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A systems view of nitrogen nutrient and metabolite responses
in Arabidopsis
Elena A Vidal1 and Rodrigo A Gutiérrez1,2
Nitrogen (N) is an essential macronutrient available to plants

mainly as nitrate in agricultural soils. Besides its role as a

nutrient, inorganic and organic N sources play key roles as

signals that control genome-wide gene expression in

Arabidopsis and other plant species. Genomics approaches

have provided us with thousands of genes whose expression is

modulated in response to N treatments in Arabidopsis.

Recently, systems approaches have been utilized to map the

complex molecular network that plants utilize to integrate

metabolic, cellular, and developmental processes to

successfully adapt to changing N availability. The challenge

now is to understand the molecular mechanisms underlying N

regulation of gene networks and bridge the gap between N

sensing, signaling, and downstream physiological and

developmental changes. We discuss recent advances in this

direction.
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Introduction
Nitrogen (N) is an essential macronutrient and a key

factor limiting agricultural productivity. Plants exhibit

sophisticated adaptive mechanisms to cope with vari-

ations in soil N availability. Plant growth and develop-

mental aspects such as root architecture [1], leaf

development [2], seed dormancy [3], and flowering [4]

can be dramatically affected by the source and/or amount

of N supplied to plants. Because of its importance to

agricultural productivity, an enormous amount of work on

the biochemical and physiological aspects of N metab-

olism has been performed. Despite this solid groundwork,

a detailed understanding of the molecular mechanisms

underlying N sensing, N signaling, and growth and devel-
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opmental responses to changes in N availability is still

lacking. Although some of the components of the regu-

lation of N metabolic genes are conserved between plants

and other organisms (e.g. PII protein, TOR kinases), thus

far the mechanisms of N signaling in other organisms

have not directly extrapolated to plants (for example see

[5–7]).

It is now clear that plants utilize multiple mechanisms to

respond to environmental variations in N supply (e.g.

localized nitrate patches in the soil, uniform high nitrate

and N starvation) [8�]. Genomics, bioinformatics, and

systems approaches are uncovering a complex regulatory

network involving both transcriptional and post-transcrip-

tional mechanisms to integrate plant responses to changes

in nitrate availability. This review focuses on the

advances provided by these approaches, as well as recent

advances related to mechanisms involved in N responses

in Arabidopsis thaliana. For a more detailed description of

the topics covered in this essay please refer to the many

excellent reviews published recently [4,9,10�,11–15].

Global regulation of gene expression by N
nutrients and metabolites
The metabolic, physiological, and developmental adap-

tations observed in plants in response to changing N

supply are at least partly due to changes in gene expres-

sion. Nitrate and N metabolites derived from nitrate

reduction and assimilation pathways act as signaling

molecules to regulate global gene expression in Arabi-

dopsis and other plants. Numerous microarray studies

have provided an impressive catalog of N-responsive

genes participating in a wide range of processes

[16–18,19��,20��,21�,22,23,24��,25] (Figure 1). Together,

these studies indicate that a large fraction of the Arabi-

dopsis genome responds to N nutrient or metabolite

treatments. Summarizing the extensive literature avail-

able on regulation of gene expression by N is beyond the

scope of this review. Here we emphasize recent results

obtained by genomics and systems approaches.

Regulation of gene expression by nitrate

Nitrate controls the expression of thousands of genes

involved in a wide range of plant processes. Many of

these genes respond within minutes (20 min of treat-

ment) to nitrate concentrations as low as 100 nM

[16,20��,25]. For example, nitrate regulates its uptake

and assimilation by regulating nitrate transporters, nitrate

reductase, nitrite reductase, as well as pathways for pro-

duction of reducing equivalents such as the pentose
etabolite responses in Arabidopsis, Curr Opin Plant Biol (2008), doi:10.1016/j.pbi.2008.07.003
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Figure 1

N metabolite sensing and signaling results in massive changes in gene expression and morphological adaptations to N supply. Boxes with question

marks represent molecular mechanisms that are not yet fully understood. N metabolites are sensed by yet unknown cellular components. The N signal

is transduced by an unidentified signal transduction pathway, resulting in changes in transcript levels at a global scale. Regulation of gene expression

by N metabolites leads to upregulation or downregulation of molecular processes and pathways that control growth and developmental programs in

roots and shoots. See text for recent advances toward understanding the factors and mechanisms in these boxes.
phosphate pathway and glycolytic pathways. Nitrate also

regulates the expression of genes involved in carbon (C)

metabolism, thus coordinating the production of organic

acids needed for inorganic N assimilation into amino

acids. This close integration between N and C metab-

olism is essential for normal plant growth and develop-

ment [26]. More recently, genomics approaches have

provided evidence for interactions between C and N that

include and extend beyond metabolic pathways

[21�,22,23]. Many of the nitrate responsive genes respond

in a C-dependent manner, suggesting that C and N

signaling pathways interact to regulate gene expression.

Other nitrate-regulated processes include secondary

metabolism, hormone metabolism and transport, protein

synthesis, and signal transduction pathways [16–18].
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To distinguish the global effect of nitrate from the

signaling effect of metabolites downstream of nitrate

reduction and assimilation, Wang et al. compared the

transcriptome of a nitrate reductase (NR)-null mutant

and wild-type shoots and roots in response to nitrate

treatments [17]. The lack of NR prevents nitrate

reduction and assimilation blocking the production of

downstream metabolic signals. Genes that are similarly

regulated by nitrate in both wild type and the NR-null

mutant are thought to be nitrate-regulated. These exper-

iments demonstrated that nitrate plays a signaling role

and identified hundreds of genes that are regulated by the

nitrate signal. Nitrate transport, nitrate reduction, and

assimilation as well as energy, metabolism, glycolysis and

gluconeogenesis, amino acid metabolism, and nitrogen
etabolite responses in Arabidopsis, Curr Opin Plant Biol (2008), doi:10.1016/j.pbi.2008.07.003
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and sulfur utilization are among the nitrate-regulated

processes in Arabidopsis [17].

Genomics approaches have also shown the substantial

tissue-specific and cell-specific nature of the plant

response to nitrate treatments [17,24��]. From the ident-

ified nitrate-regulated genes, 67% are induced and 82%

are repressed in only one organ [17]. A detailed analysis of

cell-specific responses uncovered a vast and predomi-

nantly cell-specific response in Arabidopsis roots [24��].
The increased sensitivity of cell-specific profiling

revealed localized regulation of transcripts that was not

evident from previous global analyses [24��].

The nitrate sensor and signaling pathway has yet to be

identified. However, mounting evidence suggest nitrate

transporters (see below) are likely components of a nitrate

sensor and/or transducer system in Arabidopsis.

Regulation of gene expression by nitrite and organic N

metabolites

In comparison to nitrate responses, we know less about

gene expression responses to the addition of other N

nutrients or metabolites as well as the tissue-specific or

cell-specific nature of these responses. Nitrite, the direct

product of nitrate reduction, was recently shown to act as

a potent signal for global regulation of gene expression in

Arabidopsis roots [20��]. This study showed that over 50%

of nitrate-regulated genes, including genes involved in

pentose phosphate pathway, carbon metabolism, nitrogen

and sulfur metabolism, energy metabolism, and assimila-

tion of ammonium, also responded to nitrite after 20 min

of treatment [20��]. Many genes also responded specifi-

cally to nitrite, suggesting that nitrite can serve as a signal

to coordinate regulation of gene expression in Arabidopsis

roots [20��]. Nitrite responses were not mimicked by

ammonium treatments and were not affected in the

NR-null mutant. These results suggest that Arabidopsis

roots are not responding to ammonium (direct product of

nitrite reduction) or nitric oxide (nitrite can be converted

to nitric oxide by NR) but possess a sensor and signaling

system that recognizes nitrite directly [20��].

To uncouple gene responses to inorganic N (e.g. nitrate,

nitrite) from those elicited by downstream products of

inorganic N assimilation (e.g. glutamate), several treat-

ments were performed with combinations of inorganic N

(nitrate and ammonium), glutamate (Glu), and MSX, an

inhibitor of glutamine synthetase that blocks ammonia

incorporation into amino acids in Arabidopsis seedlings

[19��]. This study showed that a significant proportion of

N-regulated genes respond to organic N [19��]. Organic N

signals induce cell wall biosynthesis and repress amino

acid and carbohydrate metabolism. These results suggest

feedback regulation by organic N for coordination of N

assimilation and other cellular processes [19��]. Although

organic N metabolites can elicit a strong response, the
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nature of the organic N signal remains elusive. Likely

candidates are glutamine or Glu. Recently, external L-Glu

has been shown to elicit complex changes in the root

architecture of Arabidopsis (discussed below) [27�]. Iono-

tropic Glu-receptor-like proteins phylogenetically con-

served in animals, and plants have been identified in

Arabidopsis [28]. AtGLR1.1, a putative Glu receptor has

been suggested as a regulator of carbon and nitrogen

metabolism in Arabidopsis [29]. However, whether Glu

can bind to putative plant Glu receptors and initiate a

signaling cascade in vivo is unclear [30].

Regulation of gene expression by nitrogen limitation or

deprivation

Genomics approaches characterized the global plant

responses to nitrogen limitation [31,32] or deprivation

[18]. Nitrogen deprivation in Arabidopsis coordinated

repression of genes involved in photosynthesis, chloro-

phyll synthesis, plastid protein synthesis, and induction of

genes for secondary metabolism as well as a reprogram-

ming of mitochondrial electron transport [18]. By contrast,

nitrate limitation induced expression of genes involved in

protein degradation and the biosynthesis of anthocyanin

and phenylpropanoid pathways and repressed genes func-

tioning in photosynthesis and in the synthesis of nitrogen-

ous macromolecules such as chlorophyll, proteins, amino

acids, and nucleotides [31,32]. Numerous genes respond-

ing to nitrogen limitation and deprivation encode tran-

scription factors, signal transduction components, and

proteins required for hormone synthesis and response.

The role of these regulatory factors in the plant response

to nitrogen limitation or deprivation remains to be inves-

tigated.

Systems approaches to understand N regulation of gene

expression

The thousands of genes identified to date that are

regulated by N nutrients and metabolites pose a signifi-

cant challenge for interpretation. Integrating this amount

of data is problematic but certainly necessary for un-

derstanding how plants adapt to changes in N supply at

the molecular level. One simple strategy to integrate

genomics data generated by different groups used the

new Sungear tool [33]. This analysis identified context-

independent genes and pathways that respond to nitrate

under a variety of conditions [34]. By contrast, other

processes such as protein synthesis are context-depend-

ent, responding only under a subset of conditions [34].

Data from the NR-null mutant suggest context-indepen-

dent genes respond directly to nitrate, and context-de-

pendent genes may be regulated by downstream

nitrogen metabolites [17]. Integrative network biology

is another promising strategy to achieve data integration

[35]. The first comprehensive multinetwork model of

plant molecular interactions was built recently to analyze

the processes modulated by different N sources and

identify new regulatory mechanisms [19��,21�]. This
etabolite responses in Arabidopsis, Curr Opin Plant Biol (2008), doi:10.1016/j.pbi.2008.07.003

Current Opinion in Plant Biology 2008, 11:1–9

http://dx.doi.org/10.1016/j.pbi.2008.07.003


4 Cell Signalling and Gene Regulation

COPLBI-576; NO OF PAGES 9
multinetwork model integrates information about meta-

bolic pathways and other molecular interactions such as

known and predicted protein–protein, protein–DNA and

miRNA–RNA interactions [21�]. Network models can be

used as scaffolds to interpret expression data and have

provided new specific hypotheses for regulatory mech-

anisms of the plant response to changes in N availability

that were not obvious from simple gene expression

analysis or classic genetic approaches. In one study,

network analysis of expression data in Arabidopsis roots

identified molecular machines, cellular processes, and

regulatory networks that are modulated by C and/or N

[21�]. For example, hormone regulatory subnetworks

were found, highlighting the role of different phytohor-

mones, auxin most prominently, in the root response to C

and N [21�]. Also, a possible role for microRNA-regulated

networks in the nitrate response emerged from this

analysis [21�]. In a separate study, network analysis

was used to identify key regulatory factors involved in

controlling gene expression in response to organic N

(discussed below) [19��]. Network approaches have also

recovered other known regulatory mechanisms involved

in the plant response to changes in N availability. We

envision that integrative network biology and other sys-

tems approaches in combination with genomics and

genetic approaches will play a more prominent role in

generating integrated dynamic models of plant responses

to N in the near future.

Multiple mechanisms and levels of control
mediate N responses in plants
Genomics has provided us with a myriad of N-regulated

genes, many of which are probably part of the N sensing

and signaling pathways. The challenge now is to elucidate

the N sensing mechanism(s) and identify the signaling

networks involved in plant N responses. As discussed

below, it is clear that multiple mechanisms and levels of

control are involved in plant responses to N nutrient and

metabolites.

Regulation at the transcriptional level

ANR1, a root-specific MADS-box protein, was the first

transcription factor identified as playing a role in plant

developmental N responses [1]. Using reverse genetics, it

was shown that plants with reduced ANR1 levels were

impaired in lateral root (LR) production in response to a

localized nitrate supply [1]. ANR1 was initially found to

be induced by nitrate in root cultures [1]. It was later

shown that ANR1 was induced by N starvation and

repressed by nitrate resupply [36], suggesting a role as

a feedback regulator of LR growth rates by the N status of

the plant.

Other transcription factors involved in N regulation in-

clude members of the GATA and DOF families. GATA

transcription factors are key regulators of N metabolism in

yeast [37]. There are 30 GATA transcription factors in the
Please cite this article in press as: Vidal EA, Gutiérrez RA. A systems view of nitrogen nutrient and m
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Arabidopsis genome. The GATA, Nitrate-inducible, Carbon
metabolism-involved (GNC) gene was shown to be induced

by nitrate in shoots and required for normal regulation of

C metabolism in Arabidopsis [38]. These results

suggested a possible role for GNC as an integrator of N

and C metabolism [38]. In another report, overexpression

of the maize transcription factor DOF1 in Arabidopsis and

potato plants led to overaccumulation of amino acids,

changes in organic acid metabolism, increase in N content

and overexpression of genes in N and C metabolism [39].

These results also suggested a role for DOF1 in coordi-

nating C and N responses. Promoter deletion analysis of

the NRT2.1 gene promoter fused to the GUS reporter

gene showed that a 150-bp region of this promoter is

important for regulation of NRT2.1 by nitrate and sucrose

[40]. Interestingly, this region contains GATA, DOF as

well as other putative response elements, strengthening

the possible connection between N and/or C regulation of

gene expression by GATA and DOF transcription factors

in Arabidopsis.

In a recent report, network analysis revealed an organic

N-regulated subnetwork that included the myb-family

transcription factor CCA1, bZIP1, and GLK1 [19��]. CCA1,

one of the master regulators of the circadian clock, was

shown to coordinate the response of nitrate assimilatory

genes to organic N by direct binding to the promoters of

bZIP1 (which in turn regulates ASN1 expression), gluta-

mine synthetase 1.3 and glutamate dehydrogenase 1

[19��]. This is the first report of an organic N-responsive

transcription factor that directly regulates the expression

of genes involved in N assimilation in Arabidopsis. More-

over, CCA1 provides a mechanistic link for integrating N

nutrition and circadian regulation of gene expression in

Arabidopsis.

Regulation at the post-transcriptional level

Post-transcriptional regulation of mRNA stability by

microRNAs has been shown to be important for phos-

phate and sulfate deprivation responses in plants [41–43].

Recent studies indicated that microRNAs also play a role

in plant N responses. Microarray studies identified that

many microRNA targets are regulated by nitrate and/or

sucrose treatments, suggesting microRNA-mediated

regulation of gene expression by nitrate and/or sucrose

[21�,24��]. One of these studies characterized the role of

miR167 and one of its targets, AUXIN RESPONSE FAC-
TOR 8 (ARF8), in the control of LR development in

response to nitrate [24��]. Nitrate treatments repressed

miR167 in pericycle cells, leading to an increase in ARF8
transcript. The transcript levels of ARF6, another miR167

target, are not regulated by nitrate in pericycle cells,

despite miR167 repression [24��]. ARF8 induction in

pericycle cells triggered an increase in the ratio between

initiating and emerging LRs, suggesting ARF8 controls a

key developmental checkpoint between lateral root

initiation and emergence [24��].
etabolite responses in Arabidopsis, Curr Opin Plant Biol (2008), doi:10.1016/j.pbi.2008.07.003
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N treatments have also been shown to regulate the

transcript levels of proteins involved in protein synthesis

and degradation, several protein kinases and protein

phosphatases [16–18,21�] suggesting a role for N in med-

iating changes at the translational and/or post-transla-

tional level. Recently, a putative methyltransferase

OSU1/QUAD2/TSD2 has been identified that is required

for normal C:N balance in Arabidopsis [44]. It has been

shown that OSU1 suppresses ASN1 expression in

response to low C:N ratios, but the molecular mechanisms

of action of OSU1 over ASN1 or its putative target is

unknown [44]. Evidence for post-translational regulation

by N also comes from experiments focusing on the switch

from N sufficient to N deficient conditions. The Arabi-

dopsis nitrogen limitation adaptation (nla) mutant is

defective in developing the nitrogen limitation adaptive

responses [45]. NLA codes for a RING-type ubiquitin

ligase that functions as a positive regulator controlling

Arabidopsis adaptation to nitrogen limitation [45]. How-

ever, the targets for NLA or other factors involved in

potential post-translational control remain to be ident-

ified.

Bridging the gap between N sensing,
signaling, and developmental adaptations to N
availability
One of the most striking examples of plant developmen-

tal plasticity to changing environmental conditions is the

modulation of root system architecture in response to N

supply [8�]. Under homogeneous conditions in Arabidop-

sis, high external N concentrations reduce primary as well

as lateral root elongation. By contrast, LR elongation is

induced under N-limiting conditions. LR density is rela-

tively constant across a range of N concentrations. Loca-

lized zones of high N concentration promote rather than

suppress LR growth. Genetic and genomics analyses are

beginning to unravel the regulatory and signaling path-

ways mediating these responses (Figure 2). Phytohor-

mones are key players in the developmental

adaptations plant utilize to cope with changing N avail-

ability.

Nitrogen: hormone interactions

Phytohormones are key regulators of plant growth and

developmental processes. Genetic and physiological evi-

dence indicates that N status and availability trigger

morphological changes by modulating hormone homeo-

stasis and/or signaling. Two hormones have been impli-

cated in N responses as signals communicating N

availability between roots and shoots: cytokinin and

auxin. Cytokinin has been implicated in communicating

root nitrate availability to the shoot [46]. Nitrate supple-

mentation to plant roots results in a rapid increase in

cytokinin levels and its translocation into the xylem

vessels [46]. Nitrate is able to upregulate the transcript

levels of IPT3, a key enzyme for cytokinin biosynthesis

[17,47]. Two main signaling pathways of nitrate responses
Please cite this article in press as: Vidal EA, Gutiérrez RA. A systems view of nitrogen nutrient and m
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have been proposed: a nitrate-specific pathway and a

cytokinin-dependent pathway [48]. Nitrate-specific

genes are involved in nitrate assimilation and synthesis

of amino acids and nucleotides, and cytokinin-dependent

genes are related to developmental programs and

increased capacity for protein synthesis [10�].

As we have already stated, there is an evident auxin:ni-

trate connection that arises from network analysis of

nitrate-regulated genes [21�]. Auxin has been proposed

as the long-range signal from shoot to root mediating high

nitrate systemic inhibition of LR growth just after their

emergence [49,50]. This is a logical connection given that

auxin is the main hormone regulating LR development

[51]. Auxin root tissue concentration increases in Arabi-

dopsis seedlings transferred from high nitrate (50 mM) to

low nitrate concentrations (0.1 mM) as compared to plants

grown continuously in high nitrate [49]. This increase in

auxin levels correlates with the release of LRs from high

nitrate inhibition when transferred to low nitrate [49].

This result suggests that high nitrate supply might be

inhibiting auxin biosynthesis or its translocation from

shoot to roots [49,50]. However, ABA has also been

implicated in high nitrate repression of LR growth

[8�,52] by a pathway that is independent of auxin [53].

Lateral root development: the role of nitrate transporters

Although the function of NRT1.1 and NRT2.1 as recep-

tors for nitrate remains to be demonstrated, several inde-

pendent results suggest nitrate transporters play a

signaling role in LR development in response to external

nitrate. Examples of dual-function nutrient transporters/

sensor proteins that can modulate downstream events in

response to nutritional cues are common in other organ-

isms [54]. The first evidence for the involvement of

nitrate transporters in LR development came from a

genetic screen for mutants that were able to develop

LRs in a medium with a high sucrose/nitrate ratio [55].

High sucrose/nitrate medium represses LR initiation in

wild-type plants, probably by inhibiting auxin transport to

the roots [55]. The lateral root initiation 1 (lin1) mutant

was isolated for its capacity to overcome the high sucrose/

nitrate repression on LRs. The lin1 mutant was later

shown to carry a missense mutation in the NRT2.1 gene

[56��]. The lin1 mutant exhibited compromised NRT2.1

function and reduced nitrate uptake [56��]. However, the

observed phenotype in LR initiation was independent of

nitrate transport as it could not be rescued by increasing

external nitrate [56��]. These results suggest that the

increase in lateral root initiation is caused by abrogating

a function of NRT2.1 that is unrelated to nitrate uptake.

Besides its role as a repressor of LR initiation in high

sucrose/nitrate medium, NRT2.1 also regulates LR de-

velopment in response to changes in nitrate availability

[57��]. Intriguingly, this role in promoting LR initiation

for NRT2.1 under low nitrate appears to be opposite to

the observed function under high sucrose to nitrate ratio.
etabolite responses in Arabidopsis, Curr Opin Plant Biol (2008), doi:10.1016/j.pbi.2008.07.003
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Figure 2

Regulatory and signaling pathways mediating root adaptations to N supply. This figure summarizes described root adaptations to N supply and the

identified factors involved. At least in some cases, these adaptations are mediated by independent molecular pathways. Future work will identify the

exact relationship between the different pathways described. (a) Lateral root initiation is repressed by high C:N ratios, and this repression requires the

nitrate transporter NRT2.1 [55,56��]. NRT2.1 is also involved in lateral root initiation induced by transfer from high to low nitrate concentrations [57��].

Nitrate repression of miR167 increases ARF8 levels and this causes an increase in the ratio of initiating vs. emerging lateral roots [24��]. (b) High nitrate

causes a systemic inhibition of lateral root development just after their emergence from the primary root [64]. This is probably caused by nitrate

inhibition of auxin biosynthesis and/or its translocation from shoot to root [49,50]. An ABA-dependent pathway mediating high nitrate inhibition of

lateral root growth has also been reported [8�,52]. Lateral root growth is induced by localized nitrate supply and this is mediated by a signaling pathway

including the dual-affinity NRT1.1 transporter and the MADS-box transcription factor ANR1 [61]. (c) Nitrate stimulates primary root growth [62]. Primary

root growth is inhibited by exogenous Glu [27�]. The effect of Glu involves a possible interaction with the auxin signaling pathway [27�]. Nitrate

antagonizes the effect of Glu via a pathway that requires NRT1.1 [62]. The mechanism of repression, and whether it is upstream or downstream of

auxin signaling, is unknown [62].
The reason for the apparent discrepancy is not clear (e.g.

constant growth in sucrose/nitrate versus sudden decrease

in external nitrate or different plant ecotypes) [8�].
Further experiments will be necessary to understand

the role of NRT2.1 in LR development. NRT2.1 modu-

lation is partly mediated by the nitrate transporter

NRT1.1, as lack of this transporter suppresses the feed-

back repression of NRT2.1 caused by high nitrate [58].

NRT1.1 is a dual-affinity transporter [59], member of the

peptide transporter family [60]. NRT1.1 has also been

implicated in LR responses, in LR elongation in response

to localized nitrate-rich patches [61]. This is an essential

developmental response as it allows preferential root

development where nitrate is abundant in the hetero-

geneous soil environment. The role of NRT1.1 has been

analyzed using a split-root system, where one side of the

root system is grown in high nitrate concentration (10 mM

NO3
�) and the other side is grown in low nitrate con-

centration (0.05 mM NO3
�) to emulate soil nitrate patchi-
Please cite this article in press as: Vidal EA, Gutiérrez RA. A systems view of nitrogen nutrient and m
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ness. NRT1.1 mutant plants showed reduced LR length

than WT plants in the high nitrate medium and increased

LR length in the low nitrate medium. These results

suggest that the NRT1.1 mutant does not impair LR

growth per se but modifies LR length between both sides

of the root system. This response is independent of

nitrate transport by NRT1.1, suggesting NRT1.1 also

acts by sensing nitrate availability. NRT1.1 works

upstream of the MADS-box transcription factor ANR1,

as NRT1.1 mutant plants have low levels of ANR1
regardless of the external nitrate concentration [61].

ANR1 accumulation has been shown to be essential for

LR development [1]; therefore, NRT1.1 somehow

participates in nitrate sensing that triggers root elongation

mediated by ANR1 (Figure 2).

Primary root growth effects in response to external Glu

External L-Glu was shown to inhibit primary root growth

by inhibiting mitotic activity at the root apical meristem
etabolite responses in Arabidopsis, Curr Opin Plant Biol (2008), doi:10.1016/j.pbi.2008.07.003
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by a pathway that probably involves the hormone auxin

[27�]. Putative sensors for Glu availability are the iono-

tropic Glu-receptor-like proteins [28]. However, root

system architecture changes in response to L-Glu were

not affected in the presence of antagonists of mammalian

Glu receptors, suggesting these receptors are not involved

in this response [27�]. Nitrate has been recently shown to

stimulate primary root growth in Arabidopsis [62]. Inter-

estingly, nitrate can also antagonize the inhibition of

primary root growth caused by external L-Glu, and this

requires an intact NRT1.1 [62]. Replacing the Thr 101 of

NRT1.1 for an Ala compromises high but not low affinity

nitrate transport [63]. The observation that overexpres-

sion of this NRT1.1Thr101Ala mutant was unable to alle-

viate L-Glu inhibition of primary root growth provided

new evidence suggesting that NRT1.1 is involved in

nitrate sensing.

Conclusions
N sensing and signaling enables organisms to regulate

their metabolism, growth, and development in response

to N availability. With the advent of genomics technol-

ogies, our understanding of N regulation of gene expres-

sion has grown considerably over the past few years.

Nitrate, nitrite, and other N metabolites regulate gene

expression and a vast variety of processes at the cellular

level. Although classic genetic approaches (i.e. phenoty-

pic and gene expression analyses of mutants) have charac-

terized important components of N signaling pathways,

the global vision of the plant circuitry provided by sys-

tems approaches has proven useful to generate new

hypotheses and discovering novel regulatory networks

controlled by N. Systems approach should now help us

gain an integrated understanding of the molecular net-

works controlled by the different regulatory components

characterized, and the way different pathways interact in

the plant N response. Moreover, combining systems,

genomics, and genetic approaches should not only pro-

vide new insights for the function of known factors but

also accelerate the discovery of new elements to fully map

the sequence of events that lead from N perception to

genome-wide expression changes to physiological,

morphological, and/or developmental responses in plants.

Our view is that systems approaches will be key in the

coming years to understanding how the different mech-

anisms elicited by N nutrients and metabolites are inte-

grated at the cell, organ, and organism level for optimal

plant growth and development in a changing environ-

ment.
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