrt3.1 mutants and wild-type plants, although
the extent of inductions were less in the mutants as
seen in AtNRT2.1 (Fig. 3C). The most likely cause of
reduced expression of these nitrate-induced genes is
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the reduced root NO,~ concentration associated with
disruption of high-affinity nitrate influx. Indeed, as
demonstrated in the “Results” section, 13NO3_ influx
into roots of mutant plants and tissue NO,  concen-
tration were substantially reduced compared to wild-
type plants (Figs. 5 and 6; Table II). Indeed, the
opposite result, namely elevated levels of NRT2.1
transcript, have been reported in nitrate reductase
(NR) mutants or in plants treated with tungstate to
block NR activity, due to elevated tissue NO, con-
centration in the absence of downstream products of
nitrate assimilation (Filleur and Daniel-Vedele, 1999;
Vidmar et al., 2000). If this interpretation is correct, it
suggests that induction of nitrate-dependent genes
requires the entry of nitrate into the roots rather than
external sensing of nitrate, a hypothesis that has been
suggested earlier (Unkles et al., 2001), because roots of
mutant plants were exposed to the same NO;~ con-
centration as wild-type plants during induction.

There are examples where one gene in a gene family
can compensate for the loss of other homologous
gene(s). Examples of this functional compensation
include the phosphate transporter PHO family in
Saccharomyces cerevisine (Wykoff and O’Shea, 2001)
and the ammonium transporter AMT family in Arabi-
dopsis (Kaiser et al., 2002). In this study, however,
AtNRT3.2 failed to compensate for the disrupted
AtNRT3.1 gene in the mutant, since AtNRT3.2 (nor-
mally expressed at substantially lower levels than
AtNRT3.1) showed no apparent sign of nitrate induc-
tion in either wild-type or the Atnrt3.1 mutants.

Nitrate Influx

The first indication that high-affinity nitrate uptake
was disrupted in the Atnrt3.1 mutants was the poor
growth on low-nitrate media (Fig. 3A). In particular,
shoot growth was impaired. This was confirmed
quantitatively in plants used for influx studies that
had been grown on 1 mm NH,NO, under hydroponic
conditions. Shoot-to-root ratios were strongly reduced
in mutant plants, even though 50% of nitrogen came
from NH, " (Table I). Such low shoot-to-root ratios are
typical of nitrogen deprivation. By contrast, mutant
growth was restored to wild-type levels when plants
were grown on elevated concentrations of KNO;, or on
(NH,), succinate. Normalization of plant growth on
2.5mmM NO;™ in agar suggests that influx via the LATS
(which was shown to function normally in the Atnrt3.1
mutants, see below) was sufficient to satisfy plant
demand. Likewise, growth was normalized in the
mutant lines that had been rescued with an AtNRT3.1
cDNA (Fig. 3, E and F).

To evaluate the role of AfNRT3 in high-affinity
nitrate influx directly, plants that had been maintained
on 1 mm NH,NO; for 4 weeks were completely de-
prived of nitrate for 7 d and then reexposed to 1 mm
KNGO, for 6 h to induce expression of nitrate-inducible
genes. NH,NO; was used in the prior growth period to
optimize growth, especially that of mutant plants that
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exhibited impaired growth on KNO; as the sole source
of nitrogen. However, in the standard induction NH, "
was omitted since it is well known to inhibit nltrate
influx. ®"NO,” influx was then measured using various
concentrations of KNO, before and after the 6 h period
of induction. The data presented in Figure 5A show
that disruption of AtNRT3.1 caused a virtual elimina-
tion of high-affinity influx in nitrate-induced plants
across the whole range of NO,™~ concentration inves-
tigated. Influx values before induction (at time 0 h),
presumably due to the CHATS alone or in combina-
tion with a CLATS, were also reduced but to different
extents in the two mutant lines. Expressing wild-type
fluxes as 100%, the reductions of CHATS associated
with the T-DNA insertion were 34% in the Atnrt3.1-1
mutant and 89% in the Atnrt3.1-2 mutant. These re-
sults indicate that the AtNRT3.1 gene is required not
only for normal activity of the IHATS but also for the
CHATS. The relatively small reduction of CHATS in
the Atnrt3.1-1 mutant may be the result of leakiness in
this mutation associated with the location of the dis-
ruption in the promoter region of AtNRT3.1. The in-
flux values for wild-type plants are similar to those
reported in earlier studies for nitrate-deprived Arabi-
dopsis roots (Zhuo et al 1999; Okamoto et al., 2003).
Following induction, NO mﬂux mcreased from
19 £ 0.1t09.84 = 10MmolgFW h! 1nw1ldtype
plants, from 1.26 = 0.1t01.90 = 0.1 umol g FW™ Th"Tin
the Atnrt3.1-1 mutant, and from 0.3 * 0.1 to 0.32 = 0.2
in the Atnrt3.1-2 mutant. Thus the inducible compo-
nent of HATS influx (IHATS: measured flux in induced
plants minus that of uninduced plants) was reduced by
92% and 96% in the Atnrt3.1-1 and Atnrt3.1-2 mutant
lines, respectively (Fig. 6B). Again, we suggest that the
small increase of influx in the Atnrt3.1-1 mutant (from
1.26-1.90 umol g FW™! h™!) may have been due to a
leaky mutation in this line. By contrast, the large
increase in wild-type plants after reexposure to NO,
(from 1.9-9.84 umol g FW 'h™) represents the com-
bined contribution of the large IHATS influx together
with any contribution from the ILATS.

It is evident from the foregoing discussion that the
IHATS is essentially absent in the Atnrt3.1 mutants,
but (as stated above) it was possible that the ILATS
and/or the CLATS might also have contributed to the
calculated IHATS and have a requirement for co-
expressmn of AtNRT3.1. To evaluate this possibility,

BNO,” influx was measured in wild-type and the
Atnrt3.1 mutant plants at 1, 5, and 10 mm KNO,,
concentrations that are typical of the LATS. Figure 5B
indicates an essentially normal concentration response
of the Atnrt3.1-2 mutant plants, suggesting that LATS
function is not disrupted in these plants, and does not
require coexpression of AtNRT3.1. The absolute value
of influx was lower in the case of the mutants because
IHATS function had been disrupted. Note that the
intercept values for influx correspond quite closely to
the values obtained for HATS influx measured at
100 uMm. Identical results were obtained for Atnrt3.1-1
mutant (data not shown).

1044

In summary, this study establishes that Arabidop-
sis possesses two NAR2-like genes, AtNRT3.1 and
AtNRT3.2. Of these only AfNRT3.1 is expressed at
significant levels and AtNRT3.1 proved to be highly
responsive to induction by nitrate. In the Atnrt3.1 mu-
tants described, AtNRT3.1 transcript was expressed at
very low levels compared to the wild type and was not
induced by exposure to nitrate. In these mutants, both
high-affinity nitrate transport systems (CHATS and
IHATS) are functionally impaired, even though tran-
script abundance of AtNRT2.1 was strongly expressed
after induction. Therefore, in Arabidopsis both the
CHATS and the IHATS appear to require coexpression
of the AtNRT3.1 gene. By contrast, LATS function was
shown to be independent of the AtNRT3.1 expression.

MATERIALS AND METHODS
Plant Growth Conditions and Influx Determinations

Plants used for gene expression and influx studies were maintained in an
environment chamber with light/dark periods of 8/16 h, 25°C/20°C, and
relative humidity = 70%, with photon flux of 150 to 200 xE m™? s~". Plants
were grown hydroponically in nutrient solution with 1 mm KH,PO,, 0.5 mm
MgSO,, 0.25 mm CaSO,, 20 um Fe-EDTA, 25 um H;BO;, 2 uM ZnSO,, 2 um
MnSO,, 0.5 um CuSO,, and 0.5 um (NH,);Mo,0,, in 8-L plastic containers. The
pH of the nutrient solution was maintained with CaCO; around 6.2 for all the
experiments. One-centimeter holes were cut in Styrofoam platforms (1.25 cm
thickness) and nylon mesh was placed over the holes. Fine sand was placed in
the mesh and seeds were planted on top of the sand. The platforms and seeds
were then floated on the nutrient solutions. After seeding onto the platform,
seeds were imbibed in a cold room at 4°C for 3 to 4 d.

For the nitrate influx analyses through HATS, plants were grown at 1 mm
NH,NO, for 4 weeks and then transferred to media lacking any source
of nitrogen for 1 week. To measure CHATS activity roots of plants were
transferred to fresh medium containing 100 um KNO;, for 5 min before being
exposed to chemically identical solutions, except that the KNO; was labeled
with 13NO{. After exposure to tracer for 5 min, roots were transferred back to
identical nonlabeled solutions for 3 min to desorb tracer from the cell walls. To
measure induced fluxes, plants were grown on 1 mM NH,NO, for 4 weeks,
transferred to —N solution for 1 week, and then reinduced with 1 mm KNO,
for up to 6 h. Roots of plants used for experiments designed to measure
concentration-dependent fluxes were induced in the same manner as de-
scribed above and then roots were pretreated for 5 min at the concentration to
be used to measure tracer fluxes. The same standard desorption protocol
(described above) was used in these experiments. After desorption, roots and
shoots were separated, weighed, and put into vials for counting using a
y-counter (MINAXI Auto-Gamma 5000 series, Packard Instruments). Gener-
ation and purification of ®NO,~ and other details regarding influx analyses
using ’NO,~ are described by Siddigi et al. (1989).

Continuous light was provided for the growth study on plates. The
nutrient medium was the same as described above except for nitrogen whose
concentration was as indicated in the figures. In addition, the nutrient solution
contained 0.5% (w/v) Suc and 0.5 g/L of MES (pH 5.7), and 0.7% (w/v)
agarose (Invitrogen).

Isolation of Atnrt3.1 Mutant Lines

The Atnrt3.1-1 mutant was isolated from a population of 60,480 T-DNA
inserted lines (Ws background) from the Arabidopsis knockout facility at
the University of Wisconsin. The methodology was described by Krysan
et al. (1996, 1999). Primers from the right border of the T-DNA (XR-2:
5'-TGGGAAAACCTGGCGTTACCCAACTTAAT), and from AtNRT3.1 (for-
ward:  5'-CTCTTCTCTTCCTCAGCCTTATTTTTCTG, reverse: 5'-GAA-
GAAGTGTGCAACAAGACAAAAGGAAT) were used for the PCR-based
screening and the subsequent genotyping. During the screening, putative PCR
products were also verified by Southern-blot analysis using 1.1 kb AfNRT3.1
genomic DNA fragment (a PCR product of the AfNRT3.1 forward and reverse
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primers above) as a probe (data not shown). PCR products, which also
showed positive in the Southern-blot analysis, were cloned into TOPO TA
cloning vector (Invitrogen) and sequenced.

The Atnrt3.1-2 mutant was identified in the FLAGdb T-DNA lines (Samson
et al., 2002). Primer sets for the T-DNA (left border: 5'-TCCAGGGCGTGT-
GCCAGGTGC, right border: 5'-CCAGACTGAATGCCCACAGGCCGTC)
and for AtNRT3.1 (forward: 5'-AGCCAAGTTGACCGACCATGG, reverse:
5-GATTTCTCTTTGAAAGTAAGAGGTGAAG) were used for PCR-based
genotyping and sequencing of the T-DNA /genome flanking region.

Quantitative Real-Time PCR

To determine T-DNA copy number in the mutant lines, genomic DNA was
isolated from mature leaves of homozygous Atnrt3.1 mutants by DNeasy
plant mini kit (Qiagen) and analyzed by quantitative real-time PCR assay
(Ingham et al., 2001). Primers were designed specific to GUS and nitrite
reductase (AGI code: At2g15620) for transgene and endogenous control gene,
respectively. As a control line we included a transgenic plant in which the GUS
gene copy number had already been determined (M. Galli, unpublished data).
Quantitative real-time PCR was performed by using LightCycler (Roche) with
the SYBR Green I detection system, under the following conditions: 95°C for
10 min; 45 cycles of 95°C for 5 s, 63°C for 5 s, and 72°C for 10 s; followed by
melting curve analysis. PCR mixture of a final volume of 10 L contained 2 uL.
of gDNA, 0.5 jum of each primer, 4 mm Mg”*, and 1 uL of LightCycler-FastStart
DNA Master SYBR Green I mixture (Roche). The following primer sets were
used: GUS (forward: 5'-CGTTTCGATGCGGTCACTC; reverse: 5'-CGT-
CGGTAATCACCATTCCC) and NR (forward: 5'-CCGGTAGCCAGTTCT-
GCG; reverse: 5'-CCTATTCGTCCCCCGACGT).

For gene expression analysis total RNA was isolated from approximately
100 mg FW with RNeasy plant mini kit (Qiagen). RNase-free DNase treatment
was also carried out during the isolation. Gene expression levels were ana-
lyzed by two-step real-time RT-PCR. cDNAs were synthesized from 250 ng of
total RNA by Transcriptor (Roche), and the reaction mixture was diluted 20
times for subsequent PCR. The conditions for the quantitative real-time PCR
were same as above. As a control, no RT (omitting reverse transcriptase in RT
step) reaction was included. PCR mixture of a final volume of 10 uL contained
2 pL of cDNA, 0.5 uMm of each primer, and 2 uL of LightCycler-FastStart
DNA Plus Master SYBR Green I mixture (Roche). The following primer sets
were used: AtNRT3.1 (forward: 5'-GACCTGCCCACACAAGATCA; reverse:
5 -TGGAGGCAATATCTAGGGACGC); AtNRT3.2 (forward: 5'-CATGA-
GATTGTGTCCAAGGCATA; reverse: 5'-TATGTCTAGCCCCACGTGATGA);
AtNRT1.1 (forward: 5'-AAAGCTGCCACACACTGAAC; reverse: 5'-ATT-
GTGCGACTGATAATGTCGT); AtNRT2.1 (forward: 5'-CCACAGATCCAGT-
GAAAGG; reverse: 5'-CATTGTTGGGTGTGTTCTCA); and Clathrin-
At4g24550 (internal control gene; forward: 5'-ATACGCGCTGAGTTCCC;
reverse: 5 -CTGACTGGCCCTGCTT). Quantitative data analysis was per-
formed with the LightCycler software 4.0 (Roche).

Rescue of the Atnrt3.1 Mutants

To rescue the Atnrt3.1 mutants the AtNRT3.1 cDNA driven by the CaMV 355
promoter was transformed into the mutant plants. First, the cDNA AtNRT3.1
was amplified by RT-PCR from wild-type (Ws) root total RNA using a pair of
primers (forward: 5'-AAGGATCCATGGCGATCCAGAAGA; reverse: 5'-TCC-
CGGGTAAACGACTCATTTGCTTTGCT), introducing BamHI and Smal sites at
5" and 3’ ends of the cDNA, respectively. The PCR product was cloned into
pGEM-Teasy (Promega) and sequenced to check its integrity. The NRT3.1
BamHI/Smal fragment was cloned into the BamHI/Smal sites of two binary
vectors, the pGreen0229 (Hellens et al., 2000) in which the CaMV 35S-cassette
was introduced, and the pBIN-JIT (Kwak et al., 2001), designated as pGreen-
NRT3.1 and pBIN-JIT-NRT3.1, respectively. The pBIN-JIT-NRT3.1 was then
partially digested with Kpnl and HindIII to produce an approximately 2.5-kb
fragment of the 35S promoter-NRT3.1 terminator cassette. The DNA cassette
was cloned into the pCAMBIA1303 binary vector (CAMBIA) at the Kpnl/
HindIIl sites (designated as pCAMBIA-NRT3.1). The pGreen-NRT3.1 and
pCAMBIA-NRT3.1 were transformed into Atnrt3.1-1 and Atnrt3.1-2 mutant
lines, respectively, by the floral-dip procedure (Clough and Bent, 1998) with
Agrobacterium tumefaciens strain C58. Transformants were selected either in pots
by spraying with 300 um glufosinate ammonium for the pGreen-NRT3.1, or on
Murashige and Skoog plates containing 27 ug/mL hygromycin (A.G. Scientific)
for the pPCAMBIA-NRT3.1. More than six transgenic lines that showed 3:1 ratio
to the selection markers in the T, generation were characterized, and two
representative lines for each vector were presented in this paper.
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