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Nitrogen (N) is an essential macronutrient for plants. N levels in soil vary widely, and plants have developed strategies to cope
with N deficiency. However, the regulation of these adaptive responses and the coordinating signals that underlie them are still
poorly understood. The aim of this study was to characterize N starvation in adult Arabidopsis (Arabidopsis thaliana) plants in a
spatiotemporal manner by an integrative, multilevel global approach analyzing growth, metabolites, enzyme activities, and
transcript levels. We determined that the remobilization of N and carbon compounds to the growing roots occurred long before
the internal N stores became depleted. A global metabolite analysis by gas chromatography-mass spectrometry revealed
organ-specific differences in the metabolic adaptation to complete N starvation, for example, for several tricarboxylic acid cycle
intermediates, but also for carbohydrates, secondary products, and phosphate. The activities of central N metabolism enzymes
and the capacity for nitrate uptake adapted to N starvation by favoring N remobilization and by increasing the high-affinity
nitrate uptake capacity after long-term starvation. Changes in the transcriptome confirmed earlier studies and added a new
dimension by revealing specific spatiotemporal patterns and several unknown N starvation-regulated genes, including new
predicted small RNA genes. No global correlation between metabolites, enzyme activities, and transcripts was evident.
However, this multilevel spatiotemporal global study revealed numerous new patterns of adaptation mechanisms to N
starvation. In the context of a sustainable agriculture, this work will give new insight for the production of crops with increased

N use efficiency.

Nitrogen (N) is quantitatively the most important
nutrient for plants. N constitutes approximately 2% of
plant dry matter and is an essential component of key
macromolecules, such as proteins, nucleic acids, and
secondary metabolites (Crawford and Forde, 2002).
Under temperate climates and in cultivated soils, N is
taken up by the roots in the form of nitrate. After the
reduction of nitrate by nitrate reductase (NR) and
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nitrite reductase, ammonium is incorporated into amino
acids by the GIn synthetase/GOGAT cycle. In addi-
tion, glutamate dehydrogenase (GDH) catalyzes the
reductive amination of 2-oxoglutarate (20G) and the
oxidative deamination of Glu (Melo-Oliveira et al.,
1996; Turano, 1998; Restivo, 2004). Depending on the
species and the environmental conditions, the ener-
getically costly N assimilation takes place in the roots
or shoots (Smirnoff and Stewart, 1985; Masclaux-
Daubresse et al., 2010). N assimilation and carbon (C)
metabolism are highly interconnected, as C skeletons
and energy, which are necessary to reduce nitrate and to
produce amino acids, are supplied by photosynthesis,
photorespiration, and respiration (for review, see Krapp
and Truong, 2005).

In soils, N is often a significant factor limiting plant
growth, and plants frequently encounter nutrient defi-
ciency in their natural habitats. Nitrate has a very weak
affinity to form surface complexes with soil minerals
(Strahm and Harrison, 2006), which leads to nitrate
losses by microbial conversion to N, gas and, in partic-
ular, by the leaching of soil water carrying dissolved
nitrate. The formation of depletion areas, such as in the
rhizosphere, depends on the soil type, fertilizer addi-
tion, and microbial activity, among other factors (Miller
etal., 2007). For example, in a transect across four arable
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fields, the soil nitrate concentration was found to have
varied by almost 100-fold (Lark et al., 2004). Accord-
ingly, nutrient deprivation is a controlling factor in
biomass production and yield (Marschner, 1995), and
plant production has been increased during the last
50 years by the extensive use of N fertilizers (Tilman
et al., 2001). However the main problem is the fact that
the recovery of the N in fertilizers by crop plants is low
(Peoples et al., 1995; Sylvester-Bradley and Kindred,
2009) and the remaining N is partly lost from the
agroecosystem; moreover, fertilizer runoff into aquatic
systems may lead to eutrophication (Johnson et al,
2007). Therefore, new strategies are needed to engineer
N-efficient crops to ensure sustainable agriculture. This
necessitates a detailed understanding of the complex
morphological, physiological, and biochemical adapta-
tions of plants to N starvation.

To face N deprivation, the sessile plant increases its
capacity to acquire N by stimulating root growth
relative to shoot growth, which leads to an increased
root-shoot ratio and a strong modification of the root
system architecture (Drew, 1975; Scheible et al., 1997).
In addition, N starvation induces the expression of
high-affinity transport systems for nitrate and ammo-
nium (Crawford and Glass, 1998; Forde, 2000; von
Wirén et al., 2000). Furthermore, the remobilization of
N from source organs is stimulated. Indeed, N assim-
ilated into biomolecules can be released back to inor-
ganic N (ammonium) under different physiological
contexts in plant cells by various physiological pro-
cesses, such as photorespiration, the biosynthesis of
phenylpropanoids, and the remobilization of stored
reserves (Miflin and Lea, 1980). Efficient reassimilation
mechanisms reincorporate liberated ammonium into
metabolism and maintain the N economy in the plant.
However, if these adaptation mechanisms do not
provide a sufficient nutrient supply, the sessile plant
is forced to respond with further adaptive metabolic
strategies to safeguard survival or to complete its life
cycle. These metabolic changes in response to nutrient
deprivation involve alterations in the expression levels
of a number of genes (Ohlrogge and Benning, 2000).

Beyond its essential role in plant metabolism, nitrate
has been shown to have important signaling functions.
Indeed, extensive transcriptome studies have character-
ized the primary nitrate signal response (Wang et al., 2000,
2003, 2004; Scheible et al., 2004; Orsel et al., 2005; Gutiérrez
et al., 2007). Nitrate not only rapidly induces genes that
are responsible for its transport (e.g. NRT1.1 and NRT2.1)
and assimilation (e.g. NIAI, NIA2, and NII) but also
triggers a change in the expression of approximately 1,000
nitrate-responsive genes in Arabidopsis (Arabidopsis thali-
ana). Processes such as amino acid and nucleic acid
biosynthesis, transcription, RNA processing, ribosome
and hormone biosynthesis, N assimilation, the generation
of reductants, and trehalose metabolism respond within
20 min to 3 h of nitrate induction. Indeed, as rapidly as
5 min after nitrate resupply, changes in gene expression
have been described, and the genes with modified steady-
state mRNA levels only partly overlapped with the genes
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identified as nitrate regulated in longer (20-min) induc-
tion studies (Krouk et al., 2010; Castaings et al., 2011).
Furthermore, several studies have differentiated the direct
molecular responses to nitrate from the general responses
to N supply using nitrate reductase null mutants (Wang
et al., 2004) and mutants of the nitrate sensor NRT1.1/
CHL1 (Mufios et al., 2004; Hu et al., 2009; Wang et al.,
2009). Taken together, these data suggest that nitrate is
rapidly and specifically sensed by plant cells and that a
nitrate-signaling pathway adjusts the expression of a large
set of genes to adapt the cell and organ metabolism and
growth of the organism to the N availability. In addition
to these rapid effects of nitrate addition to N-starved
plants, Scheible et al. (2004) have compared N-starved
and N-replete seedlings and found that the expression of
similar gene sets was modified by N starvation and
nitrate induction, but in the opposite way.

In contrast to the analysis of a sudden addition of
nitrate or completely N-starved seedlings, the analysis
of plants grown under different N supply (Bi et al., 2007;
Tschoep et al, 2009) has revealed that permanently
limiting N availability caused a markedly different
transcriptome response. The nitrate-inducible enzymes
involved in N assimilation did not vary between plants
grown in limiting and ample N, yet a different set of
transcription factors were found to have changes in
their expression levels. Furthermore, in 2007, Gutiérrez
and coworkers first suggested that N assimilation could
also be posttranscriptionally regulated by noncoding
short RN As. Indeed, many plant microRNAs (miRNAs)
are involved in developmental processes and regulate
the expression of transcription factors, but a subset of
the target genes are involved in metabolism. For exam-
ple, Gifford et al. (2008) demonstrated the link between
miRNA167 and the regulation of the expression of
auxin-responsive factor 8, which controls lateral root
architecture in response to N treatment. Other exam-
ples, such as the posttranscriptional regulation by
miRNAs of phosphate and sulfate assimilation in roots
or the identification of nutrient-responsive miRNA in
Arabidopsis (Chiou, 2007; Kawashima et al., 2009; Pant
et al., 2009; Zhao et al., 2011), illustrate the growing
importance of this type of regulation in response to
nutrient deprivation.

The goal of this work was to obtain detailed insight
into the integrated and multilevel plant responses to a
sudden, total N starvation, as may occur under certain
conditions in the soil. We set up a highly controlled
hydroponic growth system that allowed us to follow
the kinetics of N starvation throughout a 10-d interval.
We analyzed separately the root and shoot responses, as
it has been shown that 88% of the total genes that
respond to a treatment responded in an organ-specific
manner (Aceituno et al., 2008). Here, we present a
comprehensive survey of global gene expression, me-
tabolite levels, central enzyme activities, and N uptake
with the aim to thoroughly elucidate the responses to a
period of intermediate length (mid-term) and long-term
N starvation. Different adaptation strategies of roots
and shoots are discussed.
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RESULTS AND DISCUSSION
A Spatiotemporal Approach to Monitor N Starvation

The aim of this work was to characterize the organ-
specific response kinetics to sudden and complete N
starvation of adult Arabidopsis plants growing in a
hydroponic device under a short-day cycle. As men-
tioned above, previous studies have either character-
ized complete and long-term N starvation in seedlings
(Scheible et al., 2004; Morcuende et al., 2007) or N
limitation in mature plants (Bi et al., 2007; Tschoep
et al., 2009), but none of them has studied the integra-
tive responses of metabolism and genome-wide gene
expression of the roots and shoots of mature plants
after a mid-term or long-term complete N starvation.
Thus, to study in a spatiotemporal manner the impact
of complete N starvation, Arabidopsis plants were
cultivated on high-nitrate supply (6 mm NO;™) for
5 weeks and then transferred to N-free medium for
10 d. After 1, 2,4, and 10 d of starvation, root and shoot
samples were collected for the analysis of growth,
metabolite contents, enzyme and nitrate uptake activ-
ities, and transcriptome and metabolome analyses.
Targeted analyses were performed on two indepen-
dent biological experiments, with three to five individ-
ual plants analyzed at each time point. The metabolomic
analysis is representative of two biological experi-
ments using three independent replicates each. The
transcriptome analysis was conducted through three
independent experiments with each of them repre-
senting pools of 12 plants.

Early N Remobilization in Shoots to Support
Root Growth

At the onset of starvation, the plants had reached the
rosette stage with a fresh weight of 240 mg, which

N Starvation in Arabidopsis

corresponds to developmental stage 3.7 (Boyes et al,,
2001). During the 10 d of complete N starvation, the
relative shoot growth rate (fresh weight basis) slowed
down in a logarithmic manner (Supplemental Fig. S1).
The shoot biomass doubled during these 10 d to reach
480 mg fresh weight (Fig. 1A). In comparison, plants
grown for 45 d on ample N reached a shoot biomass
that was 3.2 times higher (1,536 mg). The root relative
growth rate was increased during the first 4 d of N
starvation and then slowed. The root biomass increased
8-fold during the 10 d (Fig. 1A). The capacity of plants
to grow in the absence of an external N supply dem-
onstrates the large capacity to remobilize N from inter-
nal stores. The different growth patterns of the shoots
and roots led to a strong decrease in the shoot-root ratio
from 5 to 1.1 after 10 d of starvation (Fig. 1A). This
adaptive behavior has been well described (Drew, 1975;
Scheible et al., 1997). Under our conditions, a signifi-
cantly decreased shoot-root ratio was already observed
after 2 d of N starvation, showing a very rapid impact of
the N starvation on root and shoot growth.

To characterize the N starvation kinetics under our
conditions and to explain the rapidly changing growth
rates, we first measured the levels of N assimilation-
related metabolites, such as nitrate, total amino acids,
total proteins, soluble sugars, and starch, in the roots
and shoots. The nitrate content was three times higher
in the shoots than in the roots after 35 d on 6 mm NO;
(Fig. 1B). The sudden deprivation of N in the growth
medium led to a rapid decrease of nitrate in both
organs (Fig. 1B). After 24 h, the shoot nitrate content
declined to 70% of the initial nitrate content and was
only 50% after 2 d. In the roots, the nitrate content
decreased to 70% and 25% of the initial value after
1 and 2 d, respectively. After 4 d, nitrate was barely
detectable in the roots (1 umol gf1 fresh weight) but
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was still at approximately 10% of the initial level in
the shoots (18 umol g{1 fresh weight). After 10 d of
starvation, the nitrate levels were undetectable in roots
and shoots.

The total amino acid levels in the shoots did not
change during the first 24 h of starvation but de-
creased rapidly over the next 3 d to 61% of the initial
value. However, longer starvation resulted in only a
slight further decrease (reaching 51% of the initial
value; Fig. 1C). A minimal pool size of amino acids
might be vital for the synthesis of essential proteins or
other compounds with a high turnover. In the roots,
the total amino acid content increased during the first
day of starvation and then returned to the initial level
at the end of the starvation period (Fig. 1C). The
initial increase might have been due to either a
remobilization of amino acids from the shoots to the
roots or to the degradation of proteins in the roots.
The latter hypothesis has been proposed previously
for C-starved roots (Brouquisse et al., 1998). In N-starved
Arabidopsis seedlings, amino acid levels have been
reported to be low and to rise within 3 to 8 h after
nitrate resupply and then to decrease again when
protein synthesis commences (Scheible et al., 2004).
However, when plants are grown under continuous N
limitation, the total amino acid levels in the shoots
have been found to be higher than under high-N
conditions (Tschoep et al., 2009). This surprising ob-
servation has been explained by a decreased utiliza-
tion of amino acids for protein synthesis and growth.
In our conditions, the root growth rate increased in
response to sudden N starvation, and amino acids
were remobilized to sustain root growth.

The total protein content decreased by 35% and 22%
after 10 d of starvation in the shoots and roots, respec-
tively (Fig. 1D). The lower decrease in the roots could
be correlated with the fact that the amino acids were
exported from the shoots to the roots. The N remobi-
lization from the shoots to the growing roots through
the transport of amino acids seems to be one of the
adaptive strategies to N starvation.

The intimate relationship between N and C metabo-
lism has been well established (for review, see Stitt and
Krapp, 1999); for example, starch typically accumulates
under low N (Scheible et al., 1997; Stitt and Krapp,
1999). In addition, sugars, especially Glc, Fru, and Suc,
are important signaling molecules (Krapp et al., 2002;
Rolland and Sheen, 2005; Rook et al., 2006; Li et al.,
2011), and starch is a main indicator for growth (Sulpice
et al., 2009). Thus, we analyzed the sugar accumulation
kinetics in response to a sudden N starvation in the
roots and shoots. Soluble sugar and starch levels were
measured using spectrophotometrical assays. In shoots,
the starch and soluble sugar contents increased dra-
matically during starvation (Fig. 1, E and F). The starch
level tripled in 48 h and increased by 17 times after 10 d
of starvation, whereas the Suc level did not change
significantly during the first 48 h but increased rapidly
over the following 8 d by 4.3 times. The Glc and Fru
levels increased from 24 h onward and, at 10 d of
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starvation, reached 14 and five times higher levels,
respectively. In the roots, the levels of the soluble sugars
Glc, Fru, and Suc increased from the beginning of the
starvation period, increasing to 3.8, 10, and 4.7 times the
initial level after 10 d of starvation, whereas the starch
level was below the limit of detection. The starch level
tripled in 48 h and increased by 17 times after 10 d of
starvation, whereas the Suc level did not change sig-
nificantly during the first 48 h but increased rapidly
over the following 8 d, by 4.3 times. Glc and Fru levels
increased from 24 h onward and reached at 10 d of
starvation 14 and five times higher levels, respectively.
In roots, the levels of the soluble sugars Glc, Fru, and
Suc increased from the beginning of starvation, increas-
ing 3.8, 10, and 4.7 times after 10 d of starvation,
whereas the starch level was below the detection limit.

Carbohydrates are synthesized in the shoot, but as
the root is the main growing sink under N starvation
conditions, Suc is translocated to the roots. In our
experiment, Suc accumulation was indeed detected
from day 1 of starvation, whereas in the shoot, it
occurred only from day 4; the hexose accumulation
pattern was similar between the roots and shoots. It
has been shown previously that invertase activities
increase under abiotic stress conditions (Yamada et al.,
2010), which then leads to the production of hexoses.
However, we observed that Fru reached a plateau after
2 d of starvation, whereas Glc continued to increase
during longer starvation. Glc is produced not only by
the degradation of Suc but also by the diurnal turnover
of starch in the leaves, which is then transported to the
roots. However, in stress situations, such as N starva-
tion, starch accumulates in very high amounts and is
not completely turned over during the night. A neg-
ative correlation between the starch content and
growth has been observed in such stress situations,
and starch has been demonstrated to be a major
integrator for growth (Sulpice et al., 2009).

Linking the morphological adaptation to the changes
of nitrate, total amino acids, and carbohydrates, our
data indicate that a full N starvation leads to morphol-
ogical adaptation long before the internal N stores in
the shoots are low. It was obvious that the remobiliza-
tion from the shoots to roots was initiated very early to
support root growth and that it involved both amino
acids and Suc.

The responses in the roots and shoots concerning the
principal traits, growth and nitrate, amino acid, and
carbohydrate levels, were different from what might
be expected due to the different growth responses,
differences in metabolic regulation, and differences in
remobilization strategies. Therefore, we analyzed the
individual amino acid levels of roots and shoots in
more detail throughout the entire kinetic profile.

Minor Amino Acid Levels Increase in Both Organs,
Especially in Roots, in Response to N Starvation

Individual amino acids such as Leu and Arg have
specific functions for plant metabolism, and recent
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results have demonstrated their potential role as reg-
ulatory molecules (Hannah et al., 2010; Molla-Morales
et al., 2011). Furthermore, the synthesis and degrada-
tion of individual amino acids occur through a variety
of enzymatic reactions, with different C components
as the substrate or product, respectively. Thus, we
quantified individual amino acid levels by targeted
HPLC.

In shoots, the most pronounced decrease after 10 d of
N starvation was observed for Asn level (27-fold). Asp,
Ala, and GIn levels decreased 3- to 5-fold, whereas Glu
level stayed rather constant (decreased by only 25%).
Pro and Ser levels increased transiently but dropped
after 10 d of starvation to 20% and 78% of the initial
value, respectively. Gly level decreased steadily during
the entire starvation period, reaching 20% of its initial
level after 10 d. Val and Thr levels decreased slightly,
whereas Leu, Ile, and Orn levels did not change signif-
icantly. Interestingly, the levels of other minor amino
acids, such as Lys, Arg, and His, increased, especially
during the long-term starvation. (Fig. 2).

In the roots, the kinetics of the amino acid depletion
during starvation was different. Transient increases
were observed for Glu, Gln, and Asn levels (Fig. 2), but
after 10 d of starvation, the levels of Glu, GIn, Asp, and
Asn were reduced to 50%, 75%, 40%, and 25%, respec-
tively. However, no major change in the GIn-Glu ratio
was observed. The total quantity of minor amino acids
increased slightly during the first 4 d of starvation, and
the quantity of some minor amino acids (i.e. Lys, Arg,
and Tyr) doubled (Fig. 2). Interestingly, the minor
amino acids represented 22% of the total amino acids
at the end of the starvation period (compared with
10% at the start of the starvation period). This in-
creased proportion was also observed for the shoot,
increasing from 1.3% to 7%.

Fritz et al. (2006) analyzed the impact of the C and N
status on amino acid profiles in tobacco (Nicotiana
tabacum) leaves, where under N limitation conditions,
a decrease of all the amino acids in the shoots was
observed, with the biggest changes for His and GIn. In
our experiment of total N starvation in Arabidopsis,
the main decrease was found for Asn, and several
minor amino acids were also increased in the shoots at
10 d of starvation. These different observations might
reflect a different physiological response to complete
N starvation and/or major differences between these
two species. Amino acids also serve as precursors of
secondary compounds in metabolic pathways that
vary between tobacco and Arabidopsis. However, the
intriguing observation that Glu levels were rather
stable, independent of the N status (Fritz et al., 2006),
was confirmed by our study, especially during the
long-term starvation. In addition, the changes in amino
acid levels in response to N stress are undoubtedly
difficult to dissect: changes in amino acid levels are
known to occur under other abiotic stresses (for re-
view, see Joshi et al., 2010), but in the case of N stress, a
stress response occurs and the N management of the
plant is also perturbed.

Plant Physiol. Vol. 157, 2011
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Organic Acid and Carbohydrate Metabolisms Adapt to N
Starvation in an Organ-Specific Manner

In addition to the different responses of sugar and N
metabolism to N starvation in the roots and shoots,
other metabolic pathways are known to be modified
by N starvation (Scheible et al., 2004). Therefore, we
undertook a global metabolomic analysis and concen-
trated on the time points of 2 d and 10 d of the kinetic
profile. We chose these two time points with the aim of
distinguishing between mid-term and long-term re-
sponses to N starvation, which could correspond
physiologically to a direct response to N starvation
(2 d) and to a remobilization situation (10 d), respec-
tively. At 2 d, the roots were already short on nitrate,
whereas the shoots still had 50% of their initial nitrate
content; at 10 d, the shoots were also depleted of
nitrate. For most of the amino acid and carbohydrate
levels that we measured at 2 d of N starvation, both
organs showed only slight changes, whereas dramatic
changes occurred for several metabolites at 10 d of
starvation.

Metabolic profiling using gas chromatography (GC)-
time of flight-mass spectrometry (MS) allowed us to
analyze the relative amounts of 57 identified and 20
unidentified metabolites. The data obtained by the
targeted analyses of amino acids and sugars (Figs.
1 and 2) were confirmed, and an additional 38 metab-
olites were analyzed. Table I shows the relative varia-
tions of all the identified compounds. In addition to Glc,
Fru, and Suc, the levels of other carbohydrates in-
creased upon N starvation. Man and Gal levels in-
creased rapidly in the shoots but varied much less in
the roots, whereas the opposite was observed for Xyl
levels. For the shoots, the compound that varied the
most was raffinose (80 times), whereas raffinose in-
creased only three times in the roots. Raffinose has also
been shown to accumulate under other abiotic stresses,
such as cold and drought (Taji et al., 2002), and a role in
osmoprotection and in the stabilization of cellular
membranes has been proposed. In transgenic plants
with increased levels of raffinose, no effect on cold
acclimation has been observed (Zuther et al., 2004).
However, a recent in-depth analysis of plants lacking
raffinose synthase indicates that raffinose is involved in
stabilizing PSII of cold-acclimated leaf cells against
damage during freezing (Knaupp et al., 2011). A further
hypothesis suggests that raffinose and its precursor,
galactinol, may act as scavengers of hydroxyl radicals
(Nishizawa et al.,, 2008) and, therefore, protect cells
from oxidative stress, which is known to occur under
several stress conditions, such as N starvation (Shin
et al., 2005).

The levels of organic acids also showed different
profiles between shoots and roots in response to N
starvation (Table I). We focused on the intermediates of
the tricarboxylic acid (TCA) cycle and its closely
related metabolites (Supplemental Fig. S2). For roots,
the main increase was observed for malate levels at 2 d
of starvation, whereas in shoots, malate levels changed
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Figure 2. Individual amino acid levels during N starvation. Amino acids were measured by HPLC on the same plant samples as
described in Figure 1. The values are means = s of three replicates (pooling three plants for 0, 1, and 2 d). FW, Fresh weight.

only slightly, but fumarate levels increased approxi-
mately four times by day 2 and stayed high until day
10 of starvation. The role of malate for N metabolism
has been discussed previously (Smith and Raven,
1979). Malate production has been shown to buffer
the alkalization produced by nitrate metabolism, and
an increase in shoot malate content has frequently been
observed after the addition of nitrate (Scheible et al.,
2004). The opposite might be expected in the case of N
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starvation. However, in our experiment, malate levels
did not change in the shoots but increased 9-fold after
2 d of N starvation in the roots. In addition to the
significant increase in the malate content in the roots, at
day 2, citrate and 20G levels increased transiently by
30%; however, this was not observed in the shoots. The
significant increase in malate levels might be related to
its role as a substrate for the TCA cycle and, thus,
increase citrate and 20G levels. These C skeletons could
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Table 1. Metabolite levels in shoots and roots during N starvation

Data are given as the percentage of day 0, and for comparison, the shoot-root ratio at day 0 is indicated. Plants
were cultivated as described in Figure 1. Metabolite contents were determined by GC-MS and anion HPLC. Data are

means of three independent replicates.

Color code (%)

<20

49-20

80-50 81-119  120-200

201 -300

Compounds Shoots Roots Shoot/Root
od 2d 10d od 2d 10d Day 0
% of Day 0 % of Day 0
Amino acids
Ala 100 100 86 84 2.09
Asn 100 100 163 1.68
Asp 100 100 1.2
Ethanolamine 100 100 83 033
GABA 100 100 0.14
Glutamate 100 100 82 1.77
Glu 100 100 4.55
Gly 100 100 17
Hydroxylamine 100 100 0.69
lle 100 100 0.55
Leu 100 100 0.17
Lys 100 100 0.59
Phe 100 100 2.32
Pro 100 100 3.01
Ser 100 100 1.66
Thr 100 100 134
Urea 100 18 161 100 1.24
Val 100 a e 1 078
Tyr 100 171 92 100 0.51
Organic acids
Aconitate 100 100 102 1.62
Benzoate 100 100 0 0.49
Citrate 100 100 156 0.8
Erythronate 100 100 113 120 097
Fumarate 100 100 9% 4391
Glycerate 100 100 2.08
2-Oxoglutarate 100 100 152 0.73
Lactate 100 100 0.12
Malate 100 100 0.72
Maleate 100 157 182 100 8 85 7.94
Oxalate 100 160 100 125 192 0.06
Pyruvate 100 81 100 106 0.64
Shikimate 100 103 100 1.61
Succinate 100 178 100 0.9
Threonate 100 99 132 100 3
Palmitate 100 97 101 100 109 107 1.13
Linolenate 100 143 131 100 164 82 5.55
Alcohols
Glycerol 100 0.16
Mannitol 100 039
Inositol 100 1.35
a-sistosterol 100 0.39
Sugars
Fru 100 0.79
Gal 100 0.93
Glc 100 0.25
Maltose 100 0.52
Man 100 3.28
Raffinose 100 0.12
Suc 100 0.61
Xyl 100 o I o
Phosphorylated metabolites
Fru-6-P 100 o [NERE 005
Glc-6-P 100 100 28 84 0.06
Myo-inositol-P 100 wo NG 001
Others
Phytol 100 110 85 100 115 113 97.67
Dehydroascorbate 100 133 142 100 1.95
Ascorbate 100 1 EEN e 123 205
Sinapic acid 100 102 108 wo S = 6475
Tocopherol 100 1 EE o 100 100 1355
Inorganic ions
Phosphate 100 100
Nitrate 100 100
Sulfate 100 115 95 100

>300
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then flow into y-aminobutyric acid (GABA) pools,
which were also increased in the roots at day 2.

The significant increase of fumarate in the shoots
was unexpected, as fumarate levels have been found
to decrease in N-limited plants (Tschoep et al., 2009).
However, fumarate appears to behave as a C sink for
photosynthate in a manner similar to starch. It has
been reported that when starch accumulation is pre-
vented in the phosphoglucomutasel mutant, much more
C is incorporated into fumarate (Chia et al., 2000).
Under N starvation, an excess of C in the shoot might
lead to an observed increase in the fumarate pool.
Analyses of a cytosolic fumarase null mutant (fum?2;
Pracharoenwattana et al., 2010) have revealed a link
between amino acids and fumarate. Interestingly, in
the study of Tschoep et al. (2009) on N-limited plants,
in addition to fumarate, amino acid levels also changed
in an opposite direction, as was observed in our study
of total N starvation (see above).

Other metabolites were also altered in an organ-
specific manner after N starvation (Table I). An unex-
pected observation was the 5-fold increase in the
phosphate content in the roots in comparison with
the 2-fold decrease in the shoots. However, the inter-
action of nitrate and phosphate has not been well
studied. Recently, Kant et al. (2011) have shown that
the nitrate and phosphate supply have antagonistic
interactions in their accumulation in plants, and the
shoot phosphate level increases under N-limiting con-
ditions. Conversely, the shoot phosphate content de-
creased in our study of total N limitation. The model
for the cross talk of nitrate and phosphate by Kant and
coworkers (2011) suggests that nitrate inhibits phos-
phate uptake by the roots; therefore, more phosphate
is taken up under low external nitrate, which then
accumulates in the shoots. In the case of N starvation,
we propose that the increased uptake of phosphate
leads to an increase in the root phosphate pool, as
resources are directed to this growing sink under N
stress conditions. Fine-tuning of the cross talk between
the regulation of nutrient ion homeostasis might be a
general feature, as has been described for phosphorus
and sulfur (Rouached et al., 2011).

As for the changes in the main C and N compounds
described above, we also showed that the global
metabolic changes in response to N starvation were
dependent on the nature of the organ. To give clearer
indications of the metabolic adaptations in these two
organs, we analyzed the N metabolism-related en-
zyme activity and N uptake capacity.

Long-Term N Starvation Increases N Remobilization
Enzyme Activities in Shoots and the Capacity of
High-Affinity Nitrate Uptake in Roots

Steady-state metabolite levels are the result of fluxes
in the substrates and enzyme activities. In character-
izing the mid-term and long-term effects of N starva-
tion, it is clear that changes in metabolite levels may
be accompanied by adaptive modifications of protein
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abundance and activities. Therefore, we studied the
activities of the key enzymes in N assimilation and
remobilization. We measured NR activity in the shoots
and roots in the absence of magnesium to detect total
NR activity and in the presence of magnesium to
distinguish between total activity and posttranslation-
ally activated NR (Kaiser and Huber, 1994). Under our
conditions, the total shoot NR activity was approxi-
mately four times higher than the total root NR activ-
ity, indicating that, in Arabidopsis, the majority of
nitrate assimilation occurred in the shoots (Fig. 3A).
The maximal extractable NR activity continuously
decreased from the onset of starvation to barely un-
detectable levels after 4 and 10 d in the roots and
shoots, respectively (Fig. 3A), while the activation state
of NR was slightly increased in the roots and shoots
(Supplemental Fig. S3).

Glutamine synthetase (GS) and GDH (NAD-GDH
and NADH-GDH) activities were measured only in
shoot extracts, because NR activity was higher in the
shoots than in the roots under our conditions, again
indicating that most N assimilation occurred in the
shoots under our conditions. The GS activity remained

(=]
o s
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NR activity
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N
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GS o,GDH A

=3

125 +

To

Nitrate uptake
(umol -gFW-'-h-1)

IN)
3

o

Days

Figure 3. N assimilation enzymes and nitrate uptake activities during N
starvation. A and B, Nitrate reductase (A) and GDH (triangles) and GS
(circles; B) were measured in the same plants as described in Figure 1.
The values are means = st of three replicates (pooling three plants for 0,
1, and 2 d). Roots, white circles; shoots, black circles. C, Root 15N03_
influx was measured after a 5-min labeling with a complete nutrient
solution containing either 0.2 mm (squares) or 6 mm (circles) TSNO{.
Plants were grown as in Figure 1. LATS (triangles) was calculated as the
uptake at 6 mm minus the uptake at 0.2 mm. The values are means =+ st
of five replicates. FW, Fresh weight.

Plant Physiol. Vol. 157, 2011



constant during the first 2 d of starvation and de-
creased by a factor of 2 after 10 d of starvation (Fig. 3B).
In plants, a change in total GS is the result of both
chloroplastic GS2 and cytosolic GS1 fluctuations; thus,
because G52 was the most represented GS isoenzyme
in the shoots, the decrease in total GS activity can be
attributed to a decrease in GS2.

In contrast to GS activity, GDH activity increased
during starvation. GDH catalyzes a reversible reac-
tion, and the in vivo role of this enzyme is still
discussed. Therefore, we measured both the NADH-
dependent formation of Glu and the NAD-dependent
formation of ammonium and 20G. NADH-dependent
GDH activity increased after 2 d of starvation and
reached 150% of the initial activity after 10 d of
starvation. NAD-dependent GDH activity increased
slightly faster, reaching a maximal level of 160% of the
initial activity at day 4, and remained high (140%) at
day 10 (Fig. 3B; Supplemental Fig. S54). Although the
function of GDH in planta is still under discussion, its
role in amino acid catabolism might explain the in-
volvement of GDH in N remobilization during N
starvation, as has been proposed for senescence (Diaz
et al.,, 2006; Masclaux-Daubresse et al., 2006). The
deamination catalyzed by GDH appears to be an
important source of ammonia, which can be reassimi-
lated into N transport compounds (e.g. amino acids,
particularly Gln and Asn). However, evidence that
GDH is a stress-responsive protein that may reflect an
additional/alternative route of the GS/GOGAT path-
way for ammonia assimilation has been growing
(Skopelitis et al., 2006). In tobacco and grape (Vitis
vinifera), there is evidence for a role of GDH in recycling
ammonium in companion cells (Dubois et al., 2003;
Tercé-Laforgue et al., 2004; Fontaine et al, 2006).
Indeed, intracellular ammonia, due to exogenous
ammonium (Restivo, 2004; Tercé-Laforgue et al,
2004), senescence-induced high proteolytic activities
(Masclaux et al.,, 2000; Loulakakis et al., 2002), or
abiotic stress (Lutts et al., 1999; Hoai et al., 2003), has
resulted in increased aminating GDH activity in vitro.
Under N starvation conditions, ammonia is produced
by several catabolic processes, and GDH activity has
also been shown to increase by 200% in plants grown
under limited N (Tschoep et al., 2009).

To measure the activity of the high-affinity nitrate
transport system (HATS), the root mtrate influx was
measured at a concentration of 0.2 mm NO (Fig.
3C). As expected, HATS activity increased by 2 4-fold
during the first 2 d of N starvation and then decreased
after 4 d in N-free nutrient solution. However, after an
extended starvation (10 d), the NO,” root high-
affinity influx capacity increased again to 4.2 times
higher than that at the onset of starvation. During the
same experlments, the root influx was measured at 6
mm °NO,”, and the influx at 0.2 mm “NO;~ was
subtracted to evaluate the activity of the low- aff1n1ty
nitrate transport system (LATS) There was no 51gn1f—
icant change in the 6 mm "NO,” influx during the N
starvation experiment; therefore, the calculated LATS
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activity decreased as HATS activity increased. At the
beginning of N starvation, HATS activity represented
approximately 20% of the total "NO, root influx
measured at 6 mM, whereas it reached 86% after 10d in
N-free nutrient solution.

This time course resembles that typically described
for nitrate influx (Clarkson, 1986; Lejay et al., 1999),
which has been interpreted by the action of two
antagonistic regulatory mechanisms: the initial stim-
ulation of carrier synthesis due to relief from the
repression by N metabolites, and the subsequent turn-
over of the carrier related to the decreased induction
by nitrate (Clarkson, 1986). However, HATS and LATS
capacities have not been studied in Arabidopsis dur-
ing a time course of long-term starvation, and the
increase in HATS after 10 d of starvation is surprising
and might indicate a new (undescribed) regulatory
mechanism.

Global Transcriptome Responses Highlight a
Spatiotemporal Adaptation toward N Starvation

The adaptation of plants to the environment in-
cludes a reprogramming of transcription and changes
in the steady-state levels of transcripts. This has been
shown to occur during N starvation in young seed-
lings (Scheible et al., 2004), but it has not been ana-
lyzed in an organ-specific manner for mature plants
and after mid-term (2 d) and long-term (10 d) N
starvation. Using our highly controlled hydroponic
growth system, we performed a transcriptomic anal-
ysis using the CATMA array (version 2.2 or 2.3)
containing 24,576 gene-specific tags corresponding to
22,089 genes from Arabidopsis (Crowe et al., 2003;
Hilson et al., 2004). In addition to chloroplast and
mitochondria gene-specific probes, version 2.3 of this
full-genome microarray also contains 465 nonredun-
dant 60-mer probes that are specific for known miRNA
precursors and predicted small RNA precursors,
which have been designed based on the identification
of stable stem-loop structures throughout the Arabi-
dopsis genome using a bioinformatic analysis in col-
laboration with O. Voinnet (CNRS-Institut de Biologie
Moléculaire des Plantes Strasbourg/Eidgendssisch
Technische Hochschule Zurich). The experimental de-
signh was arranged to compare the transcriptional
status in the plant at 2 d and 10 d of N starvation
with that before the onset of starvation. In all cases, the
root and shoots were analyzed separately. Three inde-
pendent replicates were used and analyzed during a
time period of 4 years (three independent biological
samples). Overall, 638 and 772 genes (of the 22,554
genes) were found to be differentially expressed in
roots and shoots, respectively, at the significance
threshold of Bonferroni P < 0.05 (Supplemental Table
S1). This strategy allowed us to obtain a very robust
profile of the transcriptome. Using real-time reverse
transcription (RT)-PCR, we confirmed the observed
expression changes for 25 of the 26 genes analyzed
(Supplemental Fig. S5).
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Mid-Term and Long-Term Responses in Shoots and Roots

For the roots, after 2 and 10 d of starvation, 232 and
608 genes, respectively, were found to be differentially
expressed. For the shoots, the transcriptional response
to N starvation appeared to be delayed, with only 150
genes differentially expressed at day 2 but with 697 at
day 10. Indeed, the comparison between days 2 and 10
of starvation, which emphasizes late gene expression
changes, confirmed this observation (224 for roots and
603 for shoots; Table II). This result underlines the
kinetic difference of the response to N starvation
between these organs and might reflect the different
strategies developed by plants at the organ level to
face N starvation. Genes whose expression was mod-
ified were compared using Venn diagrams to identify
the genes that were specifically induced or repressed
after mid-term starvation (2 d) or long-term starvation
(10 d; Supplemental Fig. S6). We found that 18 and 22
genes were differentially expressed in a transient
manner after 2 d of N starvation in the roots and
shoots, respectively, whereas the number of genes
whose expression was specifically changed in roots
or shoots after long-term N starvation was much more
significant, especially in the roots (244 genes) com-
pared with the shoots (103 genes; Table II). Tables III
and IV show the 15 most differentially expressed
genes (at least a 2-fold induction or repression) for
the kinetically differentially regulated genes in the roots
and shoots. Among the differentially expressed genes
in both organs, only a few genes displayed opposing
regulation at early and late N starvation (eight and 21,
respectively, in roots and three and 14, respectively, in
shoots).

We then compared the expression pattern between
the roots and shoots to identify genes that were specif-
ically modified for their expression in either organ. For
early and transiently modified gene expression, only
one of the genes, whose expression was increased, was
common between the roots and shoots (AT1G78370). Of
all the differentially expressed genes at any kinetic
point during the N starvation (638 and 772 genes for
roots and shoots, respectively), only 142 were differ-
entially expressed in both organs. Among these 142
genes, only 20 displayed opposing regulation in roots
and shoots.

Biological Processes Affected by N Starvation

The biological processes that were most significantly
and specifically affected by early and late N starvation
in shoots and roots were analyzed using the classifi-
cation superviewer tool from the Bio-Array Resource
for Plant Biology (http://www.bar.utoronto.ca/ntools/
cgi-bin/ntools_classification_superviewer.cgi) using
the MapMan classification as the source. Only those
biological pathways that were significantly overrepre-
sented for the roots and shoots at 2 and 10 d of N
starvation conditions compared with day 0 were se-
lected and are presented in Figure 4.

In summary, for roots at days 2 and 10, the up-
regulated genes that were significantly overrepre-
sented are involved in minor carbohydrate miscellaneous
whereas root-specific overrepresentation of regulated
genes were in sulfur metabolism and fermentation at
day 2 and metal handling, amino acid metabolism,
transport, and stress at day 10. Genes whose steady-
state expression decreased in the roots were overrep-
resented for the same functional classes, except metal
handling, TCA cycle, hormone metabolism, and redox,
specifically overrepresented at day 10. In contrast, the
main metabolic processes affected by mid-term and
long-term starvation were rather different in the
shoots. For up-regulated genes, after 2 d of starvation,
gluconeogenesis, sulfur assimilation, minor carbo-
hydrate metabolism, and miscellaneous were specifi-
cally overrepresented, whereas at 10 d, the functional
classes fermentation, N metabolism, cofactor and
vitamin metabolism, TCA cycle, transport, and RNA
processing were significantly enriched. The situation
was different for the down-regulated gene set in shoots:
most of the overrepresented classes were affected from
day 2 onward and remained low at 10 d of starvation.

This was the case for tetrapyrrole biosynthesis,
photosynthesis, N metabolism, amino acid metabo-
lism, cell wall, and lipid metabolism. TCA cycle, gly-
colysis, redox, major carbohydrate metabolism, protein,
and transport were overrepresented in the genes
down-regulated in shoots at 10 d specifically. As early
as 2 d of starvation, when nitrate levels in shoots were
still high, the metabolic functional classes were al-
ready overrepresented in down- and up-regulated
genes. However, other functional classes, for example,
minor carbohydrate metabolism, redox, and stress,

Table Il. Mid-term and long-term gene expression changes

Total numbers of differentially expressed genes in roots and shoots for each comparison are given. Genes were classified as “al

17

differentially

expressed and as “specific” differentially expressed genes for the given comparison. These data are presented as a Venn diagram in Supplemental

Figure S6.
Organ Roots Shoots
Comparison Oto2d 2to10d Oto10d Oto2d 2to10d Oto10d
Expression All Specific All Specific All Specific All Specific All Specific All Specific
Up-regulated genes 62 7 162 16 275 103 92 17 274 22 314 40
Down-regulated genes 170 11 62 1 333 141 58 5 319 32 383 63
Total 232 18 224 17 608 244 150 22 603 54 697 103
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Table I1l. The most differentially expressed genes in roots

Of all the differentially expressed genes, only those with at least 2-fold changes, and maximal 15 genes for each different response pattern, are
listed. Expression changes are given as log,. Expression changes in boldface correspond to genes differentially expressed at the significance threshold
of Bonferroni P < 0.05. md, Missing data.

Arabidopsis Genome o Root Shoot
L Gene Description
Initiative No. Oto2d 2to10d 0to10d Oto2d 2to10d Oto10d
Transiently differentially expressed at day 2
AT4G23700 ATCHX17; monovalent cation:proton antiporter 1.20 —0.20 0.03 —0.06 0.03 —0.04
AT2G36690 Oxidoreductase -1.13 0.34 —0.26 —0.02 —0.10 0.05
Rapidly changed and stayed high/low
AT3G03910 Oxidoreductase; Glu dehydrogenase, putative 1.36 0.44 1.93 0.09 0.59 1.46
AT1G70260 Unknown protein; nodulin MtN21 family protein 1.33 0.20 1.41 1.14 -0.10 0.73
AT1G77120 ADH1 (ALCOHOL DEHYDROGENASET) 1.28 0.36 2,12 -0.79 0.04 0.38
AT3G30775 ERD5 (PRO OXIDASE) 1.27 0.20 0.89 -0.11 0.77 0.75
AT4G39795 Unknown protein; senescence-associated 1.21 0.52 2.64 0.06 0.03 0.19
protein-related
AT4G17670 Unknown protein; senescence-associated 1.06 0.19 1.50 0.21 0.13 0.87
protein-related
AT5G24660 Unknown protein -1.53 -0.14 -142  -0.09 0.02 md
AT5G54770 THIT (THIAZOLE REQUIRING); thiazole -1.57 0.05 -1.43 0.25 0.59 1.74
biosynthetic enzyme
AT1G73120 Unknown protein —1.58 —0.48 —2.67 0.04 —0.06 —0.42
AT2G15620 NIRT; ferredoxin-nitrate reductase; -1.60 0.14 -0.82 —0.45 —0.55 -1.02
ferredoxin-nitrite reductase, putative
AT4G19690 IRT1; cadmium ion transporter/iron ion —1.61 —0.22 —2.06 0.09 —0.01 0.14
transporter (IRT1)
AT1G24280 G6PD3; Glc-6-P 1-dehydrogenase ATP-binding —1.63 -0.29 -1.29 —0.32 —0.58 —1.06
AT5G07680 ANAC079/ANACO080; transcription factor; no -1.67 0.22 —-0.82 0.09 0.28 0.50
apical meristem (NAM) family protein
AT5G52790 Unknown protein; CBS domain-containing -1.77  -037 -1.74 0.13 0.02 0.04
protein-related
AT3G46900 COPT2; copper ion transporter; copper -1.77 —0.20 -1.39 0.41 0.25 -0.37
transporter, putative
AT4G34950 Unknown protein; nodulin family protein -1.78 -0.20 -1.06 —-0.75 0.59 1.12
AT4G02380 SAG21 (SENESCENCE-ASSOCIATED GENE21) —-1.82 —0.10 -2.11 -1.95 —0.08 —1.88
AT4G05230 Unknown protein; ubiquitin family protein -1.82 -0.38 -195 —-0.02 -0.25 —0.02
AT1G49500 Unknown protein —2.21 —0.11 -1.80 -1.15 -2.49 —3.61
AT1G77760 NIAT (NITRATE REDUCTASET); nitrate —2.38 —0.11 —2.58 —0.40 —0.60 -1.07
reductase 1T (NRT)
AT4G29905 Unknown protein —2.58 —0.42 —-3.45 0.11 -0.74 —1.47
Differential expression increased during starvation
AT5G04120 Catalytic; phosphoglycerate/bisphosphoglycerate 1.41 2.53 3.40 0.08 —0.03 0.00
mutase family protein
AT5G45380 Solute:sodium symporter/urea transporter; 3.52 2.45 5.20 0.88 1.52 2.62
sodium:solute symporter family protein
AT4G37220 Unknown protein; stress-responsive protein, putative 0.68 2.34 2.04 —0.15 —0.07 —0.65
AT4G32930 Unknown protein GAMMA-VPE; Cys-type 1.16 1.71 2.61 1.37 2.34 4.54
endopeptidase/legumain
AT1G05250 Peroxidase 1.12 1.67 2.38 0.00 —0.09 —0.06
AT5G63840 RSW3 (RADIAL SWELLING3); hydrolase, putative 1.29 1.65 2.87 0.01 0.05 0.23
AT1G73220 Carbohydrate transporter/transporter 1.70 1.59 3.61 0.07  —0.08 0.27
AT4G32950 Catalytic/protein phosphatase type 2C 3.96 1.58 3.54 0.12  —-0.01 —-0.13
AT5E22650 EUGENE prediction 1.12 1.33 2.31 0.06 —0.01 —0.01
AT4G33040 Electron transporter/thiol-disulfide exchange 1.17 1.11 2.03 0.84 1.74 2.29
intermediate; glutaredoxin family protein
AT3G48340 Cys-type endopeptidase/Cys-type peptidase 1.26 1.09 232 —0.12 0.04 0.01
AT5G42610 Unknown protein 1.39 1.02 2.53 0.16 0.61 1.33
AT1G64590 Oxidoreductase; short-chain dehydrogenase/reductase 1.76 1.00 2,09 —0.02 0.07 0.08
(SDR) family protein
AT5G60770 ATNRT2.4; nitrate transporter; high-affinity nitrate 0.97 0.70 2.22 0.08  —0.11 —-0.20
transporter, putative
AT4G12360 Lipid binding; protease inhibitor/seed storage/lipid 1.06 0.64 0.94 —0.05 0.02 0.14

transfer protein (LTP) family protein

(Table continues on following page.)
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Table Ill. (Continued from previous page.)
Arabidopsis Genome - Root Shoot
S Gene Description

Initiative No. 0to2d 2to10d 0to10d O0to2d 2to10d Oto10d

AT5G09220 AAP2 (AMINO ACID PERMEASE2); amino 1.23 0.58 2.30 0.36 0.81 2.11
acid permease

AT5G01740 Unknown protein —1.86 —0.61 —2.66 0.09 -0.17 0.14

AT3G25190 Unknown protein; nodulin, putative -1.64 —0.63 —3.02 024 -1.25 -1.53

AT3G07720 Unknown protein; kelch repeat-containing protein -1.33 -0.63 -255 -074 —0.85 —1.66

AT2G25450 Unknown protein; 20G-dependent dioxygenase, -1.35 -0.70 —2.67 1.05 0.17 0.41
putative

AT1E59250 EUGENE prediction -1.49 -0.71 —1.64 —0.27 —0.10 0.11

AT1G09560 GLP5 (GERMIN-LIKE PROTEINS5); nutrient reservoir —-1.61 -0.75 —2.26 0.17 —0.26 —0.22

AT1G01580 Ferric-chelate reductase/oxidoreductase; -1.99 -0.78 -2.83 —0.05 —0.02 —0.03
ferric-chelate reductase, putative

AT5G10210 Unknown protein -1.22 —0.80 -3.25 0.62 —0.18 0.70

AT4G19750 Glycosyl hydrolase family 18 protein -1.33 -0.89 -2.82 -0.31 -0.19 —0.34

AT2G22122 Unknown protein -3.00 —0.95 —4.65 —0.05 —0.20 —0.03

AT4G04810 Unknown protein; Met sulfoxide reductase -136 —0.99 —2.66 0.05 0.04 0.04
domain-containing protein

AT4G04830 Unknown protein; Met sulfoxide reductase -1.38 -1.08 -3.37 0.04 0.15 0.59
domain-containing protein

AT5G23220 Catalytic; isochorismatase hydrolase family protein -2.53 -1.25 —4.25 0.09 —0.02 =0.11

mirspot446° MIR156E —1.44 -1.53 —2.34 0.36 -2.03 -0.99

AT2G05440 Unknown protein; Gly-rich protein -1.76  -2.12 =5.10 0.05 0.09 —0.03

Differential expression increased from day 2

AT1G49320 Unknown protein; BURP domain-containing protein 0.43 2.63 2.17 0.00 —0.17 0.35

AT1G12940 ATNRT2.5; nitrate transporter; high-affinity nitrate md 2.54 4.92 -0.03 0.68 1.08
transporter, putative

AT3G50970 XERO?2; dehydrin xero2 (XERO2)/low-temperature- 0.21 1.78 1.89 —0.52 0.62 0.08
induced protein LTI30 (LTI30)

mirspot1123? MIRT69H 0.16 1.63 1.72 0.15 0.31 0.54

AT3G58550 Lipid binding; protease inhibitor/seed storage/lipid 0.39 1.60 1.76  —0.04 0.04 0.28
transfer protein (LTP) family protein

AT5G06510 Transcription factor; CCAAT-binding transcription 0.31 1.51 2.20 0.62 1.17 2.46
factor family protein

AT1G72830 HAP2C; transcription factor 0.33 1.49 2.50 0.16 0.61 0.73

AT1G73810 Unknown protein 0.05 1.41 2.35 —0.21 0.34 0.67

AT1G01380 ETC1 (ENHANCER OF TRY AND CPC1); myb —0.04 1.32 2.13 —0.01 —0.05 0.15
family transcription factor

AT1G54575 Unknown protein 0.65 1.25 2.01 0.16 1.10 2.47

AT1G21890 Unknown protein; nodulin MtN21 family protein -0.07 1.21 279  —0.01 0.05 0.32

AT3G05690 HAP2B; transcription factor 0.15 0.92 1.82 0.08 1.08 1.76

mirspot1002 MIR160C 0.47 0.72 2.00 —0.32 0.50 1.62

mirspot690* MIR836 0.18 0.70 1.93 0.06 —0.07 —0.10

AT3G21420 Oxidoreductase; oxidoreductase, 20G-Fe(ll) 0.64 0.69 1.84 0.04 —0.02 0.31
oxygenase family protein

AT3G58990 Hydrolyase; aconitase C-terminal domain- -0.66  —0.61 -1.44  -0.51 -1.55 -2.17
containing protein

AT3G18080 Hydrolase, hydrolyzing O-glycosyl compounds; -0.65  —0.62 -1.76 —-0.03 —0.04 0.05
glycosyl hydrolase family 1 protein

AT5G10180 AST68; sulfate transporter -0.56  —0.66 -1.67 -0.17 —-0.84 -1.66

AT2G36120 Unknown protein; pseudogene, Gly-rich protein —0.61 —0.69 —2.51 —0.21 —0.58 —1.40

AT2G36830 GAMMA-TIP; water channel; major intrinsic —-0.55 —-0.72 —-1.87 —-0.85 -1.12 —-2.96
family protein/MIP family protein

AT5G23020 MAM-L (METHYLTHIOALKYMALATE —0.54 —-0.74 -1.90 —0.10 -1.03 —0.39
SYNTHASE-LIKE); 2-isopropylmalate synthase 2

AT3G61430 PIPTA; water channel; plasma membrane intrinsic —0.41 —-0.78 —-2.00 —0.05 -0.87 —-1.46
protein TA

AT4G01470 GAMMA-TIP3/TIP1;3; water channel; major —0.39 -0.84 -1.78 0.09 0.22 0.23
intrinsic family protein/MIP family protein

AT3G02885 GASAS; gibberellin-regulated protein 5 (GASA5)/ -0.59 —0.85 -1.79 0.177  —0.09 -1.16
gibberellin-responsive protein 5

(Table continues on following page.)
1266 Plant Physiol. Vol. 157, 2011



N Starvation in Arabidopsis

Table Ill. (Continued from previous page.)

Arabidopsis Genome Gene Description

Root Shoot

Initiative No. 0Otb2d 2to10d 0to10d Oto2d 2to10d Oto10d

AT2G33790 Unknown protein; pollen Ole e 1 allergen and 0.01 —-0.87 -1.97 -0.09 0.08 0.23
extensin family protein

AT4G17340 DELTA-TIP2/TIP2;2; water channel; major intrinsic —0.25 -0.97 —-2.30 0.01 —-0.02 0.08
family protein/MIP family protein

AT5G47450 AtTIP2;3; water channel; major intrinsic family -0.23  -0.98 -2.37 0.05 —0.02 —0.04
protein/MIP family protein

AT1G48750 Lipid-binding clathrin-binding -0.54 -1.24 —2.62 0.13  -0.10 0.42

AT3G05950 Nutrient reservoir; germin-like protein, putative -0.10 -=2.10 -3.77 -0.07 —0.07 —0.05

AT4G25100 FSD1 (FE SUPEROXIDE DISMUTASET) —0.37 —-2.33 —-2.23 0.14 —-1.02 0.15

“Identifiers corresponding to genes encoding precursors of known or predicted new small RNA are listed as shown on the Flagdb++ Web site
(http://urgv.evry.inra.fr/projects/FLAGdb++/HTML/index.shtml; http://urgv.evry.inra.fr/CATdb).

were significantly enriched but to a lesser extent.
Therefore, it appeared that the shoots adjusted their
gene expression to N withdrawal by rapidly modify-
ing the expression of metabolic genes and genes of
stress and protection machinery.

We wish to emphasize that we found both up- and
down-regulated genes within a single functional class.
Metabolic pathways are complex, and the specific
regulation of subsets of one pathway or the feedback
regulation inside one functional class is certainly pos-
sible. In general, these results confirm the previous
analysis by Morcuende et al. (2007). However, our
analysis indicates that we have been able to analyze
two different levels of starvation status: a mid-term
starvation, when many secondary processes, such as
RNA processing and the stress response, had not yet
been affected, and a long-term starvation, when stress
and catabolic mechanisms had been invoked. The
separate analysis of the roots and shoots reveals that
the adaptation to N stress at the transcriptome level
follows different patterns in each organ, similar to the
contrasting adaptation of the root and shoot concern-
ing growth and metabolism.

We used the MapMan tool to further analyze and
compare early and late gene expression in the roots
and shoots. This tool allows the visualization of mod-
ified gene expression in functional classes in more
detail and also provides the possibility of directly
comparing individual genes in each pathway. The
overview of general metabolism indicated important
differences between the differentially expressed genes
for the roots and shoots after 10 d of starvation
compared with the onset of starvation (Fig. 5). A
significant difference was observed for genes involved
in cell wall synthesis: whereas many genes were
down-regulated in the shoots, they were up-regulated
in roots. This difference is in agreement with the
stimulation of root growth and the slowing down of
shoot growth. Many genes involved in galactolipid
synthesis were down-regulated after 10 d of starvation
in the shoots, in contrast to the minor influence of
starvation on the expression of these genes in the roots.
It has been shown that N deficiency in higher plants
results in a coordinated degradation of galactolipids
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and chlorophyll, with the deposition of specific fatty
acid phytyl esters in the thylakoids and plastoglobules
of chloroplasts (Gaude et al., 2007).

Genes involved in secondary metabolism have been
shown to respond to N starvation (Scheible et al., 2004).
However, in our study, flavonoid synthesis genes were
mainly differentially expressed in the shoots, whereas
other phenylpropanoid synthesis genes were mostly
affected in the roots. This observation was expected, as
anthocyanins mainly accumulated in the shoots (Sup-
plemental Fig. S7) after long-term N starvation.

Genes involved in starch metabolism were differen-
tially expressed, mainly in the shoots, and different
ADPG isoforms were up-regulated during starvation.
Whereas APL3 (AT4G39210) expression levels were
increased early, APL4 (AT2G21590) expression was
modified later during starvation in the shoots. Global
differences were less striking for other metabolic pro-
cesses; however, specific isoforms were differentially
expressed after N starvation in the root and shoots. For
primary C metabolism, several gene families showed
organ-specific regulation. As an example, N starvation-
regulated genes involved in phosphoenolpyruvate and
pyruvate metabolism were different between the roots
and shoots at day 2 (Supplemental Fig. S8).

Several studies have established regulatory interac-
tions between assimilatory sulfate and nitrate reduc-
tion (Koprivova et al.,, 2000). Cys synthetase, the last
enzyme of the sulfate assimilation pathway, is critical
because the precursor, o-acetyl-serine, is derived from
the C and N assimilation pathways. An overrepresen-
tation of sulfur assimilation transcripts was found in
our study in the roots and shoots in response to N
starvation. The expression of genes involved in sulfur
metabolism was modified to a higher extent in the
roots than in the shoots. Cys synthetase expression
was decreased only in the roots, such as for APR3,
whereas in the shoots, APR1 and APR2 were the most
differentially expressed PAPS reductase-encoding
genes. Sulfate transporters were down-regulated in the
roots from day 2 onward.

Interesting differences can be deduced from our data
for redox metabolism during N starvation. Whereas
genes for glutathione and ascorbate metabolism were
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Table IV. The most differentially expressed genes in shoots

Of all the differentially expressed genes, only those with at least 2-fold changes, and maximal 15 genes for each different response pattern, are
listed. Expression changes are given as log,. Expression changes in boldface correspond to genes differentially expressed at the significance threshold

of Bonferroni P < 0.05

Arabidopsis Genome - Shoot Root
IS Gene Description
Initiative No. Oto2d 2t010d 0to10d Oto2d 2to10d Otol0d
Transiently differentially expressed at day 2
AT1G70260 Unknown protein; nodulin MtN21 family protein 1.14  -0.10 0.73 1.33 0.20 1.41
AT2G33380 RD20 (RESPONSIVE TO DESICCATION20) 1.00 —0.35 0.22 0.11 0.03 —0.07
AT2G28000 CPNG60A; ATP-binding/protein-binding; Rubisco -1.04 —0.25 —0.72 0.08 —0.36 0.11
subunit-binding protein a-subunit
Rapidly changed and stayed high/low
AT3G19700 Protein kinase/branched-chain-amino 1.27  -0.24 127  —-0.51 -0.18 -0.77
acid transaminase
AT5G23010 MAMT1; 2-isopropylmalate synthase 3 (IMS3) 0.95 -0.34 1.14 -0.70 —0.51 -1.28
AT1G62560 Disulfide oxidoreductase/monooxygenase, 0.95 0.04 090 —0.11 0.02 -0.23
FMO family protein
AT4G03060 AOP2 (ALKENYL HYDROXALKYL-PRODUCING2) 0.90 —0.33 0.94 0.12 -0.16 -0.16
AT1G67870 Unknown protein; Gly-rich protein 0.86 0.41 094 -0.76 0.08 —0.32
AT4G30530 Catalytic; defense-related protein, putative 0.85 —0.05 1.22 —0.64 0.25 -0.97
AT4G28220 NADH dehydrogenase/disulfide oxidoreductase 0.83 0.55 1.11 -0.34  —0.12 -0.17
unknown protein
AT1G21440 Catalytic/isocitrate lyase; mutase family protein 083 -030 1.06 —0.45 -0.50 -1.23
AT2G17470 Unknown protein 0.79 —0.14 0.89 0.14 0.09 —0.04
AT3G09390 MT2A (METALLOTHIONEIN2A)_ metallothionein 0.79 0.52 1.26 0.05 0.46 0.48
protein, putative (MT2A)
AT4G24010 ATCSLGT1; cellulose synthase family protein 0.78 0.40 1.36 —0.04 —0.04 —0.01
AT4G12030 Bile acid:sodium symporter; bile acid:sodium 073  —0.24 1.14 -030 -0.15 —0.54
symporter family protein
AT1G22160 Unknown protein; senescence-associated 0.73 0.30 1.85 0.26 0.10 1.88
protein-related
AT5G07460 PMSR2 (PEPTIDEMETHIONINE SULFOXIDE 0.71 —0.29 0.95 0.13 0.34 —0.11
REDUCTASE2), putative
AT1G54410 Unknown protein; dehydrin family protein 0.69 0.18 1.20 —0.46 0.08 —0.43
AT1G73480 Catalytic/hydrolase; hydrolase, a/B-fold family -0.75 —0.25 —2.03 0.27  —0.08 0.18
protein
AT2G31430 Invertase/pectin methylesterase inhibitor -0.79 0.03 -0.93 —0.01 -0.12 -0.23
family protein
AT3G58610 Ketol-acid reductoisomerase; ketol-acid —-0.80 -0.18 —-1.00 —0.05 —0.52 —-0.25
reductoisomerase
AT2G24050 RNA binding; MIF4G domain-containing —0.80 0.02 —0.92 024  —-0.24 0.17
protein/MA3 domain-containing protein
AT1G72370 P40; structural constituent of ribosome; 40S —0.81 —0.47 —0.98 0.23 -0.77 0.02
ribosomal protein SA (RPSaA)
AT5G22650 HD2B (HISTONE DEACETYLASE2B) —0.81 —0.01 —1.08 0.74 —0.62 0.33
AT3G48990 AMP binding/catalytic; AMP-dependent synthetase —-0.83 0.26 -1.20 -1.06 —0.18 -1.44
and ligase family protein
AT3G44990 XTR8; xyloglucan:xyloglucosy! transferase, putative -0.88 —0.19 -0.92 0.02 0.25 0.69
AT1G55490 CPN60B (CHAPERONING60 BETA); Rubisco —0.92 —0.09 —1.65 0.06 -0.16 —0.08
subunit-binding protein B-subunit
AT5G35630 GS2 (GLN SYNTHETASE2) —0.95 —0.31 —-2.77 —0.04 0.40 0.07
AT3G24420 Catalytic/hydrolase; hydrolase, a/B-fold family -0.97  —0.21 -1.04 -0.17 0.08 —0.25
protein
AT3G56090 ATFER3; binding/ferric iron-binding —1.04 0.00 -1.19 0.29 0.05 0.70
AT5G63310 NDPK2 (NUCLEOSIDE DIPHOSPHATE KINASE2) -1.10 —0.54 -1.73 0.00 —0.12 -0.19
AT2G43820 UDP-glycosyltransferase/transferase -1.13  -0.34 -1.57 -034 -0.54 -1.19
AT4G02380 SAG21 (SENESCENCE-ASSOCIATED GENE21) -1.95 —0.08 —1.88 —-1.82 —0.10 -2.11
Differential expression increased during starvation
AT1G66390 PAP2 (PRODUCTION OF ANTHOCYANIN 1.30 3.41 5.11 0.15 —0.04 —0.07
PIGMENT2)
AT5G17220 ATGSTF12 (GLUTATHIONE S-TRANSFERASE26); 1.56 2.99 4.92 —0.29 0.13 —0.40
glutathione transferase
(Table continues on following page.)
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Table IV. (Continued from previous page.)

Arabidopsis Genome .- Shoot Root
S Gene Description

Initiative No. 0tb2d 2t010d 0to10d 0Oto2d 2to10d 0tol10d

AT4G32930 Unknown protein GAMMA-VPE; Cys-type 1.37 2.34 4.54 1.16 1.71 2.61
endopeptidase/legumain

AT5G42800 DFR (DIHYDROFLAVONOL 4-REDUCTASE) 1.11 2.82 4.21 0.13 0.00 0.07

AT3G16150 Asparaginase; L-asparaginase, putative/L-Asn 1.13 2.45 4.11 0.49 0.39 1.38
amidohydrolase, putative

AT1G56650 PAP1 (PRODUCTION OF ANTHOCYANIN 1.37 1.52 3.91 0.07 —0.08 —0.12
PIGMENTT)

AT5G07990 TT7 (TRANSPARENT TESTA?); flavonoid 0.86 2.54 3.88 —0.07 0.13 —0.09
3prim-monooxygenase

AT3G22840 ELIPT (EARLY LIGHT-INDUCIBLE PROTEIN) 0.82 2.18 3.66 0.65 0.05 —0.07

AT2G47880 Arsenate reductase 1.64 1.70 3.59 0.05 0.15 0.26

AT1G34060 C-sulfur lyase; alliinase family protein 1.03 2.44 3.35 0.27 0.16 0.87

AT5G15500 Protein binding; ankyrin repeat family protein 1.17 1.85 2.88 0.00 0.07 -0.19

AT5G54060 Transferase, transferring glycosyl groups; 0.62 2.42 2.82 —0.02 0.05 0.02
glycosyltransferase family protein

AT5G53420 Unknown protein 0.72 1.47 2.75 0.52 0.58 1.67

AT1G23130 Unknown protein; Bet v | allergen family protein 0.81 1.10 2.72 -0.20  —0.06 —0.15

AT1G62710 BETA-VPE; Cys-type endopeptidase 0.68 1.47 2.68 0.08 0.35 1.13

Differential expression increased from day 2

AT2G28900 Protein translocase/Tim17/Tim22/Tim23 family 0.06 2.10 259  -031 0.23 0.33
protein

AT5G13930 CHS (CHALCONE SYNTHASE) 0.29 2.05 2.51 —0.11 0.04 —0.40

AT4G22880 LDOX (TANNIN-DEFICIENT SEED4); 0.44 1.80 2.65 0.04 0.19 0.08
leucoanthocyanidin dioxygenase, putative

AT1G28330 DRM1 (DORMANCY-ASSOCIATED PROTEINT) 0.25 1.80 2.29 0.39 0.75 1.05

AT5G37600 ATGSR1; Glu-ammonia ligase; Gln synthetase, 0.39 1.73 2.55 0.65 0.41 0.87
putative

AT5G11670 Malic enzyme 0.14 1.60 2.61 —0.40 0.27 0.17

AT1G10070 Branched-chain-amino acid transaminase/catalytic 0.28 1.45 2.72 -0.07 0.71 0.35
unknown protein

AT1G76520 Auxin:hydrogen symporter; auxin efflux carrier 0.54 1.43 2.40 0.06 0.64 0.32
family protein

AT2G25940 ALPHA-VPE; Cys-type endopeptidase 0.41 1.30 2.45 0.53 1.38 1.03

AT2G03590 ATUPS1; allantoin transporter 0.28 1.27 2.35 0.86 0.28 1.26

AT3G52180 Phosphoprotein phosphatase (PTPKIS1) 0.56 1.21 2.48 0.03 0.16 0.21

AT4G19430 Unknown protein 0.51 1.15 2.55 —0.02 0.06 —-0.07

AT1G76530 Auxin:hydrogen symporter; auxin efflux carrier 0.37 1.12 2.43 0.06 0.75 0.43
family protein

AT1G54575 Unknown protein 0.16 1.10 2.47 0.65 1.25 2.01

AT2G29670 Unknown protein -0.10 1.09 2.25 0.33 0.18 0.56

AT5G25460 Unknown protein —0.59 —0.69 —-2.18 0.29 —0.42 0.41

AT4G16980 Nutrient reservoir; arabinogalactan-protein family —0.55 —-0.83 -236 —0.16  —0.23 -0.16

AT2G41560 ACA4 (AUTOINHIBITED CA?*-ATPASE, ISOFORM4)  —0.26 -1.05 -2.37 -1.07 —0.51 —0.69

AT2G27420 Cys-type endopeptidase/Cys-type peptidase 0.15 -1.18 -2.23  —-0.04 0.01 0.04

AT2G36120 Unknown protein; pseudogene, Gly-rich protein -0.177  —-1.20 —2.22 —0.61 —0.69 —2.51

AT3G08740 Translation elongation factor; elongation factor -0.58 —1.21 —2.22 -0.06  —0.27 —0.47
P (EF-P) family protein

AT1G29070 Structural constituent of ribosome; ribosomal —0.51 —-1.28 -2.35 —-0.14 —-0.40 —-0.42
protein L34 family protein

AT3G63160 Unknown protein —0.47 -1.33 -2.19 —0.02 —0.01 —0.04

AT3G10360 RNA binding; pumilio/Puf RNA-binding —0.40 -1.34 —2.20 —0.36 —0.28 —0.63
domain-containing protein

AT1G02820 Late embryogenesis abundant 3 family 0.44 -1.39 —-2.89 -1.17 0.07 -1.71
protein/LEA3 family protein

AT1G11850 Unknown protein —0.46 —-1.43 —2.45 —0.03 0.00 —0.16

AT1G14880 Unknown protein 0.05 —2.09 —-2.70 —0.37 0.75 —0.01

AT4G27290 S-locus protein kinase, putative 0.21 —-2.14 —-2.55 —0.20 0.14 —0.21

AT5G18600 Arsenate reductase (glutaredoxin) -0.58 -2.16 -3.04 —0.08 0.03 —-0.14

AT3G19030 Unknown protein -0.17 —2.51 —4.45 —0.32 0.53 —0.14
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Figure 4. Biological pathways with significant overrepresentation of up- and down-regulated genes (P < 0.05) in the roots or
shoots under 0 to 2 d and 0 to 10 d of starvation conditions. Functional enrichment is shown for differentially expressed genes
analyzed using the classification superviewer tool from the Bio-Array Resource for Plant Biology (http:/www.bar.utoronto.ca/
ntools/cgi-bin/ntools_classification_superviewer.cgi) using the MapMan classification as the source. PS, Photosynthesis. Specific
pathways observed only in up- or down-regulated genes are colored in dark grey. A and C, Up-regulated genes: roots (A) and
shoots (C). B and D, Down-regulated genes: roots (B) and shoots (D).

differentially expressed after N starvation mainly in the
shoots, class 3 peroxidases were predominantly up-
regulated in the roots (Supplemental Fig. S9).

It has been shown that several phytohormones, such
as cytokinins, jasmonic acids, and salicylic acids, play
important roles during the adaptation to limited N.
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Striking differences were observed when comparing
the expression of genes involved in hormone metab-
olism between the roots and shoots already after 2 d of
starvation (Supplemental Fig. 510).

Expression Changes for Regulatory Genes

Despite the overrepresentation of changes in the
expression of metabolic genes, regulatory genes, such
as transcription factors, protein kinase, and protein
phosphatases, also showed modified expression dur-
ing N starvation that was often in an organ-specific
manner (Supplemental Fig. S10). However, of the
genes most altered by N starvation (top lists in Tables
III and IV), only eight regulatory genes are listed,
such as two protein phosphatases, AT4G32950, one of
the highest up-regulated gene in the roots, and
AT3G52180, which is up-regulated by long-term star-
vation in the shoots. Six transcription factors were
highly differentially expressed during N starvation,
including PAP2, one of the major up-regulated genes
in the shoots. The Myb protein PAP2 is one of the
transcriptional regulators of anthocyanin biosynthesis
and has been shown to be repressed by nitrate and
induced during starvation (Scheible et al., 2004). In
roots, up-regulation was found for three genes of
the CCAAT transcription factor family (NF-YA2
[AT3G0569], NF-YA8 [AT1G72830], and NF-YA10
[AT5G06510]) and for ECR1 (AT1G01380), a Myb tran-
scription factor encoding gene. Only one regulatory
gene (ANAO079/80 [AT5G07680]) was found between
the main down-regulated genes in the roots. Except for
NF-YA2 and NF-YA10, the differential expression of
these genes during N starvation was organ specific.

The rather low number of regulatory genes that was
found among the most highly differentially expressed
genes might be due to the fact that our experimental
systems induced many metabolic and morphologic
changes, which is reflected by a high number of
metabolic genes whose expression had been modified
most after starvation, even as early as 2 d after the
onset of starvation. In addition, the activity of many
regulatory proteins is regulated not only at the tran-
scription level but also by posttranscriptional modifi-
cations (Gutiérrez et al., 2007). However, the expression
level of regulatory genes is often low, and transcripts
of such genes are barely detectable with microarray
approaches.

It has been shown that some miRNAs are differen-
tially expressed after N starvation (Pant et al., 2009;
Zhao et al., 2011), but no spatiotemporal regulation
for miR genes has been described. The CATMA
version 2.3 analysis highlighted the deregulation of
seven mMiRNA genes (pri-miR156e, pri-miR160c, pri-
miR169h, pri-miR172b, pri-miR172e, pri-miR419, and
pri-miR836a) during N starvation. The array data
were validated by quantitative (q)PCR for three of
them, pri-miR160c, pri-miR156e, and pri-miR836a,
which were differentially expressed in roots only.

Plant Physiol. Vol. 157, 2011
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Pri-miR156e was repressed after both 2 and 10 d of
starvation, and pri-miR160c and pri-miR836a were
induced only after 10 d of starvation. None of the
known targets of miR160c and miR156e were differ-
entially expressed in our experiment. For miR836a,
no targets have been described yet. However, using
the psRNAtarget tool (Zhang, 2005; http:/ /biocomp5.
noble.org/psRNATarget/), a target search in WMD3
(Ossowski et al., 2008; http://wmd3.weigelworld.org/
cgi-bin/webapp.cgi?page=Home;project=stdwmd), and
the prediction tool in the University of East Anglia
plant small RNA toolkit (Moxon et al., 2008), we identi-
fied a putative target (AT2G40360). Expression of this
gene was down-regulated at day 10 in the roots under
our conditions, which would agree with the increase in
pri-miR836a (array result and confirmation by qPCR;
Supplemental Fig. S5). For all these miRNA precursors,
further analysis should reveal whether the steady-state
expression levels of mature miRNAs varied in our sam-
ples at 2 and/or 10 d of N starvation.

Several other probes corresponding to stable stem-
loop precursors of eight loci predicted to encode
putative new small RNAs were also differentially reg-
ulated. Six of them, named HypmiR-348339, -349340,
-350341, -374365, -400391, and -1000918, were con-
firmed by qPCR (Supplemental Fig. S5) and were all
found to be differentially expressed after long-term
starvation. With the exception of HypmiR-374365 and
-400391, which were repressed and induced only in
the roots, respectively, the genes were induced in both
the roots and shoots. Of utmost interest are the results
obtained for HypmiR-374365 and -400391, as the pre-
cursors of these predicted genes were up-regulated in
the dcl1-9 mutant background under N starvation
conditions (data deposited in the CATdb database
[http:/ /urgv.evry.inra.fr/CATdb/], project Gnp06-
01b_AgriArray/), suggesting that they might corre-
spond to new miRNA genes.

Previously, it has been shown that the expression of
miR169 precursors is regulated by N starvation (Pant
et al., 2009; Zhao et al., 2011). Indeed, several genes
encoding nuclear factor YA subunits, which are known
to be targets of miR169s, were up-regulated in our
experiment (AT5G12840/NF-YA1, AT3G05690/NF-YA2,
AT1G72830/NF-YAS, and AT5G06510/NF-YA10; see dis-
cussion above). To confirm that our experiment was
consistent with these results, we checked the expres-
sion pattern of three other isoforms of miR169 precur-
sors (pri-miR169a, -b, and -d) and their predicted
targets in our samples (Supplemental Fig. S5). Indeed,
we confirmed our results that showed the opposite
response in expression between the premiR169s and
NF-YAs. It is known that miR169 can influence
drought tolerance via the inhibition of NF-YA5 in
Arabidopsis and that HAP2-1, the miR169 target in
Medicago truncatula, is a regulator for the differentia-
tion of nodule primordia (Combier et al., 2006; Li et al.,
2008). The regulation of the miR169 family under
N starvation conditions (and under abiotic stress,
in general) reflects the importance of these regulators
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Figure 5. Metabolic gene expres- A

sion changes at late N starvation r adnor CHO

analyzed by the MapMan tool. (A)
Shoots. (B) Roots. Ratios are given
for day 10 to day 0. Plants were
cultivated as described in Figure 1,
and the transcriptome data were
obtained as described in Figure 4.
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in the development of plants integrating several ex-
ternal signals. Furthermore, Zhao et al. (2011) have
shown that plants overexpressing miR169a were
more sensitive to N stress, which was the first report
of a functional role of miR169a in the adaptation to
N stress.
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Comparison with Publicly Available Microarray Data

We first compared the transcriptome data obtained
in this study with other published data on the tran-
scriptome response to N availability. Although Sche-
ible et al. (2004) have analyzed 3 d of starvation in
10-d-old whole seedlings, no other total starvation
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transcriptome data are available for Arabidopsis.
However, N-limited transcriptome data are available
for Arabidopsis shoots for two different levels of N
deprivation (mild [1 mm NO; ] and severe [0.3 mM
NO; |; Bi et al,, 2007), and we compared these tran-
scriptome data with our data for total N starvation. A
detailed comparison is provided in Supplemental Ta-
ble S3, and a condensed version is provided in Table V.

Approximately 40% of the differentially expressed
genes in our study (both organs and both time points;
40% and 39% for down- and up-regulated genes,
respectively) have been found previously. In a com-
parison between N-starved seedlings (Scheible et al.,
2004) and the hydroponically grown adult plants in
this study, 20% and 17% of the down-regulated and
up-regulated genes, respectively, were found com-
mon.

When comparing complete N starvation (this study)
with severe N limitation (Bi et al., 2007; Table V;
Supplemental Table S3), both analyzed in adult plants,
31.4% of the down-regulated genes were observed
under both conditions, only taking into account those
genes differentially regulated in the shoots. Of these 71
genes, 23 were differentially expressed by 2 d of
starvation, and all of them were differentially ex-
pressed by 10 d of starvation. However, the proportion
of genes up-regulated in common with genes differ-
entially expressed in the shoots was more significant
(68%). Of the 96 genes that were up-regulated by
severe N limitation and N starvation, 36 were differ-
entially expressed at 2 d of starvation, whereas all
were differentially expressed by 10 d of starvation. For
mild N limitation, seven of the 11 common genes
differentially expressed at 10 d of N starvation were
already up-regulated at 2 d of starvation. Given the
variations due to different culture conditions, gene
expression changes resulting from either limitation of
N or total absence of N might involve a common and a
specific response pattern. It is evident that, in the case
of limitation, nitrate was still present at the root
surface; thus, signals possibly perceived by the total
absence of N should be missing. However, the com-
parison of severe limitation and N starvation showed
that, even in very different growth conditions (soil
versus hydroponic), 68% of the differentially expressed
genes were in common between these two treatments.
In addition to this result, Bi et al. (2007) have reported
very low nitrate levels (0.25 mg nitrate g~ ' fresh weight)
in the shoots of plants grown under severe limitation,
suggesting that the physiological status of plants after
10 d of N starvation and after growth on low nitrate
might be rather similar.

We also included nitrate-regulated genes in our
analysis, using those that have been reported by
Wang et al. (2004; seedlings separated into root and
shoots) and Patterson et al. (2010; adult plants grown
hydroponically with root responses exclusively). Be-
tween these and our experiments, we found 1% to 47%
of the genes to be overlapping. As expected, for 89% of
all the common genes, inverse steady-state transcript
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level changes were observed between N starvation
and nitrate induction (Table V).

In summary, the comparison of our data with pre-
viously published data (Table V) clearly showed that
our work is in agreement with earlier studies, but we
have added a new level of resolution by separating
root- and shoot-specific responses and by analyzing
mid- and long-term starvation. Furthermore, our
study, which was conducted under more physiologi-
cally realistic growth conditions, adds new N starva-
tion-regulated genes (Supplemental Table S4) to the
present knowledge base.

In a second step, we compared the main differen-
tially expressed genes (Tables IIl and IV) with the
transcriptome data from public databases to identify
either similarities with other transcriptome analyses
obtained in response to different stimuli or in different
genetic backgrounds or a specificity of the N starva-
tion response. A clustering analysis was performed
using our top list of differentially regulated genes and
all the available data sets from CATdb (Supplemental
Fig. S11). A K means calculation mainly clustered our
data with other N starvation-like experiments (in vitro
N starvation in young seedlings on either 0.1 or 10 mm
nitrate [R. Berthomé and ].-P. Renou, unpublished
data]). However, for the roots, the K means calculation
also clustered the genes of our top list in a series of
experiments corresponding to other treatments or the
analysis of specific mutants. With the exception of the
experiment analyzing the impact of mutations in
genes involved in starch metabolism and circadian
rhythms, all the other experiments in our cluster in-
volved biotic or abiotic stresses responses. These works
were performed to study the involvement of Patatin-
Like Protein2 in Botrytis cinerea resistance signaling (La
Camera et al,, 2009), the role of ataxia telangiectasia
mutated in plants using irradiation (Ricaud et al., 2007),
the Arabidopsis response to Rhodococcus fascians bac-
teria (Depuydt et al., 2009), and the elucidation of the
role of nitric oxide or GABA in the plant response to
cadmium or high-salinity treatment (Besson-Bard et al.,
2009; Renault et al., 2010). GABA is a nonprotein amino
acid that has been reported to accumulate in a number
of plant species when subjected to high salinity and
many other environmental constraints (Kinnersley and
Turano, 2000). Recently, Renault et al. (2010) suggested
that GABA links N and C metabolism in the roots in
response to salt; we also observed an accumulation of
GABA in N-depleted roots.

Similar results were obtained using the data avail-
able on www.genevestigator.com (Hutz et al., 2008).
Clustering that was obtained with the genes on our
shoot and root top lists and all the available shoot or
root data showed a rather specific pattern for our N
starvation gene set (Supplemental Fig. 512). However,
several genes were also differentially expressed after
other treatments or in some mutant backgrounds. A
striking result was the differential expression of the
genes on our top list in a series of experiments per-
formed to identify circadian transcripts that were
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coregulated with cytosolic calcium concentration os-
cillations. To this aim, wild-type plants were treated
with nicotinamide, a metabolic inhibitor of ADPR
cyclase that abolishes the circadian oscillations of
cytosolic calcium concentrations, and compared with
untreated plants during a 3-d interval (Dodd et al.,
2007). In addition, the results were compared with the
expression patterns of the focl-1 mutant, which is
defective for the pseudoresponse regulator TIMING
OF CAB EXPRESSION1 (TOC1 or PRR1). Calcium
signaling is a possible component of the responses to
N starvation. Recent studies have shown cross talk
between reactive oxygen species, NO, and calcium
signaling (for review, see Mazars et al., 2010). Reactive
oxygen species signaling has already been proposed to
play a role in the adaptive response to N availability
(Shin et al., 2005). Many N metabolism-related genes
are regulated by diurnal cycles, and Gutiérrez et al.
(2007) have clearly demonstrated the relationship of
the circadian clock with N regulation. Our results
further underline the importance of diurnal regulation
for N metabolism and signaling. However, this meta-
analysis showed that N starvation not only interfered
with the circadian clock but was also a possible con-
nection with calcium signaling.

Integration of the Metabolite, Protein Activity, and
Expression Changes

A low correlation between the mRNA expression
levels, enzymatic activities, and protein levels indi-
cates that transcriptome data are not sufficient to
understand genome-wide protein dynamics and bio-
chemical regulation (Gibon et al., 2006; Sulpice et al,,
2009, 2010). Thus, we compared the expression changes
on levels of RNA, enzyme activities, and nitrate trans-
port activities (Supplemental Table S5). As in earlier
studies, we observed that the correlations between
transcript and activity changes are not evident. How-
ever, in some cases, for which the different genes of
one family are well known, the data can be better
interpreted. For example, in roots, NR activity de-
creased during N starvation. Although NIA2 tran-
script levels increased from day 0 to day 10, it should
to be taken into account that, in roots, the more
abundant transcript is NIAI compared with NIA2
(Cheng et al., 1991). Changes in NR activity in roots,
therefore, might correlate better to NIAI transcript
levels. In general, NR activity and transcript levels
were decreasing in the roots and shoots. Regardless,
NR is a highly regulated enzyme (for review, see
Daniel-Vedele et al., 2010), and a correlation between
transcript level and activity is thus difficult to interpret
in this case.

For nitrate uptake, we classified all the genes of the
NRT2 family as HATS transporters However, experi-
mental evidence is available only for NRT2.1, NRT2.2,
and NRT2.7 (Filleur et al., 2001; Chopin et al., 2007; Li
et al., 2007); we did not include NRT2.7 on our list, as
this protein is mainly expressed in seeds (Chopin et al.,
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2007). Concerning LATS, we concentrated on NRT1.1
and NRT1.2, which are responsible for root low-affin-
ity nitrate uptake (Tsay et al., 1993; Huang et al., 1999).
However, NRT1.1 has been shown to act as a dual-
affinity transporter (Wang et al., 1998; Liu et al., 1999).
Following phosphorylation by CIPK23, the unphos-
phorylated LATS form is converted into a HATS form
(Ho et al.,, 2009). As with NR activity, a correlation
between activity and transcript levels in this case
might be low due to posttranslational modifications.
However, concerning HATS activity, the significant
increase in the expression of NRT2.4 and NRT2.5 might
be correlated to the increase in HATS after 10 d of N
starvation in the roots (Supplemental Table S5). Previ-
ous studies have revealed a clear correlation between
HATS and steady-state NRT2.1 mRNA levels under
many different conditions and genotypes (Lejay et al.,
1999; Filleur et al., 2001; Monachello et al., 2009). Our
results indicate that the activity of nitrate transporter
(s) other than NRT2.1 might explain the increase in
HATS during starvation.

Several genes are known to encode GS and GDH
activities. The main GS protein in leaves is GS2, which
evokes the hypothesis that the decrease in transcript
levels of GS2 was responsible for the decrease in GS
activity. However, in N-depleted leaves, GIn synthesis
during N recycling and reassimilation has been pro-
posed to be catalyzed by newly expressed GS1 iso-
forms (Guiboileau et al., 2010). Based on functional
genomics and quantitative genomic approaches per-
formed in rice (Oryza sativa) and maize (Zea mays), the
importance of GS1 in N management, growth rate,
crop yield, and grain filling has been emphasized (for
review, see Bernard and Habash, 2009). However,
Arabidopsis has five GS1 isoenzymes. Under long-
term starvation in our experiment, only GLN1.1 was
induced in the shoots. In addition to GS, GDH also has
a controversial role in N remobilization (see above).
The transcript levels of the three GDH-encoding genes
either increased or decreased in our study (Supple-
mental Table S5). Thus, a direct correlation with GDH
activity did not seem possible.

We further checked the correlations between changes
in the metabolite levels and transcript levels using
KaPPA-View4 tools (http://kpv.kazusa.orjp/kpv4/).
Figure 6 presents the results for nitrate assimilation,
photorespiration, TCA cycle, and Asp metabolism.
The choices of the metabolic pathway were guided by
the availability of the metabolite data. Figure 6 also
shows the fold changes of the metabolites and tran-
script levels in the root and shoots after 10 d of
starvation. In the case of nitrate assimilation, decreased
transcription levels of either NIAI or NIA2 and NII
were correlated with a decrease in ammonium in the
roots and shoots. For the ensuing incorporation of
ammonium into amino acids, some transcript levels
encoding GS isoenzymes were reduced in the shoots
(see above) only and not in the roots. However, as the
levels of the ammonium and Glu substrates were low,
this alone might explain the low levels of product
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(GIn); however, we observed a decrease in total GS
activity (Fig. 3). As 20G levels were unchanged in
both organs, a decrease of GOGAT activity might be
the reason for the decrease in the Glu content. Tran-
scripts of one of the isoenzymes encoding GOGAT
(AT5G53460) were decreased in the roots and shoots.
In addition to its acquisition from the environment,
photorespiration is also a major source of ammonium.
We found that the transcript levels for two isoforms of
Gly decarboxylase were decreased, but as the Gly (a
product of photorespiration) level was low, no clear
relationship could be drawn.

Except for isoforms of isocitrate dehydrogenase, one
isoform of aconitase, and one isoform of succinate
dehydrogenase, transcript levels of enzymes involved
in the TCA cycle were either not differentially ex-
pressed or were decreased at day 10 of N starvation. In
contrast, the levels of some intermediates of the TCA

cycle were increased, and a clear correlation was not
apparent. However, as many different metabolic path-
ways are interconnected, it is impossible to merely
examine one pathway. For example, Asp degradation
results in the formation of malate via oxaloacetate, and
oxaloacetate is also a substrate for Asp synthesis. Nev-
ertheless, as fluxome studies in plants are still difficult,
our integrated study adds to a detailed understanding
of the metabolic adaptations in N starvation.

CONCLUSION

This thorough analysis of the adaptive responses to
complete N starvation in the roots and shoots of adult
Arabidopsis plants adds to the previous studies in
seedlings and reveals different adaptation strategies of
the photosynthetic shoot and the heterotrophic root.
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Figure 6. Effects of N starvation on N assimilation, the TCA cycle, and Asp and Asn metabolism. The pathway maps are shown
according to the transcriptome and metabolome analysis of 10 d of N depletion in plants in comparison with the onset of
starvation. Substrates and products are in blue text, and enzymes are in black text. Boxes and circles correspond to the
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(http://kpv.kazusa.or.jp/kappa-view/), with modifications.
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We showed that Arabidopsis resists N deficiency by
the regulation of networks that are tuned to the en-
vironmental challenge in an organ-specific way.

Here, we illustrated the capacity of plants to con-
tinue to grow in the absence of any external N supply,
which demonstrates the large potential for N remobi-
lization from internal stores. Our data suggest that N
reallocation from the shoots to the growing roots
occurs mainly through the transport of amino acids.
Indeed, transcriptome analysis revealed an increased
expression of two amino acid transporters in shoots in
long-time starvation. In addition, increased amino
acid transport might arise simply from increased
substrate levels or by posttranscriptional modification
of transporter activities. Indeed, remobilization from
the shoots to roots, either in the form of amino acids or
Suc, was initiated long before the internal N stores in
the shoots were low. This adaptation strategy may
allow for the support of root growth before detrimen-
tal consequences of N depletion take place.

Nitrate is depleted more rapidly in the roots than in
shoots: the root nitrate content relies on nitrate uptake,
nitrate reduction in this organ, and nitrate transloca-
tion toward aerial parts. The decrease of nitrate re-
ductase activity in the roots (becoming undetectable at
day 4) together with the absence of nitrate in the
external medium suggest that nitrate was continu-
ously translocated toward the shoot, where it was
reduced into amino acids, which, in turn, were allo-
cated to the roots. The NRT1.5 nitrate transporter (Lin
et al., 2008) might play a role in this nitrate transport
within the plant. In addition to the dramatic decreases
in the content of several major amino acids, the levels
of several minor amino acids increased, especially
during the long-term starvation. The percentage of
minor amino acids in the total amino acid pools
increased during the 10 d of N starvation. In the
shoots, an excess of carbohydrate accumulated mainly
as starch and raffinose but also as fumarate. Moreover,
our data also revealed a cross talk between phosphate
and nitrate management, with particulars due to the
complete N starvation.

Under our conditions, nitrate assimilation, which
occurred predominantly in the shoots, dropped rap-
idly, partly due to the reduced NR transcripts (mainly
NIA2). N reassimilation during N remobilization can-
not be clearly attributed to one enzyme; however, our
results add to the evidence that GDH may reflect an
additional/alternative route to the GS/GOGAT path-
way for ammonia assimilation. During long-term N
starvation, the high-affinity nitrate uptake capacity
increased, which was not correlated with the steady-
state transcript levels of the known HATS compo-
nents, NRT2.1 and NRT2.2. This indicates that other
nitrate transporters were responsible for the initial
nitrate uptake after the long-term N starvation, and
transcriptome analysis revealed NRT2.4 and NRT2.5
as candidates for this activity.

Our global expression study further revealed organ-
specific transient changes for a low number of genes in
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the shoots and roots as an early response, whereas this
number was much more significant after the long-term
N starvation, especially in the roots. These organ-
specific expression changes were also observed for
genes encoding regulatory proteins, proteins involved
in hormone synthesis and degradation, and the pre-
cursors of miRNAs. The results presented here also
contribute to the increasing indications that miR169
plays a role in the adaptation to N starvation by
targeting several transcription factors (NF-As); more
interestingly, we showed that other known and un-
identified putative small RNA genes displayed an
altered transcriptional response to N starvation, mainly
in the roots. These findings open new investigation
tracks about the role of small RNAs in the adaptation
to plant nutrition.

Our transcriptome data add a new level of resolu-
tion by dissecting root- and shoot-specific responses
and by analyzing both mid- and long-term starvation.
Several new N starvation-regulated genes were un-
covered, and similarities and differences were re-
vealed between N starvation in seedlings and adult
plants and between total N starvation and mild or
severe N limitation. Meta-analysis showed the rather
specific transcriptome responses for N starvation, de-
spite some overlap with other abiotic and biotic stress
responses. Interestingly, GABA treatments clustered
together with our results. Furthermore, exciting indi-
cations for a role of calcium signaling and of the
diurnal clock need to be investigated further.

Finally, our integrative study analyzing global tran-
script levels and many metabolite levels together with
enzyme activities, as performed during a time course,
gives a multifaceted image of the changes occurring
after mid- and long-term N starvation in root and
shoots. This set of data sheds light on the necessity of
analyzing organ-specific responses before fully appre-
ciating the analysis of cell-specific responses in plants
and other multicellular organisms. However, addi-
tional time points might be needed to decipher the
network and the very early events after the with-
drawal of nitrate from the growth medium. It is also
obvious that our data represent only a snapshot at one
time point in the day and that many of the parameters
undergo substantial changes during the diurnal cycle
(Matt et al., 2002; Fritz et al., 2006). Nevertheless, our
integrated study adds to a detailed understanding of
the adaptations in N starvation and highlights spatio-
temporal responses.

MATERIALS AND METHODS
Material and Growth Conditions

Seed stocks of Arabidopsis (Arabidopsis thaliana) from the Columbia
accession were used for all experiments. Plants were grown under hydro-
ponics culture conditions in a Sanyo growth chamber with an 8-h-light/16-h-
dark cycle at 21°C/17°C, respectively, 80% relative humidity, and 150 wmol
m 25! irradiation. Seeds were sterilized and stratified in water at 4°C for 5 d
before sowing. Each seed was sown on top of a cut Eppendorf tube filled with

half-concentrated agar medium containing 0.8% agar and soaked in nutrient
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solution. Plants were supplied with nutrient medium containing 6 mm NO;~
containing the following nutrients: 3 mm KNO;, 1.5 mm Ca(NO;),, 2 mm
MgSO,, 2 mm KH,PO,, 1 mm K,SO,, 0.7 mm CaCl,, 10 um MnSO,, 24 um H;BO;,
3 um ZnSO,, 0.9 um CuSO,, 0.04 um (NH,)¢Mo,0,,, and 10 mg L ™" iron-EDTA
(Sequestrene; CIBA-GEIGY). Nutrient solutions were changed every 2 d and,
during the first 2 weeks, used at half the final concentration. At 35 d after
sowing, plants were harvested for time point 0 and then transferred to N-free
solution containing 2.5 mm K,SO,, 2.2 mm CaCl, instead of 1 mm K,SO,, and
0.7 mm CaCl,. Pools of three or 12 plants were harvested at 1, 2, 4, and 10 d
after transfer in N-free medium. All samples were taken 2 to 3 h after onset of
the day. Results from a representative experiment are shown.

Root ®NO,™ Influx

Influx of ”’NO,~ was assayed as already described by Delhon et al. (1995)
The plants were transferred first to 0.1 mm CaSO, for 1 min, then to complete
nutrient solution containing either 0.2 or 6 mm 15N03_ (atom % '°N, 99%) for 5
min, and finally to 0.1 mm CaSO, for 1 min. Roots were separated from the
shoots immediately after the final transfer to CaSO, and frozen in liquid N.
After grinding, an aliquot of the powder was dried overnight at 80°C and
analyzed using the ANCA-MS system (PDZ Europa). Influx of "NO,~ was
calculated from the "N content of the roots (2 mg dry weight). The values are
means of four or five replicates.

Enzyme Activities

Enzymes were extracted from frozen leaf material stored at —80°C as
described by Ferrario-Méry et al. (2000). Soluble protein content was deter-
mined in crude leaf extracts according to Bradford (1976). All standard assays
contained optimized levels of substrates and, where necessary, activators, pH,
and ionic conditions to allow maximum activity. NR maximal extractable
activity and activation state were measured as described by Ferrario-Méry
et al. (2000). The activation state of NR is defined as the ratio of the activity
measured in the presence of 10 mm MgCl, divided by the activity in the
presence of 5 mM EDTA and is expressed as a percentage. GS was measured
according to the method of O’Neal and Joy (1973). GDH aminating and
deaminating activities were assayed as described by Masclaux et al. (2000).

Analysis of Individual Metabolites
Ethanol Extraction

An aliquot of the powder was weighed (50 mg fresh weight) and extracted
in a four-step ethanol water procedure. The first step consisted of an extraction
during 30 min at 80°C using 500 uL of 80% (v/v) ethanol. The subsequent
steps completed this extraction using 250 uL of 80% (v/v) ethanol, 250 uL of
50% (v/v) ethanol, and 250 uL of water at 80°C for 30 min. Supernatants of the
different extraction steps were collected and mixed thoroughly.

Nitrate, Free Amino Acid, and Carbohydrate Measurements

For determination of the nitrate content (wmol g7l fresh weight), ethanol
extracts were evaporated and diluted in water before analyzing by HPLC
using a DX-120 (Dionex). The same extracts were also subjected to a Rosen
evaluation of free amino acid concentration (umol g~ ' fresh weight), and
soluble carbohydrate contents were determined using the Roche Suc/p-Glc/
p-Fru UV method kit.

Starch content was determined on the insoluble pellets of the ethanol
extraction. The pellets were dried for 1 h at 50°C and incubated in 200 uL of
water at 100°C for 2 h. Starch digestion was performed overnight at 50°C
adding 500 uL of acetate sodium buffer at 0.2 mm and pH 4.8, 1 mg mL ™’
amyloglucosidase from Aspergillus niger (70 units mg~; Fluka), and 25 ug
mL~! a-amylase from Bacillus amyloliquefaciens (Boehringer Mannheim). Glc
equivalents were measured on the supernatant using the Roche p-Glc UV
method kit. The values are means of three replicates.

Metabolome Analysis

A total of 40 mg of Arabidopsis shoots and roots (fresh material) was
extracted with 1 mL of extraction buffer (Gullberg et al., 2004). The extraction
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buffer (chloroform:methanol:water, 1:3:1 [v/v/v] at —20°C) allowed the
extraction of lipophilic and hydrophilic metabolites in one phase. All samples
were vortexed for 3 min and then centrifuged for 10 min at 3,000 rpm and 4°C.
A total of 300 uL of supernatant was dried under vacuum, and the dried
pellets were conserved under argon and stored at -80°C prior to analysis. The
dried extracts were derivatized using a two-stage process based on the
method of Fiehn (2006). Twenty microliters of 40 mg mL~' methoxyamine
hydrochloride in pyridine was added to the dried extracts and held at 28°C
for 90 min. This was followed by the addition of 180 uL of N-methy-
N-(trimethylsilyl) trifluoroacetamide for 30 min at 37°C. The samples were
analyzed by GC-MS (Waters).

Transcriptome Studies

Microarray analysis was carried out at the Research Unit in Plant Ge-
nomics in Evry, France, using the CATMA array containing 24,576 gene-
specific tags corresponding to 22,089 genes from Arabidopsis (Crowe et al.,
2003; Hilson et al., 2004). One biological replicate set was analyzed with
CATMA array version 2.2 and the two others with version 2.3. Total RNA
extractions from three independent biological replicates were performed
using the Qiagen RNAeasy plant minikit according to the manufacturer’s
instructions. Each biological replicate was composed of starved and unstarved
plants, each sample corresponding to pooled roots or shoots from 12 plants
harvested at 0, 2, and 10 d after the onset of the N starvation. For each
comparison (starved versus unstarved at each time point), one technical
replication with fluorochrome reversal was performed for each biological
triplicate. The labeling of antisense amplified RNA with Cy3-dUTP or Cy5-
dUTP (Perkin-Elmer-NEN Life Science Products), the hybridization to the
slides, and the scanning were performed as described by Lurin et al. (2004).

Statistical Analysis of Microarray Data

Experiments were designed with the Bioinformatic and Predictive Ge-
nomics group at the Unité de Recherche en Génomique Végétale in Evry,
France. Specific statistics were developed to analyze CATMA hybridizations.
For each array, the raw data comprise the logarithm of median feature pixel
intensity (in log base 2) at wavelengths of 635 nm (red) and 532 nm (green). No
background was subtracted. The normalization method used was described
by Lurin et al. (2004). To determine differentially expressed genes, we
performed a paired ¢ test on the log ratios averaged on the dye swap. A
trimmed variance was calculated from spots that did not display extreme
variance. The raw P values were adjusted by the Bonferroni method, which
controls the family-wise error rate (with a type I error equal to 5%). We also
adjusted the raw P values to control a false discovery rate using Benjamini-
Yetkutieli at a level of 1%. For complete statistical analysis, biological repli-
cates 2 and 3 (both performed on CATMA array version 2.3) were analyzed
and all differentially expressed genes were checked against the results of
biological replicate 1 (analysis done on CATMA array version 2.2). For0to2d,
2 to 10 d, and 0 to 10 d comparisons, the number of genes differentially
expressed with false discovery rate control were, respectively, 368, 1,355, and
1,865 for shoots and 376, 1,147, and 1,457 for roots. Nonetheless, in the
CATMA analysis pipeline, family-wise error rate proved to be the best
solution to balance the estimated number of false positives and false negatives
(Ge et al., 2003). As described by Gagnot et al. (2008), when the Bonferroni P
value was lower than 0.05, the gene was declared differentially expressed. The
complete data set is given as Supplemental Tables S7 and S8.

Clustering

A matrix was prepared after elimination of the controls used on the
microarray and the missing data provided from our samples and those
corresponding to 142 publicly available CATMA projects corresponding to
1,178 hybridizations extracted from the CATdb database. The Genesis soft-
ware version 1.6.0 beta 1 developed by A. Sturn (Graz University of Technol-
ogy Institute for Genomics and Bioinformatics; www.tugraz.at) was used for
clustering analysis. Hierarchical as well as K means clustering (10 clusters
selected, 50 maximum iterations) using Pearson correlation as distance
calculation were performed. Hierarchical clustering was also realized on the
Genevestigator Web site (https://www.genevestigator.com/gv/) using our
combined shoot and root top lists and all available shoot and root data.
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c¢DNA Synthesis and Quantitative Real-Time PCR

Quantitative real-time RT-PCR validation was performed for 32 genes on
the same organs described in the microarray section but from two indepen-
dent extractions for each sample. The primers for RT-PCR were selected with
Primer3 (http:/ /fokker.wi.mit.edu/primer3/imput-030.htm; optimal temper-
ature of 60°C; Supplemental Table S6). The primer pairs were first tested on a
dilution series of genomic DNA (5, 0.5, 0.05, and 0.005 ng) to generate a
standard curve and assess their PCR efficiency, which ranged between 90%
and 99%. Twelve independent cDNA synthesis reactions were made for
the duplicated samples (roots at 0, 2, and 10 d, shoots at 2 and 10 d). RT
was performed on 1 ug of total RNA with oligo(dT) primer (18-mer) and the
SuperScript II RNase H™ reverse transcriptase (Invitrogen) according to
the manufacturer’s instructions. At least three replicate PCRs for each of the
c¢DNAs were included in every run.

For each gene investigated using qPCR, a dilution series covering 3 orders
of magnitude was prepared from a ¢cDNA stock solution (1, 1/10, 1/100).
Three replicates of each of the three standards were included with every qPCR
experiment together with three no-template controls. JPCR was performed in
15 pL, with 0.1 uL of RT reaction, 900 num final concentration of each primer
pair, and SYBR Green PCR master (Eurogentec). Corresponding minus-RT
controls were performed with each primer pair.

All reactions were performed with the ABI PRISM 7900 HT Sequence
Detection System (Applied Biosystems) as follows: 95°C for 10 min; 40X 95°C
for 15 s and 60°C for 1 min; and a dissociation step to discriminate primer
dimers from the PCR product. Using the SDS software provided by the
manufacturer, the optimal cycle threshold (Ct) was determined from the
dilution series, with the raw expression data derived.

Six housekeeping genes were assessed in this experiment, and the two best
control genes, consistently expressed, were selected to calculate the average
normalization factor: AT3G18780 and AT4G24820 for each sample pair. Nor-
malized (Norm) ACt for each differentially expressed gene was calculated as
following: Norm ACt = —(rawACt — Norm factor).

Microarray data from this article were deposited at the Gene Expression
Omnibus (http:/ /www.ncbi.nlm.nih.gov/geo/) with accession numbers GSE8031,
GSE29103, and GSE29104 and at CATdb (http:/ /urgv.evry.inra.fr/CATdb/) under
projects Gnp03 B04, Gnp06-01_AgriArray, and Gnp06-01b_AgriArray, according
to the Minimum Information about a Microarray Experiment standards.

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Relative growth rate during N starvation.

Supplemental Figure S2. Metabolites related to the TCA cycle during N
starvation.

Supplemental Figure S3. NR activation state during N starvation.

Supplemental Figure S4. NAD and NADH-GDH activities in shoots
during N starvation.

Supplemental Figure S5. qPCR validations of transcriptome data.

Supplemental Figure S6. Venn diagram showing the total number of
differentially expressed genes (P < 0.05) during N starvation.

Supplemental Figure S7. Anthocyanin levels in shoots during N starvation.

Supplemental Figure S8. Metabolic gene expression changes at early N
starvation analyzed by the MapMan tool.

Supplemental Figure S9. Big multigene family expression changes, in-
cluding peroxidases at late N starvation, analyzed by the MapMan tool.

Supplemental Figure $10. Regulatory gene expression changes at early N
starvation analyzed by the MapMan tool.

Supplemental Figure S11. Clustering analysis within CATdb.

Supplemental Figure S12. Clustering analysis within Genevestigator
public data.

Supplemental Table S1. Differentially expressed genes during N starvation.

Supplemental Table S2. Biological pathways with significant genes over-
represented (P < 0.05) in the roots or shoots under 0 to2d and 0 to 10 d
N starvation conditions.
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Supplemental Table S3. Comparisons with published microarray data.

Supplemental Table S4. Genes regulated by N starvation specific to our
study.

Supplemental Table S5. Comparison of transcript levels and enzyme
activity or nitrate uptake capacity for major N metabolism enzyme
activities.

Supplemental Table S6. Oligonucleotides used for qRT-PCR.

Supplemental Table S7. Complete transcriptome data obtained from root
samples for 0 to 2, 2 to 10, and 0 to 10 d comparisons.

Supplemental Table S8. Complete transcriptome data obtained from
shoot samples for 0 to 2, 2 to 10, and 0 to 10 d comparisons.
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