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ABSTRACT 

  

Nitrogen (N) is an essential macronutrient for plants, and a major limiting factor for plant 

growth and crop production. Nitrate is the main source of N available to plants in agricultural soils 

and in many natural environments. Sustaining agricultural productivity is of paramount importance 

in the current scenario of increasing world population, diversification of crop uses, and climate 

change. Plant productivity for major crops around the world is however still supported by excess 

application of N-rich fertilizers with detrimental economic and environmental impacts. Thus, 

understanding how plants regulate nitrate uptake and metabolism is key for developing new crops 

with enhanced N use efficiency (NUE) and to cope with future world food demands. The study of 

plant responses to nitrate has gained considerable interest over the last thirty years. This review 

provides an overview of key findings in nitrate research, spanning biochemistry, molecular 

genetics, genomics and systems biology. We discuss how we have reached our current view of 

nitrate transport, local and systemic nitrate sensing/signaling, and the regulatory networks 

underlying nitrate-controlled outputs in plants. We hope this summary will serve not only as a 

timeline and information repository, but also as a baseline to define outstanding questions for 

future research.  

 

 

FOOTNOTES: 

This review mentions over 150 genes by name. We will not spell out the acronyms in the main 

text for fear of interrupting the flow of the narrative. All gene acronyms, alternate names in the 

literature and their full names are listed in Supplemental Data Set 1. 
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INTRODUCTION 

 

Nitrogen (N) is an essential macronutrient for plants and its availability is a key 

determinant for plant growth and productivity. N nutrients can be provided as inorganic (nitrate 

NO3–, ammonium NH4+) or organic forms (amino acids, urea). However, nitrate is the main source 

of N both in agricultural and in many natural systems (Crawford and Forde, 2002). N fertilizer 

consumption is currently approximately 118 million tons per year worldwide, representing 59% 

of total fertilizer nutrient used (FAO, 2017). The massive production and application of inorganic 

N fertilizers have contributed significantly to support and sustain the enormous rise in crop yield 

over the past century. However, fertilizer overuse has also led to the destruction of aquatic 

ecosystems and the formation of oceanic “dead zones” from eutrophication in coastal regions 

worldwide. N soil absorption is low, meaning that plants can only use about 50 to 75 % of the N 

input from fertilizers in a given season (Gutierrez, 2012). Nitrate that is not retained in the soil 

leaches into groundwater and is an important contributor to eutrophication. Furthermore, 

agriculture management practices are an important contributor to nitrous oxide emissions, a key 

greenhouse gas contributing to global warming. A key goal in driving N research is therefore to 

maintain high crop yields while reducing excess N-load to the environment by improving N use 

efficiency (NUE). A better understanding of the biology of N nutrition is key for achieving this 

goal. 

The identification of genes encoding N uptake carriers, assimilation enzymes, and their 

regulators relied heavily on extensive biochemical and genetic studies in plants, algae and fungi. 

Figure 1 represents a timeline of some of the key publications in nitrate signaling over the last 70 

years, and Supplemental Data Set 2 provides an extended (but non-exhaustive) list of the key 

publications involved in nitrate uptake, transport, and signaling, discussed in this section.  

In 1953, soybean nitrate reductase (NR) was purified by Evans and Nason and its nitrate 

reductive activity confirmed in vitro (Evans and Nason, 1953). The 1980s saw the cloning of genes 

related to N-metabolism, including NR. Nitrate was also shown to control NR mRNA and protein 

levels in plants (Crawford et al., 1986; Cheng et al., 1986; Calza et al., 1987; Crawford et al., 

1988). During the 1990s, several inorganic N transporters were identified. Tsay et al. isolated and 

characterized the first plant nitrate transporter, CHLORINA1 (CHL1), known today as NITRATE 

TRANSPORTER1.1 (NRT1.1) or NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER 
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FAMILY6.3 (NPF6.3), and showed that the mRNA levels of the encoding gene were induced by 

nitrate (Tsay et al., 1993). Although first described as a low-affinity transporter, NRT1.1/NPF6.3 

(hereafter referred to as NRT1.1) was later shown to be a dual-affinity nitrate transporter, the 

switch from low to high affinity being mediated by phosphorylation of Thr 101 (Liu and Tsay, 

2003). NRT2.1 was isolated using degenerate oligonucleotides designed against conserved regions 

of nitrate transporters from fungi and algae (Zhuo et al., 1999), and its mRNA was also shown to 

be induced by nitrate treatments (Wang et al., 1998; Zhuo et al., 1999). 

In the late 1990s, the first transcription factor (TF) involved in nitrate responses was 

identified in Arabidopsis (Arabidopsis thaliana): ANR1, a root-expressed and nitrate-induced gene 

encoding a MIKC-type MADS box TF. ANR1 was shown to have a positive role in lateral root 

(LR) proliferation in nitrate-rich patches (Zhang and Forde, 1998). These results provided the first 

molecular basis for the effect of nitrate on controlling plant growth. During the first decade of the 

2000s, genome-wide transcriptome studies began to unravel the full extent of nitrate impact on 

gene expression. Microarray and RNA-sequencing analysis showed that nitrate not only controlled 

the expression of genes involved in nitrate transport and assimilation, but also hundreds to 

thousands of genes involved in other processes such as carbon (C), sulfate, amino acid and 

nucleotide metabolism, hormone biosynthesis and response, as well as a myriad of TFs (Wang et 

al., 2000; Wang et al., 2001; Wang et al., 2003). At the same time, the increasing amount of data 

available on gene expression and molecular interactions allowed the rise of systems biology 

approaches to model nitrate-controlled regulatory networks (Gutiérrez et al., 2007; Gifford et al., 

2008; Gutiérrez et al., 2008).  

The identification of NRT1.1 as a nitrate sensor in 2009 was a major milestone in nitrate 

signaling (Ho et al., 2009). That same year, researchers identified NLP7, one of the best studied 

TFs in the N-response. NLP7 controls responses to nitrate by a nuclear retention mechanism that 

is triggered by nitrate availability (Castaings et al., 2009; Wang et al., 2009). At the beginning of 

the 2010s, high throughput small RNA (sRNA) sequencing was used to identify sRNAs involved 

in nitrate responses. A nitrate-induced regulatory module between microRNA 393 (miR393) and 

AFB3 was identified: it integrated external nitrate availability, internal organic N signals and root 

auxin sensitivity to control root architecture (Vidal et al., 2010). Likewise, studies of nitrate 

responses in specific root cell types uncovered a role for miR167 and ARF8 in LR emergence 

(Gifford et al., 2008). In addition, a function for NRT1.1 in transporting auxin provided a 
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molecular mechanism to explain LR elongation in response to external nitrate (Krouk et al., 

2010b). Other TFs important to the nitrate response such as TGA1 and TGA4, NLP6, HRS1 and 

HHO1, NAC4, SPL9, TCP20, LBD37/38/39 and NRG2 were identified shortly after (Rubin et al., 

2009; Krouk et al., 2010a; Vidal et al., 2013; Alvarez et al., 2014; Guan et al., 2014; Medici et al., 

2015; Xu et al., 2016b). More recently, the development of ultrasensitive biosensors and 

considerable advances in live microscopy identified calcium as an important second messenger in 

nitrate signaling (Riveras et al., 2015; Liu et al., 2017). Coupled with the recent discovery of a 

calcium-dependent signaling pathway involving calcium-dependent kinases (CPKs) that 

phosphorylate NLP7 to control its subcellular localization, these results represent a major advance 

linking nitrate sensing to changes in the transcriptome, root and shoot growth (Liu et al., 2017).  

In addition to primary nitrate responses, systemic N signaling has also received much 

attention. Development of the split-root system was instrumental, which allowed the identification 

of nitrate-cytokinin interactions in systemic N-signaling (Ruffel et al., 2011; Ruffel et al., 2016; 

Ruffel and Gojon, 2017). The relevant molecular players have also been identified, including the 

translocation of the peptide Cle and of the transcription factor HY5 from shoots to roots (Araya et 

al., 2014b ; Chen et al., 2016).  

Today, advances in DNA sequencing and high-throughput genomic technologies have 

permitted substantial progress in deciphering gene regulatory networks controlling responses to 

nitrate. The analysis of time-series data (Krouk et al., 2010a; Varala et al., 2018; Brooks et al., 

2019), yeast-1-hybrid technology (Gaudinier et al., 2018), and genome-wide chromatin 

accessibility and RNA polymerase II Chromatin Immunoprecipitation followed by deep-

sequencing (ChIP-Seq) assays (Alvarez et al., 2019) all helped identify TF-DNA interactions in 

networks involved in nitrate responses. Perhaps not surprisingly, nitrate and hormone signaling 

networks are interconnected (Ristova et al., 2016). 

Finally, the increasing availability of high-quality genomes and genetic resources for plants 

makes it possible to extend our vast knowledge to crops (e.g. the OsNRT1.1b gene in rice, (Hu et 

al., 2015)) and other plants of economic importance, with the aim to improve agronomic traits such 

as NUE, seed quality, and flowering time, among other potential uses.  

 

 

MOLECULAR MECHANISMS OF NITRATE TRANSPORT  
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 The molecular basis of nitrate uptake by the root has been studied intensively over the past 

30 years. Plants employ two different uptake systems depending on how much external nitrate is 

available: the high (HATS) and low (LATS) affinity transport systems, operating at low (< 1mM) 

or high (> 1mM) nitrate concentrations, respectively (Crawford and Glass, 1998).  

 

Nitrate transporters 

The Arabidopsis genome has 53 NRT1/NPF genes and 7 NRT2 genes (Supplemental Tables 

1 and 2); the NPF family is responsible for LATS (Leran et al., 2014) while the NRT2/NNP 

(Nitrate-Nitrite Porter) functions in HATS (Orsel et al., 2002; Krapp et al., 2014). Although most 

NRT2 and NPF transporters have yet to be functionally characterized, four NRT2 transporters 

(NRT2.1, NRT2.2, NRT2.4 and NRT2.5) and two NPF transporters (NRT1.1 and NRT1.2) are 

components of root nitrate uptake (Tsay et al., 1993; Huang et al., 1999; Filleur et al., 2001; Kiba 

et al., 2012; Lezhneva et al., 2014). NRT1.1 is the only demonstrated dual-affinity nitrate 

transporter, and a putative nitrate transceptor (a portmanteau for a transporter-receptor) (Wang et 

al., 1998; Liu et al., 1999; Ho et al., 2009). Within the NRT2/NPF family, NRT2.1 predominantly 

localizes to the plasma membrane of root epidermal and cortical cells, where the bulk of nitrate 

uptake occurs (Chopin et al., 2007; Wirth et al., 2007).  

Among NPF transporters, 13 have been found to be involved in root-to-shoot transport, 

seed development or N storage (Wang et al., 2018). NPF2.7, also called NAXT1, is the only known 

root nitrate efflux transporter identified to date (Segonzac et al., 2007). The gene is specifically 

expressed in seeds, where it controls nitrate content and dormancy (Chopin et al., 2007). In addition 

to NPF and NRT2 transporters, members of the CLC and SLAC/SLAH protein families facilitate 

nitrate transport inside the plant. SLAC/SLAH is a small protein family encoded by 5 genes that 

displays a common predicted structure of 10 transmembrane domains. Among them, SLAC1 and 

SLAH3 are characterized by NO3–/Cl– permeability and appear to be involved in the regulation of 

stomatal closure (Negi et al., 2008; Geiger et al., 2011). In contrast, SLAH2 is expressed in the 

stele of the root and encodes an anion channel that transports nitrate exclusively (Maierhofer et al., 

2014) and may facilitate nitrate transport between root and shoot. Seven CLC genes have been 

identified in Arabidopsis. CLCa and CLCb proteins are  NO3–/H+ antiporters involved in vacuolar 

nitrate storage (De Angeli et al., 2006; von der Fecht-Bartenbach et al., 2010), and are the only 
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two (out of over 20 nitrate transporters) that do not localize to the plasma membrane. Clearly, there 

is much to learn about the function of vacuolar nitrate transporters. 

  

Transcriptional Control of Nitrate Transport 

There are two major mechanisms that coordinate root nitrate uptake as a function of 

external nitrate supply and internal N demand (Crawford and Glass, 1998; Gojon et al., 2009). 

First, the expression of nitrate transporters NRT2.1 and NRT1.1 is rapidly induced shortly after 

nitrate treatment (Tsay et al., 1993; Filleur and Daniel-Vedele, 1999; Lejay et al., 1999; Zhuo et 

al., 1999; Okamoto et al., 2003). Second, a negative feedback exerted by a high N status (at the 

whole plant level or from external high nitrate), represses NRT2.1, NRT2.2, NRT2.4 and NRT2.5 

expression once N needs are met (Lejay et al., 1999; Zhuo et al., 1999; Kiba et al., 2012; Lezhneva 

et al., 2014). This feedback repression is lifted when plants (re)experience N limitation, resulting 

in a strong increase in HATS capacity that improves N uptake. Feedback repression of NRT2.1 is 

suppressed or strongly attenuated in nrt1.1 mutants (Muños et al., 2004), although ammonium- or 

nitrate-fed nrt1.1 mutants are not N-deficient, suggesting that NRT2.1 expression is not only 

repressed by reduced N metabolites, but also by nitrate itself. In fact, further studies revealed that 

NRT2.1 was highly induced under low nitrate/high ammonium availability even in wild-type 

plants. This shows that, at least for NRT2.1, feedback repression exerted by high N status is more 

complex and involves both 1) feedback repression by reduced N metabolites or mobile peptides 

and 2) NRT1.1-mediated repression by high external nitrate (Krouk et al., 2006; Ohkubo et al., 

2017).  

In addition, nitrate uptake is a highly integrated process, determined not only by nitrate 

availability and the N demand of the plant, but also by C produced by photosynthesis in order to 

balance levels of root nitrate uptake against the availability of C metabolites (Delhon et al., 1995; 

Lejay et al., 1999; Lejay et al., 2003). The coordination of photosynthesis (and thus C metabolism) 

with root N uptake involves the bZIP transcription factor HY5, which can translocate from shoots 

to roots upon light illumination to control NRT2.1 expression, nitrate uptake and root growth (Chen 

et al., 2016). Light and sugars can also control root nitrate uptake by modulating NRT2.1, NRT2.4 

and NRT1.1 expression, as can an Oxidative Pentose Phosphate Pathway (OPPP)-dependent 

signaling mechanism (Lejay et al., 2008; de Jong et al., 2014). It is interesting to note that the 

control of gene expression by an OPPP-derived signal extends to nitrate assimilatory genes in 
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response to sucrose in the roots (Bussell et al., 2013; de Jong et al., 2014). Understanding the 

signaling mechanism linked to OPPP could be key to determining how C and N signaling pathways 

are integrated to modulate root nitrate uptake.  

  

Post-translational control of nitrate transport 

Most studies of nitrate transporters have focused on their transcriptional regulation, but 

increasing evidence highlights the importance of post-translational control. Phosphorylation plays 

an important role in the regulation of NRT1.1 and AMT1.1. For NRT1.1, low nitrate 

concentrations trigger phosphorylation of Thr 101 (Liu and Tsay, 2003) and lead to a switch to its 

high affinity function. Conversely, NRT1.1 remains a low affinity transporter when Thr 101 is not 

phosphorylated at high nitrate concentrations.  

Post-translational modifications also control the activity of NRT2 transporters. NRT2.1 

shows no detectable nitrate transport activity in the absence of NRT3.1 (Okamoto et al., 2006a; 

Orsel et al., 2006). In agreement, frog (Xenopus laevis) oocytes co-injected with NRT3.1/NAR2.1 

and NRT2.1 show pH-dependent and nitrate-elicited currents, while oocytes injected with either 

NRT2.1 or NRT3.1 alone do not (Zhou et al., 2000). Phosphorylation also appears to play a major 

role in post-translational regulation of the HATS activity of NRT2.1. NRT2.1 is phosphorylated 

at Ser 28 when plants are N-starved but rapidly dephosphorylated upon nitrate resupply 

(Engelsberger and Schulze, 2012). Furthermore, Ser 11 is dephosphorylated and Thr 521 

phosphorylated upon nitrate starvation (Menz et al., 2016) and mimicking constitutive 

phosphorylation of Ser 501 prevents NRT2.1 nitrate uptake activity (Jacquot et al., 2019).  

All NRT2 transporters in Arabidopsis, except NRT2.7, can interact with NRT3.1 in yeast. 

The presence of a Ser residue at or near the same position as in NRT2.1 is conserved in the six 

remaining NRT2 proteins in Arabidopsis (Kotur et al., 2012; Jacquot et al., 2019), and is well 

conserved across NRT2.1 homologs in green algae and land plants  (Jacquot et al., 2019). This 

supports the idea that post-translational regulatory mechanisms are of strategic importance for root 

nitrate uptake not only in Arabidopsis but also in crops.  

Research on nitrate transporters over the years has therefore greatly contributed to our 

current understanding of the nitrate transport machinery in plants and its regulation by external 

signals. Moreover, this body of work revealed unexpected functions of nitrate transporters in 

nitrate sensing and signaling. As we discuss on the next section, NRT1.1 has received particular 
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attention over the last decade due to its proposed role as a nitrate sensor controlling gene expression 

and plant development in response to nitrate availability, and also due to its ability to transport 

auxin, a key hormone controlling root growth.  

 

 

MOLECULAR MECHANISMS OF LOCAL AND SYSTEMIC NITRATE SIGNALING 

Nitrate, a Nutrient Signal Controlling Global Gene Expression 

In the last 20 years, extensive use of transcriptomics analysis has shown that the expression 

of a considerable fraction of plant genes is modulated by nitrate treatments (approximately 10% 

of annotated genes in Arabidopsis) (Canales et al., 2014). Such genes are not limited to processes 

directly related to nitrate (e.g. nitrate transport, reduction or assimilation), but also include genes 

involved in metabolism of other nutrients (such as C, sulfate, phosphate (P), iron), hormone 

biosynthesis and signaling, and regulatory genes including kinases, phosphatases and TFs involved 

in growth and developmental processes (Wang et al., 2000; Wang et al., 2003; Wang et al., 2004; 

Gutiérrez et al., 2007; Krouk et al., 2010a). The transcriptome response to nitrate is highly 

dynamic, and changes in transcript expression can be detected as quickly as within 3 min of nitrate 

exposure (Krouk et al., 2010b; Varala et al., 2018). The nitrate response is also cell- and tissue-

specific (Gifford et al., 2008; Walker et al., 2017). A meta-analysis of the transcriptomic response 

of nitrate-treated roots revealed that ~60% of nitrate-responsive genes respond to nitrate in only 

one experiment, highlighting the context-specific and complex nature of the nitrate response 

(Canales et al., 2014).  

NR-null plants cannot reduce nitrate to nitrite, the first step in the nitrate assimilation 

pathway. Nitrate transport and assimilation genes, as well as genes coding for enzymes in C 

metabolism, are still controlled by changes in nitrate availability in NR-null plants, pointing to a 

role for nitrate as a signaling molecule (Scheible et al., 1997). Years later, microarray analysis 

showed that a significant fraction (~ 38%) of nitrate-responsive genes in Arabidopsis was able to 

respond to nitrate in both wild-type and NR-null plants, indicating that their response was 

independent of nitrate reduction and assimilation (Wang et al., 2004). These experiments were 

critical to demonstrating the signaling role of nitrate, in addition to its well-known nutritional role.  

Nitrate can control long-term responses related to changes in growth and development, as 

discussed in further sections. Transcriptome reprogramming in response to nitrate is supported by 
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a temporal hierarchy of TFs that initiates dynamic gene regulatory networks (GRNs), which act at 

the cellular level to orchestrate organ responses (Varala et al., 2018). In Arabidopsis roots, nitrate 

triggers functionally distinct but coordinated responses across different cell types (Gifford et al., 

2008; Walker et al., 2017). For example, nitrate regulation of auxin signaling in pericycle cells has 

been linked to LR formation in response to nitrate (Gifford et al., 2008; Vidal et al., 2013; Yu et 

al., 2016; Walker et al., 2017).  

 

NRT1.1/NPF6.3 is a Nitrate Transceptor 

The idea that nitrate could act as a signal led to a search for a nitrate sensor that would 

directly bind nitrate and activate downstream signaling pathways, similar to the NarX/NarL two-

component  system in bacteria (Nohno et al., 1989). Phenotypic and transcriptomic analyses of 

nitrate transporter mutants offered clues as to the identity of the nitrate-sensing apparatus. It turned 

out to be the transporter itself: NRT1.1, first identified as a gene responsible for chlorate sensitivity 

in Arabidopsis (Tsay et al., 1993). The resolution of the crystal structure of Arabidopsis NRT1.1 

was key for understanding the molecular basis of its dual-affinity dependent on nitrate availability. 

Crystallized NRT1.1 adopts a dimer conformation, with each N-terminal half facing and 

interacting with each other (Parker and Newstead, 2014; Sun et al., 2014b), as suggested from in 

vitro crosslinking and Fluorescence Resonance Energy Transfer experiments in Xenopus oocytes 

(Sun et al., 2014b). Importantly, phosphorylation of Thr 101 interferes with NRT1.1 dimerization 

by introducing electrostatic and conformational changes into the monomers (Sun et al., 2014b). 

Unmodified NRT1.1 therefore adopts a dimer configuration suitable for low-affinity nitrate 

uptake, while low N-mediated phosphorylation at Thr 101 triggers conversion to a monomer with 

higher structure flexibility, which might explain the switch to high affinity (Parker and Newstead, 

2014).  

NRT1.1 expression in rapidly growing tissues such as the pericycle during LR formation, 

together with impaired LR primordia elongation in nrt1.1 mutants, suggested that NRT1.1 function 

was not restricted to nitrate transport (Guo et al., 2001). Further work proposed a signaling role 

for NRT1.1 in the control of the high-affinity transporter NRT2.1 (Muños et al., 2004) and for the 

induction of LR elongation by localized high nitrate availability (Remans et al., 2006).  

Demonstration that NRT1.1 acted as a nitrate transceptor came in 2009 (Ho et al., 2009). 

Transceptors are commonly involved in nutrient transport and sensing in many organisms 
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(reviewed by Kriel et al., 2011; Steyfkens et al., 2018). Evidence that NRT1.1 was a nitrate 

transceptor was obtained with an nrt1.1 mutant that prevented nitrate uptake but retained induction 

of gene expression in response to nitrate, including NRT2.1 expression (Ho et al., 2009). We now 

know that NRT1.1 can activate multiple mechanisms of nitrate sensing and signaling required for 

regulation of nitrate-responsive genes in Arabidopsis roots (Wang et al., 2009; Bouguyon et al., 

2015), but also affects diverse biological processes including root development and architecture, 

auxin transport, seed dormancy, flowering time and stomatal movements (Fan et al., 2017; Zhang 

et al., 2018; Fredes et al., 2019).  

 

The Backbone of N Signaling 

While the identification of NRT1.1 as a nitrate transceptor was clearly critical, much 

remained unanswered as to how nitrate was sensed and transduced into changes in gene expression 

(Figure 2). For instance: how is NRT1.1 phosphorylation regulated? The kinase CIPK23 interacts 

with CBL9 or CBL1 and phosphorylates NRT1.1 at Thr 101 under low nitrate conditions, 

switching the transporter to its high-affinity function (Ho et al., 2009). Besides this switch in nitrate 

affinity, the phosphorylation state at Thr 101 also controls the expression of downstream genes 

such as the NRT2.1 transporter and genes involved in N, sulfur and selenium metabolism (Ho et 

al., 2009; Bouguyon et al., 2015). The protein phosphatase 2C ABI2, normally involved in abscisic 

acid (ABA) signaling, can dephosphorylate CBL1 and CIPK23, thereby inactivating this calcium-

sensor/kinase complex and preventing NRT1.1 phosphorylation (Léran et al., 2015). abi2 and 

nrt1.1 mutants have similar phenotypes, including the loss of low nitrate-dependent NRT2.1 

expression and failure to induce LR elongation in high nitrate versus low nitrate sides in a split-

root experimental design (Léran et al., 2015). Since ABA binding to its receptors inactivates ABI2, 

this could represent a mechanism to decrease nitrate uptake and root remodeling under stress 

conditions to preserve cellular energy. 

 The involvement of calcium-related proteins (CBL1, CBL9 and CIPK23) in the control of 

NRT1.1 function prompted the idea that calcium might act as a second messenger in nitrate 

signaling. Early studies using maize and barley detached leaves showed that pretreating leaves 

with the calcium chelator EGTA or the calcium channel blocker LaCl3 attenuated the expression 

of nitrate-responsive genes (Sakakibara et al., 1997; Sueyoshi et al., 1999). A more recent study 

showed that nitrate treatment caused a rapid increase of cytosolic calcium levels, which in turn 



 
 

12 

triggers changes in gene expression in Arabidopsis roots (Riveras et al., 2015). Downstream of 

calcium signaling, calcium-dependent kinases (CPKs) act as molecular links between NRT1.1 and 

NLP TFs, as detailed below. The transport activity of NRT1.1 induces calcium waves through the 

action of a phospholipase C and Inositol triphosphate IP3 (Riveras et al., 2015) that are decoded 

by subgroup III CPKs, which then phosphorylate NLP7, thus promoting its nuclear localization 

and activation of target genes (Liu et al., 2017). Alignment of the nine Arabidopsis NLPs and four 

orthologous lotus (Lotus japonicus) NLPs identified a conserved Ser 205 residue in NLP7 as a 

candidate CPK phosphorylation site. Mass spectrometry results confirmed that Ser 205 in NLP7 

was 1) phosphorylated in vivo in the presence of nitrate (Liu et al., 2017), and 2) abolished in a 

cpk triple mutant. Transcriptome analysis in the same cpk triple mutant revealed that CPK-

dependent nitrate-induced genes largely overlapped with genes controlled by NLP7 (Figure 2). 

These results support a role for CPKs in NLP phosphorylation and in the control of nitrate 

responses.  

Although there have been considerable advances in recent years in the identification of 

nitrate sensing and signaling components, many questions remain. For instance, the function of 

the NRT1.1 transceptor does not explain the full extent of nitrate responses, suggesting that 

additional sensing mechanisms exist in plants (Wang et al., 2009; Bouguyon et al., 2015). In this 

context, NRT2.1 was suggested as a putative nitrate sensor (Little et al., 2005). Some nitrate-

responsive genes hint at both calcium-dependent and calcium-independent branches (Riveras et 

al., 2015; Liu et al., 2017). Other signaling molecules include phosphatidic acid, G-protein 

complexes, and reactive oxygen species (Shin et al., 2005; Hong et al., 2009; Liang et al., 2018; 

Wany et al., 2018; Chakraborty and Kanyuka, 2019) (Figure 2). However, their contribution or 

cross-talk with the canonical nitrate signaling pathway remains to be addressed. 

 

Systemic Nitrate Signaling Mechanisms  

Systemic signaling allows a plant to elicit a plant-wide response by communicating locally-

perceived stimuli to distant organs.  However, how different parts of the plant can perceive and 

communicate N status to the whole plant has been poorly studied. Potential systemic signals have 

been found such as malate, amino acids or the plant growth rate (reviewed in Gent and Forde, 

2017. However, whether and how these signals report the plant nitrate status remains unclear (Gent 

and Forde, 2017). This gap in knowledge on systemic nitrate regulation may originate from the 
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difficulty to experimentally uncouple the intertwined local and systemic responses in nitrate 

signaling (Li et al., 2014).  

Cytokinins (CKs) do play a central role in root-to-shoot communication in nitrate signaling. 

Nitrate nutrition, CK content, and shoot growth appear correlated in different plant species (Ruffel 

et al., 2011; Sasaki et al., 2014; Guan, 2017; Poitout et al., 2018). In Arabidopsis, nitrate induces 

CK synthesis, in particular through the up-regulation of IPT3, a gene encoding a key enzyme in 

CK biosynthesis (Sakakibara et al., 2006). Importantly, CKs move through the plant: the 

translocation of precursor (trans-zeatin) and active CK (trans-zeatin riboside) species requires the 

transporter ABCG14 to load the xylem with root-borne CKs (Ko et al., 2014; Zhang et al., 2014). 

Once above ground, active and precursor CKs control leaf expansion and shoot apical meristem 

activity, respectively (Osugi et al., 2017; Landrein et al., 2018). Root-to-shoot trans-zeatin 

translocation is also an important component of N-systemic signaling that controls root responses 

to nitrate provision. Indeed, plants subjected to homogeneous or heterogeneous nitrate treatment 

differ in their accumulation of trans-zeatin in shoots. Thus, disruption of CK biosynthesis or 

translocation leads to a lack of trans-zeatin accumulation and to repression of genes involved in 

nitrate transport and metabolism under nitrate-supplied conditions (Poitout et al., 2018). Moreover, 

CKs play a key role on the systemic N-signal that controls root architecture. When plants are grown 

in split-root conditions, in which half of the root system is grown in high nitrate concentrations 

and the other half without nitrate, ipt mutants show no proliferation of LRs in the high nitrate side 

as compared with homogenous high nitrate, suggesting that CKs are a systemic signal involved in 

N-demand signaling. Furthermore, decapitated plants lose both N-demand and N-supply 

responses, indicating the existence of a root-to-shoot-to-root signal relay (Ruffel et al., 2011) that 

involves the accumulation of trans-zeatin (Ruffel et al., 2016). Accumulation of trans-zeatin 

modifies a N-assimilation pathway in shoots involving Gln (Poitout et al., 2018). Thus, Gln might 

serve as a shoot-to-root signal communicating nitrate availability in roots at a systemic level. Gln 

is a possible candidate since amino acids are commonly found in the phloem sap and their role as 

communicators of N status has been previously described (Muller and Touraine, 1992; Miller et 

al., 2008; Gent and Forde, 2017). 

Besides hormones, small peptides can act as signaling molecules in nitrate signaling. N-

deprivation induces the expression of CEP and CLE peptide-encoding genes in roots. CLE1, -3, -

4 and -7 can interact with CLV1, repressing LR emergence and growth under N-deprivation. Since 
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CLE mRNAs are expressed on the pericycle, while CLV1 is expressed in phloem companion cells, 

CLE peptides are proposed to serve as cell-cell mobile signals, integrating N signals into root 

responses (Araya et al., 2014b; Araya et al., 2014a).  

CEPs are a family of short secreted peptides that serve as signaling molecules in plants. 

Overexpression of members of the CEP family causes repression of root growth, while their loss 

promotes root development. CEPs are recognized by the Leucine Rich Repeat-Receptor kinase 

LRR-RK receptors CEPR1 and CEPR2 in Arabidopsis (Tabata et al., 2014). Inactivation of CEPRs 

causes enhanced LR elongation, leaf chlorosis, dwarfism and anthocyanin accumulation, 

reminiscent of N-starved plants. In addition, expression of NRT2.1 and NRT3.1 as well as nitrate 

uptake are impaired in cepr mutants. Based on split-root experiments, CEPs are specifically 

induced during nitrate deficiency, while nitrate transporter genes NRT2.1, NRT3.1 and NRT1.1 are 

induced in the presence of high nitrate. Grafting experiments using cepr1 cepr2 double mutant 

scions and wild-type rootstocks, together with analysis of CEP levels in xylem sap, demonstrated 

that CEPs act as mobile root-borne signals that are perceived by CEPRs in shoots and mediate 

systemic N-demand signaling. This systemic shoot-to-root signaling is due to the synthesis in 

shoots of two polypeptides, CEPD1 and CEPD2, which translocate to roots and activate expression 

of nitrate transporters specifically on the side exposed to high nitrate (Ohkubo et al., 2017). In 

contrast to CK signaling that depends directly on nitrate, CEP signaling responds to general N-

deficiency, representing a different component of the N-demand systemic signaling.  

Another long-distance communication system consists of translocation of TFs as reporters 

for tissue N-status, for example HY5, as detailed earlier (Chen et al., 2016).  

The decoding of local and systemic signaling pathways and the identification of molecular 

components regulating nitrate responses may thus contribute to a better understanding of how 

plants sense and respond to changes in N availability, providing unique targets for improving NUE 

in crops. 

 

REGULATORY NETWORKS OF THE NITRATE RESPONSE IN PLANTS 

 

Genomics, high-throughput validation of protein–DNA interactions, and systems biology 

approaches have increased the speed at which TFs involved in nitrate responses are being 

identified. This includes the use of machine learning methods to predict networks (Krouk et al., 
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2010a; Varala et al., 2018; Brooks et al., 2019), high throughput plant cell-based TF-perturbation 

assays such as TARGET (Transient Assay Reporting Genome-wide Effects of Transcription 

factors, illustrated in Supplemental Figure 1) (Bargmann et al., 2013; Varala et al., 2018; Brooks 

et al., 2019), yeast-1-hybrid (Y1H) (Gaudinier et al., 2018), and the measure of accessible 

chromatin regions in response to nitrate (Alvarez et al., 2019). To date, more than 40 TFs spanning 

several TF families have been identified that bind to the promoters or control the expression of 

genes involved in nitrate transport, nitrate reduction and nitrate assimilation (Gutiérrez et al., 2008; 

Rubin et al., 2009; Marchive et al., 2013; Alvarez et al., 2014; Guan et al., 2014; Para et al., 2014; 

Medici et al., 2015; Xu et al., 2016b; Maeda et al., 2018; Varala et al., 2018; Brooks et al., 2019). 

This data can be integrated into regulatory networks to further our understanding of how nitrate-

dependent changes in gene expression impact plant physiology, growth and development (Figure 

3, Table 1). Table 1 summarizes the data associated with the influential transcription factors that 

appear in Figure 3 and discussed below. 

 

Identification of TFs Involved in Nitrate Signaling  

The first TF identified in nitrate signaling pathways was ANR1, a MIKC-type MADS-box 

TF. ANR1 was isolated using a classical molecular genetics approach in a screen for nitrate-

inducible genes in roots (Zhang and Forde, 1998). ANR1 loss of function mutants have impaired 

LR elongation in nitrate-rich localized patches, affecting plasticity of the root system (Zhang and 

Forde, 1998). It was later found that ANR1 is controlled at the transcriptional level by NRT1.1 

(Remans et al., 2006). Although the overexpression of ANR1 promotes LR growth and initiation 

even in the absence of nitrate, the presence of nitrate further potentiates the promotion of LR 

growth, suggesting that nitrate exerts a post-translational control of ANR1 activity (Gan et al., 

2012).  

Although characterizing genes whose transcripts are induced has proven a powerful tool to 

identify important TFs involved in nitrate signaling, many TFs are controlled at the post-

transcriptional level (e.g. post-translational modifications and/or control of subcellular 

localization). This is the case for NLP7, the best characterized TF in the nitrate response to date. 

NLP7 was initially identified as an orthologue to lotus NIN proteins, involved in early steps of 

nodulation in legumes (Schauser et al., 1999), and to the NIT2 transcription factor that controls 

NR expression in Chlamydomonas reinhardtii (Camargo et al., 2007). nlp7 mutant plants have 
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longer primary roots (PRs) and more LRs, a phenotype that is characteristic of N-starved plants, 

supporting the role of NLP7 as a key regulator of nitrate metabolism (Castaings et al., 2009). NLP7 

activates the transcription of many nitrate-responsive genes, including nitrate reductases, NRT2.1, 

and NRT2.2 (Castaings et al., 2009; Wang et al., 2009).  

Members of the NLP family can be divided into four subgroups: NLP1/2, NLP4/5, NLP6/7, 

and NLP8/9 (Schauser et al., 2005; Castaings et al., 2009). Y1H screening using four copies of a 

43-bp N response cis-element (NRE) revealed that all NLPs bind the NRE element (Konishi and 

Yanagisawa, 2013). The kinases CPK10, CPK30 and CPK32 phosphorylate NLP7 in the presence 

of nitrate, resulting in its nuclear localization and concomitant induction of nitrate-responsive gene 

expression (Liu et al., 2017) within minutes of nitrate treatment (Marchive et al., 2013). As 

discussed in the previous section, this mechanism depends on calcium signaling (Riveras et al., 

2015; Liu et al., 2017) and coordinates nitrate availability to transcriptome reprogramming. 

Overexpression of NLP6 in the absence of nitrate is not sufficient to induce nitrate-inducible genes 

(Konishi and Yanagisawa, 2013), while its N-terminal GAF-like region is necessary for its nitrate-

dependent transcriptional activity in protoplasts (Konishi and Yanagisawa, 2013). This suggests 

that post-translational modifications of NLP6 are similarly required for nitrate control of gene 

expression. 

Previous studies have shown that a single TF does not explain the full induction of genes 

such as NRT2.1, NRT2.2, nitrate and nitrite reductases (Castaings et al., 2009; Alvarez et al., 2014; 

Guan et al., 2014) and that protein-protein interactions between TFs are important for gene 

expression of nitrate-responsive genes (Xu et al., 2016b; Guan et al., 2017). Nitrate transporters 

and nitrate metabolic genes are indeed convergent targets of many of the known nitrate-related 

TFs. The C-terminal PB1 domain of NLP proteins mediates protein-protein interactions in yeast 

two-hybrid assays. The PB1 domain is distinct from the DNA-binding domain but is necessary for 

full induction of nitrate-dependent expression of target genes (Konishi and Yanagisawa, 2019). 

These results are consistent with previous hypotheses on redundant and overlapping functions 

between different Arabidopsis NLP TFs.  

NLP6 and NLP7 also physically interact with TCP20 (Guan et al., 2017). TCP20 binds to 

a 150 bp NRE and a 109 bp enhancer sequence found in the promoters of NRT2.1 and NIA1, 

respectively, and acts in systemic nitrate signaling for root foraging, integrating cell cycle-related 

processes and root growth (Guan et al., 2014). NLP6, NLP7 and TCP20 bind to adjacent sites in 
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the upstream promoter region of the NIA1 gene. The PB1 domains of NLP6 and NLP7 as well as 

the histidine- and glutamine-rich domain of TCP20 are important for their physical interaction 

(Guan et al., 2017). 

Additional TFs for nitrate responses have been identified. Using an integrative 

bioinformatics approach, the genes encoding the TGA-type TFs TGA1 and TGA4 were consistently 

regulated by nitrate across many experiments and therefore were good candidates to mediate 

nitrate responses (Alvarez et al., 2014). 97% of the genes that have an altered expression in the 

tga1 tga4 double mutant relative to wild-type plants are nitrate-responsive, indicating that TGA1 

and TGA4 have a global role in nitrate response in roots. TGA1 and TGA4 can bind directly to 

the NRT2.1 and NRT2.2 promoters, and initiation of LRs is affected in both tga1 tga4 and nrt2.1 

nrt2.2 double mutants, suggesting that TGA1 and TGA4 regulate LR development at least partly 

via NRT2.1 and NRT2.2 (Alvarez et al., 2014). Induction of root hair development in response to 

nitrate treatments is also impaired in tga1 tga4 double mutants (Canales et al., 2017). TGA1 and 

TGA4 directly modulate the expression of CPC, a key regulator of root hair cell fate, which in turn 

increases the production of root hairs and nitrate uptake (Canales et al., 2017). Besides the known 

interactions of TGA1 with other members of the TGA family in the plant stress response (Shearer 

et al., 2012), putative interactors of TGA1 have been revealed using a high-density Nucleic Acid 

Programmable Protein Array (NAPPA) to map protein-protein interaction networks (Yazaki et al., 

2016). The TF-NAPPA dataset revealed that TGA1 can interact with proteins involved in nitrate 

signaling such as CIPK23, but also with proteins involved in hormone signaling such as HAI2 and 

the ABA receptor PYL6, positioning TGA1 as an integrator of hormone and nitrate signaling 

networks (Yazaki et al., 2016).  

 

High-Throughput Assays to Identify TFs and TF Targets  

After identification of key TFs involved in N-signaling, a second step to unravel the 

complex structure of regulatory networks is to systematically identify TF targets and the impact of 

these N-regulatory networks on organism function. Different approaches have been undertaken to 

fulfill this general goal, including integration of available high-throughput data on TF-DNA 

interactions obtained by technologies such as Y1H, protein-binding microarrays (Weirauch et al., 

2014) or DNA Affinity Purification Sequencing (DAP-seq) (O'Malley et al., 2016).  
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To identify TFs and their targets involved in the regulation of root development in response 

to nitrate, Gaudinier et al. (2018) used an enhanced Y1H assay to screen for candidate TFs 

expressed in roots against 98 promoters of genes spanning different processes related to N. They 

generated a regulatory network comprised of 1,660 protein-DNA interactions between 345 TFs 

and all 98 promoters. TFs that bind genes participating in multiple N-related processes are more 

likely to be important for plant growth. This transcriptional network is highly enriched in genes 

regulated by ABA, auxin, methyl jasmonate, or ethylene. In agreement, mutants in transcription 

factors involved in ethylene (ERF4, ERF70 and ERF107) and auxin (ARF18) signaling show 

altered phenotypic responses to N availability (Gaudinier et al., 2018).  

Functional assays of TFs in plants or plant cells offer a cellular context of regulatory 

networks, revealing when physical interactions lead to gene regulation. However, significant 

hurdles exist to identify the genes acting downstream of TFs within these networks. Mutants or 

overexpressors of the TF help define genes under the control of each TF, while a high-quality ChIP 

antibody or epitope-tagged transgenic line is needed to identify promoters bound by each TF; 

neither step is adaptable to high-throughput approaches. The development of TARGET, a plant 

cell-based temporal TF perturbation system, has been of tremendous help (Supplemental Figure 

1) (Bargmann et al., 2013). The TARGET assay can validate direct TF-target interactions based 

on TF-induced changes in gene expression (Bargmann et al., 2013; Para et al., 2014; Medici et al., 

2015; Doidy et al., 2016; Sparks et al., 2016) or by TF-binding (Para et al., 2014; Doidy et al., 

2016). A scalable version of TARGET recently enabled the validation of genome-wide targets for 

seven N-responsive TFs in shoots (Varala et al., 2018) and 33 N-responsive TFs in roots (Brooks 

et al., 2019). 

 TARGET was successful in defining the genome-wide  targets of HRS1 (Medici et al., 

2015). Direct targets of HRS1 are enriched in genes related to auxin and ABA signaling pathways, 

as well as P metabolism (Medici et al., 2015). HRS1 and its close homolog HHO1 repress PR 

growth caused by P starvation, but only when nitrate is present in the medium, indicating that they 

participate in a pathway at the intersection of N and P signaling (Medici et al., 2015).   

TARGET also captured the early and transient action of bZIP1 in the N-response cascade 

(Para et al., 2014). Time-series ChIP experiments conducted 1-3 min following TF nuclear import 

revealed that bZIP1 bound transiently to promoters of early N-response genes (Para et al., 2014). 

4tU labeling of de novo transcripts to affinity-capture bZIP1-initiated mRNAs determined that 
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transiently bound bZIP1 targets were actively transcribed at times when the TF was no longer 

bound (Doidy et al., 2016). Importantly, these transiently-bound and regulated bZIP1 targets were 

the most relevant to early N-signaling in whole roots (Para et al., 2014). This provided the first 

genome-wide evidence for “Hit-and-Run” transcription in plants. This model posits that a TF 

trigger (the Hit) can organize a stable transcriptional complex, including recruitment of other TFs, 

so that transcription can continue even after the initiating TF is no longer bound (the Run). This 

opened a new perspective on dynamic aspects of transcriptional regulation in plants 

(Charoensawan et al., 2015; Varala et al., 2015). 

Recently, DNase I hypersensitivity-seq assay (DNase-seq) uncovered TF-target 

interactions, taking into account the native chromatin structure during nitrate response of 

Arabidopsis roots (Alvarez et al., 2019). Local changes in DNase I cleavage patterns were 

observed in response to nitrate at specific loci bound by TFs. Rapid changes in TF occupancy 

correlated with RNA polymerase II (RNPII) recruitment and with changes in transcript 

accumulation in response to nitrate. By integrating genomic footprinting, transcriptional regulation 

of gene expression based on RNPII occupancy, and transcriptome data, a regulatory network was 

constructed that captures the relative contribution of known and new TFs in nitrate signaling. The 

network captured an interaction between NAP and NRT2.1, validated by ChIP and TARGET 

assays, illustrating NAP as a direct activator of NRT2.1 expression and a novel positive regulator 

of nitrate uptake in roots (Alvarez et al., 2019). 

 

Systems Approaches to Model Gene Regulatory Networks (GRNs) in Plants 

Because of the complex underlying structure and relative recalcitrance to classical genetics, 

nitrate regulatory networks are an ideal framework for systems biology approaches to reveal 

features potentially considered as emergent properties (Gutierrez, 2012).  

Interestingly, the N community has been among the first to pioneer modeling approaches 

and data integration in plant biology. MapMan was one of the first data integration tools (Thimm 

et al., 2004) and opened avenues towards the integration of transcriptomic datasets with metabolic 

insights (Gibon et al., 2006; Schwacke et al., 2019). MapMan was recently used to find enriched 

functional categories dependent on CPK10, CPK30 and CPK32 kinases that regulate early steps 

in nitrate signaling enriched in N metabolism, glycolysis, carbohydrate metabolism, and N 

transporters (Liu et al., 2017).  
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This was followed by the Arabidopsis MultiNetwork model, which integrates genes, 

metabolites, miRNA, and molecular interactions such as protein-protein, protein-DNA, and 

miRNA-target (Gutiérrez et al., 2007). This resource revealed relationships between N and the 

circadian clock via the CCA1 TF (Gutiérrez et al., 2008) and uncovered connections between 

miR167 and ARF8 in the pericycle of roots (Gifford et al., 2008).  

To broadly enable such approaches, the VirtualPlant website was created to provide a 

platform for systems biology where biologists can upload their genomic data and execute various 

data visualization and analysis tools (Katari et al., 2010). VirtualPlant’s GeneCart supports the 

iterative nature of systems biology analysis and allows users to save results from one analysis and 

feed it into another. Applications range from Gene Ontology (GO) enrichment analysis to gene 

network visualization and analysis using the integrated Arabidopsis MultiNetwork 

(http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/).  

Myriad transcriptomics studies have evaluated different aspects of the plant N response, 

such as the effect of N source (Wang et al., 2004; Wang et al., 2007; Ristova et al., 2016), time 

after nitrate treatments (Krouk et al., 2010a; Varala et al., 2018), nitrate concentration (Wang et 

al., 2007), tissue type (Wang et al., 2003), and cell type (Gifford et al., 2008). An integrative meta-

analysis of all data revealed the most consistently regulated genes by nitrate across different 

experimental conditions (Canales et al., 2014). The large number of TFs in this set of genes 

suggests that transcriptional reprogramming is at the core of plant adaptation to changes in nitrate 

availability. Weighted gene co-expression network analysis (WGCNA) (Langfelder and Horvath, 

2008) identified gene modules associated with specific biological functions including C 

metabolism and trichoblast differentiation (Canales et al., 2014). It was later confirmed that nitrate 

regulates trichoblast differentiation through TGA1 (Canales et al., 2017).   

In contrast to correlation-based methods, time series-based machine learning approaches 

can predict causality, i.e. the regulatory influence of TFs on their targets in the dataset and in out-

of-sample data. Many algorithms have been developed to address these tasks including Boolean 

networks, Bayesian networks, regularized linear regression or non-linear tree-based regression 

approaches (reviewed in Krouk et al., 2013).  

To identify TFs in a temporal N-initiated cascade, TF-target edges were inferred using a 

time series-based machine learning method called Dynamic Factor Graph (DFG) (Mirowski and 

LeCun, 2009; Krouk et al., 2010a). This DFG approach learns network models that can predict 
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gene expression states at untested time points (Krouk et al., 2010a).  An early application of this 

approach identified SPL9 as a network hub of early nitrate response genes in roots, which was 

confirmed to modify the nitrate response kinetics of NIA2, as well as of many nitrate-controlled 

genes (Krouk et al., 2010a). A more recent application of the DFG approach inferred a GRN 

containing 172 nitrate-responsive TFs and 2,174 dynamic nitrate-responsive genes in shoots 

(Varala et al., 2018). Using validated genome-wide targets for three TF hubs in this GRN identified 

by the functional TF-target assay (CRF4, SNZ and CDF1), a precision cutoff was experimentally 

determined to “prune” the TF-target predictions in the network to high-confidence 155 TFs and 

608 targets (Varala et al., 2018). This network precision was reconfirmed using genome-wide TF-

target regulation data for four additional TFs: TGA1, HHO5, HHO6, and PHL1 (Varala et al., 

2018). This experimentally-refined GRN identified the temporal relationship of known and 

validated regulators of N signaling, including NLP7, NLP8, TGA1, TGA4, NAC4, HRS1, and 

LBD37, 38 and 39, as well as 146 novel TF regulators. CRF4, the earliest TF in the time-based N-

response cascade, was validated to modulate 15N-uptake and NUE in planta (Varala et al., 2018). 

Similarly, the DFG machine learning algorithm was used to infer TF-target edges for 145 

N-responsive TFs in roots (Brooks et al., 2019). The inferred TF-target edges were pruned for 

high-confidence edges using 71,836 experimentally validated TF-target edges for 33 TFs 

identified using TARGET, which were then used in a precision/recall analysis to generate a GRN 

consisting of interactions between 145 TFs and 311 targets in the root N response (Brooks et al., 

2019). To integrate data from TF-target interactions identified in root cells via TARGET with in 

planta TF perturbation data and high-confidence predicted edges in the GRN, the “Network 

walking” approach was developed. These combined datasets were used to connect TFs to their 

direct targets in root cells and to their indirect targets in planta via intermediate TFs. Network 

walking showed that TGA1 directly regulated 40% (508 of 1458) of the N-responsive genes in 

roots, including 63 of 145 N-responsive TFs. Moreover, 76% of the indirect targets of TGA1 in 

planta were linked to TGA1 through 49 intermediate TFs. This suggests that TGA1 is a high-level 

regulator whose effect on downstream secondary TFs amplifies a transcriptional cascade to control 

N-responses (Brooks et al., 2019). Moreover, TGA1 was among the most influential TFs in nitrate 

transport, nitrate reduction and nitrate assimilation when publicly available data of TF-target 

interactions for TFs involved in response to nitrate were interrogated (Figure 3, Table 1).  
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The flood of genomic data over the last decade in the plant nutrition community and others 

has been the impetus for increased collaboration between the fields of computer science and 

biology. Moving forward, there is an immediate need to make better use of existing data from 

Arabidopsis studies by developing new data integration tools and predictive modeling algorithms. 

Using Arabidopsis as a framework to learn how to integrate diverse data sets should facilitate 

similar analyses in species with fewer resources. 

 

DEVELOPMENTAL OUTPUTS 

  

Plants are highly plastic organisms that control growth and development of their organs in order 

to optimize nutrient acquisition and use. N availability and N-related GRNs exert a major control 

over endogenous developmental programs in plants, from germination to vegetative and 

reproductive development. 

  

Nitrate Control of Seed Dormancy and Germination 

Different environmental signals control seed dormancy, including temperature, light 

quality and quantity, oxygen, water potential, organic acids, pH and nitrate availability. The 

integration of these signals allows the seed to have temporal information about the time of the year 

and suitability for germination. Nitrate can act as a potent signal controlling seed dormancy and 

germination in different plant species. Arabidopsis plants exposed to high nitrate provision 

produce seeds that are less dormant than seeds from plants exposed to low nitrate. Similarly, seeds 

exposed to exogenous high nitrate are less dormant than low-nitrate exposed seeds. Both effects 

are independent of nitrate reduction, suggesting that nitrate itself functions as a signal for the 

induction of germination (Alboresi et al., 2005). Parts of this regulation are due to the signaling 

function of NRT1.1, since 1) a null nrt1.1 mutant fails to induce germination in the presence of 

low nitrate (Alboresi et al., 2005) and 2) NRT1.1 expression increases before relief of dormancy 

during seasonal cycling (Footitt et al., 2011).  

Analysis of laboratory dormancy cycling in Cape Verde island (Cvi), an Arabidopsis 

accession with strong dormancy, documented low CIPK23 expression in low-dormant and non-

dormant states, when seeds are more sensitive to nitrate, and high during primary and secondary 

dormancy, when sensitivity to nitrate is low (Cadman et al., 2006; Footitt et al., 2013).  This 
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indicates that phosphorylation of NRT1.1 might play a role in seed nitrate sensitivity and control 

germination timing.  However, transcriptome analysis of Cvi exposed to different treatments 

inducing germination, including drying after ripening, seed hydration, cold, light and exogenous 

nitrate showed that all these signals elicit similar changes to the transcriptome of the germinating 

seed (Finch-Savage et al., 2007). Exposure to nitrate or cold stratification translates into similar 

changes at the germinating seed proteome level (Arc et al., 2012) and in the metabolism of mother 

plants exposed to low nitrate and low temperature during seed maturation (He et al., 2016), 

suggesting that integrators of common downstream environmental signals may act to control seed 

dormancy and germination. The hormones ABA and gibberellic acid (GA) are attractive 

candidates, given their roles in promoting seed dormancy and seed germination, respectively. 

Nitrate reduces levels of ABA in dormant seeds (Ali-Rachedi et al., 2004), by inducing the 

cytochrome P450 CYP707A2 (Matakiadis et al., 2009), encoding the main ABA catabolic enzyme 

present in the late-maturation stage of seed development and in hydrated seeds (Okamoto et al., 

2006b). This regulatory mechanism is mediated by nitrate and involves NLP8, which is required 

for nitrate induction of CYP707A2 and many nitrate-controlled genes in seeds including NIA1, 

NIA2, NIR, RFNR1, G6PD2 and At1g25550, pointing to a key role for NLP8 in the seed nitrate 

response. NLP8 can bind to the CYP707A2 promoter in three sites that are important for nitrate 

control. Nitrate induction of CYP707A2 via NLP8 reduces ABA levels in seeds, relieving 

dormancy (Yan et al., 2016). As previously discussed, the nitrate sensor NRT1.1 is involved in 

nitrate-mediated seed dormancy relief. Although nrt1.1 seeds are less sensitive to nitrate, normal 

germination levels can be achieved by increasing nitrate concentrations (Alboresi et al., 2005; Yan 

et al., 2016). nlp8 mutants, on the other hand, are insensitive to nitrate over a wide range of 

concentrations (Yan et al., 2016), indicating that alternative nitrate sensors may act upstream of 

NLP8 in seeds in addition to NRT1.1.  

Nitric oxide (NO) has been proposed as such an alternative signal. NO scavengers abolish 

the positive effect of nitrate on seed germination and NO induces CYP707A2 (Bethke et al., 2006; 

Liu et al., 2009; Matakiadis et al., 2009). NO also controls the expression of ABI5, a key repressor 

of seed germination and post-germinative development (Finkelstein and Lynch, 2000; Lopez-

Molina et al., 2001). NO triggers degradation of group VII ERF TFs, via the N-end rule pathway 

(Graciet and Wellmer, 2010). Degradation of group VII ERFs leads to a decrease in ABI5, releasing 

seed dormancy (Gibbs et al., 2014). Furthermore, NO can control ABI5 protein levels. NO causes 
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S-nitrosylation of ABI5 in Cysteine 153 during seed germination. This S-nitrosylation controls 

ABI5 protein degradation via a proteasome-dependent pathway involving CUL4 and KEG E3 

ubiquitin ligases, leading to the promotion of germination (Albertos et al., 2015). Besides ABI5, 

NO has been shown to S-nitrosylate SnRK2 proteins, key positive ABA signaling components, 

inactivating them and positively regulating germination and early seedling growth (Wang et al., 

2015). In addition, NO induces Tyrosine nitration and inactivation of ABA receptors PYR1 and 

PYL8 in plants (Castillo et al., 2015), further reinforcing the repressive effect over ABA signaling. 

  

Nitrate Influences the Heterotrophic-Autotrophic Switch and Seedling Establishment 

After seed germination, the emerging seedling initially grows fueled by seed reserves. 

Seedling establishment is complete when the seedling acquires photosynthetic capability and 

transitions to autotrophy. This process involves a reprogramming for the efficient use of 

endogenous reserves as well as resources that can be incorporated from the environment. N 

availability is an important cue for early post-germinative growth, and positively influences 

cotyledon expansion and greening, hypocotyl growth, and the emergence of true leaves (Sato et 

al., 2009). Mobilization of triacylglycerols (TAGs), the main seed reserve in many plant species, 

is regulated by the C/N ratio, with high C/N ratios repressing eicosenoic acid breakdown. This 

represents a feedback mechanism in which accumulation of sucrose, the main product of TAG 

mobilization, represses further TAG breakdown. Genes encoding proteins involved in 

photosynthesis are also repressed by a high C/N ratio (Martin et al., 2002). C/N ratio signaling 

controlling post-germinative growth is mediated by the membrane-localized CNI1 ubiquitin ligase 

(Sato et al., 2009). Under high C/N ratios, the CIPK protein kinases CIPK7, CIPK12 and CIPK14 

accumulate, physically interact with and phosphorylate CNI1, resulting in its stabilization. CIPK14 

and CBL8 can also phosphorylate CNI1 in a calcium-dependent manner (Yasuda et al., 2017). 

Ser/Thr phosphorylation of the C-terminus of CNI1 is essential for its interaction with 14-3-3 

proteins, leading to their ubiquitination and degradation (Sato et al., 2011; Yasuda et al., 2014). 

14-3-3 proteins can bind phosphorylated motifs on enzymes involved in C and N metabolism such 

as nitrate reductase, glutamine synthetase, sucrose phosphate synthase and ADP-glucose 

pyrophosphorylase, regulating their activity in response to environmental signals (Bachmann et 

al., 1996; Comparot et al., 2003). Although a detailed mechanism is still elusive, the involvement 

of 14-3-3 proteins in downstream C/N control of post-germinative growth is an example of how 
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dynamic changes in Ca2+ and protein phosphorylation can convey nutritional signals into the 

developmental programs of plants. 

  

Nitrate-Controlled Shoot Growth 

Nitrate availability has profound effects on the growth of aerial tissues. The positive effect of high 

nitrate on leaf growth and branching have been attributed to CKs (Rahayu et al., 2005; Müller et 

al., 2015). CKs are synthesized in response to nitrate in roots and translocated via the xylem to the 

shoots, where they control shoot growth (Takei et al., 2001; Takei et al., 2004; Sakakibara et al., 

2006; Osugi et al., 2017). In particular, translocated trans-zeatin controls leaf size while trans-

zeatin riboside controls leaf size and shoot apical meristem activity (Osugi et al., 2017). Nitrate 

provision induces CK signaling in the shoot apical meristem, increasing expression of the 

homeodomain TF gene WUS and increasing the expression domain of CLV3. This leads to stem 

cell proliferation and increased meristem size resulting in bigger rosettes and more flowers 

(Landrein et al., 2018). 

Compared to nitrate sufficiency, low nitrate concentrations repress secondary shoot 

formation by inhibiting the elongation of axillary buds, leading to the production of elongating 

branches only on the most apical cauline nodes. In contrast to other developmental responses to 

nitrate provision, this phenotype is not dependent on nitrate, but on overall N status of the plant. 

Strigolactones (SLs), hormones that are produced in the roots, are required for this N-limitation 

response, since mutants lacking SLs fail to repress branching. Auxin, a central negative regulator 

of root branching, is produced in leaves and transported rootward through the polar auxin transport 

system. In N-limited plants, the amount of exported auxin increases only in apical stem segments. 

This response is lost in mutants lacking SLs, indicating that an SL-auxin interaction is needed to 

control shoot branching in response to N availability (de Jong et al., 2014). On the other hand, CK 

mediates the positive effect of high nitrate on branching, since CK biosynthetic mutants ipt3 ipt5 

ipt7 and signaling mutants arr3,4,5,6,7,15 have less active buds than wild-type plants (Müller et 

al., 2015). High nitrate can mimic the effect of CK supply on the accumulation of auxin 

transporters PIN3, PIN4 and PIN7 in the plasma membrane of xylem parenchyma cells of basal 

inflorescence internodes. This suggests that high nitrate might control branching by CK-mediated 

control of auxin transport by PIN3, PIN4 and PIN7 (Waldie and Leyser, 2018).   
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 Root System Architecture Modulation by Nitrate 

Roots acquire nutrients and provide an interface to interact with soil organisms and other 

plants. As such, roots system traits are attractive targets for breeding programs and 

biotechnological applications (Den Herder et al., 2010; Rogers and Benfey, 2015). The root system 

architecture (RSA), or the given spatial disposition of the root system, is determined by both 

internal, development-related cues and external biotic and abiotic cues. The RSA is highly plastic, 

which allows the plant to efficiently forage for nutrients and water in the soil, where these 

resources are commonly unevenly distributed. The effects of N on root growth depend on N source 

and availability and can impact development and growth of PRs, LRs and root hairs.  

 

A breakthrough in our understanding of the molecular basis of the root response to nitrate 

came in the late 1990s (Zhang et al., 1999). In this now classic article, ANR1 was identified as a 

nitrate-responsive TF that controls LR elongation in response to localized high nitrate availability. 

This same phenotype was later reported for nrt1.1 mutants, and it was shown that ANR1 acted 

downstream NRT1.1 in this pathway (Remans et al., 2006). Interestingly, the nitrate transporter 

NRT1.1 also acts as an auxin transporter (Krouk et al., 2010b). NRT1.1 represses the growth of 

pre-emerged LRs and LR primordia by preventing auxin accumulation in LR tips via basipetal 

transport of auxin when nitrate is absent or present in very low concentrations. The auxin transport 

function of NRT1.1 is inhibited by high nitrate, which allows for the outgrowth of LRs under 

sufficient nitrate availability (Krouk et al., 2010b). The repressive function of NRT1.1 on LR 

development depends on the phosphorylated form of NRT1.1, since the phosphomimetic mutant 

T101D presents a wild type phenotype, while a non-phosphorylable mutant T101A exhibits a 

phenotype similar to an nrt1.1 null mutant, which is characterized by a marked increase in LR 

density and length under low external nitrate concentration (Bouguyon et al., 2015). This increased 

LR development correlates with an increased auxin accumulation in root tips in the T101A mutant, 

confirming that the role of NRT1.1 on LR development is dependent on its auxin transporter 

function (Bouguyon et al., 2015).  

Although the presence of nitrate strongly induces NRT1.1, the role of the encoded 

transporter is most evident in the absence of nitrate. To reconcile this fact, a detailed analysis of 

NRT1.1 protein dynamics throughout LR primordium development was conducted in the presence 

and absence of nitrate (Bouguyon et al., 2016). Nitrate repressed NRT1.1 protein accumulation 
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during pre-emergence of LR primordia, which promotes local auxin accumulation and induction 

of LR primordium outgrowth, supporting the fact that NRT1.1 prevents both auxin accumulation 

and LR growth in response to low nitrate availability (Bouguyon et al., 2016). This suggests a 

finely tuned mechanism for the control of NRT1.1 function in which post-transcriptional 

mechanisms such as phosphorylation and protein accumulation play an important role in nitrate-

dependent LR development.  

As previously discussed, a signaling cascade comprised of calcium and calcium-related 

kinases act downstream of NRT1.1 to control GRNs that shape RSA in response to nitrate. 

Although NLP6/7 have been proposed as key TFs within these GRNs, other TFs include TGA1/4 

(Alvarez et al., 2014), NAC4 (Vidal et al., 2013), HRS1 and HHO1 (Medici et al., 2015; Kiba et 

al., 2018; Maeda et al., 2018), TCP20 (Guan et al., 2017), CRF4 (Varala et al., 2018), SPL9 (Krouk 

et al., 2010a) and NRG2 (Xu et al., 2016b). 

In the last 15 years, various lines of evidence have shown that plant hormones play a key 

role as integrators of N-signals into root developmental programs. Transcriptome analysis has 

indicated that the interaction of N with hormones such as auxin, CKs and ABA generates a rapid 

reprogramming of the root transcriptome that impacts root development-related networks to enact 

quantifiable changes in root architecture (Ristova et al., 2016). Hormones in turn can control the 

expression of genes involved in N uptake, metabolism and signaling, providing feed-back control 

over N signals (Gaudinier et al., 2018). 

Due to its key role as a master regulator of root development, auxin has been the preferred 

candidate to evaluate in nitrate-dependent root responses. Pioneering studies from the mid-1950s 

provided the first insights into the interaction between N and auxin signals. These studies described 

an inverse relationship between N supply and PR growth, attributed to changes in auxin levels 

(Bosemark, 1954). Later work with auxin-related mutants and treatment with auxin analogs or 

auxin transport inhibitors suggested that nitrate effects on PR and LR growth depend on auxin 

homeostasis and signaling (Zhang et al., 1999; Forde and Lorenzo, 2001; Guo et al., 2005; Tian et 

al., 2008). These findings were further supported by transcriptome analysis and genome-wide TF 

binding analysis demonstrating that nitrate availability can regulate the levels of auxin transporters, 

biosynthesis genes and signaling genes (Canales et al., 2014). For example, expression of TAR2, 

encoding the first step from L-tryptophan to indole-3-pyruvic acid, is induced by low nitrate, 

leading to an increase in IAA levels in LR primordia and emerging LRs (Ma et al., 2014). Low 
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nitrate can also induce the local levels of IAA in LR primordia and LRs roots by regulation of 

AGL21, encoding a TF closely related to ANR1. AGL21 in turn regulates the levels of transcripts 

coding for enzymes involved in auxin biosynthesis YUC1 and YUC5, TAR3, NIT4 and AAO1, 

stimulating LR initiation and growth (Yu et al., 2014). 

  Auxin transport from shoots to roots has been proposed as a long-range signal controlling 

LR development in response to nitrate (Guo et al., 2005; Liu et al., 2010). Auxin transport is mainly 

facilitated by members of the PIN polar transporters. In rice, expression of the PIN transporters 

PIN1c, PIN2, PIN9 and PIN10a-b is diminished in an OsNAR2.1 knockdown line, and is 

accompanied by an inhibition in LR development under low nitrate condition (Huang et al., 2015). 

This effect might be due to a signaling function of the OsNRT2.1 transporter, a partner of 

OsNAR2.1, since no differences in nitrate content were found in a OsNAR2.1 knockdown line. 

As discussed above, NRT1.1 is also an auxin transporter, repressing the growth of pre-emerged 

LRs and LR primordia by preventing auxin accumulation in LR tips when nitrate is absent or very 

low (Krouk et al., 2010b).  

Auxin perception and nitrate signaling are also closely interconnected. Nitrate induces 

transcription of the AFB3 auxin receptor gene, while N metabolites produced by nitrate reduction 

and assimilation reset AFB3 levels over time by post-transcriptional regulation via miR393 (Vidal 

et al., 2010). Downstream of AFB3, a pericycle regulatory mechanism involving IAA14 and the 

NAC4 and OBP4 transcription factors induce LR initiation and elongation in response to nitrate 

resupply of N-deficient roots (Vidal et al., 2013). By a still unknown mechanism, AFB3 can also 

repress PR elongation in response to nitrate (Vidal et al., 2010; Vidal et al., 2013). Similarly, P 

deficiency represses the expression of the TIR1 auxin receptor gene, leading to repression of LR 

development (Perez-Torres et al., 2008), indicating specific roles for auxin receptors in conveying 

signals from different nutrients. Still in the pericycle, a second auxin-dependent regulatory 

mechanism is mediated by miR167, where it is repressed by nitrate, which then leads to a rise in 

the mRNA levels of its target ARF8. ARF8 in turn controls a module of nitrate-responsive genes, 

leading to LR elongation (Gifford et al., 2008). 

Together with auxin, CK is also a key regulator of developmental and growth processes in 

roots. As with auxin, nitrate availability controls the levels of genes related to CK biosynthesis and 

signaling such as the IPT genes, which catalyze the rate-limiting step of CK biosynthesis. CKs are 

transported to the shoot, where they control vegetative growth (Takei et al., 2001; Takei et al., 
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2004; Sakakibara, 2006), but can also control the expression of nitrate transporters and nitrate 

metabolism-related genes (Kiba et al., 2010). Moreover, as discussed previously, one of the main 

roles of CKs is as communicator of systemic N-signaling that controls root architecture (Ruffel et 

al., 2011; Ruffel et al., 2016; Poitout et al., 2018). Recently, a role for CKs was reported in the 

control of PR growth (Naulin et al., 2019). In plants grown in the presence of nitrate, PR growth 

is stimulated by promotion of cell proliferation and expansion, compared to plants grown without 

nitrate. Mutants in the key CK biosynthetic genes IPT3 and IPT5, and CK receptors AHK2, AHK3 

and AHK4 show reduced PR growth when grown on nitrate, indicating that cytokinin biosynthesis 

and perception are needed for nitrate-stimulated PR growth. This alteration in PR growth is due to 

a failure in cell division in the meristem at early stages of post-embryonic development, which is 

in part due to an altered expression of cell cycle checkpoint genes such as KRP1, SKP2α and AXR3 

in ahk mutant plants in the presence of nitrate (Naulin et al., 2019). 

ABA is a key stress hormone integrating external abiotic and biotic stimuli that controls  

stomatal closure and seed dormancy, but also  PR and LR development. Work with ABA 

biosynthesis and signaling mutants showed that the repressive effect of high nitrate on LR 

elongation depends on ABA (Signora et al., 2001). Using an anti-ABA antibody, 

immunocytochemistry experiments showed that high nitrate availability triggers ABA 

accumulation in the endodermis and stele of the meristem and elongation zones of PRs and 

emerging LRs (Ondzighi-Assoume et al., 2016). Indeed, nitrate induces  the accumulation of the 

ER-localized beta-1,3-glucanase 1 BG1, thus releasing bioactive ABA into the cytosol from 

inactive ABA D-glucopyranosyl ester conjugates. Nitrate can also induce the expression of ABA-

responsive genes such as RAB18. ABA in turn induces the expression of nitrate-responsive genes 

NIA1, NIA2 and NIR to control root growth (Ondzighi-Assoume et al., 2016). Interestingly, in a 

parallel to NRT1.1 and auxin, NRT1.2 transports ABA (Kanno et al., 2012). Similarly, the 

Medicago truncatula NPF member NPF6.8 transports nitrate and ABA, modulating root length 

(Pellizzaro et al., 2014). This highlights a complex mechanism of nitrate-ABA interaction in 

nitrate-dependent control of root growth. 

Ethylene is a gaseous hormone that controls many developmental aspects in plants and has 

been associated with nutritional responses to P, iron and potassium (K) (Romera et al., 2016). 

Treating plants first grown on low nitrate with high doses of nitrate can induce a rapid burst of 

ethylene in LR primordia and initiating LRs, resulting from increased ACC1 and ACO1 expression 
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and corresponding enzymatic activities, key steps in ethylene biosynthesis (Tian et al., 2009).  

Ethylene regulates the expression of the nitrate transporters NRT1.1 and NRT2.1, and mediates the 

repressive effect of high nitrate treatment on LR initiation and LR elongation (Tian et al., 2009).  

Similarly, nitrate deficiency, a condition that induces LR elongation (Khan et al., 2015), also 

triggers ethylene biosynthesis and stimulates ethylene signaling by inducing the expression of 

ethylene signaling components EIN3 and EIL1. Under low nitrate conditions, NRT2.1 is 

upregulated and positively affects ethylene biosynthesis and signaling. In a negative feedback 

mechanism, ethylene in turn represses NRT2.1 expression, reducing high-affinity nitrate uptake, 

and alleviating external nitrate deficiency stress (Zheng et al., 2013). 

The role of other plant hormones in mediating changes in root development and growth in 

response to nitrate availability has been less investigated. However, regulatory network analysis 

supports a possible role for other hormones such as methyl-jasmonate, GA and brassinosteroids in 

root responses to nitrate (Gaudinier et al., 2018). In agrement, a recent genome-wide association 

study (GWAS) conducted to identify novel regulators of root foraging under N deficiency 

identified BSK3, a plasma membrane kinase associated with early brassinosteroid signaling (Ren 

et al., 2019). bsk3 mutants have shorter PR and LR under mild N deficiency due to a failure to 

induce cell elongation (Jia et al., 2019). However, it is currently unknown whether this mechanism 

depends directly on nitrate or whether it interacts with nitrate signaling components such as 

NRT1.1. 

 

Control of Flowering Time by Nitrate 

The transition from vegetative to reproductive growth is a crucial developmental decision 

during the life cycle of a plant, and directly impacts plant yield, fertility and survival of the 

progeny. As such, the timing of this transition is finely regulated by both endogenous and 

exogenous cues, by a complex network of interacting signaling pathways whose outputs converge 

onto the flowering time integrators SOC1 and FT, which in turn activate the expression of floral 

meristem identity genes such as AP1, LFY and CAL. Distinct pathways that control flowering time 

integrate photoperiod, cold exposure (vernalization), plant age, ambient temperature, GA signaling 

and the autonomous pathway (Davis, 2009; Kim et al., 2009; Song et al., 2012; Wang et al., 2014; 

Capovilla et al., 2015). The plant nutritional status is another major environmental factor 

influencing flowering. The role of N in flowering was reported over a century ago (Klebs, 1913) 
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and fertilization strategies to modulate the timing of flowering to control yield are widely utilized 

in agriculture. Mutants in nitrate transport or metabolic genes have flowering time phenotypes 

(Tocquin et al., 2003; Seligman et al., 2008). The effect of nitrate over flowering can be described 

by a U-shaped curve, where both extremes of nitrate availability repress flowering, albeit by 

different mechanisms, while intermediate nitrate concentrations promote flowering (Lin and Tsay, 

2017).  

It is usually difficult to separate between the effects of nitrate availability on vegetative 

growth and those directly affecting developmental phase change, since plant nutritional status also 

impacts their overall growth rate. In order to do just that, Castro-Marin et al. (2011) designed an 

experimental system where 4 mM Gln was added to the medium to maintain constant internal 

levels of amino acids and proteins. Increasing nitrate concentrations (1, 10 or 35 mM) delayed 

flowering time in a dose-dependent manner. Plants at time of flowering had more leaves and 

produced more shoot biomass as nitrate levels increased, but retained the same relative growth 

rate. Interestingly, withholding Gln from the medium abolished the acceleration of flowering 

caused by low nitrate levels,  possibly due to a general slow plant growth rate (Castro Marín et al., 

2011). This is consistent with the U-shaped flowering response to nitrate, in which concentrations 

of nitrate severely limiting plant growth (as experienced with low nitrate and no Gln) delays 

flowering time (Lin and Tsay, 2017; Gras et al., 2018). However, flowering time mutants retained 

their response to nitrate (plants grown on low nitrate still flowered earlier), indicating that nitrate 

acts in an independent pathway to control flowering.  

Further studies have shown that nitrate availability can control expression or activity of 

different floral regulator genes, thus supporting a mechanism by which nitrate signaling directly 

impacts flowering signaling pathways. Low N availability induces FNR1 gene expression, as well 

as CRY1, encoding a blue light photoreceptor that acts in the photoperiod pathway and regulates 

the expression of CO and FT. Through FNR1, N availability regulates the NADPH/NADP+ ratio 

and ATP/AMP ratio, with low N increasing NADPH/NADP+ and ATP/AMP ratios. In contrast, 

high N decreases NADPH/NADP+ and ATP/AMP ratios, the latter positively regulating protein 

levels of AMPKα1, the catalytic subunit of AMP-Activated Protein Kinase (AMPK), as well as its 

circadian oscillation amplitude. AMPK then phosphorylates CRY1 in the nucleus, leading to its 

degradation and late flowering. This control of CRY1 abundance may in turn control the amplitude 
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(but not the period) of the expression of central clock components CCA1, LHY and TOC1, 

controlling flowering time as a function of external N provision (Yuan et al., 2016). 

Nitrate availability also regulates the expression of the flowering repressor FLC, as well as 

the FT, LFY and AP1 genes. Indeed, high nitrate represses FT, LFY and AP1 and induces FLC, 

leading to late flowering (Kant et al., 2011). In a different study, Arabidopsis plants first grown in 

high nitrate and then subjected to a short-term exposure to low nitrate experienced a rise in the 

levels of the floral integrator SOC1, of the GA biosynthesis gene GA1 and the photoperiod gene 

CO, with no effect on FRI and VIN3, or LD and FCA, participating in the vernalization and 

autonomous pathways, respectively. Increased levels of GA1 correlated with an increase in 

bioactive GA3 when plants were grown on low nitrate. These results indicate that low nitrate might 

interact with the photoperiod pathway through CO and with the GA pathway through GA1, leading 

to an induction in SOC1 transcript levels and promotion of flowering (Liu et al., 2013). Nitrate 

availability also controls the levels of DELLA proteins, known repressors of GA signaling: higher 

nitrate concentrations promote the accumulation of RGA, in turn inducing expression of the RGA 

targets GNC and CGA1, also known as GNC-LIKE. Expression of floral repressors SMZ and SNZ 

also depends on external nitrate provision: higher nitrate induces early accumulation of SMZ and 

SNZ, leading to a delayed peak of FT expression and therefore delays the timing of flowering under 

high nitrate. Interestingly, SMZ, SNZ and FT responses to nitrate are abolished in a della quintuple 

mutant. Furthermore, GNC and CGA1 over-expressors exhibit higher expression of SMZ and SNZ, 

while SMZ and SNZ expression is diminished in the gnc cga1 double mutant relative to wild-type. 

These results indicate that nitrate-dependent DELLA accumulation has a direct impact on the 

temporal expression of SNZ, SMZ and FT, resulting in differences in flowering time, and highlights 

the roles of components of the age-dependent pathway on nitrate-controlled flowering (Gras et al., 

2018). Consistent with the involvement of the age pathway, mRNA levels in SPL TFs (miR156 

targets, and therefore influencing flowering time), are temporally regulated by nitrate availability 

in the SAM. SPL3 and SPL5 levels showed a delayed peak when plants were grown in low nitrate 

conditions, which causes a late flowering phenotype (Olas et al., 2019). However, this regulation 

is independent of miR156 and may instead depend on direct control of SPL expression by nitrate 

in the SAM via the activity of NLP6 and NLP7 TFs (Olas et al., 2019).  

 

NITRATE INTERACTION WITH OTHER NUTRIENTS 
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Crosstalk between nutrient signaling pathways is an important feature of plant adaptation 

and survival in natural environments. Under natural or agricultural field conditions, plants are 

exposed to variations in the levels of multiple nutrients at the same time. The macronutrients N, P 

and K are the most limiting nutrients for crop yield and the most widely required as fertilizers on 

agricultural soils. The response to combined nutrient deficiency or to combined changes in nutrient 

levels and their impact on plant physiology and growth is an emergent area of study in plant 

biology. Accordingly, the identification of molecular integrators involved in N, P and K 

interactions has increased its relevance in the last years.   

 

Nitrate and P Interactions 

The first evidence linking N and P nutrition was the discovery of the NLA gene, which 

plays a role on the crosstalk between nitrate and P in Arabidopsis. NLA was initially described as 

having a role in N limitation responses (Peng et al., 2007). Mutants in NLA exhibit N-limitation 

specific phenotypes (Peng et al., 2008) that are reverted by P limitation in an antagonistic crosstalk 

between N and P levels (Kant et al., 2010). NLA can also trigger the polyubiquitination and N-

deficiency mediated degradation of the ORE1 TF (Park et al., 2018), leading to leaf senescence. 

Interestingly, NLA utilizes the E2 ubiquitin-conjugating enzyme PHO2 for ORE1 ubiquitination 

(Park et al., 2018). PHO2 is regulated by miR399, which is induced by P and repressed by N 

deficiency. In agreement, PHO2 expression is induced by N-limitation and repressed under high 

nitrate conditions (Medici et al., 2019). This suggests a miRNA-mediated post-transcriptional and 

ubiquitin-mediated post-translational regulation of leaf senescence under N limitation.  

The HRS1 TF was identified as an integrator of N and P signaling for root growth. HRS1 

and its closest homolog HHO1 are rapidly and strongly induced by nitrate resupply of N-limited 

Arabidopsis roots. These TFs act downstream of the NRT1.1 transporter, NLP6 and NLP7 TFs. 

However, HRS1 and HHO1 repress primary root growth in response to P deficiency conditions 

only when nitrate is present, suggesting a complex regulation of N/P sensing (Medici et al., 2015). 

A recent study in Arabidopsis further confirmed the role of the HRS/HHO family on nitrate-P 

crosstalk. The expression of the HRS1 homologs HHO1, HHO2, HHO3 and HRS1 itself is directly 

induced by PHR1, a master regulator of P starvation responses. Under P deficiency, PHR1 is 

released from the repressors SPX1/2/3/4 and promotes expression of HRS1-clade genes. Therefore, 
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nitrate uptake is repressed by P-limitation via the PHR1-HRS1-NRT2.1 pathway. Hence, 

regulation of nitrate uptake by the PHR1-HRS1 pathway may be a strategy to adapt to P deficiency 

(Maeda et al., 2018). 

The control of the P starvation response (PSR) by nitrate availability is likely conserved 

across a wide range of plant species. In rice, high nitrate concentrations increase P uptake as well 

as the transcript levels of P transporter genes and P starvation-induced genes. This correlates with 

an increase in rice biomass under high P and high nitrate conditions. Nitrate induction of P 

starvation-induced genes is abolished in mutants of the OsNRT1.1b transporter, the rice orthologue 

of Arabidopsis NRT1.1, indicating that nitrate-activated P responses are dependent on 

OsNRT1.1B function. OsNRT1.1B mediates the ubiquitination and degradation of the P signaling 

repressor OsSPX4 under high nitrate conditions, which allows the translocation of OsPHR2, the 

key TF in P signaling, to the nucleus to initiate transcription of P utilization genes (Zhou et al., 

2008). Thus, nitrate-triggered degradation of OsSPX4 activates both P- and nitrate-responsive 

genes, generating a coordinated utilization of N and P (Hu et al., 2019). 

In a recent work, Medici et al. proposed that PSR is actively turned off when nitrate is 

limiting, and this repression is due to a combination of local and systemic nitrate signaling 

pathways. PHO2 transcript levels are regulated by nitrate supply, accumulating during nitrate 

depletion and under high nitrate (Medici et al., 2019). Most PSR genes are no longer controlled by 

nitrate in a pho2 mutant,  demonstrating that PHO2 integrates nitrate signals into the PSR (Medici 

et al., 2019). Moreover, NRT1.1 is repressed by P starvation and PHO2 acts as positive regulator 

of NRT1.1. Importantly, this mechanism of PSR control by nitrate availability is conserved in 

plants. Rice P starvation-induced genes OsIPS1, OsSPX1, and P transporter OsPT1 were induced 

by P starvation only in the presence of nitrate and nitrate deprivation prevents the PSR in rice. This 

phenomenon was also conserved in wheat (Medici et al., 2019). These studies highlight the 

intricacy of the nitrate and P responses, with NRT1.1 having a central conserved role in modulating 

the interaction. 

 

Nitrate and K Interaction 

 Although K itself is not metabolized, it is fundamental for and plays a vital role in many 

aspects of plant metabolism. K is a known cofactor for the activity of no less than 46 enzymes, 

including critical enzymes like NR. In plants, K and nitrate absorption and transport are 
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coordinated (Blevins et al., 1978; Triplett et al., 1980; White, 2012). In particular, the nitrate 

transporter NRT1.5 functions as a proton-coupled H+/K antiporter. NRT1.5 is responsible for 

nitrate loading from pericycle cells into the xylem. NRT1.5 directly mediates K release from the 

root parenchyma into the xylem for transport to the shoot, especially under low-K conditions (Li 

et al., 2017). The proton gradient across the plasma membrane promotes this NRT1.5-mediated K 

xylem loading. This study revealed that NRT1.5 plays a crucial role in K translocation from root 

to shoot and that it is also involved in the coordination of K/nitrate distribution in plants (Li et al., 

2017). A complementary study showed that the MYB59 TF modulates K and nitrate translocation. 

MYB59 directly binds the NRT1.5 promoter and activates its expression to coordinate root-to-

shoot nutrient distribution. When plants face K/nitrate deficient conditions, MYB59 and 

subsequently NRT1.5 are downregulated to achieve the proper K/nitrate distribution between roots 

and shoots (Du et al., 2019). 

 

Nitrate, P and K Interaction 

 Contrary to nitrate-P or nitrate-K interactions, little is known about how the nitrate-P-K 

interaction is regulated in Arabidopsis or in crop species. A study evaluating the impact of 

modifying the availability of these nutrients along with Sulfate (S) on the root system is one of the 

few recent reports evaluating how plants integrate four nutritional stimuli into complex 

developmental programs (Kellermeier et al., 2014). The authors quantified 13 parameters from 

Arabidopsis roots under 32 binary combinations of nitrate, P, K, S, and daylength. P caused the 

most important single-nutrient effect, while nitrate effects were strongly daylength-dependent. As 

a proof of principle, they explored mutants in candidate genes known to be affected by nitrate-K 

interactions such as HAK5, NRT2.1, AKT1, CIPK23 and NRT1.1, revealing combinations of 

transporters, receptors, and kinases acting in the modulation of those signals (Kellermeier et al., 

2014). 

 

NITRATE IN THE CONTEXT OF A CHANGING CLIMATE 

 A critical resource affecting plant growth is water availability. As with nitrate, water is 

globally limited in soils, creating marginal soils that are agriculturally unproductive. In the current 

projections of climate change, much of the impact, particularly on crops, will be felt through 

changes in patterns of water availability. To engineer or breed crop varieties that can thrive in 
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marginal environments, it is crucial to understand how plants sense and integrate responses to 

nitrate and water, but surprisingly little is known about how plants might do this (Humbert et al., 

2013). Since water serves as a solvent for nitrate, a recent study used a unique approach to 

investigate whether plants respond to nitrate as the absolute amount of N (N-moles) or the 

concentration of nitrate in water (N-molarity) (Swift et al., 2019). The approach used a factorial 

matrix that systematically varied both N-dose and water-dose applied to rice plants. The response 

of plants to N-amount, water-volume, and their interactions was modeled by linear regression of 

the induced effects on phenotypic traits and gene expression. The model revealed that rice plants 

could distinguish changes in N-moles, water-volume, N-molarity (N/water), as well as a 

synergistic response N × water, both at the level of gene expression and phenotype. These results 

were tested in the field using a set of 19 rice varieties. Interestingly, the same set of genes 

responding to combinations of N- and water-dose in the lab correlated with crop outcomes in the 

field over two seasons (Swift et al., 2019). 

Another important effect of climate change is the constant increase in CO2 concentration. 

Atmospheric CO2 levels are projected to reach 530–970 μmol-mol−1 by 2100, well above the pre-

industrial average of ~280 μmol-mol−1 (Bloom et al., 2012). While elevated CO2 may benefit plant 

growth by enhancing photosynthesis, studies have shown that it can also lower nitrate assimilation 

(Bloom et al., 2010; J. Bloom et al., 2014). A recent study showed that CO2 causes a bottleneck 

effect on root-to-shoot nutrient transport, which results in lower shoot nitrate and, consequently, 

lower photosynthesis and biomass (Cohen et al., 2018). In a study in tomato, a combination of 

elevated CO2 and higher temperatures diminished the nitrate uptake rate by roots and total protein 

concentration in roots, also indicating an inhibition of nitrate assimilation. These studies highlight 

the need for additional research in order to understand how climate change may impact both plant 

productivity and food quality (Jayawardena et al., 2017).  

ADVANCES IN NUE 

Although the benefits of using N fertilizers for higher yield are beyond doubt, they involve 

substantial economic and environmental costs. Modern agriculture has remarkably affected the 

global N cycle. An impressive example of this detrimental effect is the cascade of impacts that N-

reactive forms have on the environment and on humans: One N-atom can, in sequence, increase 

atmospheric ozone (human health impact), increase fine particulate matter (visibility impact), alter 
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forest productivity and acidify surface waters (biodiversity loss impact), increase coastal 

ecosystem productivity, promoting coastal eutrophication, and increase the greenhouse effect via 

nitrous oxide production (environmental impact) (Galloway et al., 2004). The importance of 

advances in research and technology in agriculture, and particularly in the area of nitrogen use 

efficiency (NUE), has prompted experts to call for a second Green Revolution, focused on 

increasing productivity using sustainable agricultural methods (Gutierrez, 2012; McAllister et al., 

2012).  

In the last decade, several genes regulating NUE have been studied (Table 2). Strategies 

targeting genes directly involved in nitrate transport and metabolism have been widely used to 

enhance NUE in crops. For example, genetic variation in the nitrate transporter NRT1.1B (Hu et 

al., 2015) or in the nitrate reductase gene NR2 (Gao et al., 2019) determines NUE divergence of 

indica and japonica rice varieties, while concurrent introgression of OsNR2-indica and 

OsNRT1.1B-indica enhances increased effective tiller number, grain yield, and NUE in the 

japonica subspecies. Other approaches based on Quantitative Trait Loci (QTL) analyses have 

provided important regulators of NUE, including transcriptional regulators, signaling proteins and 

components of hormonal pathways. For example, a major rice NUE QTL (identified in rice by 

genetic analysis of a recurrent backcross population; Sun et al., 2014) mapped to DEP1, a 

heterotrimeric G protein gene that significantly increases yield and has been widely studied and 

used in rice breeding (Xu et al., 2016a). Plants carrying the dominant dep1-1 allele exhibit N-

insensitive vegetative growth and increased N uptake and assimilation, resulting in improved 

harvest index and yield at moderate levels of N fertilization (Sun et al., 2014a). Another QTL study 

for NUE was performed in semi-dwarf rice green revolution varieties for increased yield by 

preventing lodging. These semi-dwarf varieties have an increased accumulation of DELLA 

repressor proteins, however these varieties are also associated with reduced NUE. This study 

revealed a QTL corresponding to the TF gene GRF4. GRF4 controls N uptake and assimilation by 

binding to the promoters of genes such as AMT1.1 and GS1.2. Interestingly, SLR1, a DELLA 

protein, can inhibit the activation of N-related genes by GRF4, by competitively inhibiting the 

interaction of GRF4 with the GIF1 co-activator. Increased abundance of GRF4 partially 

disconnects GA-DELLA regulation of growth from N metabolism, promoting biomass increase at 

low N supplies (Li et al., 2018). QTL analysis also led to the identification of NUE genes in other 

plant species such as maize. Plants normally remobilize N from senescing leaves to sustain growth 
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elsewhere. A novel QTL controlling a functional stay-green phenotype (whereby senescence and 

N remobilization are impaired) was found to map to the NAC7 maize gene. Transgenic maize lines 

where NAC7 was down-regulated by RNAi showed delayed senescence and both increased 

biomass and N accumulation in vegetative tissues and increases on grain yield (Zhang et al., 2019). 

Besides QTL analysis, GWAS analysis has also provided candidate genes related to NUE in major 

crops, for example with the recent identification of an elite haplotype of the nitrate transporter 

NPF6.1 named NPF6.1HapB. This allele enhanced nitrate uptake and conferred high NUE by 

increasing yield under low N supply. NPF6.1HapB was found to be transactivated by the NAC42 

TF conferring enhanced NUE through activation of N uptake, increasing effective panicle number 

and yield (Tang et al., 2019). 

As discussed in this review, many efforts have been devoted to defining the molecular 

components and regulatory networks involved in nitrate transport, sensing, signaling and 

responses. Integrative and predictive systems biology approaches are providing new key molecular 

actors that have been successfully tested in crops in order to assess their impact in plant NUE and 

yield. As an example, a supervised machine learning algorithm predicted a NUE gene network in 

Arabidopsis (Araus et al., 2016). BT2, a member of the BRIC-A-BRAC/TRAMTRACK/BROAD 

gene family, was identified as the most central and connected gene in the NUE network. BT2 and 

its close homolog, BT1, act as negative regulators of NUE in a conserved manner in Arabidopsis 

and rice. A bt1 bt2 double mutant showed an increased expression of high-affinity transporters 

NRT2.1 and NRT2.4, with a concomitant increase in nitrate uptake and NUE under low nitrate 

conditions. Consistently, NUE decreased in plants overexpressing BT2 as compared to wild-type 

plants under limiting nitrate conditions. Inactivating the BT1/BT2 orthologue in rice increased 

NUE under low N conditions (Araus et al., 2016). 

NUE is a complex trait since it is the result of different metabolic, physiological, 

developmental and environmental interactions integrated over the entire life cycle of the plant. 

However, most advances in understanding the molecular mechanisms controlling nitrate responses 

have been done in controlled laboratory conditions and in unique genotypes of model plants. In 

the future, it will therefore be key to make a concerted effort to understand nitrate uptake, nitrate 

responses and N-resource allocation in crops under more realistic field conditions (Plett et al., 

2018). In particular, an important part of this challenge is to study NUE under environmental 
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conditions that are predicted by climate change models. How will be NUE impacted by increasing 

CO2 levels? How will NUE be affected by simultaneous variations in multiple nutrients in soils? 

How will NUE be affected by water availability, rise in temperatures, extreme drought or flooded 

conditions? We urgently need to address these questions to face this new millennium.  
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Table 1. Influential transcription factors in nitrate regulatory networks 

AGI Code Name TF family 
# of edges in 

Network 
#  edges N 
Transport 

#  edges N 
Reduction 

# edges N 
Assimilation References 

At5g65210 TGA1 bZIP 38 9 5 24 
Alvarez et al., (2014); Canales et al., (2017); 

Brooks et al., (2019) 

At5g62430 CDF1 
Dof-type zinc 

finger 23 5 3 15 Varala et al., (2018); Brooks et al., (2019) 

At4g24020 NLP7 RWP-RK 22 7 6 9 Castaings et al., (2009); Marchive et al., (2013) 

At2g22200 ERF056 ERF/AP2 21 1 3 17 Brooks et al., (2019) 

At3g49940 LBD38 ASL/LBD 21 3 4 14 Rubin et al., (2009); Brooks et al., (2019) 

At1g66140 ZFP4 Zinc Finger 20 5 1 14 Brooks et al., (2019) 

At3g16870 GATA17 GATA 20 4 3 13 Brooks et al., (2019) 

At5g10970 C2H2 
C2HC zinc 

fingers 20 4 1 15 Brooks et al., (2019) 

At1g13260 RAV1 AP2/B3 19 5 2 12 Brooks et al., (2019) 

At5g15830 bZIP3 bZIP 19 2 3 14 Brooks et al., (2019) 

At2g22430 HB6 Homeobox 17 5 2 10 Brooks et al., (2019) 

At1g68670 HHO2 G2-like 16 3 2 11 Brooks et al., (2019) 

At5g67420 LBD37 ASL/LBD 16 6 3 7 Rubin et al., (2009); Brooks et al., (2019) 

At1g13300 HRS1 G2-like 14 8 2 4 Medici et al., (2015); Maeda et al., (2018) 

At4g39780 ERF060 ERF/AP2 14 0 3 11 Brooks et al., (2019) 
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Table 2. Summary of genes regulating NUE in crop plants. 

Gene Name Target plant Physiological trait  affected Reference 

NAC2-5A wheat root growth, yield He et al., (2015) 

BZIP60 wheat LR branching, N uptake, yield Yang et al., (2019)  

NAC42 rice plant height, NUE, yield Tang et al., (2019) 

NAC7 maize senescence, biomass, yield Zhang et al., (2019)  

AMT1.1 rice N uptake, yield Ranathunge et al., (2014)  

NRT2.3b rice growth, NUE, yield Fan et al., (2016) 

NRT2.1 rice NUE, yield Cheng et al., (2016)  

ARE1 rice senescence, NUE, yield Wang et al., (2018)  

GRF4 rice biomass, yield Li et al., (2018) 

NRT1.1B rice NUE, yield Hu et al., (2015) 

NFYA wheat yield Qu et al., (2015) 

PTR9 rice biomass, yield Fang et al., (2013)  

BT1/BT2 rice, Arabidopsis yield, NUE Araus et al., (2016) 

NAR2.1 rice NUE, yield Cheng et al., (2017) 

GS1 rice NUE, yield Braur et al., (2011) 

DOF1 wheat, sorghum biomass, yield Pena et al., (2017) 

AAP1 Pea biomass, NUE, yield Perchlik & Tegeder, (2017) 

DEP1 Rice biomass, yield Sun et al., (2014) 

NR2 Rice yield, NUE Gao et al., (2019) 
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Figure 1. A timeline with milestone publications in nitrate signaling.  

The “nitrate” and “Arabidopsis” terms were used to retrieve articles and their citation numbers 

from web of science (www.webofknowledge.com). Please note that the size of circles is 

proportional to the number of citations normalized by years from publication. Top articles related 

to nitrate signaling were included for this timeline.  



Figure 2. A summary of nitrate signaling pathways. 

NRT1.1 is at the first layer of the nitrate signaling pathway. CIPK23, CBL1/9, and ABI2 control 

the NRT1.1 phosphorylation status switching its nitrate affinity. The transduced nitrate signal 

through NRT1.1 activates PLC activity, increasing calcium accumulation. Then, the calcium 

signals are decoded by subgroup III CPKs kinases, which in turn phosphorylate the NLP7 

transcription factor, promoting its nuclear retention and the activation of nitrate-responsive target 

genes. NLP7 physically interacts with NLP6, TCP20  and NRG2 to activate the expression of 

genes involved in nitrate metabolism. NRT2.1 has also been proposed as a nitrate sensor. A 

myriad of TFs have been discovered as important regulators of gene expression in response to 

nitrate, or as integrators of N and P signaling (HRS1, HHO1 and PHR1). See text and 

Supplemental Data Set 2 for relevant references. 



Figure 3. Integrative gene regulatory network analysis with the most influential TFs in N-

regulatory networks.  

Genes are drawn as pentagons (transcription factors) or circles (target genes). The size of the 

triangle is proportional to the number of targets bound or regulated by each TF (outdegree). The 

four TF layers were organized according to their outdegree. TFs were selected based on 

published evidence of TF-regulation or TF-binding to genes involved in N-transport, N-reduction 

and N-assimilation in Arabidopsis. Blue edges: Chromatin immunoprecipitation (ChIP) binding 

data (Gutiérrez et al., 2008; Marchive et al., 2013; Alvarez et al., 2014; Guan et al., 2014; Para et 

al., 2014). Orange edges: TARGET and Yeast one hybrid data (Para et al., 2014; Medici et al., 

2015; Varala et al., 2018; Brooks et al., 2019; Gaudinier et al., 2018). Red edges: in planta TF-

regulation and chromatin accessibility (Gutiérrez et al., 2008; Rubin et al., 2009; Marchive et al., 

2013; Xu et al., 2016b; Maeda et al., 2018; Brooks et al., 2019; Alvarez et al., 2019). The pink 

border of the pentagon denotes TF regulated in response to nitrate (Alvarez et al., 2019). 
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