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Arabidopsis NIN-like transcription factors have
a central role in nitrate signalling
Mineko Konishi1 & Shuichi Yanagisawa1

In plants, nitrate is not only a major nitrogen source but also a signalling molecule that

modulates the expression of a wide range of genes and that regulates growth and develop-

ment. The critical role of nitrate as a signalling molecule has been established for several

decades. However, the molecular mechanisms underlying the nitrate response have remained

elusive, as the transcription factor that primarily responds to nitrate signals has not yet been

identified. Here we show that Arabidopsis NIN-LIKE PROTEIN (NLP) family proteins bind the

nitrate-responsive cis-element and activate nitrate-responsive cis-element-dependent and

nitrate-responsive transcription. Our results also suggest that the activity of NLPs is post-

translationally modulated by nitrate signalling. Furthermore, the suppression of NLP function

impairs the nitrate-inducible expression of a number of genes and causes severe growth

inhibition. These results indicate that NLPs are the transcription factors mediating the nitrate

signal and thereby function as master regulators of the nitrate response.
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N
itrogen is a primary macronutrient that is required in
abundance in plants. As most land soils globally are
nitrogen-deficient, and nitrate, which is a major nitrogen

source for land plants readily flows into aquatic ecosystems, land
plants need to adapt their growth and metabolism in response to
fluctuations in nitrogen availability1–8. Nitrate is a key signalling
molecule that regulates this adaptation process. Nitrate
modulates the expression of a wide spectrum of genes,
including not only nitrate assimilation-associated genes such
as nitrate reductase (NR) genes and nitrite reductase (NIR)
genes, but also genes involved in other metabolic pathways and
some developmental processes9–12. As the nitrate-inducible
modulation of these genes occurs even in mutants lacking NR
activity, nitrate itself is believed to be a signalling molecule1,13.
Furthermore, because primary nitrate-induced gene expression
does not require de novo protein synthesis11,14,15, nitrate likely
activates a pre-existing but as yet unidentified transcription
factor post-translationally, and then actuates nitrate response
mechanisms.

In several past studies, regulatory genes involved in nitrate
signalling and response pathways have been characterized. For
instance, an Arabidopsis MADS-box gene, ANR1, has been
shown to promote the lateral root growth on nitrate-rich
patches2,16,17. Another Arabidopsis gene for NSR1, which is
structurally close to the PHR1 transcription factor that functions
in phosphorus starvation responses, has been identified as a
nitrogen starvation-inducible gene18. Furthermore, phenotypic
analysis of Arabidopsis mutants has revealed that the disruption
of one of the NIN-LIKE PROTEIN genes (NLP7) produced
features of nitrogen-starved plants, accompanied by impaired
expression of genes for nitrate transporter and NR19. As NIN,
which is necessary for symbiosis between legumes and nitrogen
fixing bacteria, had been proposed as a putative transcription
factor20, NLP7 is also speculated to be a regulatory protein
associated with nitrogen assimilation. The LBD genes are
also proposed to encode transcription factors associated with
nitrate-responsive gene expression, because overexpression
of LBD37, LBD38 or LBD39 represses the expressions of
nitrate transporter and NR genes in Arabidopsis21. Another
Arabidopsis gene, GNC, has also been identified as a nitrate-
inducible gene encoding a putative transcription factor of the
GATA family22. In addition to these putative transcription
factors, two Arabidopsis proteins, NRT1.1 dual-affinity nitrate
transporter and CIPK8 protein kinase, have also been suggested
to have roles in nitrate response as a nitrate sensor23 and a
regulator in the presence of high concentrations of nitrate24,
respectively. Although an increasing number of factors involved
in nitrate signalling and response has been identified, the key
factor in the mechanism for nitrate response, namely the
transcription factor that primarily responds to nitrate signalling,
has not yet been identified. Nitrate-responsive transcription
factors have been identified in bacteria, fungi and algae25–27.
However, no protein in higher plants is similar to the nitrate-
responsive transcription factors in these organisms, suggesting
that different factors might mediate nitrate signalling in higher
plants.

In our present study, to identify transcription factors
responsible for the primary nitrate induction of gene expression
in plants, we performed yeast one-hybrid (Y1H) screening using a
43-bp sequence, which was previously identified as an authentic
nitrate-responsive cis-element (NRE) conserved in NIR gene
promoters from various higher plants28,29. The results of our
analyses indicate that NLPs are NRE-binding proteins with
transcriptional activator roles that convert nitrate signals to
transcriptional regulation events, and that function in the nitrate-
regulated expression of many genes in Arabidopsis.

Results
Identification of NLPs as NRE-binding proteins. To identify
transcription factors that interact with NREs, we performed Y1H
screening using a HIS3 reporter gene under the control of four
copies of NRE (4�NRE) and Arabidopsis complementary DNA
(cDNA) libraries (Fig. 1a,b). We thereby identified 13-positive
cDNA clones, all of which encompassed DNA sequences for the
RWP-RK domain of NLPs (Supplementary Table S1).

RWP-RK is a putative DNA-binding domain, which was
previously proposed in the primary structure of NIN20 and the
name of which originates from the RWP�RK motif conserved in
NIN, algal minus dominance proteins30 and five Arabidopsis
proteins20. However, there is no experimental evidence for the
binding of the RWP-RK domain to DNA. We, therefore, further
characterized DNA-binding of NLPs in our present experiments.
Phylogenic analysis has indicated previously that the nine
Arabidopsis NLPs can be classified into three groups (NLP1 to
NLP5; NLP6 and NLP7; NLP8 and NLP9), although all NLPs are
highly homologous to each another and possess both the RWP-
RK domain and additionally conserved amino-acid motifs31.
Although NLP8 and NLP9 cDNAs were not isolated in our
screening (Supplementary Table S1), we also examined the
binding of the RWK-RK domain of NLP9, and of the other NLPs,
to the NRE using Y1H assays (Fig. 1b). The results indicate that
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Figure 1 | Binding of the RWP-RK domain of NLPs to the NRE of NIR1.

(a) Sequences of the wild-type and mutated NREs used in the Y1H (b) and

EMSA (c,d) experiments. (b) Y1H assay. Yeast harbouring the 4�NRE-HIS3

or 4�NRE(M2)-HIS3 reporter gene were transformed with expression

vectors for the GAL4 activation domain fused to the RWP-RK domain of the

indicated NLPs, and grown on control (-Leu) and selection medium

(-Leu-Hisþ 15mM 3-aminotriazole). (c) EMSA analysis using the wild-type

NRE as a probe and recombinant RWP-RK domains of the indicated NLPs.

(d) EMSA analysis in which non-labelled wild-type and mutated NREs were

used as competitor DNA at an excess molar ratio (þ , 1:5; þ þ , 1:25).
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all RWK-RK domains analysed bind to the NRE in yeast,
suggesting that all NLPs may bind to this element.

The NRE is a pseudopalindromic sequence comprising two half-
sites separated by a 10-bp spacer sequence (Fig. 1a). Both sites are
necessary for full nitrate induction of the expression of Arabidopsis
NIR gene (NIR1) in planta, although the distal half site has the
dominant role28. We, therefore, investigated the binding specificity
of NLPs using a panel of NREs with mutations within either the
distal (M1 and M2) or proximal (M3) half-site (Fig. 1a) using
electrophoretic mobility shift assays (EMSA). Consistent with the
results of our Y1H assays, the RWK-RK domain of all NLPs
analysed bound to the wild-type NRE in the EMSA experiments
(Fig. 1c). However, none of the NLPs tested bound to the M2 NRE
in yeast (Fig. 1b). Consistently, unlike the wild-type NRE, the M1
and M2 NREs did not compete with a labelled NRE probe during
complex formation with any NLP. On the other hand, the M3 NRE
hampered the complex formation of NLP6 and NLP9 but not that
of NLP1 and NLP5 (Fig. 1d). Hence, all NLPs are likely to bind
the NRE in a sequence-specific manner but display different
requirements for the half-sites within this motif.

We previously showed that a 3.7-kb sequence in the 30-flanking
region of an Arabidopsis NR gene, NIA1, is responsible for the
nitrate induction of NIA1 expression32. We, therefore, also tested
the binding of NLP6 to several DNA fragments from the 3.7-kb
region and found that NLP6 bound to two independent
DNA fragments containing NRE-like sequences in vitro
(Supplementary Fig. S1a,b). Mutational analysis indicated that at
least one of these NRE-like sequences, which we designated NIA1-

NRE1, functioned as an NRE (Supplementary Fig. S1c–e). Hence,
NLPs may also regulate nitrate-inducible NIA1 expression through
their interaction with NIA1-NRE1 in the 30-flanking region of
NIA1.

Taken together, our results suggest that NLPs are DNA-binding
proteins that recognize NREs present in either the 50 or 30-flanking
regions of nitrate-responsive genes28,32.

NLPs are transcriptional activators. NIN and NLPs had been
speculated to be transcription factors due to their putative
DNA-binding domains20. However, no evidence for this has thus
far been presented. We, therefore, examined the activity of
NLPs as transcription factors using an Arabidopsis protoplast
transient assay system33,34. All of the tested NLPs successfully
transactivated a promoter in which a 4�NRE construct was
placed upstream of the CaMV 35S minimal promoter (Fig. 2a).
The transcriptional activation function of the NLPs was further
characterized using NLP6, likely to be one of the most abundant
of these proteins (Supplementary Table S1). NLP6 activated the
4�NRE promoter but not the nitrate non-inducible CaMV 35S
promoter (Fig. 2b). NLP6 also activated the wild-type NIR1
promoter but not its M1 and M2 variants harbouring mutations
within the distal half-site of the NRE. The M3 variant, in which
the proximal half-site of the NRE is disrupted, was found to be
marginally activated by NLP6 (Fig. 2c). These results indicate that
NLP6, and likely also other NLPs, activate transcription via a
specific interaction with the NRE.
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Enhancement of NLP activity promotes nitrate-inducible gene
expression. To further assess the role of NLPs in nitrate-inducible
gene expression in planta, we employed NLP6 fused to the
transcriptional activation domain of VP16 (NLP6-VP16), as this
protein acts as a stronger transcriptional activator during NRE-
dependent transcription in protoplasts (Fig. 2b). By transforma-
tion of a transgenic line harbouring the GUS reporter gene under
the control of the 4�NRE promoter (4�NRE-min-GUS line)28,
we generated transgenic Arabidopsis lines expressing NLP6-VP16
under the control of the 35S promoter (Fig. 2d and
Supplementary Fig. S2). These transformed lines still retained
the ability to direct nitrate-inducible GUS expression (Fig. 2d).
However, the expression levels of GUS were elevated in these
lines. Similarly, the transcript levels of the endogenous nitrate-
inducible genes, NIR1 and NR genes (NIA1 and NIA2), tended to
be higher in these transgenic lines, indicating that NLP6-VP16
enhances nitrate-induced gene expression in planta. Although
this enhancement was small, probably because of strong activity
of endogenous NLPs, it was statistically confirmed.

The N-terminal region of NLP6 receives nitrate signals. The
results of previous reports have suggested that primary nitrate
induction of gene expression does not require de novo protein
synthesis11,14,15. Consistent with this hypothesis, NRE-dependent
transcriptional activation has also been suggested to be triggered
through the post-translational activation of the protein interacting
with NRE in planta29. Because no Arabidopsis NLP gene was
significantly induced by nitrate treatment (Supplementary Fig. S3)
and the constitutive expression of NLP6-VP16 using the 35S
promoter did not lead to the constitutive activation of nitrate-
inducible genes (Fig. 2d), we speculated that the post-translational
activation of NLPs by nitrate might be the primary step for
nitrate-induced gene expression. We evaluated this hypothesis by
identifying the nitrate-responsive region of NLP6 using
recombinant transcription factors that contained the RWP-RK
domain or other regions of NLP6. The expression of the RWP-RK
domain alone suppressed NRE-dependent transcription in
protoplasts (Fig. 3a,b), probably because it acted as a
competitive inhibitor against endogenous NLPs. In contrast, the
RWP-RK domain fused to two or five copies of the VP16
transcriptional activation domain (RWPRK-VP32 and RWPRK-
VP80) enhanced NRE-dependent transcription (Fig. 3a,b). Hence,
we generated transgenic Arabidopsis lines expressing RWPRK-
VP80 using the 4�NRE-min-GUS line28. Differing from the
expression of NLP6-VP16, the expression of RWPRK-VP80 led to
the constitutive activation of NRE-dependent transcription
independently of nitrate treatment (Fig. 3c). Thus, the DNA-
binding activity of the RWP-RK domain is unrelated to nitrate
signalling.

On the other hand, engineered transcription factors in which an
Escherichia coli DNA-binding protein LexA35 was fused to both
N- and C-terminal regions of NLP6 (6N-LexA-6C), the
N-terminal region alone (6N-LexA-MYC), or the VP16
transcriptional activation domain (LexA-VP16), were found to
show comparable activity in protoplasts in terms of the
transactivation of the 8OP promoter, which contained eight
copies of LexA-binding sites (8OP) upstream of the 35S minimal
promoter (Fig. 3d,e). However, these proteins expressed under the
control of the 35S promoter differently activated the 8OP
promoter in planta. LexA-VP16 elevated GUS expression
independently of nitrate treatment, while 6N-LexA-6C or 6N-
LexA-MYC strongly induced GUS expression only when the
seedlings were treated with nitrate (Fig. 3f,g). Furthermore, unlike
nitrate, neither glutamine, a downstream product of nitrate
assimilation, nor ammonium activated 6N-LexA-MYC (Fig. 3h).

These results provide compelling evidence that the N-terminal
region flanking the RWP-RK domain is responsible for the
activation of NLP6 in response to nitrate signalling.

Phenotypic effects of suppression of NLP function. The effects
of repressing NLP function in planta were investigated through
the forced expression of a chimeric repressor, NLP6, fused to the
transcriptional repression domain of SUPERMAN36 (NLP6-
SUPRD) (Fig. 4a). This construct was chosen because the nine
NLPs of Arabidopsis likely have a degree of functional redundancy
and NLP6-SUPRD could act as a strong transcriptional repressor
of NRE-dependent transcription in protoplasts (Supplementary
Fig. S4). Utilization of chimeric repressors is an established and
effective approach to investigating the loss of function phenotypes
of transcription activators when they have a degree of functional
redundancy with other related proteins37–41. Transgenic
Arabidopsis lines expressing NLP6-SUPRD were generated by
transformation of the 4�NRE-min-GUS line28 (WT in Fig. 4b–e,
Supplementary Figs S5,S6). The generated lines showed inhibited
growth on medium containing nitrate as the sole nitrogen source,
as did the NR mutant42 (Fig. 4b,c). Unlike the NR mutant,
however, the NLP6-SUPRD lines showed inhibited growth even
on medium containing ammonium. Furthermore, these lines
formed smaller rosettes and shorter flowering stems (Fig. 4d).
These results imply that the expression of NLP6-SUPRD may
affect not only the nitrate assimilation process but also other
nitrate-responsive processes, reflecting the fact that nitrate
signalling is involved in the regulation of various physiological
and developmental events1,2,9,10.

Suppression of NLP downregulates nitrate-inducible genes. We
also investigated the effects of expressing NLP6-SUPRD on nitrate-
inducible gene expression using two independent NLP6-SUPRD
lines (Fig. 4e). The expression of typical nitrate-inducible genes,
including two major nitrate transporter genes (NRT1;1 and
NRT2;1), nitrate assimilation-related enzyme genes (NIA1, NIA2,
NIR1 and UPM1) and transcription factor genes (a GARP-type
transcription factor gene and LBD39), was analysed. In the NLP6-
SUPRD lines, the nitrate-inducible expression of all analysed genes,
as well as NRE-dependent GUS expression was severely dimin-
ished, suggesting that NLP activity is responsible for the expression
of most nitrate-inducible genes. Importantly, severe reductions in
the expression of transcription factor genes suggest that NLP can
induce a broad outcome through transcriptional cascades.

Unexpectedly, the growth of the NLP6-SUPRD lines showed a
slight but statistically significant decrease in growth even on
medium containing ammonium as the sole nitrogen source
(Fig. 4b,c). A possible explanation of this phenomenon is that
because the DNA-binding activity of NLPs is independent of
nitrate signalling, NLP6-SUPRD binds to its target sites and
reduces the basal expression levels of the NLP target genes even in
the absence of nitrate. Indeed, in agreement with this hypothesis,
reductions in the basal expression levels of the genes involved in
nitrate uptake or reduction were found in the NLP6-SUPRD lines
(Fig. 4e). We, therefore, speculated that such reductions in the
expression of genes that are not involved in nitrate utilization but
other growth-related processes might lead to a decrease in the
growth of the NLP6-SUPRD lines even on ammonium medium.
By investigation of the expression levels of ammonium assimila-
tion-related enzyme genes in the NLP6-SUPRD lines, both the
basal and nitrate-induced expression levels of the chloroplastic
glutamine synthetase gene (GLN2)9,43 were found to be reduced in
the NLP6-SUPRD lines (Supplementary Fig. S6). Thus, the NLP
function is likely involved in regulating the expression of not only
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genes for nitrate uptake or reduction but also genes that function
in other metabolic processes.

Discussion
Here we report that NLP6 and probably other NLPs are nitrate-
responsive transcription factors which primarily respond to

nitrate signals and convert them to transcriptional control
events in Arabidopsis (Fig. 5). This finding is the key to the
understanding of the molecular basis of nitrate-regulated gene
expression in higher plants. Despite the nomenclature of NLPs,
which was assigned on the basis of their similarity to NIN protein,
it should be noted that the NLP family of proteins was originally
associated with nitrate-regulated gene expression, because such
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glutamine for 4 h (h). Values are the mean±s.d. (n¼ 3) in (b,c,e,g,h). Induction folds of GUS activity by nitrate treatment are also indicated in (c,g,h).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2621 ARTICLE

NATURE COMMUNICATIONS | 4:1617 | DOI: 10.1038/ncomms2621 | www.nature.com/naturecommunications 5

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


gene expression occurs throughout the plant kingdom, whereas
symbiotic nitrogen fixation is unique to leguminous plants. NIN
is likely a variant of NLP, which evolved specifically for symbiotic
nitrogen fixation in legumes.

Our results suggest that nitrate signal converts an inactive form
of NLPs into an active form (Fig. 3) that can bind to NREs within
the NIR1 and NIA1 loci (Fig.1 and Supplementary Fig. S1a,b) and
promote the expression of these genes. This further suggests that
the post-translational activation of NLPs may be a key step in the
transmission of signals from the nitrate signalling pathway to
transcriptional control mechanisms (Fig. 5). NLPs were also
found to modulate the expression of other major genes associated
with nitrate transport or nitrogen assimilation processes (Fig. 4d,
Supplementary Fig. S6). Furthermore, our findings that the
expression of LBD39 (ref. 21) and a GARP-type transcription
factor gene10 are also under the control of NLPs (Fig. 4d) indicate
that NLP functions include the regulation of nitrate-inducible
regulatory factor genes, which would produce a broad range of
regulatory outcomes. We have not yet identified NLP-binding
sites other than those at NIR1 and NIA1 loci. However, these
genes, which were found to be downregulated in the NLP6-

SUPRD lines, are probably direct target genes of NLPs because
they are all nitrate-inducible in a sensitive and prompt manner.
These findings strongly suggest that NLPs have a central role in
the nitrate response via the regulation of the nitrate-inducible
expression of many genes, including metabolic enzyme genes and
regulatory factor genes. Based on the findings, we propose a
model for the NLP-mediated regulation of the nitrate response
(Fig. 5).

Although it is still arguable that all Arabidopsis NLPs mediate
nitrate signals and have any role in the nitrate response pathways,
we postulate that most NLPs may be involved in nitrate-induced
gene expression. In the case of some transcription factor families,
such as the auxin response factor and response regulator type B
families that are involved in auxin and cytokinin signalling
pathways, respectively44,45, each family member has overlapping
and/or unique roles to respond to the particular stimulus.
Similarly, individual NLPs may have overlapping and/or unique
roles in the nitrate response. This hypothesis is supported by our
evidence that the RWP-RK domains of all of the NLPs we tested
bind to the NRE in vitro (Fig. 1b,c) and that the NRE-containing
promoter is transactivated by each of the NLPs tested in vivo
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Figure 4 | Effects of the repression of NLP function. (a) The construct used for the expression of NLP6 fused to a transcriptional repression domain

(NLP6-SUPRD). (b,c) Images (b) and fresh weights (c) of wild-type seedlings (Col), the NR mutant, the 4�NRE-min-GUS line (WT) and the line

expressing NLP6-SUPRD, all grown on media containing the indicated nitrogen source for 9 days. Scale bar, 5mm. In c, values are the means±s.d. (n¼ 3)

and statistical differences from wild-type (two-tailed Student’s t-test, Po0.05) are indicated by asterisks. (d) Arabidopsis plant expressing NLP6-SUPRD

grown in soil for 45 days. Scale bar, 5 cm. (e) Impaired nitrate-inducible gene expression in the transgenic lines expressing NLP6-SUPRD. The transcript

levels of GUS, as well as typical nitrate-inducible genes were analysed using seedlings of the 4�NRE-min-GUS line (WT) and two independent NLP6-

SUPRD lines. Seedlings grown in medium containing ammonium as the sole nitrogen source were treated with 10mM KCl or KNO3 for 1 h. NRT1;1, a dual-

affinity nitrate transporter gene; NRT2;1, a high-affinity nitrate transporter gene; NIA1 and NIA2, nitrate reductase genes; NIR1, nitrite reductase gene; UPM1,

uroporphyrin-III C-methyltransferase gene; GARP, a GARP-type transcription factor gene (At1g25550); LBD39, a LBD domain-containing protein gene.

Values are the means±s.d. (n¼ 3).
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(Fig. 2a). This hypothesis is also in agreement with the reported
reductions in the nitrate-inducible expression of NR and nitrate
transporter genes in nlp7mutants19. Furthermore, we have shown
that the N-terminal region of NLP6, which had high homology to
that of other Arabidopsis NLPs31, functions as a nitrate-
responsive domain (Fig. 3), implying that all Arabidopsis NLPs
may be activated by nitrate through their conserved amino-acid
sequences. However, because we also found similar but not
identical binding specificity of the RWP-RK domains of
Arabidopsis NLPs (Fig. 1d), further analysis of interactions
between each NLP with NREs of various nitrate-induced genes, as
well as analysis of temporal and spatial expression patterns of
each NLP gene will be necessary in the future to clarify the
physiological relevance of each NLP to the nitrate response
network.

From the results in our current study, new and important
questions regarding the mechanisms for the nitrate response have
emerged. The first of these is how nitrate signalling converts an
inactive form of NLP into its active counterpart post-transla-
tionally. The second is how plant cells sense nitrate signals and
transmit then to the regulatory mechanisms for NLP activity. As
the 6N-LexA-6C and 6N-LexA-MYC constructs did not trans-
activate the 8OP promoter at all without nitrate treatment in the
transgenic seedlings (Fig. 3f–h), whereas they could do so in
protoplasts prepared from mature leaves (Fig. 3e), the post-
translational activation of NLPs appears to occur in response to
endogenous nitrate in protoplasts. This possibility needs to be
carefully examined in future studies. A third major mechanistic
question is how many and what kinds of genes are under the
direct or indirect control of NLPs. Although our present results
have already suggested that the nitrate-inducible expression of a
series of genes for nitrate transport and assimilation, as well as
transcription factor genes, is regulated by NLPs, a larger number
of genes are likely to be controlled by NLP activity. Comprehen-
sive analysis of NLP target genes and NLP-binding sites on the
genome would likely clarify the central role of NLPs in the nitrate
response system in higher plants.

Methods
Y1H screening. Reporter plasmids, p4�NRE-HIS and p4�NRE(M2)-HIS, were
constructed by inserting four copies of the wild-type or mutated NRE between the

EcoRI and XbaI sites of pHISi-1 and then used to transform the yeast strain
YM4271 (Matchmaker One-Hybrid System; Clontech Laboratories, Inc). Arabi-
dopsis cDNA were generated using RNA from 3-week-old leaves of wild-type
Arabidopsis (ecotype Columbia) and random or oligo-dT primers. The cDNA,
together with linearized pGAD-T7-Rec vector (Matchmaker Gold Yeast One-
Hybrid Library Screening System), were used to transform yeast harbouring the
4�NRE-HIS reporter gene. Transformants were grown on SD-Leu-His plates
containing 15mM 3-aminotriazole for 7 or 8 days at 26 �C for selection. For
confirmation of the results, cDNAs encoding the RWP-RK domain of Arabidopsis
NLPs were newly amplified by PCRs with cDNA libraries and then cloned into the
pGAD-T7 vector (Clontech Laboratories, Inc). Yeast harbouring 4�NRE-HIS or
4�NRE(M2)-HIS reporter genes were transformed using the resultant plasmids.
The primers used for cDNA cloning are listed in Supplementary Table S2.

Electrophoretic mobility shift assay. DNA fragments encoding the RWP-RK
domain were subcloned into pET32 (Merck Biosciences). His-tagged recombinant
proteins were expressed in E. coli using resultant vectors and purified using
Ni-NTA resin (His�Bind resin, Novagen) according to the manufacturer’s proto-
col. EMSA were performed as described previously46. Briefly, a 50-biotinylated
probe was generated by PCR with 50-end biotinylated primers. Recombinant
proteins (75 ng) were mixed with the 2.5 ng of biotin-labelled DNA probe in a
buffer containing 0.5 mg poly [d(I-C)], 20mM HEPES-KOH (pH 7.6), 3mM
MgCl2, 2mM dithiothreitol, 0.5mM EDTA, 30mM KCl, 30mM NaCl and 10%
glycerol, and then incubated at room temperature for 30min. The reaction
mixtures were subjected to electrophoresis in native 5% polyacrylamide gels in
0.5�TBE. The DNA in the gel was then transferred onto positively charged nylon
membranes (Biodyne B, PALL). The DNA on the membranes was detected using
streptavidin-conjugated horseradish peroxidase (Pierce).

Plant growth conditions. For quantitative reverse transcription PCR (RT–PCR)
analysis of nitrate-inducible expression, seeds were stratified in nitrogen-free
1/2MS medium (half-strength MS salts from which ammonium nitrate and
potassium nitrate were eliminated, Gamborg’s B5 vitamin mixture, and 0.5 g l� 1

MES (pH 5.7)) for 3 days and then incubated under continuous light at 23 �C for
germination and seedling growth. After 3.5 days, the medium was changed to fresh
nitrogen-free 1/2MS liquid medium supplemented with various concentrations of
KNO3. To analyse the induction of GUS activity by nitrate, seeds were sown on
agar plates containing nitrogen-free 1/2MS medium supplemented with 0.5%
sucrose. After stratification, the plates were placed vertically at 23 �C under con-
tinuous light for 3.5 days and 1ml of 10mM KCl or KNO3 solution was then
applied. The plates were placed horizontally and incubated for 4 h before collecting
shoots for the GUS assay. For phenotypic analysis, the transgenic lines expressing
NLP6-SUPRD were grown together with wild-type Arabidopsis (Columbia), an NR
mutant (G04-3)42 and the 4�NRE-min-GUS line (line #1)28 on nitrogen-free
1/2MS agar plates supplemented with 1% sucrose and either 5mM KNO3, 5mM
NH4NO3 or 2.5mM ammonium succinate. When ammonium succinate was
supplied as the nitrogen source, the pH of the medium was adjusted to 6.5. For the
preparation of mesophyll protoplasts, Arabidopsis (Columbia) were grown on peat
containing nutrients (Sakatanotane Co., Yokohama, Japan) at 23 �C for 3 weeks
under continuous light.

Protoplast transient assay. For the construction of effector plasmids to express
NLPs, EIN3 cDNA in the 35SC4PPDK-EIN3-MYC construct34 was replaced with
NLP cDNAs. To construct effector plasmids to express NLP6-VP16 and RWPRK-
VP16 proteins, the sequences for LexA and GR in the 35SC4PPDK-LexA-NLS-
VP16-GR construct34 were replaced with NLP6 cDNA or the sequence encoding
the RWP-RK domain of NLP6 and the sequence for a MYC-tag, respectively. The
MYC-tag sequence of a resultant construct, 35SC4PPDK- RWPRK, was replaced
with the sequence encoding one or four copies of the VP16 transcriptional
activation domain to generate effector plasmids to express RWPRK-VP32 and
-VP80. On the other hand, the sequence for the VP16 transcriptional activation
domain in another resultant construct, 35SC4PPDK-NLP6-VP16, was replaced
with the sequence for a repressor domain of SUPERMAN (175–204 amino acids)
to generate an effector plasmid for the expression of NLP6-SUPRD.

Similarly, effector plasmids that express LexA fusions were generated. The
effector plasmid for the expression of LexA alone was initially constructed by the
replacement of EIN3 cDNA in the 35SC4PPDK-EIN3-MYC construct with the
sequence encoding LexA and a nuclear localization signal. Using the obtained
plasmid, expression vectors for 6N-LexA-MYC and 6N-LexA-6C proteins were
generated. The sequence for the N-terminal region (1–546 amino acids) of NLP6
was inserted between the 35SC4PPDK promoter and the LexA coding region to
produce the expression vector for the 6N-LexA-MYC protein. Subsequently, the
plasmid used to express the 6N-LexA-6C protein was produced by replacement of
the MYC-tag sequence with the sequence encoding the C-terminal region of NLP6
(621–841 amino acids).

Reporter plasmids that contained the LUC reporter gene downstream of the
wild-type or mutated NIR1 promoter were constructed using the 1.27 kb DNA
fragment for the wild-type and mutated NIR1 promoters28. The promoters were
substituted for the 35S promoter in pJD301 (ref. 47). As our plasmid construction
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was performed using DNA fragments, which were obtained by PCR amplification
using the primers listed in Supplementary Table S2, all constructs were verified
by DNA sequencing.

Mesophyll protoplasts were isolated from rosette leaves. A reporter (6 mg) and an
effector plasmid (12 mg) were co-transfected together with an internal control
plasmid (UBQ10-GUS; 2 mg) into 2� 104 protoplasts by a polyethylene glycol-
mediated transfection method33. Transfected protoplasts were incubated overnight
at 23 �C in the dark in the absence of exogenous nitrate and then lysed with Cell
Culture Lysis Solution (Promega). Measurements of LUC and GUS activity with
cell lysate were performed with a Luciferase Assay System kit (Promega) and
a fluorescent substrate, 4-methylumbelliferyl-b-D-glucuronide, respectively34.
Relative LUC activity was calculated performed with obtained values34.

Generation of transgenic lines. For the construction of binary vectors to generate
transgenic Arabidopsis expressing NLP6-VP16, RWPRK-VP80 or NLP6-SUPRD
under the control of the 35S promoter, we initially generated a binary vector
pCB302-HYG-35S-GUS, which was generated by replacing the bar gene in
pCB302-35S-GUS48 with a hygromycin resistance gene. The GUS gene was then
replaced with DNA fragments encoding either NLP6-VP16, RWPRK-VP80 or
NLP6-SUPRD. Using these constructed binary vectors, the 4�NRE-min-GUS line
(line #1)28 was transformed with the floral dip method. Transgenic Arabidopsis
harbouring the GUS reporter gene under the control of the 8OP promoter was
generated by transformation of wild-type Arabidopsis (Columbia) using a binary
vector where the 35S promoter in pCB302-HYG-35S-GUS was replaced with the
8OP promoter. Transgenic Arabidopsis lines expressing LexA fusions were
produced by retransformation of the transgenic Arabidopsis plants with binary
vectors for the expression of LexA-MYC, LexA-VP16, 6N-LexA-MYC or
6N-LexA-6C under the control of the 35S promoter, which were constructed by
replacement of the GUS gene in pCB302-35S-GUS48 with DNA fragments
encoding either LexA-MYC, LexA-VP16, 6N-LexA-MYC or 6N-LexA-6C.

Quantitative reverse transcription PCR. RNA preparation and qRT-PCR were
performed as described previously28. Briefly, reverse transcription were performed
with SuperScript II reverse transcriptase (Invitrogen) and the oligo-dT primer, and
PCR reactions were performed with a StepOne Plus Real Time PCR System
(Applied Biosystems) using the KAPA SYBR Fast quantitative PCR Kit (KAPA
Biosystems). The primers used are listed in Supplementary Table S2.

GUS staining and measurements of transgenic plants. For histochemical GUS
staining, seedlings were fixed in ice-cold 90% acetone, rinsed in 0.1M NaPO4

buffer (pH7.4) and incubated in X-Gluc buffer (0.1M NaPO4 (pH7.4), 0.5mM
potassium ferricyanide, 0.5mM potassium ferrocyanide, 0.5mgml� 1 5-bromo-4-
chloro-3-indolyl-b-D-glucuronide cyclohexylammonium salt) at 37 �C28,48. Stained
samples were observed under a stereomicroscope (MZ16F, Leica Microsystems,
Germany) and photographed with a DXM1200C digital camera (Nikon, Japan).
Measurements of GUS activity were performed as described previously28.
The shoots were homogenized in extraction buffer (50mM NaPO4 (pH 7.4),
10mM EDTA, 0.1% Triton X-100, 0.1% sodium lauryl sarcosine, 10mM
b-mercaptoethanol), and enzyme reactions were carried out with the extract
in the extraction buffer containing 1mM 4-methylumbelliferyl-b-D-glucuronide.
Fluorescence of released 4-methylumbelliferone was measured using the Infinite
M1000 microplate reader (TECAN Group Ltd).

References
1. Scheible, W. R. et al. Nitrate acts as a signal to induce organic acid metabolism

and repress starch metabolism in tobacco. Plant Cell 9, 783–798 (1997).
2. Zhang, H. & Forde, B. G. An Arabidopsis MADS box gene that controls

nutrient-induced changes in root architecture. Science 279, 407–409 (1998).
3. Zhang, H. & Forde, B. G. Regulation of Arabidopsis root development by

nitrate availability. J. Exp. Bot. 51, 51–59 (2000).
4. Stitt, M. Nitrate regulation of metabolism and growth. Curr. Opin. Plant Biol.

2, 178–186 (1999).
5. Crawford, N. M. & Forde, B. G. in The Arabidopsis Book (eds Somerville, C. R.

& Meyerowitz, E. M.) (American Society of Plant Biologists, 2002).
6. Forde, B. G. Local and long-range signaling pathways regulating plant

responses to nitrate. Annu. Rev. Plant Biol. 53, 203–224 (2002).
7. Sakakibara, H., Takei, K. & Hirose, N. Interactions between nitrogen and

cytokinin in the regulation of metabolism and development. Trends Plant Sci.
11, 440–448 (2006).

8. Gojon, A., Nacry, P. & Davidian, J. C. Root uptake regulation: a central process
for NPS homeostasis in plants. Curr. Opin. Plant Biol. 12, 328–338 (2009).

9. Wang, R., Okamoto, M., Xing, X. & Crawford, N. M. Microarray analysis of the
nitrate response in Arabidopsis roots and shoots reveals over 1,000 rapidly
responding genes and new linkages to glucose, trehalose-6-phosphate, iron, and
sulfate metabolism. Plant Physiol. 132, 556–567 (2003).

10. Scheible, W. R. et al. Genome-wide reprogramming of primary and secondary
metabolism, protein synthesis, cellular growth processes, and the regulatory

infrastructure of Arabidopsis in response to nitrogen. Plant Physiol. 136,
2483–2499 (2004).

11. Price, J., Laxmi, St A., Martin, S. K. & Jang, J. C. Global transcription profiling
reveals multiple sugar signal transduction mechanisms in Arabidopsis. Plant
Cell 16, 2128–2150 (2004).

12. Bi, Y. M., Wang, R. L., Zhu, T. & Rothstein, S. J. Global transcription profiling
reveals differential responses to chronic nitrogen stress and putative nitrogen
regulatory components in Arabidopsis. BMC Genomics 8, 281 (2007).

13. Wang, R. et al. Genomic analysis of the nitrate response using a nitrate
reductase-null mutant of Arabidopsis. Plant Physiol. 136, 2512–2522
(2004).

14. Gowri, G., Kenis, J. D., Ingemarsson, B., Redinbaugh, M. G. & Campbell, W. H.
Nitrate reductase transcript is expressed in the primary response of maize to
environmental nitrate. Plant Mol. Biol. 18, 55–64 (1992).

15. Sakakibara, H., Takei, K. & Sugiyama, T. Isolation and characterization of a
cDNA that encodes maize uroporphyrinogen III methyltransferase, an enzyme
involved in the synthesis of siroheme, which is prosthetic group of nitrite
reductase. Plant J. 10, 883–892 (1996).

16. Remans, T. et al. The Arabidopsis NRT1.1 transporter participates in the
signaling pathway triggering root colonization of nitrate-rich patches. Proc.
Natl Acad. Sci. USA 103, 19206–19211 (2006).

17. Gan, Y., Bernreiter, A., Filleur, S., Abram, B. & Forde, B. G. Overexpressing the
ANR1 MADS-Box gene in transgenic plants provides new insights into its role
in the nitrate regulation of root development. Plant Cell Physiol. 53, 1003–1016
(2012).

18. Todd, C. D., Zeng, P., Huete, A. M., Hoyos, M. E. & Polacco, J. C. Transcripts of
MYB-like genes respond to phosphorous and nitrogen deprivation in
Arabidopsis. Planta 219, 1003–1009 (2004).

19. Castaings, L. et al. The nodule inception-like protein 7 modulates nitrate
sensing and metabolism in Arabidopsis. Plant J. 57, 426–435 (2009).

20. Schauser, L., Roussis, A., Stiller, J. & Stougaard, J. A plant regulator controlling
development of symbiotic root nodules. Nature 402, 191–195 (1999).

21. Rubin, G., Tohge, T., Matsuda, F., Saito, K. & Scheible, W. R. Members of the
LBD family of transcription factors repress anthocyanin synthesis and affect
additional nitrogen responses in Arabidopsis. Plant Cell 21, 3567–3584 (2009).

22. Bi, Y. M. et al. Genetic analysis of Arabidopsis GATA transcription factor gene
family reveals a nitrate-inducible member important for chlorophyll synthesis
and glucose sensitivity. Plant J. 44, 680–692 (2005).

23. Ho, C. H., Lin, S. H., Hu, H. C. & Tsay, Y. F. CHL1 functions as a nitrate sensor
in plants. Cell 138, 1184–1194 (2009).

24. Hu, H. C., Wang, Y. Y. & Tsay, Y. F. AtCIPK8, a CBL-interacting protein
kinase, regulates the low-affinity phase of the primary nitrate response. Plant J.
57, 264–278 (2009).

25. Stewart, V. Dual interacting two-component regulatory systems mediate
nitrate- and nitrite-regulated gene expression in Escherichia coli. Res. Microbiol.
145, 450–454 (1994).

26. Fernandez, E. & Galvan, A. Nitrate assimilation in Chlamydomonas. Eukaryot.
Cell 7, 555–559 (2008).

27. Marzluf, G. A. Genetic regulation of nitrogen metabolism in the fungi.
Microbiol. Mol. Biol. Rev. 61, 17–32 (1997).

28. Konishi, M. & Yanagisawa, S. Identification of a nitrate-responsive
cis-element in the Arabidopsis NIR1 promoter defines the presence of multiple
cis-regulatory elements for nitrogen response. Plant J. 63, 269–282 (2010).

29. Konishi, M. & Yanagisawa, S. Roles of the transcriptional regulation mediated
by the nitrate-responsive cis-element in higher plants. Biochem. Biophys. Res.
Commun. 411, 708–713 (2011).

30. Ferris, P. J. & Goodenough, U. W. Mating type in Chlamydomonas is specified
by mid, the minus-dominance gene. Genetics 146, 859–869 (1997).

31. Schauser, L., Wieloch, W. & Stougaard, J. Evolution of NIN-like proteins in
Arabidopsis, rice, and Lotus japonicus. J. Mol. Evol. 60, 229–237 (2005).

32. Konishi, M. & Yanagisawa, S. The regulatory region controlling the nitrate-
responsive expression of a nitrate reductase gene, NIA1, in Arabidopsis. Plant
Cell. Physiol. 52, 824–836 (2011).

33. Yoo, S. D., Cho, Y. H. & Sheen, J. Arabidopsis mesophyll protoplasts: a versatile
cell system for transient gene expression analysis. Nat. Protoc. 2, 1565–1572
(2007).

34. Yanagisawa, S., Yoo, S. D. & Sheen, J. Differential regulation of EIN3 stability
by glucose and ethylene signalling in plants. Nature 425, 521–525 (2003).

35. Zhang, A. P., Pigli, Y. Z. & Rice, P. A. Structure of the LexA-DNA complex and
implications for SOS box measurement. Nature 466, 883–886 (2010).

36. Hiratsu, K., Ohta, M., Matsui, K. & Ohme-Takagi, M. The SUPERMAN protein
is an active repressor whose carboxy-terminal repression domain is required for
the development of normal flowers. FEBS Lett. 514, 351–354 (2002).

37. Hiratsu, K., Matsui, K., Koyama, T. & Ohme-Takagi, M. Dominant repression
of target genes by chimeric repressors that include the EAR motif, a repression
domain, in Arabidopsis. Plant J. 34, 733–739 (2003).

38. Kubo, M. et al. Transcription switches for protoxylem and metaxylem vessel
formation. Genes Dev. 19, 1855–1860 (2005).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2621

8 NATURE COMMUNICATIONS | 4:1617 | DOI: 10.1038/ncomms2621 | www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


39. Heyl, A. et al. The transcriptional repressor ARR1-SRDX suppresses pleiotropic
cytokinin activities in Arabidopsis. Plant Physiol. 147, 1380–1395 (2008).

40. Koyama, T., Furutani, M., Tasaka, M. & Ohme-Takagi, M. TCP transcription
factors control the morphology of shoot lateral organs via negative regulation of
the expression of boundary-specific genes in Arabidopsis. Plant Cell 19,
473–484 (2007).

41. Eklund, D. M. et al. The Arabidopsis thaliana STYLISH1 protein acts as a
transcriptional activator regulating auxin biosynthesis. Plant Cell 22, 349–363
(2010).

42. Wilkinson, J. Q. & Crawford, N. M. Identification and characterization of a
chlorate-resistant mutant of Arabidopsis thaliana with mutations in both
nitrate reductase structural genes NIA1 and NIA2. Mol. Gen. Genet. 239,
289–297 (1993).

43. Sakakibara, H., Kobayashi, K., Deji, A. & Sugiyama, T. Partial characterization
of the signaling pathway for the nitrate-dependent expression of genes for
nitrogen-assimilatory enzymes using detached maize leaves. Plant Cell Physiol.
38, 837–843 (1997).

44. Guilfoyle, T. J. & Hagen, G. Auxin response factors. Curr. Opin. Plant Biol. 10,
453–460 (2007).

45. Mason, M. G. et al. Multiple type-B response regulators mediate
cytokinin signal transduction in Arabidopsis. Plant Cell 17, 3007–3018
(2005).

46. Konishi, M. & Yanagisawa, S. Ethylene signaling in Arabidopsis involves
feedback regulation via the elaborate control of EBF2 expression by EIN3.
Plant J. 55, 821–831 (2008).

47. Luehrsen, K. R., de Wet, J. R. & Walbot, V. Transient expression analysis in
plants using firefly luciferase reporter gene. Methods Enzymol. 216, 397–414
(1992).

48. Konishi, M. & Yanagisawa, S. Sequential activation of two Dof transcription
factor gene promoters during vascular development in Arabidopsis thaliana.
Plant Physiol. Biochem. 45, 623–629 (2007).

Acknowledgements
We thank ABRC for providing NR mutant seeds. This research was supported in part by
the CREST programme from JST, KAKENHI (22380043) from the Japan Society for the
Promotion of Science (JSPS) and a Grant-in-Aid for Scientific Research on Innovative
Areas (21114004) from the Ministry of Education, Culture, Sports, Science and
Technology of Japan (MEXT) to S.Y., and a Grant-in-Aid for JSPS fellows to M.K.

Author contributions
M.K. and S.Y. planned the experiments. M.K. performed the experiments. M.K. and S.Y.
wrote the paper.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Konishi, M. et al. Arabidopsis NIN-like transcription factors have
a central role in nitrate signalling. Nat. Commun. 4:1617 doi: 10.1038/ncomms2621
(2013).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2621 ARTICLE

NATURE COMMUNICATIONS | 4:1617 | DOI: 10.1038/ncomms2621 | www.nature.com/naturecommunications 9

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	Arabidopsis NIN-like transcription factors have a central role in nitrate signalling
	Introduction
	Results
	Identification of NLPs as NRE-binding proteins
	NLPs are transcriptional activators
	Enhancement of NLP activity promotes nitrate-inducible gene expression
	The N-terminal region of NLP6 receives nitrate signals
	Phenotypic effects of suppression of NLP function
	Suppression of NLP downregulates nitrate-inducible genes

	Discussion
	Methods
	Y1H screening
	Electrophoretic mobility shift assay
	Plant growth conditions
	Protoplast transient assay
	Generation of transgenic lines
	Quantitative reverse transcription PCR
	GUS staining and measurements of transgenic plants

	Additional information
	Acknowledgements
	References




