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ABSTRACT

Nitrate reductase is a key enzyme in nitrogen assimilation, and it catalyzes the nitrate-to-nitrite reduc-
tion process in plants. A variety of factors, including nitrate, light, metabolites, phytohormones, low
temperature, and drought, modulate the expression levels of nitrate reductase genes as well as nitrate
reductase activity, which is consistent with its physiological role. Recently, several transcription factors
involved in controlling the expression of nitrate reductase genes have been identified in Arabidop-
sis. NODULE-INCEPTION-like proteins (NLPs) are transcription factors responsible for nitrate-inducible
expression of nitrate reductase genes. Since NLPs also control nitrate-inducible expression of genes
encoding nitrate transporter, nitrite transporter, and nitrite reductase, the expression levels of nitrate
reduction pathway-associated genes are coordinately modulated by NLPs in response to nitrate. LAT-
ERAL ORGAN BOUNDARIES DOMAIN (LBD) transcription factors (LBD37-LBD39) are strong candidates
for transcription factors mediating negative feedback regulation in response to increases in the contents

HY5 of nitrogen-containing metabolites, whereas LONG HYPOCOTYL 5 (HY5) that promotes photomorphogen-
esisin light may be a transcription factor involved in light-induced expression of a nitrate reductase gene.
Furthermore, unidentified transcription factors likely mediate other signals and regulate the expression
of nitrate reductase genes. This review presents a summary of our current knowledge of such transcription

factors.
© 2014 Elsevier Ireland Ltd. All rights reserved.
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1. Complex regulation of the expression of nitrate

reductase genes

Such studies have revealed that nitrate reductase activity is post-
translationally controlled by a regulatory mechanism that includes
protein kinases, protein phosphatases, 14-3-3 proteins and pro-

Nitrate reductase is the first enzyme in the nitrate assimilation
pathway (Fig. 1), and it catalyzes the reduction of nitrate-to-nitrite
in the cytoplasm of plant cells [1]. A number of studies over the
past few decades have focused on intensive characterization of
the structure and regulation of nitrate reductase proteins and their
genes due to its pivotal role in nitrogen assimilation in plants [1,2].

* Tel.: +81 3 5841 3066.
E-mail address: asyanagi@mail.ecc.u-tokyo.ac.jp

http://dx.doi.org/10.1016/j.plantsci.2014.09.006
0168-9452/© 2014 Elsevier Ireland Ltd. All rights reserved.

tease [3], and they have also demonstrated that the levels of nitrate
reductase mRNAs are carefully controlled in response to various
internal and external signals as well (Fig. 1).

A primary factor affecting the expression of nitrate reduc-
tase genes is nitrate, which functions as a signaling molecule
and promotes the transcription of many nitrate assimilation- and
nitrate response-related genes in plants [1,2]. Several studies have
established that immediate induction of the expression of nitrate
reductase genes in response to nitrate provision to nitrogen-
deprived plants occurs in a variety of plant species, including
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Fig. 1. A variety of environmental factors influence nitrate reductase gene expres-
sion. Positive regulation of nitrate reductase (NR) gene expression by nitrate, light
and cytokinin and negative regulation by glutamine (GIn), drought, low tempera-
ture, and abscisic acid (ABA) are indicated by dotted arrows and bars, respectively.
Metabolic pathways for nitrogen assimilation and photosynthesis are also shown.
Since drought promotes abscisic acid biosynthesis, the possible route via accu-
mulation of abscisic acid (for drought repression) is also indicated. GS, glutamine
synthetase; GOGAT, glutamine oxoglutarate aminotransferase; Gln, glutamine; Glu,
glutamate, 2-OG; 2-oxoglutarate.

both monocots and dicots [1,2]. Another major factor enhanc-
ing nitrate reductase gene expression is light, which also induces
nitrate reductase activity at the protein level [1-3]. Like photo-
synthesis, nitrate assimilation is an energy-consuming pathway
that fundamentally depends on light energy (Fig. 1). Reductions
of nitrate-to-nitrite by nitrate reductase and nitrite-to-ammonium
by nitrite reductase require NAD(P)H and reduced ferredoxin
as reducing energy, respectively [1]. Furthermore, assimilation
of ammonium into amino acids by the GS (glutamine syn-
thetase)/GOGAT (glutamine oxoglutarate aminotransferase) cycle
also requires ATP and NADH or reduced ferredoxin. Light-inducible
expression of nitrate reductase genes is therefore consistent with
the requirement of light energy in nitrogen assimilation. The
light induction of gene expression may, in part, be mediated
by the activation of sucrose synthesis [1], although the light-
signaling pathway is also directly involved in nitrate reductase gene
expression [4]. Sucrose promotes the transcription of nitrate reduc-
tase genes in carbohydrate-depleted Arabidopsis and mimics light
induction of nitrate reductase genes [2]. Similarly, sucrose, glu-
cose, and fructose induce the expression of nitrate reductase genes
in dark-adapted Nicotiana plumbaginifolia plants. Since nitrogen
assimilation requires carbon skeletons (2-oxoglutarate), products
of photosynthesis are utilized for sucrose and starch synthesis as
well as nitrogen assimilation (Fig. 1). Sugar-induced expression
of nitrate reductase genes may comprise part of a system that is
responsible for the activation of nitrate assimilation coupled with
the activation of photosynthesis and the maintenance of balanced
levels of carbohydrate and amino acids. Conversely, nitrogen-
containing metabolites (probably mainly glutamine) function as
negative regulators of nitrate reductase genes via feedback regu-
lation [1,2]. Moreover, the expression of nitrate reductase genes
fluctuates during a day/night cycle by transcriptional or post-
transcriptional regulation [1]. In leaves but not roots, the levels of
nitrate reductase mRNA increase during the night, peak at dawn
or a few hours after dawn and gradually decrease during the day
[1,2]. Other environmental factors, such as low temperature and
drought, also influence the expression of nitrate reductase genes.
Chilling delays the diurnal pattern of nitrate reductase gene expres-
sion and reduces diurnal activation of these genes in tomato [5],
whereas drought decreases the levels of nitrate reductase mRNA
in maize leaves [6]. In addition to these environmental factors,

phytohormones also affect the expression of nitrate reductase
genes [1]. Cytokinin and abscisic acid antagonistically modu-
late the levels of nitrate reductase mRNA in barley leaves [1].
Although nitrate promotes both the expression of cytokinin
biosynthesis-associated genes and the accumulation of cytokinin,
nitrate-inducible expression of nitrate reductase genes is basically
independent of the accumulation of cytokinin but is directly con-
trolled by nitrate [7]. It is unknown whether drought decreases
nitrate reductase gene expression through the accumulation of
abscisic acid, which is promoted by drought.

The intricately regulated expression of nitrate reductase genes
in plants has been well-documented over the past few decades.
Still, the molecular mechanisms underlying such control of nitrate
reductase gene expression remain to be elucidated due to the lack
of information about related cis-elements and trans-acting tran-
scription factors. However, several transcription factors involved
in the control of nitrate reductase gene expression have been sug-
gested by recent studies of Arabidopsis, which contains two nitrate
reductase genes, NIA1 and NIA2. Some of these transcription fac-
tors directly modulate the expression levels of NIA1 and NIA2 or
are strong candidates for such transcription factors.

2. NODULE INCEPTION-like proteins (NLPs) are key
regulators of nitrate-inducible expression of nitrate
reductase genes

Important progress in understanding the mechanisms underly-
ing plant responses to nitrate has been made in the past several
years, as summarized in several recent reviews [8-11]. Such
progress includes the identification of key components in the
nitrate-signaling pathway, including CHL1/NRT1.1, CHIP8 (CBL-
interacting serine/threonine-protein kinase 8), and CIPK23 in
Arabidopsis. CHL1/NRT1.1 functions as a dual affinity nitrate trans-
porter involved in both high- and low-affinity nitrate uptake as
well as a nitrate sensor [12], while CIPK8 and CIPK23 are positive
and negative regulators of CHL1/NRT1.1, respectively [8-10,12].
Although nitrate-inducible expression of the high affinity nitrate
transporter gene NRT2.1 is diminished in a chl1 deletion mutant
(chl1-5), its expression is not hampered in another chll mutant
(chl1-9), which carries a point mutation causing an amino acid
substitution and a nitrate uptake defect. Thus, nitrate sensing activ-
ity of CHL1/NRT1.1 is decoupled with its nitrate uptake activity
[12]. Recent progress also includes the identification of NOD-
ULE INCEPTION-like proteins (NLPs) as key transcription factors
responsible for nitrate-inducible expression of a number of genes,
including nitrate reductase genes.

NLPs are a subfamily of the group of proteins containing the
RWP-RK DNA-binding domain, which is unique to plants. The
RWP-RK domain-containing proteins in higher plants are classi-
fied into two subgroups, the NLP family and the RKD (RWP-RK
domain-containing) family, based on their similarity in amino acid
sequences of RWP-RK domains and their overall protein structures
[11]. Although NODULE INCEPTION (NIN) in Lotus japonicus was
the first member of the NLP family to be described, NIN is a unique
member of the NLP family. NIN plays a role in nodulation [13] and
is distinguishable from other members of the NLP family by its
unique mutations within a conserved region flanking the RWP-RK
DNA-binding domain [11]. Higher plants possess multiple copies
of NLP genes in their genomes. For instance, nine copies of NLP
genes (NLP1-NLP9) are present in the Arabidopsis genome, while
Lotus japonicus possesses four copies of NLP genes and a single NIN
gene in its genome [14].

The involvement of NLPs in the control of nitrate-inducible gene
expression was first implied by the observed reductions in the
nitrate-inducible expression levels of major high affinity nitrate
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transporter genes (NRT2.1 and NRT2.2), as well as NIA1 and NIA2,
in the Arabidopsis nlp7 mutants [15], along with the isolation of
another Arabidopsis nlp7 mutant based on the impaired expression
of the yellow fluorescent protein marker gene under the control of
a nitrate-inducible promoter (containing DNA sequences from the
NIA1 promoter and the Arabidopsis nitrite reductase gene promoter)
[16]. Evidence that NLPs are direct regulators of nitrate-inducible
gene expression was provided by the isolation of Arabidopsis NLP
cDNAs by yeast one-hybrid screening based on their binding to
the nitrate-responsive cis-element (NRE) within the nitrite reduc-
tase gene promoter and by subsequent analyses [17]. It is currently
unknown whether all NLPs are involved in nitrate-inducible gene
expression, because detailed analyses have only been reported for
NLP6 and NLP7. However, since all tested NLPs (NLP1, 2, 5, 6, 7, and
9) similarly bind to the NRE and transactivate NRE-dependent tran-
scription, most NLPs may be associated with nitrate-inducible gene
expression [17]. Interestingly, nitrate, but not ammonium or glu-
tamine, induces the activity of NLP6 as a transcriptional activator in
a post-translational manner (Fig. 2). This nitrate-specific induction
of NLP6 activity is mediated by the N-terminal region conserved
in NLPs [17], and NIN has mutations within this conserved region
and functions as a transcriptional activator independently of nitrate
signaling [14]. It has also been shown that nuclear retention of NLP7
is controlled by nitrate [18]. Hence, nitrate might promote nuclear
accumulation of NLPs through their conserved N-terminal regions
and induce nitrate-inducible gene expression. Post-translational
activation is an expected characteristic of transcription factors that
primarily respond to signals.

Subsequent to the observed binding of NLP6 to the nitrite reduc-
tase gene promoter, direct binding of this protein to the 3’ flanking
sequence of NIA1, which is necessary for its nitrate-inducible
expression, was detected by an in vitro binding assay [17]. Since
mutations within the NLP-binding site diminish nitrate-inducible
NIA1 expression in planta [17], this site is a major regulator of
nitrate-inducible expression of NIA1 (Fig. 2). Unlike the NIAT locus,
NLP-binding sites have not yet been mapped at the NIA2 locus.
However, nitrate-induced activation of both NIA1 and NIA2 was

similarly impaired in transgenic Arabidopsis lines in which NLP
activity was reduced by expression of a chimeric transcriptional
repressor (NLP6 fused to a transcriptional repressor domain) [17].
Thus, NIA2 is a putative target gene of NLPs, although this possi-
bility needs to be further examined through the identification of
NLP-binding sites at the NIA2 locus.

Recent studies have suggested that NLPs are major regula-
tors of nitrate-inducible expression of many genes including NIA1
and NIA2 [10,11,15-18]. However, an additional regulator may
also be involved in nitrate-inducible expression of NIA2, because
overexpression of an Arabidopsis transcription factor, SQUAMOSA
PROMOTER BINDING PROTEIN LIKE 9 (SPL9), decreased nitrate-
induced expression levels of NIA2 by approximately one-half. Since
SPL9 overexpression did not affect NIA1 expression, the function of
SPL9 may be specifically associated with NIA2 expression [19]. SPL9,
which promotes the juvenile-to-adult phase transition and flower-
ing and directly regulates genes involved in trichome formation,
was predicted to be a potential hub in the regulatory network in
response to nitrate (as determined by modeling using time-series
transcriptome data). Thus, SPL9 was overexpressed in Arabidopsis
and effects of the overexpression were analyzed [19]. However, it
is uncertain whether SPL9 is a direct regulator of nitrate-inducible
expression of NIA2.

Responses to nitrate occur in bacteria and fungi as well as in
plants. As NLPs are transcription factors unique to plants, different
systems operate nitrate-inducible expression of nitrate reductase
genes in bacteria and fungi [11]. In bacteria, a two-component
regulatory system consisting of nitrate sensor-histidine kinases
and transcription factors operates the nitrate-inducible expression
of nitrate reduction-related genes, whereas GAL4-type transcrip-
tion factors function as transcription factors that mediate nitrate
signaling in fungi. On the other hand, in the green alga Chlamy-
domonas reinhardtii, a RWP-RK domain-containing protein, NIT2,
plays a pivotal role in controlling the expression of nitrate reductase
genes [20], suggesting a similarity between mechanisms under-
lying nitrate-inducible expression of nitrate reductase genes in
higher and lower plants.
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3. NLPs may synchronously activate a series of genes
associated with the nitrate assimilation pathway

NLP7 transactivates the promoter of a major high affinity nitrate
transporter gene (the NRT2.1 promoter) in Arabidopsis protoplasts
and selectively binds to the promoter region in vivo, as detected in
a chromatin immunoprecipitation experiment [18]. Thus, NRT2.1
is probably another target of NLPs, although the NLP-binding sites
in the NRT2.1 promoter has not yet been precisely defined. Fur-
thermore, targets of NLPs were recently found to include genes
encoding plastidic nitrite transporters (NITR2;1 expressed in both
shoots and roots, and NITR2;2 expressed in roots) [21] (Fig. 2).
NLP6 binds to a short sequence that is conserved in two nitrite
transporter gene promoters and is similar to the NRE in the nitrite
reductase gene promoter, and NLP6 transactivates these promo-
ters through its interaction with this short sequence [21]. Hence,
potentially, NLPs can coordinately induce the expression of a series
of nitrate assimilation-associated genes, including nitrate reduc-
tase genes, in response to nitrate provision (Fig. 2). As NLPs are
widely conserved in plants, these transcription factors may play
a role in synchronizing the expression of nitrate assimilation-
associated genes in most plants. However, although NLP activity
is probably associated with nitrate responsiveness of almost all
nitrate-inducible genes, NLPs are not responsible for regulating
the expression of all of these genes [11]. Indeed, nitrate-inducible
expression of two nitrate transporter genes (NRT2.3 and NRT2.6) is
probably not under the control of NLPs [11].

Not only do decreases in NLP activity reduce the nitrate-induced
expression of genes encoding nitrate assimilation-associated trans-
porters and enzymes, but they also reduce that of genes encoding
an enzyme involved in cytokinin synthesis (IPT3), transcription fac-
tors (LBD37-LBD39), a protein kinase (CIPK3), and other regulatory
proteins [11]. Hence, NLPs may also play a role in synchronizing
nitrate assimilation with other cellular systems for growth con-
trol, including protein phosphorylation, hormonal regulations, and
so on. However, the relationship between the NLP-mediated reg-
ulatory pathway and another important regulatory pathway for
nitrate response, the CHL1/NRT1.1-mediated pathway, is currently
obscure. The nitrite reductase gene promoter can direct nitrate-
inducible expression in the chll/nrt1.1 mutant (chl1-5) [22], and
NLP6 activity can be induced by nitrate in the mutant (unpub-
lished data). Furthermore, the results of meta-analysis reveal that
nlp7 and chl1-5 mutations influence the expression of different
sets of nitrate-regulated genes [23]. These results suggest that
NLP-mediated regulation does not basically require CHL1/NRT1.1,
although it is still possible that CHL1/NRT1.1-mediated regulation
modulates NLP-mediated nitrate-inducible gene expression. The
relationship between NLP-mediated and CHL1/NRT1.1-mediated
pathways has emerged as a key question for understanding the
mechanisms governing the nitrate response in higher plants.

4. Unknown transcription factors also participate in
modulating the expression levels of nitrate reductase genes

The expression levels of nitrate reductase genes are modulated
not only by nitrate but also by other environmental factors. Thus,
other transcription factors in addition to NLPs are expected to par-
ticipate in controlling the expression levels of nitrate reductase
genes. This hypothesis does not conflict with the results of comple-
mentation experiments with Arabidopsis nia2 mutants (NIA2 rather
than NIAT is responsible for major NR activity in Arabidopsis [2]).
Introduction of a 6.7 kb genomic DNA fragment from the NIA2 locus
(including the 2.5 kb promoter, the coding region, and the 0.7 kb
sequence downstream of its coding region) into the nia2 mutant
did not restore full nitrate reductase activity. Since the NLP-binding

site for nitrate-inducible expression of NIA1 was found in its 3’
flanking region (approximately 1.5 kb downstream of the site corre-
sponding to the polyadenylation site) [24], we speculated that the
6.7 kb DNA fragment did not contain the NLP-binding site(s) and
therefore directed the expression of nitrate reductase genes only
at lower levels. Experiments based on this speculation revealed
the following: (1) The 6.7kb fragment did not confer nitrate-
inducible expression. (2) Although the 6.7 kb fragment fused to the
DNA fragment containing the NLP-binding site for nitrate-inducible
expression of NIA1 could direct nitrate-inducible expression, even
this DNA fragment did not direct full expression of NIA2 [24]. Hence,
full expression of NIA2 probably requires additional activation by
unknown transcription factors and/or gene locus-specific events,
such as locus-specific DNA demethylation and histone acetylation.

It is currently unknown which transcription factors regulate the
expression of nitrate reductase genes in response to environmen-
tal factors such as low temperature and drought, as well as internal
hormonal conditions such as ABA and cytokinin levels. However,
good candidates for transcription factors that regulate the expres-
sion of nitrate reductase genes in response to nitrogen-containing
metabolites and light have been identified. LBD37, LBD38, and
LBD39 of the LATERAL ORGAN BOUNDARIES DOMAIN (LBD) fam-
ily in Arabidopsis may be involved in negative feedback regulation
by nitrogen-containing metabolites. Overexpression of these genes
(which are induced by ammonium and glutamine as well as nitrate)
reduced the expression levels of nitrogen assimilation-related
genes including NIA1 and NIA2, mimicking the negative effects of
organic nitrogen-containing compounds in Arabidopsis [25]. Inter-
estingly, the repressive effects of this overexpression on NIA1 and
NIA2 expression was evident under nitrogen free conditions but not
under the nitrogen replete conditions [23,25]. Furthermore, it was
suggested that overexpression of LBD37 and LBD38 does not occur
under nitrogen replete conditions by post-transcriptional regula-
tion [23]. Thus, these LBD transcription factors may be involved
in inducing rapid downregulation after the activation of nitrogen
assimilation-related genes by nitrogen provision. It is unknown
whether LBD37, LBD38, and LBD39 are directly involved in the
expression control of NIA1, NIA2, and other nitrate-inducible genes.
Identification of the exact roles of these LBD transcription factors
in regulation of nitrogen-assimilated associated gene expression
might uncover new nutrient signaling pathways regulating nitro-
gen assimilation.

Two bZIP transcription factors, LONG HYPOCOTYL 5 (HY5)
and HYH (HY5 Homologue), are candidates for direct regulators
of light-regulated NIR2 expression [4]. HY5 and HYH are com-
ponents downstream of the photoreceptors, phytochromes and
cryptochromes, in the light signal transduction pathway and are
direct regulators of light-regulated genes, such as the chalcone
synthase and ribulose-1,5-bisphosphate carboxylase/oxygenase
small subunit genes. In the Arabidopsis hy5 hyh mutant, the
light-dependent activation of NIA2 is inhibited, while the light-
dependent activation of other nitrate assimilation-related genes
including NIA1 is not. Conversely, the expression levels of NIA2 are
higher in the bHLH-phytochrome interacting factor 4 (pif4) mutant
[4], which is consistent with the fact that PIFs are transcription
factors that are antagonistic to HY5 and negatively regulate com-
mon gene targets through binding to the same cis-element. These
observations indicate that HY5- and HYH-mediated light regula-
tion affects NIA2 expression, although it is unknown whether the
effects of HY5 and HYH are direct or indirect. Since NIA2 is respon-
sible for major nitrate reductase activity in Arabidopsis [2], HY5
and HYH can potentially induce synchronized activation of nitrate
assimilation and photosynthesis in response to light. Nevertheless,
light-dependent increases in the transcript levels of NIAT and other
nitrate assimilation-associated genes in the hy5 hyh mutant sug-
gest the involvement of a regulatory pathway different from the
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HY5/HYH-mediated pathway in the light-regulated expression of
NIAT and nitrate assimilation-associated genes.

NLPs are also involved in the diurnal expression patterns of
nitrate reductase genes. Although circadian gene expression is gen-
erally regulated by the circadian clock, the diurnal oscillation of
the levels of mRNAs of nitrate reductase genes may be regulated
by changes in nitrate or glutamine contents, because nitrate con-
sumption and glutamine accumulation result from high nitrate
reductase activity during the day [1,2]. Indeed, in transgenic Ara-
bidopsis plants harboring the GUS reporter gene under the control of
four copies of the NRE (the NLP-binding site), GUS exhibited a diur-
nal expression pattern similar to those of NIAT and NIR1 [26]. Since
NLP activity depends on nitrate but not glutamine [11], the diurnal
expression of nitrate reductase genes may be modulated by NLPs in
response to changes in nitrate content. However, since the tobacco
nitrate reductase gene promoter did not direct nitrate-inducible
expression of a reporter gene but directed diurnal expression of the
reporter gene [2], both NLP-mediated regulation and other types
of regulation likely contribute to the diurnal expression of nitrate
reductase genes.

In summary, recent studies have suggested that NLP tran-
scription factors are key regulators of nitrate-inducible expression
of nitrate reductase genes, and that NLPs potentially coordinate
nitrate-inducible expression of nitrate reductase genes with that
of other nitrate assimilation-related genes. Since the expression of
nitrate reductase genes is also regulated by various environmen-
tal factors, several other transcription factors probably regulate
these genes as well. Indeed, some good candidates for such fac-
tors, such as LBD37-LBD39 and HY5, have been identified to date.
Like NLPs, some transcription factors (LBD37-LBD39 are candi-
dates) may play a role in coordinating the expression of nitrate
reductase genes and other nitrogen assimilation-related genes in
response to the fluctuating metabolic balance. Some transcription
factors (HY5 and HYH are candidates) may simultaneously regu-
late the expression of nitrate reductase genes and genes associated
with other metabolic pathways. Hence, identification and char-
acterization of transcription factors might provide clues for fully
understanding the mechanisms underlying the complex regulation
of nitrate reductase gene expression, as well as revealing systems
that coordinate nitrate assimilation and other metabolic or growth
regulatory processes to optimize plant growth. As recent advances
have been made using Arabidopsis, it is important to investigate
whether similar mechanisms underlie the regulation of nitrate
reductase gene expression in other plant species, particularly crop
plants, due to the importance of controlling nitrogen assimilation
in agriculture.
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