
Vol.:(0123456789)

Journal of Plant Research (2024) 137:331–341 
https://doi.org/10.1007/s10265-023-01513-0

JPR SYMPOSIUM

Role of GARP family transcription factors in the regulatory network 
for nitrogen and phosphorus acquisition

Naohiko Ohama1 · Shuichi Yanagisawa1 

Received: 28 August 2023 / Accepted: 30 November 2023 / Published online: 8 January 2024 
© The Author(s) 2024

Abstract
The GARP (Golden2, ARR-B, Psr1) family proteins with a conserved DNA-binding domain, called the B-motif, are plant-
specific transcription factors involved in the regulation of various physiological processes. The GARP family proteins are 
divided into members that function as monomeric transcription factors, and members that function as transcription factors in 
the dimeric form, owing to the presence of a coiled-coil dimerization domain. Recent studies revealed that the dimer-forming 
GARP family members, which are further divided into the PHR1 and NIGT1 subfamilies, play critical roles in the regulation 
of phosphorus (P) and nitrogen (N) acquisition. In this review, we present a general overview of the GARP family proteins 
and discuss how several members of the PHR1 and NIGT1 subfamilies are involved in the coordinated acquisition of P and 
N in response to changes in environmental nutrient conditions, while mainly focusing on the recent findings that enhance 
our knowledge of the roles of PHR1 and NIGT1 in phosphate starvation signaling and nitrate signaling.
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Introduction

Being sessile organisms, plants need to cope with various 
environmental challenges at the site of germination. To over-
come adverse environmental conditions, plants have devel-
oped complicated gene regulatory networks that optimize 
their growth in response to the external environment (Li 
et al. 2021a; Waadt et al. 2022). Transcription factors (TFs) 
are the main regulators of gene regulatory networks. The 
Arabidopsis thaliana genome encodes 2,296 TFs, which are 
classified into 58 families (Jin et al. 2017). Because of their 
functional importance, TFs have been considered as one of 
the main targets of plant research. According to previous 
studies, functional differences occur not only among the dif-
ferent TF families but also among members of the same TF 
family. The GARP (Golden2, ARR-B, Psr1) family of TFs 
is such an example. The GARP family was first identified by 

Riechmann et al. (2000), when Arabidopsis TFs were sys-
temically identified using whole-genome information. The 
family name GARP is derived from the names of its constit-
uent members identified at the early stage of GARP research, 
namely, the GOLDEN 2 (G2) protein of maize (Hall et al. 
1998), Arabidopsis RESPONSE REGULATOR-B (ARR-B) 
protein (Imamura et al. 1999), and the PHOSPHATE STAR-
VATION RESPONSE 1 (PSR1) protein of Chlamydomonas 
(Wykoff et al. 1999); these proteins are involved in chloro-
plast development, cytokinin signaling, and phosphate star-
vation response, respectively. Subsequent studies revealed 
a variety of functions of GARP family members, including 
plant hormone signaling, circadian clock regulation, organ 
development, and nutrient acquisition (Safi et al. 2017), 
highlighting that these proteins play vital physiological roles 
throughout the plant life cycle. Intriguingly, recent studies 
revealed that the interplay of two large subfamilies of the 
GARP family, PHR1 and NIGT1 subfamilies, generates a 
sophisticated regulation of nitrogen (N) and phosphorus (P) 
acquisition to facilitate plant adaptation to the fluctuating 
nutrient conditions. The current review presents a general 
overview of the GARP family proteins and discusses how 
the PHR1 and NIGT1 subfamily proteins cleverly regulate 
N and P acquisition via their interplay. Since most of the 
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previous studies on GARP family proteins were conducted in 
Arabidopsis, the genes and proteins included in this review 
are mostly of Arabidopsis origin, unless specified otherwise.

Definition and structural characteristics 
of GARP family proteins

GARP family proteins have a characteristic DNA-binding 
domain, called the B-motif (Imamura et al. 1999). Because 
of sequence similarity between the B-motif and the DNA-
binding domain of MYB TFs, the GARP family proteins 
are often confused with MYB-like proteins. Nuclear mag-
netic resonance spectroscopy of the ARR10–DNA com-
plex demonstrated that the GARP B-motif and the MYB 
DNA-binding domain exhibit a similar three-dimensional 
(3D) structure (Hosoda et al. 2002). However, phylogenetic 
analysis showed that GARP family proteins are distinct 
from MYB-related proteins (Fitter et al. 2002). Consistent 
with the result of this analysis, some critical amino acids 
in the MYB DNA-binding domain are not conserved in the 
B-motif (Safi et al. 2017). Therefore, GARP family proteins 
are considered to be plant-specific TFs that are distinguish-
able from the widely conserved eukaryotic MYB proteins 
(Riechmann et al. 2000).

The structure of all domains, except the DNA-binding 
domain, of GARP family proteins is highly diverse (Safi 
et al. 2017). However, GARP family proteins are broadly 
classified into monomeric members and members that form 
dimers owing to the presence of a coiled-coil dimerization 
domain (Safi et al. 2017). Since many TFs possess a dimeri-
zation domain for homo- or heterodimerization, which is 
often required for DNA binding (Amoutzias et al. 2008), 
the DNA-binding and dimerization domains are generally 
shared among all members of each TF family. Therefore, the 
presence of both monomeric members and dimer-forming 
members is characteristic of the GARP family.

The monomeric GARP family TFs are further classi-
fied into four subfamilies, consisting the ARR, GOLDEN 
2-LIKE (GLK), LUX ARRHYTHMO (LUX), and KANADI 
(KAN) subfamilies, which were defined by the presence of 
several unique amino acid sequence motifs, while GARP 
family proteins that function as dimeric TFs containing 
a coiled-coil domain (CCD) are classified into two sub-
families, the PHOSPHATE STARVATION RESPONSE 
1 (PHR1) and NITRATE-INDUCIBLE, GARP-TYPE 
TRANSCRIPTIONAL REPRESSOR 1 (NIGT1) subfami-
lies (Fig. 1a; Safi et al. 2017). These subfamilies differ phy-
logenetically and regulate different physiological processes 
(Safi et al. 2017). Arabidopsis contains 56 GARP family 
proteins, 55 of which belong to the ARR (13 proteins), GLK 
(3 proteins), LUX (5 protein), KAN (12 proteins), PHR1 
(15 proteins), and NIGT1 (7 proteins) subfamilies, while 

1 GARP family protein (AT5G62110) is not assigned to 
any subfamily, because it lacks the N-terminal half of the 
DNA-binding domain and does not possess any character-
istic amino acid motifs (Fig. 1a). Furthermore, PSEUDO-
RESPONSE REGULATOR 2 (PRR2) is a hybrid protein 
that harbors amino acid motifs conserved among the proteins 
of ARR-B and GLK subfamilies. Although generally consid-
ered as a member of the ARR subfamily, PRR2 is classified 
into the GLK subfamily in this review, based on the results 
of phylogenetic analysis.

Physiological functions of monomeric GARP 
TFs

The monomeric GARP family TFs mediate several physi-
ological responses in plants, based on the evidence available 
mainly in Arabidopsis. GARP family proteins belonging to 
the ARR-B subfamily are the critical regulators of cytokinin 
signaling (Ferreira and Kieber 2005; Hwang et al. 2012). 
The cytokinin signal is transferred from the membrane-
localized cytokinin receptors (AHKs) to histidine phospho-
transfer proteins (AHPs) via a phosphorylation relay. Then, 
the activated AHPs phosphorylate ARR-B proteins at their 
N-terminal receiver domain (Argyros et al. 2008; Yokoyama 
et al. 2007). Consistent with the fact that ARR-B proteins 
are responsible for the expression of most cytokinin-induc-
ible genes (Argyros et al. 2008; Yokoyama et al. 2007), the 
Arabidopsis arr1 arr10 arr12 triple mutant exhibited severe 
defects in its physiological and transcriptional responses 
to the exogenously applied cytokinin and showed various 
abnormalities in cell division and organ differentiation. On 
the other hand, GLKs have been shown to play an essen-
tial role in chloroplast development in several plant species, 
including Arabidopsis, tomato (Solanum lycopersicum), and 
rice (Oryza sativa) (Nguyen et al. 2014; Wang et al. 2013; 
Waters et al. 2009). GLKs are required for the expression of 
nuclear-encoded photosynthetic proteins related to the light-
harvesting complex and chlorophyl biosynthesis (Fitter et al. 
2002; Waters et al. 2009). Thus, the functionally deficient 
mutants of GLKs show pale-green leaves with low chloro-
phyll content and a small number of chloroplasts with devel-
opmentally abnormal thylakoid membrane structure (Fitter 
et al. 2002). Arabidopsis and tomato possess two function-
ally redundant GLK paralogs (GLK1 and GLK2), although 
the fruit tissue predominantly expresses GLK2 (Fitter et al. 
2002; Nguyen et al. 2014; Powell et al. 2012). Therefore, 
Arabidopsis and tomato glk2 mutants, unlike the Arabidop-
sis glk1 mutant and tomato GLK1 co-suppression lines, show 
reduced chloroplast development specifically in fruits (Fitter 
et al. 2002; Nguyen et al. 2014; Powell et al. 2012). LUX (of 
the LUX subfamily) functions as a DNA-binding component 
in the Evening Complex (EC), which is a transcriptional 
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repressor complex and a core regulator of the plant circadian 
clock (Hazen et al. 2005; Silva et al. 2020). As a component 
of the EC, LUX represses the expression of clock-regulated 

genes and therefore is responsible for maintaining circadian 
oscillation. LUX expression is induced during nighttime and 
is under the control of a negative autoregulatory feedback 

Fig. 1   Phylogenetic relationship and structure of GARP family pro-
teins. a A phylogenetic tree (left) and representative structure (right) 
of Arabidopsis GARP family proteins. Phylogenetic analysis was 
performed with the SALAD Database (Mihara et  al. 2010). Num-
bers shown in parentheses indicate the number of proteins included 
in each subfamily. Each representative structure indicates a domain 
that is conserved among the subfamily members. CCD, Coiled-coil 
domain; DBD, DNA-binding domain; GCT, GLK/C-terminal box; 
RD, Receiver domain. b Phylogenetic tree constructed using the 

amino acid sequences of the PHR1 and NIGT1 subfamily proteins of 
Marchantia polymorpha (blue), Selaginella moellendorffii (green), 
and Arabidopsis thaliana (orange). Proteins in green and blue back-
ground belong to the PHR1 and NIGT1 subfamilies, respectively. The 
phylogenetic tree was generated using MEGA11 (Tamura et al. 2021). 
The bootstrap values were calculated based on 1,000 replications. c 
and d Sequence alignment of the CCD of PHR1 (c) and NIGT1 (d) 
subfamily members. Sequences with > 80% identity or similarity are 
shaded in gray and black
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loop, because LUX directly binds to its own promoter 
(Helfer et al. 2011). A phylogenetically close homolog of 
LUX, named BROTHER OF LUX ARRHYTHMO (BOA), 
is also involved in the regulation of circadian oscillation 
(Dai et al. 2011). KAN subfamily members are involved 
in organ patterning through the establishment of abaxial/
adaxial polarity. In Arabidopsis, KAN1–4 genes are mainly 
expressed in the abaxial region of tissues and are responsible 
for the maintenance of abaxial identity (Eshed et al. 2004; 
Kerstetter et al. 2001; McAbee et al. 2006). The spatial 
expression pattern of these KAN genes regulates auxin sign-
aling to induce KAN-mediated organ patterning (Izhaki and 
Bowman 2007; Merelo et al. 2013). In addition, KAN1–4 
genes are required for the normal development of vascular 
tissues and reproductive organs (Emery et al. 2003; Eshed 
et al. 2001; Ilegems et al. 2010; Kerstetter et al. 2001). Since 
not all members of the monomeric GARP TF subfamilies 
have been characterized yet, further studies are needed to 
reveal the functions of these proteins. However, at this stage, 
members belonging to the same subfamily of monomeric 
GARP TFs appear to play closely related roles in the same 
physiological process.

Dimerization domains and DNA recognition 
of dimeric GARP TFs

Many members of the two subfamilies of dimeric GARP 
TFs, PHR1 and NIGT1 subfamilies (Fig. 1b), have been 
shown to play critical roles in regulating nutrient responses 
(discussed below); however, some members of the PHR1 
and NIGT1 subfamilies are suggested to play vital roles 
in the developmental processes. ALTERED PHLOEM 
DEVELOPMENT (APL), a member of the PHR1 subfam-
ily, is a critical regulator for the definition of phloem identity 
(Abe et al. 2015; Bonke et al. 2003; Kim et al. 2021; Kondo 
et al. 2016; Zhao et al. 2011), but the role of APL in nutri-
ent responses has yet to be shown. HYPERSENSITIVITY 
TO LOW PI-ELICITED PRIMARY ROOT SHORTENING 
1 HOMOLOGUE 4 (HHO4)/EARLY FLOWERING MYB 
PROTEIN (EFM) and HHO5/ULTRAPETALA 1 INTER-
ACTING FACTOR 1 (UIF1) are NIGT1 subfamily mem-
bers involved in the flowering and floral organ development, 
respectively (Moreau et al. 2016; Yan et al. 2014).

PHR1 subfamily proteins possess a coiled-coil-type 
dimerization domain downstream of their DNA-binding 
domain (Fig. 1a, c). Because of this structural feature, 
Lundmark et al. (2011) referred to the PHR1 subfamily 
as the GARP coiled-coil family. By contrast, the NIGT1 
subfamily proteins possess another coiled-coil domain 
for dimerization upstream of their DNA-binding domain 
(Fig. 1a, d) (Safi et  al. 2017; Ueda et  al. 2020b). The 
coiled-coil dimerization domain of NIGT1 proteins, which 

was referred to as the hydrophobic and globular domain by 
Li et al. (2021b), shares no amino acid sequence similar-
ity with that of PHR1 subfamily proteins and therefore is 
easily distinguishable.

Phylogenetic analysis showed that PHR1-like and NIGT1-
like proteins show a similar domain structure in liverwort 
(Marchantia polymorpha) and spike moss (Selaginella 
moellendorffii) (Fig. 1b–d). Furthermore, the domain struc-
ture, dimerization domain, and physiological role of Chla-
mydomonas PSR1 are similar to those of PHR1 (Rubio et al. 
2001; Wykoff et al. 1999). Therefore, the physiological 
functions of PHR1 and NIGT1 subfamily proteins might be 
evolutionally conserved. Although many studies revealed 
that both PHR1 and NIGT1 subfamily proteins are closely 
associated with nutrient responses, the PHR1 and NIGT1 
subfamilies do not constitute a monophyletic group. Hence, 
it was hypothesized that the ancestors of PHR1 and NIGT1 
subfamilies evolved their respective dimerization domains 
independently (Safi et al. 2017). Consistently, Ueda et al. 
(2020b) showed that the NIGT1 subfamily proteins dimerize 
among themselves (to form homo- and heterodimers) but do 
not dimerize with PHR1 subfamily proteins.

The dimerization domains of both PHR1 and NIGT1 sub-
family proteins are essential for DNA recognition. Deletion 
of the dimerization domain of PHR1 abolished its DNA-
binding ability (Rubio et al. 2001). Similarly, high-affinity 
DNA binding of NIGT1 proteins requires dimerization 
(Ueda et al. 2020b). However, mutations in the dimeriza-
tion domain of NIGT1 did not completely abolish its DNA-
binding activity, indicating that the NIGT1 DNA-binding 
domain of monomeric NIGT1 is still able to recognize its 
target sequence. Based on these observations, it was hypoth-
esized that PHR1 and NIGT1 proteins use different mecha-
nisms to bind to DNA (Fig. 2) (Yanagisawa 2013).

The PHR1-binding sequence (P1BS) is the -GNATATNC- 
palindromic sequence, in which N indicates any nucleotide. 
Thus, the dimerization of PHR1 proteins likely results in the 
formation of a rigid 3D structure with two closely and sym-
metrically aligned PHR1 DNA-binding domains, which are 
necessary for DNA-binding activity. Previously, comparison 
between the DNA-binding domains of PHR1 and ARR10 led 
to the speculation that well-conserved amino acid residues in 
the two DNA-binding domains are involved in the nucleotide 
recognition of one half of the P1BS (-GNAT-) (Yanagisawa 
2013). Although the leucine residue involved in the recogni-
tion of cytosine in the ARR10-binding sequence (-AATCT-) 
is also conserved in PHR1, PHR1 does not seem to use this 
residue to bind to DNA, probably because the access of this 
residue is structurally inhibited by the close positioning of 
two DNA-binding domains. Thus, each protein component 
of the GARP monomers and dimers shares a similar DNA 
recognition pattern, although dimerization alters this rec-
ognition pattern.
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On the other hand, NIGT1 employs two DNA recogni-
tion modes to bind to a variety of target sequences (Ueda 
et al. 2020b) (Fig. 2). One of these modes is similar to 
that of PHR1, where an NIGT1 dimer binds to a palindro-
mic sequence (-GAA​TAT​TC-). Because a mutation in the 
dimerization domain disrupts the binding of NIGT1 pro-
teins to this palindromic sequence, close positioning of two 
DNA-binding domains is necessary for this DNA recogni-
tion mode. The other DNA recognition mode is unique to 
NIGT1 proteins, in which the NIGT1 dimer recognizes a 
single copy and two separated copies of the NIGT1-binding 
sequence (-GAATC-) with low and high affinities, respec-
tively. Although structural details should be verified in a 
future study, the two DNA-binding domains of an NIGT1 
dimer independently recognize the target sequence much like 
a monomeric GARP protein. The NIGT1-binding sequence 
in this type of DNA recognition (-GAATC-) shares an 
AATC motif with the ARR10-binding sequence (-AATCT-), 
suggesting that the 3D structure of the NIGT1–DNA com-
plex in this DNA recognition mode is similar to that of the 
ARR10–DNA complex. The fact that amino acid residues 

recognizing these nucleotides in ARR10 are highly con-
served in the NIGT1 DNA-binding domain is consistent with 
this hypothesis (Yanagisawa 2013). Recognition of an addi-
tional cytosine in this type of DNA recognition sequence 
also implies more space between the two NIGT1 DNA-
binding domains compared with the binding mode for the 
-GAA​TAT​TC- sequence. Thus, NIGT1 can recognize two 
distant target -GAATC- sequences with face-to-face (e.g., 
-GATTC-N38-GAATC- in the NRT2.1 promoter) (Ueda 
et al. 2020b). This difference implies that the structure of 
the linker region between the dimerization and DNA-binding 
domains is flexible for the appropriate positioning of the 
DNA-binding domain, depending on the target sequences. 
Further structural analyses of the NIGT1 dimer may reveal 
molecular details of how NIGT1 utilizes the two distinct 
DNA-binding modes.

The dimerization of TFs allows them to recognize longer 
and more complex sequences, which enables plants to 
develop complicated transcriptional regulatory networks. 
The formation of heterodimers can alter the DNA-bind-
ing affinity and sequence specificity of each constituent 

Fig. 2   A model depicting the DNA-binding modes of PHR1 and 
NIGT1 proteins. PHR1 and NIGT1 form dimers using the coiled-
coil-type dimerization domains (yellow and purple rectangles, respec-
tively) and bind to palindromic DNA sequences (-GNATATNC- and 
-GAA​TAT​TC-, respectively). In this DNA-binding mode, two DNA-
binding domains (green and blue triangles) align closely and symmet-
rically. The NIGT1 dimer also binds to the NIGT1-binding sequence 

when present singly (-GAATC-) or as a pair (e.g., -GATTC-N38-
GAATC-). A conformational change in the linker region that con-
nects the dimerization domain with the DNA-binding domain allows 
NIGT1 to flexibly position the two DNA-binding domains. In this 
DNA-binding mode, two DNA-binding domains independently rec-
ognize the target sequences, including the additional cytosine (shown 
in blue), compared with the palindromic target sequence
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monomer, depending on their characteristics. Therefore, in 
some cases, the functions of dimerized TFs can be modified 
by regulating the expression ratios and dimerization effi-
ciency of the participating monomers. In the case of MYB-
RELATED PROTEIN 1 (MYR1) and MYR2, members of 
the PHR1 subfamily, alternative splicing was shown to affect 
their dimerization efficiency by altering the sequence of the 
dimerization domain (Zhao and Beers 2013), thus perhaps 
fine-tuning downstream gene expression. Both PHR1 and 
NIGT1 subfamily proteins form heterodimers with other 
family members exhibiting different expression patterns 
and functions (Ueda et al. 2020b; Wang et al. 2023). Future 
studies focusing on heterodimer formation may reveal new 
regulatory roles of dimeric GARP TFs.

Physiological roles of PHR1 subfamily 
members in P acquisition

In the past two decades, many studies have revealed that 
plants precisely control N and P acquisition via a transcrip-
tional regulatory network composed of multiple TFs (Helli-
well 2023; Li et al. 2021b; Sega and Pacak 2019; Ueda et al. 
2021). PHR1 and NIGT1 subfamily members play essential 
roles in this network. PHR1 and its homologs have been well 
characterized as essential positive regulators of phosphate 
uptake and phosphate starvation responses in Arabidopsis, 
rice, and several other plant species (Sega and Pacak 2019). 
Since plants acquire P from the soil as phosphate, the phos-
phate uptake and phosphate starvation responses are coor-
dinately regulated by PHR1 and its homologs.

PSR1, which was the first PHR1 subfamily member 
to be reported, was identified in a screening of Chla-
mydomonas mutants showing defective acclimatization to 
phosphate limitation (Shimogawara et al. 1999; Wykoff 
et  al. 1999). The psr1 mutant showed no increase in 
the rate of phosphate uptake upon phosphate depletion, 
resulting in a rapid decline in photosynthetic activity and 
growth after transfer to phosphate-limited conditions. 
Subsequently, Arabidopsis PHR1 was identified through 
mutant screening with a GUS reporter line, in which GUS 
expression was driven by a phosphate starvation-inducible 
gene promoter (Rubio et al. 2001). PHR1 functions redun-
dantly with PHL1, which is most closely related to PHR1 
in Arabidopsis (Fig. 1b), controlling a large part of the 
transcriptional response to phosphate starvation. Conse-
quently, the phr1 phl1 double mutant does not exhibit the 
typical physiological responses to phosphate starvation, 
such as anthocyanin accumulation, root hair elongation, 
and increased root/shoot ratio, and shows severe growth 
defects under phosphate-deficient conditions (Bustos 
et al. 2010). PHR1 homologs, PHL2 and PHL3, are also 
involved in the phosphate starvation response (Sun et al. 

2016). PHR1 and PHLs share the dimerization domain 
and the DNA-binding sequence; however, PHR1/PHL1 
and PHL2/PHL3 function as distinct modules to regulate 
plant development and transcriptional responses, because 
they do not physically interact with each other (Wang et al. 
2023). The distinct roles of PHR1/PHL1 and PHL2/PHL3 
in the phosphate starvation response may be related to the 
distant position of PHR1/PHL1 and PHL2/PHL3 in the 
phylogenetic tree (Fig. 1b), implying that many members 
of the PHR1 subfamily may be involved in phosphate-
related physiological processes.

Interestingly, PHR1 was found to not only directly 
activate the phosphate starvation-related genes but also 
suppress the immune response-related genes. This PHR1-
mediated regulation balances resource allocation between 
phosphate acquisition and immunity and modulates root 
microbial community. Under phosphate starvation condi-
tions, plants allow colonization by beneficial microorgan-
isms, such as mycorrhizal fungi, to promote phosphate 
uptake. A recent study showed that PHR1 activates the 
genes encoding the immune response-suppressing rapid 
alkalinization factor peptides to balance phosphate acqui-
sition and immune response in phosphate-deficient envi-
ronments (Tang et al. 2022). Therefore, PHR1 plays a criti-
cal role in controlling the overall physiological responses 
of plants to enable their survival in phosphate-limited 
environments.

Unlike PSR1 activity, which is regulated at the tran-
scriptional level (Wykoff et al. 1999), PHR1 activity is 
post-translationally regulated in response to the phosphate 
nutrient status. SYG1/PHO81/XPR1 (SPX) proteins inter-
act with PHR1 in an inositol phosphate (InsP)-dependent 
manner to form the PHR1–InsP–SPX ternary complex and 
reduce PHR1 activity (Puga et al. 2014; Wang et al. 2014; 
Wild et al. 2016). Because the InsP level is correlated with 
the cellular phosphate level, plants monitor the cellular 
phosphate status based on InsP concentration (Wang et al. 
2021). Consequently, SPX interacts with PHR1 to inhibit 
the binding of PHR1 to the P1BS-containing promoters 
under phosphate-sufficient conditions; however, reduction 
in the cellular phosphate level leads to the dissociation of the 
PHR1–InsP–SPX ternary complex, which increases PHR1 
activity and upregulates genes responsive to phosphate star-
vation. A recent study showed that NLA, an SPX domain-
containing E3 ubiquitin ligase, also interacts with PHR1 
in a manner similar to that employed by SPX proteins to 
regulate PHR1 protein stability depending on the phosphate 
level (Park et al. 2023). Furthermore, PHR1 activity is also 
considered to be regulated by SUMOylation (Miura et al. 
2005). Arabidopsis PHR1 is SUMOylated by SIZ1 SUMO 
E3 ligase; however, because of the pleiotropic phenotype 
of siz1, the exact effect of SUMOylation on PHR1 activity 
remains unclear.
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Physiological roles of NIGT1 subfamily 
members in N acquisition

The first suggested physiological role of NIGT1 subfam-
ily members was phosphate starvation response, because 
overexpression of an Arabidopsis NIGT1 gene, termed as 
HYPERSENSITIVITY TO LOW PI-ELICITED PRIMARY 
ROOT SHORTENING 1 (HRS1/NIGT1.4), resulted in 
altered phosphate starvation response compared with the 
wild type (Liu et al. 2009). However, NIGT1 subfamily 
members, including HRS1 and HHO proteins, are mainly 
associated with N responses (Maeda et al. 2018) and the N 
starvation response (Kiba et al. 2018; Ueda et al. 2020a). 
Consistently, the rice NIGT1 (OsNIGT1) gene was identi-
fied as the most strongly induced TF gene upon nitrate 
treatment (Sawaki et al. 2013) and all Arabidopsis NIGT1 
genes are typical nitrate-inducible genes (Maeda et al. 
2018). By contrast, Arabidopsis HRS1 and HHO genes are 
slightly induced by phosphate starvation, because PHR1 
and PHL1 weakly activate some (but not all) NIGT1 pro-
moters (Maeda et al. 2018). Following previous publica-
tions (Kiba et al. 2018; Li et al. 2021b; Liu et al. 2023; 
Maeda et al. 2018; Ueda et al. 2020a), the NIGT1 sub-
family members encoded by nitrate-inducible genes are 
referred to as NIGT1 proteins in this review, whereas those 
encoded by nitrate-non-inducible genes are referred to as 
HHO proteins. Both NIGT1 and HHO proteins function as 
transcriptional repressors, probably owing to the presence 
of the EAR motif, an interaction domain for co-repressors 
(Kagale and Rozwadowski 2011).

Recent studies revealed the roles of NIGT1 proteins in 
nitrate signaling and responses. Although plants acquire 
nitrate and ammonium as N sources from the soil, soil 
nitrate is the major N source for most land plants in oxida-
tive environments. Therefore, nitrate is a key N nutrient, 
and the supply of nitrate to N-starved plants induces rapid 
reprogramming of the transcriptome, triggering nitrate 
responses including the activation of genes related to 
nitrate uptake, N assimilation, and transcriptional regula-
tion. In nitrate signaling, nitrate itself acts as the primary 
signal that directly binds to and activates NIN-LIKE PRO-
TEIN (NLP) TFs, which perform dual functions by acting 
as the nitrate sensor as well as a master transcriptional 
activator at the initial stage of the nitrate response (Konishi 
and Yanagisawa 2013, 2014; Krapp et al. 2014; Liu et al. 
2022; Marchive et al. 2013). On the other hand, NIGT1 
proteins, which function directly downstream of the NLP 
TFs, are responsible for the negative feedback regulation 
of nitrate signaling. Although the role of NIGT1 proteins 
in nitrate signaling was initially suggested in rice (Sawaki 
et al. 2013), detailed analyses were performed using four 
Arabidopsis homologs (NIGT1.1–1.4), which revealed 

their roles in the downregulation of nitrate responses 
(Maeda et al. 2018; Ueda et al. 2020a, b). NIGT1 proteins 
negatively regulate the expression of many genes activated 
by nitrate-activated NLP TFs, which are very frequently 
related to nitrate transport, nitrate assimilation, cytokinin 
biosynthesis, and abscisic acid degradation (Maeda et al. 
2018; Ueda and Yanagisawa 2019). Thus, the NLP and 
NIGT1 TFs form an incoherent type I feedforward loop 
to stabilize the expression of the common target genes 
of NLP and NIGT1 proteins, such as NITRATE TRANS-
POTER2.1 (NRT2.1) (Ueda and Yanagisawa 2019, 2023). 
Furthermore, NIGT1 proteins have been shown to bind 
to NIGT1 recognition sequences in their gene promot-
ers, indicating that NIGT1 proteins constitute a negative 
autoregulatory loop to modulate their expression levels 
during the nitrate response (Maeda et al. 2018; Sawaki 
et  al. 2013). This complicated regulatory system that 
includes the NLP–NIGT1 transcriptional module likely 
optimizes nitrate responses under a myriad of different 
environmental situations. In addition to the downregula-
tion of nitrate responses, the NIGT1 proteins also regulate 
N starvation responses (Kiba et al. 2018). NIGT1 proteins 
suppress N starvation-responsive genes when the N nutri-
ent is abundant, whereas NIGT1 expression is decreased 
upon nitrate depletion, leading to the de-repression of 
N starvation-responsive genes, including NRT2.4 and 
NRT2.5, to enhance nitrate uptake.

According to recent studies, the HHO proteins also play 
critical roles in N deficiency responses. In the gene regu-
latory network controlling N deficiency responses in rice, 
which was identified through a weighted gene co-expression 
network analysis and GENIE3-based regulatory network 
analysis, OsHHO3 and OsHHO4 were designated as the 
strongest candidates for the central regulators of N defi-
ciency responses in rice. Indeed, very recently, OsHHO3 was 
reported as a transcriptional repressor of three AMMONIUM 
TRANSPORTER 1 (AMT1) genes responsible for most of 
the ammonium uptake activity of plants under N-deficient 
conditions (Liu et al. 2023). AMT1 activity is tightly asso-
ciated with plant growth in rice, because rice plants grow 
in paddy fields and prefer ammonium over nitrate as the 
N source. Like the expression of Arabidopsis NIGT1, the 
expression of OsHHO3 is repressed under N-deficient con-
ditions. Therefore, rice plants enhance AMT1 activity and 
ammonium uptake by reducing OsHHO3 expression upon N 
deficiency. Interestingly, OsHHO3 expression level showed 
a negative correlation with plant biomass and AMT1 expres-
sion in rice cultivars under N-deficient conditions, implying 
that natural variation in OsHHO3 expression levels among 
rice accessions should be utilized to improve the N use effi-
ciency of rice cultivars (Liu et al. 2023).

Recent studies showed that NIGT1 and HHO proteins 
play key roles in regulating N deficiency responses and N 
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acquisition, thus constituting a complicated mechanism. 
However, since Arabidopsis NIGT1 proteins can form heter-
odimers with certain HHO proteins (Ueda et al. 2020b), the 
NIGT1 subfamily members potentially regulate N acquisi-
tion and utilization in a more complex manner than currently 
understood.

PHR1‑NIGT1 interplay balancing N and P 
acquisition activities

N and P are key soil nutrients necessary in exceedingly high 
amounts, because they constitute various biomolecules. Plants 
must allocate resources to either the nitrate uptake pathway or 
the phosphate uptake pathway, depending on the demand and 
availability of these nutrients, to achieve optimal growth in 
different nutrient environments without wasting energy. Thus, 
plants need a complicated system to balance N and P acquisi-
tion activities. In recent years, the mechanisms underlying bal-
anced nutrient acquisition under diverse nutrient conditions 
have emerged as a new research target (Oldroyd and Leyser 
2020). Recent studies on Arabidopsis NIGT1 and PHR1 sub-
family members revealed a new mechanism, which indicated 
that both NIGT1 and PHR1 TFs constitute the core part of 
the transcriptional regulatory network that coordinates N and 
P acquisition (Maeda et al. 2018; Ueda et al. 2020a). In the 
proposed model (Fig. 3), nitrate induces NIGT1 expression 
to downregulate nitrate transporter genes and subsequently 

prevent the excess absorption of nitrate under N-sufficient 
conditions. Simultaneously, NIGT1 binds to the SPX gene 
promoters and represses SPX expression to enhance PHR1 
activity and phosphate uptake activity, thereby eliminating 
the problem of lower phosphate uptake activity compared to 
nitrate uptake activity. The expression or activity of NIGT1, 
SPX, and PHR1 reaches a steady state when mutual activa-
tion and repression among these factors leads to an optimal 
balance of nitrate and phosphate uptake activity. At this stage, 
NIGT1 expression is under the control of autorepression, 
owing to the presence of NIGT1-binding sites in NIGT1 gene 
promoters, probably contributing to maintaining this steady 
state. By contrast, under N-deficient conditions, plants must 
balance the amounts of acquired N and P by promoting nitrate 
uptake and decreasing phosphate uptake. Consistent with this 
requirement, N deficiency reduces NIGT1 expression levels, 
leading to higher nitrate uptake activity. At the same time, 
N deficiency-repressed NIGT1 expression upregulates SPX 
expression, reducing PHR activity to suppress phosphate 
uptake activity. This model is consistent with the root devel-
opment phenotypes of hrs1 (nigt1.4) mutants and HRS1 
(NIGT1.4) overexpressors under phosphate deficiency con-
ditions (Liu et al. 2009; Medici et al. 2015; Nagarajan et al. 
2016). Conversely, PHR1 and PHL1, activated in response to 
phosphate starvation, directly enhance NIGT1 expression to 
reduce the expression of nitrate transporter genes and con-
sequently decrease nitrate uptake activity to a level propor-
tional to phosphate uptake. Since one of the NIGT1-binding 

Fig. 3   A schematic diagram of the PHR1- and NIGT1-mediated 
mechanism that balances N and P acquisition. Under N-sufficient 
conditions, nitrate increases NIGT1 expression, causing the down-
regulation of nitrate transporter genes to prevent excess absorption of 
nitrate. The increase in NIGT1 expression also represses SPX expres-
sion, resulting in increased PHR1 activity and upregulation of phos-
phate transporter genes to coordinate the cellular phosphate level. 
Then, because of NIGT1 autoregulation and PHR1-dependent acti-
vation of NIGT1 and SPX1 genes for positive and negative feedback 
regulations, the expression levels of these genes reach a steady state. 
Because SPX proteins suppress PHR1 activity in response to the cel-
lular phosphate level, phosphate also participates in this regulatory 

network. Under N-deficient conditions, NIGT expression is decreased, 
inducing the upregulation of nitrate transporter genes, followed by 
increased N uptake activity. The decrease in NIGT expression also 
de-represses the SPX genes, which results in reduced PHR1 activ-
ity and phosphate uptake to prevent the excess uptake of phosphate 
relative to that of nitrate. The modulation of the NIGT1–SPX–PHR 
cascade in response to cellular nitrate and phosphate levels causes 
mutual activation and repression among these factors, optimizing the 
balance of nitrate and phosphate. The upregulated and downregulated 
signals and factors are indicated by bold font and thick lines in black 
and small letters and dashed lines in gray, respectively
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sequences (-GAA​TAT​TC-) is a variation of P1BS (-GNA-
TATNC-), NIGT1 and PHR1 proteins co-regulate NIGT1 
expression using shared binding sites (Maeda et al. 2018). 
However, because of their unshared binding sites, NIGT1 and 
PHR1 can also regulate distinct target genes individually to 
precisely balance N and P acquisition.

The transcriptional network described above can explain 
the mechanism that balances N and P acquisition. How-
ever, the precise mechanism may be more complicated than 
this simplified model, because of the presence of multilay-
ered positive and negative regulations such as the autore-
pression of NIGT1, activation of SPX genes by PHR1, 
and PHR1–SPX complex formation-mediated repression 
of PHR1 activity. Medici et al. (2015) also reported that 
the stability of NIGT1.4/HRS1 is decreased by phosphate 
deficiency, although how its stability is regulated post-
translationally remains to be elucidated. Furthermore, Hu 
et al. (2019) reported that OsSPX4-mediated regulation of 
OsPHR2 subcellular localization is also involved in balanc-
ing nitrate and phosphate acquisition in rice. Under phos-
phate-deficient conditions, OsPHR2 is sequestered in the 
cytosol by OsSPX4 via direct interaction to suppress phos-
phate uptake. Hu et al. (2019) proposed that nitrate applica-
tion enhances OsSPX4 degradation through the activation 
of an E3 ubiquitin ligase, NRT1.1B-INTERACTING PRO-
TEIN 1 (NBIP1), which allows OsPHR2 to translocate to the 
nucleus to activate phosphate transporter gene expression.

Concluding remarks and future perspectives

As plant-specific TFs, the GARP family proteins are involved 
in various plant-specific physiological processes. Recent stud-
ies revealed that PHR1 and NIGT1 subfamily members are 
key regulators of P and N acquisition. Phylogenetic analysis 
indicates that PHR1 and NIGT1 subfamily members pos-
sessing different amino acid sequences for the CCD do not 
belong to a monophyletic lineage, suggesting that the PHR1 
and NIGT1 subfamily emerged evolutionarily independently 
(Fig. 1). However, many studies revealed that the interplay of 
PHR1 and NIGT1 subfamily members constitutes a central 
regulatory network that integrates the supply and demand 
information of N and P for optimizing nutrient acquisition. 
Thus, most GARP family proteins that function as dimeric 
TFs are likely involved in regulating the nutrient response. 
Furthermore, given the presence of NIGT1 and PHR1 
homologs in a liverwort (Fig. 1b), the transcriptional network 
mediated by NIGT1 and PHR1 family members appears to 
be evolutionarily conserved across the entire plant kingdom 
to regulate nutrient responses. Therefore, further analyses of 
GARP family proteins, especially PHR1 and NIGT1 subfam-
ily members, would reveal the fundamental mechanism that 
regulates the acquisition of the most critical soil nutrients (N 

and P) in plants. Improving the utilization efficiencies of soil 
nutrients in crops is essential for the development of a sustain-
able agriculture system with reduced fertilizer usage, and the 
gene regulatory network regulated by NIGT1 and PHR1 sub-
family members is a potential target for such improvements, 
as already demonstrated through the disruption of OsHHO3 
in rice. Thus, PHR1 and NIGT1 subfamily members remain 
attractive targets for both basic and applied plant research.

Funding  Open Access funding provided by The University of Tokyo. 
This study was supported, in part, by the Japan Society for the Promo-
tion of Science (KAKENHI, grant no. 22H04977).

Declarations 

Conflict of interest  None declared.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abe M, Kaya H, Watanabe-Taneda A et al (2015) FE, a phloem-spe-
cific Myb-related protein, promotes flowering through transcrip-
tional activation of FLOWERING LOCUS T and FLOWERING 
LOCUS T INTERACTING PROTEIN 1. Plant J 83:1059–1068. 
https://​doi.​org/​10.​1111/​tpj.​12951

Amoutzias GD, Robertson DL, Van de Peer Y, Oliver SG (2008) 
Choose your partners: dimerization in eukaryotic transcription 
factors. Trends Biochem Sci 33:220–229. https://​doi.​org/​10.​
1016/j.​tibs.​2008.​02.​002

Argyros RD, Mathews DE, Chiang Y-H et al (2008) Type B response 
regulators of Arabidopsis play key roles in cytokinin signaling 
and plant development. Plant Cell 20:2102–2116. https://​doi.​
org/​10.​1105/​tpc.​108.​059584

Bonke M, Thitamadee S, Mähönen AP et al (2003) APL regulates 
vascular tissue identity in Arabidopsis. Nature 426:181–186. 
https://​doi.​org/​10.​1038/​natur​e02100

Bustos R, Castrillo G, Linhares F et al (2010) A central regulatory 
system largely controls transcriptional activation and repression 
responses to phosphate starvation in Arabidopsis. PLoS Genet 
6:e1001102. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10011​02

Dai S, Wei X, Pei L et al (2011) BROTHER OF LUX ARRHYTHMO 
is a component of the Arabidopsis circadian clock. Plant Cell 
23:961–972. https://​doi.​org/​10.​1105/​tpc.​111.​084293

Emery JF, Floyd SK, Alvarez J et al (2003) Radial patterning of 
Arabidopsis shoots by class III HD-ZIP and KANADI genes. 
Curr Biol 13:1768–1774. https://​doi.​org/​10.​1016/j.​cub.​2003.​
09.​035

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/tpj.12951
https://doi.org/10.1016/j.tibs.2008.02.002
https://doi.org/10.1016/j.tibs.2008.02.002
https://doi.org/10.1105/tpc.108.059584
https://doi.org/10.1105/tpc.108.059584
https://doi.org/10.1038/nature02100
https://doi.org/10.1371/journal.pgen.1001102
https://doi.org/10.1105/tpc.111.084293
https://doi.org/10.1016/j.cub.2003.09.035
https://doi.org/10.1016/j.cub.2003.09.035


340	 Journal of Plant Research (2024) 137:331–341

Eshed Y, Baum SF, Perea JV, Bowman JL (2001) Establishment of 
polarity in lateral organs of plants. Curr Biol 11:1251–1260. 
https://​doi.​org/​10.​1016/​S0960-​9822(01)​00392-X

Eshed Y, Izhaki A, Baum SF et al (2004) Asymmetric leaf development 
and blade expansion in Arabidopsisare mediated by KANADI and 
YABBY activities. Development 131:2997–3006. https://​doi.​org/​
10.​1242/​dev.​01186

Ferreira FJ, Kieber JJ (2005) Cytokinin signaling. Curr Opin Plant Biol 
8:518–525. https://​doi.​org/​10.​1016/j.​pbi.​2005.​07.​013

Fitter DW, Martin DJ, Copley MJ et al (2002) GLK gene pairs regulate 
chloroplast development in diverse plant species. Plant J 31:713–
727. https://​doi.​org/​10.​1046/j.​1365-​313X.​2002.​01390.x

Hall LN, Rossini L, Cribb L, Langdale JA (1998) GOLDEN 2: A novel 
transcriptional regulator of cellular differentiation in the maize 
leaf. Plant Cell 10:925–936. https://​doi.​org/​10.​1105/​tpc.​10.6.​925

Hazen SP, Schultz TF, Pruneda-Paz JL et  al (2005) LUX 
ARRHYTHMO encodes a Myb domain protein essential for cir-
cadian rhythms. Proc Natl Acad Sci 102:10387–10392. https://​
doi.​org/​10.​1073/​pnas.​05030​29102

Helfer A, Nusinow DA, Chow BY et al (2011) LUX ARRHYTHMO 
encodes a nighttime repressor of circadian gene expression in 
the Arabidopsis core clock. Curr Biol 21:126–133. https://​doi.​
org/​10.​1016/j.​cub.​2010.​12.​021

Helliwell KE (2023) Emerging trends in nitrogen and phospho-
rus signalling in photosynthetic eukaryotes. Trends Plant Sci 
28:344–358. https://​doi.​org/​10.​1016/j.​tplan​ts.​2022.​10.​004

Hosoda K, Imamura A, Katoh E et al (2002) Molecular structure of 
the GARP family of plant Myb-related DNA binding motifs of 
the Arabidopsis response regulators. Plant Cell 14:2015–2029. 
https://​doi.​org/​10.​1105/​tpc.​002733

Hu B, Jiang Z, Wang W et al (2019) Nitrate–NRT1.1B–SPX4 cas-
cade integrates nitrogen and phosphorus signalling networks 
in plants. Nat Plants 5:401–413. https://​doi.​org/​10.​1038/​
s41477-​019-​0384-1

Hwang I, Sheen J, Müller B (2012) Cytokinin signaling networks. 
Annu Rev Plant Biol 63:353–380. https://​doi.​org/​10.​1146/​annur​
ev-​arpla​nt-​042811-​105503

Ilegems M, Douet V, Meylan-Bettex M et al (2010) Interplay of auxin, 
KANADI and Class III HD-ZIP transcription factors in vascular 
tissue formation. Development 137:975–984. https://​doi.​org/​10.​
1242/​dev.​047662

Imamura A, Hanaki N, Nakamura A et al (1999) Compilation and char-
acterization of Arabiopsis thaliana response regulators implicated 
in His-Asp phosphorelay signal transduction. Plant Cell Physiol 
40:733–742. https://​doi.​org/​10.​1093/​oxfor​djour​nals.​pcp.​a0296​00

Izhaki A, Bowman JL (2007) KANADI and class III HD-Zip gene 
families regulate embryo patterning and modulate auxin flow dur-
ing embryogenesis in Arabidopsis. Plant Cell 19:495–508. https://​
doi.​org/​10.​1105/​tpc.​106.​047472

Jin J, Tian F, Yang D-C et al (2017) PlantTFDB 4.0: toward a central 
hub for transcription factors and regulatory interactions in plants. 
Nucleic Acids Res 45:D1040–D1045. https://​doi.​org/​10.​1093/​nar/​
gkw982

Kagale S, Rozwadowski K (2011) EAR motif-mediated transcriptional 
repression in plants. Epigenetics 6:141–146. https://​doi.​org/​10.​
4161/​epi.6.​2.​13627

Kerstetter RA, Bollman K, Taylor RA et al (2001) KANADI regulates 
organ polarity in Arabidopsis. Nature 411:706–709. https://​doi.​
org/​10.​1038/​35079​629

Kiba T, Inaba J, Kudo T et al (2018) Repression of nitrogen starva-
tion responses by members of the Arabidopsis GARP-type tran-
scription factor NIGT1/HRS1 subfamily. Plant Cell 30:925–945. 
https://​doi.​org/​10.​1105/​tpc.​17.​00810

Kim J-Y, Symeonidi E, Pang TY et al (2021) Distinct identities of leaf 
phloem cells revealed by single cell transcriptomics. Plant Cell 
33:511–530. https://​doi.​org/​10.​1093/​plcell/​koaa0​60

Kondo Y, Nurani AM, Saito C et al (2016) Vascular cell induction 
culture system using Arabidopsis leaves (VISUAL) reveals the 
sequential differentiation of sieve element-like cells. Plant Cell 
28:1250–1262. https://​doi.​org/​10.​1105/​tpc.​16.​00027

Konishi M, Yanagisawa S (2013) Arabidopsis NIN-like transcription 
factors have a central role in nitrate signalling. Nat Commun 
4:1617. https://​doi.​org/​10.​1038/​ncomm​s2621

Konishi M, Yanagisawa S (2014) Emergence of a new step towards 
understanding the molecular mechanisms underlying nitrate-
regulated gene expression. J Exp Bot 65:5589–5600. https://​doi.​
org/​10.​1093/​jxb/​eru267

Krapp A, David LC, Chardin C et al (2014) Nitrate transport and sig-
nalling in Arabidopsis. J Exp Bot 65:789–798. https://​doi.​org/​10.​
1093/​jxb/​eru001

Li L, Liu K, Sheen J (2021a) Dynamic nutrient signaling networks in 
plants. Annu Rev Cell Dev Biol 37:341–367. https://​doi.​org/​10.​
1146/​annur​ev-​cellb​io-​010521-​015047

Li Q, Zhou L, Li Y et al (2021b) Plant NIGT1/HRS1/HHO transcrip-
tion tactors: Key regulators with multiple roles in plant growth, 
development, and stress responses. Int J Mol Sci 22:8685. https://​
doi.​org/​10.​3390/​ijms2​21686​85

Liu H, Yang H, Wu C et al (2009) Overexpressing HRS1 confers hyper-
sensitivity to low phosphate-elicited inhibition of primary root 
growth in Arabidopsis thaliana. J Integr Plant Biol 51:382–392. 
https://​doi.​org/​10.​1111/j.​1744-​7909.​2009.​00819.x

Liu K-H, Liu M, Lin Z et al (2022) NIN-like protein 7 transcription 
factor is a plant nitrate sensor. Science 377:1419–1425. https://​
doi.​org/​10.​1126/​scien​ce.​add11​04

Liu K, Sakuraba Y, Ohtsuki N et al (2023) CRISPR/Cas9-mediated 
elimination of OsHHO3, a transcriptional repressor of three 
AMMONIUM TRANSPORTER1 genes, improves nitrogen use 
efficiency in rice. Plant Biotechnol J 21:2169–2172. https://​doi.​
org/​10.​1111/​pbi.​14167

Lundmark M, Nilsson L, Kørner CJ, Nielsen TH (2011) Overexpres-
sion of the MYB-related transcription factor GCC7 in Arabidopsis 
thaliana leads to increased levels of Pi and changed P-dependent 
gene regulation. Funct Plant Biol 38:151–162. https://​doi.​org/​10.​
1071/​FP100​81

Maeda Y, Konishi M, Kiba T et al (2018) A NIGT1-centred transcrip-
tional cascade regulates nitrate signalling and incorporates phos-
phorus starvation signals in Arabidopsis. Nat Commun 9:1376. 
https://​doi.​org/​10.​1038/​s41467-​018-​03832-6

Marchive C, Roudier F, Castaings L et al (2013) Nuclear retention of 
the transcription factor NLP7 orchestrates the early response to 
nitrate in plants. Nat Commun 4:1713. https://​doi.​org/​10.​1038/​
ncomm​s2650

McAbee JM, Hill TA, Skinner DJ et al (2006) ABERRANT TESTA 
SHAPE encodes a KANADI family member, linking polarity 
determination to separation and growth of Arabidopsis ovule 
integuments. Plant J 46:522–531. https://​doi.​org/​10.​1111/j.​1365-​
313X.​2006.​02717.x

Medici A, Marshall-Colon A, Ronzier E et al (2015) AtNIGT1/HRS1 
integrates nitrate and phosphate signals at the Arabidopsis root 
tip. Nat Commun 6:6274. https://​doi.​org/​10.​1038/​ncomm​s7274

Merelo P, Xie Y, Brand L et al (2013) Genome-wide identification of 
KANADI1 target genes. PLoS One 8:e77341. https://​doi.​org/​10.​
1371/​journ​al.​pone.​00773​41

Mihara M, Itoh T, Izawa T (2010) SALAD database: a motif-based data-
base of protein annotations for plant comparative genomics. Nucleic 
Acids Res 38:D835–D842. https://​doi.​org/​10.​1093/​nar/​gkp831

Miura K, Rus A, Sharkhuu A et al (2005) The Arabidopsis SUMO E3 
ligase SIZ1 controls phosphate deficiency responses. Proc Natl 
Acad Sci 102:7760–7765. https://​doi.​org/​10.​1073/​pnas.​05007​
78102

Moreau F, Thévenon E, Blanvillain R et al (2016) The Myb-domain 
protein ULTRAPETALA1 INTERACTING FACTOR 1 controls 

https://doi.org/10.1016/S0960-9822(01)00392-X
https://doi.org/10.1242/dev.01186
https://doi.org/10.1242/dev.01186
https://doi.org/10.1016/j.pbi.2005.07.013
https://doi.org/10.1046/j.1365-313X.2002.01390.x
https://doi.org/10.1105/tpc.10.6.925
https://doi.org/10.1073/pnas.0503029102
https://doi.org/10.1073/pnas.0503029102
https://doi.org/10.1016/j.cub.2010.12.021
https://doi.org/10.1016/j.cub.2010.12.021
https://doi.org/10.1016/j.tplants.2022.10.004
https://doi.org/10.1105/tpc.002733
https://doi.org/10.1038/s41477-019-0384-1
https://doi.org/10.1038/s41477-019-0384-1
https://doi.org/10.1146/annurev-arplant-042811-105503
https://doi.org/10.1146/annurev-arplant-042811-105503
https://doi.org/10.1242/dev.047662
https://doi.org/10.1242/dev.047662
https://doi.org/10.1093/oxfordjournals.pcp.a029600
https://doi.org/10.1105/tpc.106.047472
https://doi.org/10.1105/tpc.106.047472
https://doi.org/10.1093/nar/gkw982
https://doi.org/10.1093/nar/gkw982
https://doi.org/10.4161/epi.6.2.13627
https://doi.org/10.4161/epi.6.2.13627
https://doi.org/10.1038/35079629
https://doi.org/10.1038/35079629
https://doi.org/10.1105/tpc.17.00810
https://doi.org/10.1093/plcell/koaa060
https://doi.org/10.1105/tpc.16.00027
https://doi.org/10.1038/ncomms2621
https://doi.org/10.1093/jxb/eru267
https://doi.org/10.1093/jxb/eru267
https://doi.org/10.1093/jxb/eru001
https://doi.org/10.1093/jxb/eru001
https://doi.org/10.1146/annurev-cellbio-010521-015047
https://doi.org/10.1146/annurev-cellbio-010521-015047
https://doi.org/10.3390/ijms22168685
https://doi.org/10.3390/ijms22168685
https://doi.org/10.1111/j.1744-7909.2009.00819.x
https://doi.org/10.1126/science.add1104
https://doi.org/10.1126/science.add1104
https://doi.org/10.1111/pbi.14167
https://doi.org/10.1111/pbi.14167
https://doi.org/10.1071/FP10081
https://doi.org/10.1071/FP10081
https://doi.org/10.1038/s41467-018-03832-6
https://doi.org/10.1038/ncomms2650
https://doi.org/10.1038/ncomms2650
https://doi.org/10.1111/j.1365-313X.2006.02717.x
https://doi.org/10.1111/j.1365-313X.2006.02717.x
https://doi.org/10.1038/ncomms7274
https://doi.org/10.1371/journal.pone.0077341
https://doi.org/10.1371/journal.pone.0077341
https://doi.org/10.1093/nar/gkp831
https://doi.org/10.1073/pnas.0500778102
https://doi.org/10.1073/pnas.0500778102


341Journal of Plant Research (2024) 137:331–341	

floral meristem activities in Arabidopsis. Development 143:1108–
1119. https://​doi.​org/​10.​1242/​dev.​127365

Nagarajan VK, Satheesh V, Poling MD et al (2016) Arabidopsis MYB-
related HHO2 exerts a regulatory influence on a subset of root 
traits and genes governing phosphate homeostasis. Plant Cell 
Physiol 57:1142–1152. https://​doi.​org/​10.​1093/​pcp/​pcw063

Nguyen CV, Vrebalov JT, Gapper NE et al (2014) Tomato GOLDEN2-
LIKE transcription factors reveal molecular gradients that func-
tion during fruit development and ripening. Plant Cell 26:585–
601. https://​doi.​org/​10.​1105/​tpc.​113.​118794

Oldroyd GED, Leyser O (2020) A plant’s diet, surviving in a variable 
nutrient environment. Science 368:eaba0196. https://​doi.​org/​10.​
1126/​scien​ce.​aba01​96

Park S-H, Jeong JS, Huang C-H et al (2023) Inositol polyphosphates-
regulated polyubiquitination of PHR1 by NLA E3 ligase dur-
ing phosphate starvation response in Arabidopsis. New Phytol 
237:1215–1228. https://​doi.​org/​10.​1111/​nph.​18621

Powell ALT, Nguyen CV, Hill T et al (2012) Uniform ripening Encodes 
a Golden 2-like transcription factor regulating tomato fruit chlo-
roplast development. Science 336:1711–1715. https://​doi.​org/​10.​
1126/​scien​ce.​12222​18

Puga MI, Mateos I, Charukesi R et al (2014) SPX1 is a phosphate-
dependent inhibitor of PHOSPHATE STARVATION RESPONSE 
1 in Arabidopsis. Proc Natl Acad Sci 111:14947–14952. https://​
doi.​org/​10.​1073/​pnas.​14046​54111

Riechmann JL, Heard J, Martin G et al (2000) Arabidopsis transcription 
factors: genome-wide comparative analysis among eukaryotes. Sci-
ence 290:2105–2110. https://​doi.​org/​10.​1126/​scien​ce.​290.​5499.​2105

Rubio V, Linhares F, Solano R et al (2001) A conserved MYB tran-
scription factor involved in phosphate starvation signaling both 
in vascular plants and in unicellular algae. Genes Dev 15:2122–
2133. https://​doi.​org/​10.​1101/​gad.​204401

Safi A, Medici A, Szponarski W et al (2017) The world according to 
GARP transcription factors. Curr Opin Plant Biol 39:159–167. 
https://​doi.​org/​10.​1016/j.​pbi.​2017.​07.​006

Sawaki N, Tsujimoto R, Shigyo M et al (2013) A nitrate-inducible 
GARP family gene encodes an auto-repressible transcriptional 
repressor in rice. Plant Cell Physiol 54:506–517. https://​doi.​org/​
10.​1093/​pcp/​pct007

Sega P, Pacak A (2019) Plant PHR transcription factors: put on a map. 
Genes 10:1018. https://​doi.​org/​10.​3390/​genes​10121​018

Shimogawara K, Wykoff DD, Usuda H, Grossman AR (1999) Chla-
mydomonas reinhardtii mutants abnormal in their responses to 
phosphorus deprivation. Plant Physiol 120:685–694. https://​doi.​
org/​10.​1104/​pp.​120.3.​685

Silva CS, Nayak A, Lai X et al (2020) Molecular mechanisms of 
evening complex activity in Arabidopsis. Proc Natl Acad Sci 
117:6901–6909. https://​doi.​org/​10.​1073/​pnas.​19209​72117

Sun L, Song L, Zhang Y et al (2016) Arabidopsis PHL2 and PHR1 act 
redundantly as the key components of the central regulatory sys-
tem controlling transcriptional responses to phosphate starvation. 
Plant Physiol 170:499–514. https://​doi.​org/​10.​1104/​pp.​15.​01336

Tamura K, Stecher G, Kumar S (2021) MEGA11: Molecular evolution-
ary genetics analysis version 11. Mol Biol Evol 38:3022–3027. 
https://​doi.​org/​10.​1093/​molbev/​msab1​20

Tang J, Wu D, Li X et al (2022) Plant immunity suppression via PHR1-
RALF-FERONIA shapes the root microbiome to alleviate phos-
phate starvation. EMBO J 41:e109102. https://​doi.​org/​10.​15252/​
embj.​20211​09102

Ueda Y, Yanagisawa S (2019) Perception, transduction, and integra-
tion of nitrogen and phosphorus nutritional signals in the tran-
scriptional regulatory network in plants. J Exp Bot 70:3709–3717. 
https://​doi.​org/​10.​1093/​jxb/​erz148

Ueda Y, Yanagisawa S (2023) Transcription factor module NLP–
NIGT1 fine-tunes NITRATE TRANSPORTER2.1 expression. 
Plant Physiol. https://​doi.​org/​10.​1093/​plphys/​kiad4​58

Ueda Y, Kiba T, Yanagisawa S (2020a) Nitrate-inducible NIGT1 pro-
teins modulate phosphate uptake and starvation signalling via 
transcriptional regulation of SPX genes. Plant J 102:448–466. 
https://​doi.​org/​10.​1111/​tpj.​14637

Ueda Y, Nosaki S, Sakuraba Y et al (2020b) NIGT1 family proteins 
exhibit dual mode DNA recognition to regulate nutrient response-
associated genes in Arabidopsis. PLoS Genet 16:e1009197. 
https://​doi.​org/​10.​1371/​journ​al.​pgen.​10091​97

Ueda Y, Sakuraba Y, Yanagisawa S (2021) Environmental control 
of phosphorus acquisition: a piece of the molecular framework 
underlying nutritional homeostasis. Plant Cell Physiol 62:573–
581. https://​doi.​org/​10.​1093/​pcp/​pcab0​10

Waadt R, Seller CA, Hsu P-K et al (2022) Plant hormone regulation 
of abiotic stress responses. Nat Rev Mol Cell Biol 23:680–694. 
https://​doi.​org/​10.​1038/​s41580-​022-​00479-6

Wang P, Fouracre J, Kelly S et al (2013) Evolution of GOLDEN2-LIKE 
gene function in C3 and C4 plants. Planta 237:481–495. https://​
doi.​org/​10.​1007/​s00425-​012-​1754-3

Wang Z, Ruan W, Shi J et al (2014) Rice SPX1 and SPX2 inhibit 
phosphate starvation responses through interacting with PHR2 in 
a phosphate-dependent manner. Proc Natl Acad Sci 111:14953–
14958. https://​doi.​org/​10.​1073/​pnas.​14046​80111

Wang Z, Kuo H-F, Chiou T-J (2021) Intracellular phosphate sensing 
and regulation of phosphate transport systems in plants. Plant 
Physiol 187:2043–2055. https://​doi.​org/​10.​1093/​plphys/​kiab3​43

Wang Z, Zheng Z, Zhu Y et al (2023) PHOSPHATE RESPONSE 1 
family members act distinctly to regulate transcriptional responses 
to phosphate starvation. Plant Physiol 191:1324–1343. https://​doi.​
org/​10.​1093/​plphys/​kiac5​21

Waters MT, Wang P, Korkaric M et al (2009) GLK transcription fac-
tors coordinate expression of the photosynthetic apparatus in 
Arabidopsis. Plant Cell 21:1109–1128. https://​doi.​org/​10.​1105/​
tpc.​108.​065250

Wild R, Gerasimaite R, Jung J-Y et al (2016) Control of eukaryotic 
phosphate homeostasis by inositol polyphosphate sensor domains. 
Science 352:986–990. https://​doi.​org/​10.​1126/​scien​ce.​aad98​58

Wykoff DD, Grossman AR, Weeks DP et al (1999) Psr1, a nuclear 
localized protein that regulates phosphorus metabolism in Chla-
mydomonas. Proc Natl Acad Sci 96:15336–15341. https://​doi.​org/​
10.​1073/​pnas.​96.​26.​15336

Yan Y, Shen L, Chen Y et al (2014) A MYB-domain protein EFM 
mediates flowering responses to environmental cues in Arabidop-
sis. Dev Cell 30:437–448. https://​doi.​org/​10.​1016/j.​devcel.​2014.​
07.​004

Yanagisawa S (2013) Characterization of a nitrate-inducible transcrip-
tional repressor NIGT1 provides new insights into DNA recogni-
tion by the GARP family proteins. Plant Signal Behav 8:e24447. 
https://​doi.​org/​10.​4161/​psb.​24447

Yokoyama A, Yamashino T, Amano Y-I et al (2007) Type-B ARR 
transcription factors, ARR10 and ARR12, are implicated in cyto-
kinin-mediated regulation of protoxylem differentiation in roots 
of Arabidopsis thaliana. Plant Cell Physiol 48:84–96. https://​doi.​
org/​10.​1093/​pcp/​pcl040

Zhao C, Beers EP (2013) Alternative splicing of Myb-related genes 
MYR1 and MYR2 may modulate activities through changes in 
dimerization, localization, or protein folding. Plant Signal Behav 
8:e27325. https://​doi.​org/​10.​4161/​psb.​27325

Zhao C, Hanada A, Yamaguchi S et al (2011) The Arabidopsis Myb 
genes MYR1 and MYR2 are redundant negative regulators of 
flowering time under decreased light intensity. Plant J 66:502–
515. https://​doi.​org/​10.​1111/j.​1365-​313X.​2011.​04508.x

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1242/dev.127365
https://doi.org/10.1093/pcp/pcw063
https://doi.org/10.1105/tpc.113.118794
https://doi.org/10.1126/science.aba0196
https://doi.org/10.1126/science.aba0196
https://doi.org/10.1111/nph.18621
https://doi.org/10.1126/science.1222218
https://doi.org/10.1126/science.1222218
https://doi.org/10.1073/pnas.1404654111
https://doi.org/10.1073/pnas.1404654111
https://doi.org/10.1126/science.290.5499.2105
https://doi.org/10.1101/gad.204401
https://doi.org/10.1016/j.pbi.2017.07.006
https://doi.org/10.1093/pcp/pct007
https://doi.org/10.1093/pcp/pct007
https://doi.org/10.3390/genes10121018
https://doi.org/10.1104/pp.120.3.685
https://doi.org/10.1104/pp.120.3.685
https://doi.org/10.1073/pnas.1920972117
https://doi.org/10.1104/pp.15.01336
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.15252/embj.2021109102
https://doi.org/10.15252/embj.2021109102
https://doi.org/10.1093/jxb/erz148
https://doi.org/10.1093/plphys/kiad458
https://doi.org/10.1111/tpj.14637
https://doi.org/10.1371/journal.pgen.1009197
https://doi.org/10.1093/pcp/pcab010
https://doi.org/10.1038/s41580-022-00479-6
https://doi.org/10.1007/s00425-012-1754-3
https://doi.org/10.1007/s00425-012-1754-3
https://doi.org/10.1073/pnas.1404680111
https://doi.org/10.1093/plphys/kiab343
https://doi.org/10.1093/plphys/kiac521
https://doi.org/10.1093/plphys/kiac521
https://doi.org/10.1105/tpc.108.065250
https://doi.org/10.1105/tpc.108.065250
https://doi.org/10.1126/science.aad9858
https://doi.org/10.1073/pnas.96.26.15336
https://doi.org/10.1073/pnas.96.26.15336
https://doi.org/10.1016/j.devcel.2014.07.004
https://doi.org/10.1016/j.devcel.2014.07.004
https://doi.org/10.4161/psb.24447
https://doi.org/10.1093/pcp/pcl040
https://doi.org/10.1093/pcp/pcl040
https://doi.org/10.4161/psb.27325
https://doi.org/10.1111/j.1365-313X.2011.04508.x

	Role of GARP family transcription factors in the regulatory network for nitrogen and phosphorus acquisition
	Abstract
	Introduction
	Definition and structural characteristics of GARP family proteins
	Physiological functions of monomeric GARP TFs
	Dimerization domains and DNA recognition of dimeric GARP TFs
	Physiological roles of PHR1 subfamily members in P acquisition
	Physiological roles of NIGT1 subfamily members in N acquisition
	PHR1-NIGT1 interplay balancing N and P acquisition activities
	Concluding remarks and future perspectives
	References




