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Abstract

The adaptive responses of plants to phosphate (Pi) starvation stress are fine-tuned by an elaborate regulatory network. 
In this study, we identified and characterized a novel Pi starvation-responsive gene, MYB1, encoding an R2R3-type 
transcription factor in rice. MYB1 was transcriptionally induced in leaf sheaths and old leaf blades. It was localized to 
the nucleus and expressed mainly in vascular tissues. Mutation of MYB1 led to an increase in Pi uptake and accumu-
lation, accompanied by altered expression of a subset of Pi transporters and several genes involved in Pi starvation 
signaling. Furthermore, MYB1 affected the elongation of the primary root in a Pi-dependent manner and lateral roots 
in a Pi-independent manner. Moreover, gibberellic acid (GA)-triggered lateral root elongation was largely suppressed 
in wild-type plants under Pi starvation conditions, whereas this suppression was partially rescued in myb1 mutant 
lines, correlating with the up-regulation of a GA biosynthetic gene upon MYB1 mutation. Taken together, the findings 
of this study highlight the role of MYB1 as a regulator involved in both Pi starvation signaling and GA biosynthesis. 
Such a co-regulator might have broad implications for the study of cross-talk between nutrient stress and other sign-
aling pathways.

Key words:  Gibberellic acid biosynthesis, MYB transcription factor, Oryza sativa L., phosphorus, phosphate uptake, phosphate 
starvation response, root development.

Introduction

Phosphorus (P) is an indispensable nutrient for plant growth 
and development, and serves as the constituent of  many 
biologically important molecules (e.g. nucleic acids, phos-
pholipids, and ATP) (Raghothama, 1999). However, the 
major form of  P accessible to plant roots, namely inorganic 
orthophosphate (Pi), is often a significant limiting factor 
in natural ecosystems and agricultural production. This is 
due to the slow mobility of  Pi in the soil and its fixation 

by cations and microorganisms (Plaxton and Tran, 2011). 
Plants have evolved a suite of  developmental and metabolic 
responses to sustain their growth when exposed to Pi star-
vation stress, including modification of  root system archi-
tecture (RSA), excretion of  enzymes and organic acids, and 
formation of  symbiotic associations with arbuscular myc-
orrhizal fungi (Smith et  al., 2011; Lambers and Plaxton, 
2015; Li et al., 2016). All these responses are fine-tuned by 
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a complex gene-regulatory network (Chiou and Lin, 2011; 
López-Arredondo et  al., 2014; Liang et  al., 2014). In the 
past two decades, progress has been made to unravel this 
network. Genes of  different molecular identities have been 
functionally characterized with regard to several aspects of 
Pi starvation responses. These genes have been pinned to 
the Pi starvation signaling network through the elucidation 
of  their molecular and genetic interactions (Gu et al., 2016; 
Luan et al., 2016). However, much work remains to be done 
to get closer to a comprehensive understanding of  this net-
work and then the potential applications of  the expanded 
knowledge (Tian et al., 2012; Gu et al., 2016).

Transcription factors (TFs), along with other regulatory 
genes involved in Pi signaling, affect Pi homeostasis through 
direct or indirect regulation of  the Pi transporters (PTs) at 
different levels (Gu et al., 2016). Transcriptional activation/
repression represents an early and important step of  gene 
expression regulation, which is largely dependent on TFs 
and has been recognized as an important level of  regulation 
in plants encountering Pi starvation stress (Bustos et  al., 
2010; Secco et  al., 2013). To date, an increasing number 
of  TFs belonging to several families have been reported to 
be involved in plant Pi starvation responses in both model 
plants and crops (Yi et al., 2005; Chen et al., 2007; Devaiah 
et  al., 2007a, b; Camacho-Cristóbal et  al., 2008; Devaiah 
et al., 2009; Chen et al., 2009; Liu et al., 2009; Dai et al., 
2012; Baek et al., 2013; Shen et al., 2013; Ramaiah et al., 
2014; Singh et al., 2014; Wang et al., 2014a, b; Yang et al., 
2014; Chen & Schmidt, 2015; Dai et al., 2016; Ruan et al., 
2017). Among these TFs, members of  the MYB family have 
been most intensively studied. A group of  MYB TFs des-
ignated as PHR (Phosphate Starvation Response), which 
recognize and bind to a non-perfect palindromic cis-ele-
ment P1BS (PHR1-Binding Sequence), have been defined 
as central regulators of  Pi starvation signaling and found to 
be conserved in diverse plant species. In Arabidopsis thali-
ana, PHR1 and PHL1 (PHR1-Like1) work in combination 
to control the transcriptional expression of  a considerable 
proportion of  PSI (Phosphate Starvation-induced) genes 
(Rubio et al., 2001; Bustos et al., 2010). Among the genes 
acting downstream of  AtPHR1, microRNA399 (miR399), 
which post-transcriptionally targets a ubiquitin-conjugat-
ing E2 enzyme (PHO2, PHOSPHATE2), has been shown 
to be important for maintaining plant Pi homeostasis 
(Aung et al., 2006; Bari et al., 2006). Two close homologs 
of  AtPHR1/AtPHL1 (AtPHL2 and AtPHL3), which are 
induced by Pi starvation at both the transcriptional and the 
protein level, have been reported to play redundant roles in 
the transcriptional control of  Pi starvation signaling (Sun 
et  al., 2016). In rice (Oryza sativa), OsPHR1/OsPHR2/
OsPHR3 function in a highly conserved manner to that 
found in Arabidopsis PHR1/PHLs (Zhou et al., 2008; Guo 
et al., 2015). Very recently, another rice homolog, OsPHR4, 
has been found to be a direct target of  OsPHR1/OsPHR2/
OsPHR3 and to play a similar role to its counterparts (Ruan 
et al., 2017). AtPHR1 and OsPHR2 are barely responsive 
to Pi starvation at the transcriptional level, whereas their 

activities are post-translationally governed by proteins of 
the SPX (SYG1/PHO81/XPR1) family (Puga et  al., 2014; 
Wang et al., 2014). AtSPX1 and OsSPX1 function as nega-
tive regulators of  Pi starvation signaling via physical inter-
action with AtPHR1 and OsPHR2, respectively (Puga 
et al., 2014; Wang et al., 2014). In addition to PHRs/PHLs, 
which are 1R-type MYB TFs, several R2R3-type MYB 
members, namely OsMYB2P-1, OsMYB4P, AtMYB2, and 
AtMYB62, have also been reported to be involved in Pi 
starvation signaling. All these R2R3-type MYB TFs are 
transcriptionally up-regulated by Pi starvation in roots 
and/or shoot tissues and affect Pi homeostasis by regulat-
ing PSI genes (Devaiah et al., 2009; Dai et al., 2012; Baek 
et al., 2013; Yang et al., 2014).

Eight out of  nine known phytohormones, namely auxin, 
cytokinin, abscisic acid, ethylene, jasmonic acid, brassinos-
teroid, strigolactone, and gibberellic acid (GA), have been 
implicated in Pi starvation signaling or other pathways trig-
gered by Pi starvation (Hammond and White, 2008, 2011; 
Singh et al., 2014; Khan et al., 2016). Among the reported 
R2R3-type MYB members involved in Pi starvation signal-
ing, AtMYB62 shows a unique expression pattern, which is 
specifically induced in leaves, and it simultaneously modu-
lates GA biosynthesis and flowering by suppressing the 
expression of  genes responsible for these two processes 
(Devaiah et al., 2009). 

In the present study, a novel PSI gene encoding an R2R3-
type MYB TF, MYB1, was identified in rice. We show that 
MYB1 affects Pi homeostasis by negatively regulating 
the expression of  PT genes. MYB1 was also found to be 
involved in Pi- and/or GA-dependent root development. 
This study pins another node to the Pi starvation signal-
ing network, and presents an entry point by which to dis-
sect the molecular mechanisms underlying the cross-talk 
between Pi starvation signaling and phytohormone path-
ways in crops.

Materials and methods

Plant materials and growth conditions
The Nipponbare cultivar of rice (Oryza sativa L. ssp. japonica) was 
used for most experiments in this study. The T-DNA insertion line 
osphr2 (Line ID RMD_04Z11NL88) was obtained from the Rice 
Mutant Database (RMD) maintained by the National Center of 
Plant Gene Research (Wuhan) at Huazhong Agricultural University; 
its genetic background is japonica cv. Zhonghua11. Hydroponic 
experiments were performed using normal rice culture solution con-
taining 1.425 mM NH4NO3, 0.2 mM NaH2PO4, 0.513 mM K2SO4, 
0.998 mM CaCl2, 1.643 mM MgSO4, 0.009 mM MnCl2, 0.075 mM 
(NH4)6Mo7O24, 0.019  mM H3BO3, 0.155  mM CuSO4, 0.02  mM 
Fe-EDTA, and 0.152 mM ZnSO4. Rice plants were grown in growth 
chambers with a 12 h light/12 h dark photoperiod and a day/night 
temperature of ~28/20 ℃ after germination. Seedlings were treated 
with ~0.25–0.5 strength nutrient solution (described above) until 
the fifth leaf blade had just emerged. Subsequently, the seedlings 
were treated with high phosphate (HP; 200 μM Pi), low phosphate 
(LP; 10 μM Pi) or no phosphate (NP; 0 μM Pi) until the seventh 
leaf blade was fully expanded, and then evaluated for phenotype or 
sampled.
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RNA extraction, cDNA preparation, and RT-qPCR
Total RNA was extracted from various tissues using TRIzol rea-
gent (Invitrogen). Genomic DNA elimination and reverse transcrip-
tion were performed using the PrimeScript RT reagent Kit with 
gDNA Eraser (TaKaRa Biotechnology, Dalian, China). Reverse 
transcription–quantitative PCR (RT-qPCR) was performed with 
the SYBR Premix Ex TaqTM II (Perfect Real Time) Kit (TaKaRa 
Biotechnology) on the StepOnePlus Real-Time PCR System 
(Applied Biosystems). Relative expression levels were normalized to 
that of OsActin1 (LOC_Os03g50885) and presented as 2−△CT.

Subcellular localization analysis by agroinfiltration of 
tobacco leaves
The full-length open reading frame (ORF) of MYB1 without the 
stop codon was first ligated to an intermediate vector, pSAT6A-
EGFP-N1. The MYB1::GFP fusion construct as well as GFP alone 
were then subcloned into the expression vector pRCS2-ocs-nptII 
with the rare cutter PI-PspI. The plasmids were both transformed 
into Agrobacterium tumefaciens (EHA105). The cells were harvested 
by centrifugation and resuspended in a solution containing 10 mM 
MES, 10 mM MgCl2, and 200 μM acetosyringone (pH 5.7) at an 
optical density (600 nm) of 0.1. Cell suspensions were incubated at 
room temperature for 1–4 h and then infiltrated into the leaves of 
Nicotiana benthamiana by using a needle-free syringe. Green fluo-
rescent protein (GFP) fluorescence in the transformed leaves was 
imaged using a confocal laser scanning microscope (Leica SP8) after 
48–72 h.

Transactivation assay using the yeast two-hybrid system
The full-length ORF of OsMYB1 was amplified by PCR and cloned 
into pBD-GAL4 Cam with EcoRI and SmaI, to produce an in-frame 
fusion with the yeast GAL4 DNA-binding domain. The OsMYB1-
pBD-GAL4 construct was transformed into YRG-2 cells by using the 
lithium acetate-mediated method, and transformants were selected 
on synthetic dextrose (SD) medium lacking tryptophan (W). Yeast 
transformants from SD/-W were then streaked on to solid SD/-W or 
SD/-W/-Histidine (H) medium for observation of growth.

Construction of expression vectors for tissue localization 
analysis and OsMYB1 mutation, and generation of 
transgenic plants
For tissue localization analysis, the GUSPlus reporter gene and the 
NOS terminator were introduced into pCAMBIA1300 via KpnI/SacI 
and SacI/EcoRI, respectively, resulting in a new expression vector, 
pCAMBIA1300-GN. A  2149  bp fragment upstream of the trans-
lation start codon of OsMYB1 was amplified and fused upstream 
of the GUSPlus reporter gene via BamHI/KpnI. For gene mutation 
with the CRISPR-Cas9 system, three different spacers residing in 
exons were selected from the library provided by Miao et al. (2013). 
These spacers were ligated to the intermediate vector pOs-sgRNA 
via BsaI and then introduced into pH-Ubi-cas9-7 through the use of 
GATEWAY technology.

The constructs were transformed into mature embryos devel-
oped from seeds of wild-type (WT) rice plants (cv. Nipponbare) via 
A. tumefaciens-mediated transformation as previously described (Jia 
et al., 2011).

Phosphate uptake assay
WT plants and myb1 mutants were grown in Pi-sufficient or 
Pi-deficient solution until the seventh leaf blades were fully 
expanded. The roots of the plants were incubated in a pretreatment 
solution (2 mM MES and 0.5 mM CaCl2, pH 5.5) before moving 
them into a 1 l uptake solution (nutrient solution plus 100  μM 
NaH2PO4, pH 5.5) containing [32P]orthophosphate (8 µCi·l−1) and 

incubated for 6, 10, and 24 h. After three washes with double-dis-
tilled H2O, samples were moved into ice-cold desorption solution 
(2 mM MES, 0.5 mM CaCl2, 100 μM NaH2PO4, pH 5.5). The sam-
ples were blot dried, weighed, and placed in scintillation vials with 
1 ml perchloric acid and 0.5 ml hydrogen peroxide. The scintillation 
vials were then placed in an oven overnight at 65 ℃. Subsequently, 
0.2 ml of supernatant was transferred to a 5 ml vial and 3 ml scintil-
lation cocktail (ULTIMA GOLDTM LLT; PerkinElmer) was added 
to each vial, and radioactivity was measured with a scintillation 
counter (Beckman Coulter).

Measurement of soluble Pi concentration
For the measurement of soluble Pi concentration in the plant, ~0.5 g 
fresh samples were used following the method previously described 
by Zhou et al. (2008). Briefly, frozen samples were homogenized in 
1 ml 10% (w/v) perchloric acid, using an ice-cold mortar and pestle. 
The homogenate was then diluted 10-fold with 5% (w/v) perchloric 
acid and placed on ice for 30 min. After centrifugation at 10 000 g 
for 10 min at 4 ℃, the supernatant was used for Pi measurement by 
using the molybdenum blue method: 0.4% (w/v) ammonium molyb-
date dissolved in 0.5 M H2SO4 (solution A) was mixed with 10% 
ascorbic acid (solution B) at a ratio of A:B=6:1. A 2 ml aliquot of 
this working solution was added to 1 ml of the sample solution and 
incubated in a water bath at 42 ℃ for 20 min. After being cooled, the 
absorbance at 820 nm was measured using a SpectraMax M5 multi-
detection microplate reader system (Molecular Devices, Sunnyvale, 
CA, USA).

Root traits analysis
Rice seeds were surface sterilized and washed with deionized water 
three times, and then germinated in the dark. When the first incom-
plete leaf was fully developed and the primary roots were ~2 cm in 
length, the seedlings were transferred to a hydroponic system and 
supplied with (200 μM Pi) or without (0 μM Pi) phosphate. After 
the third leaf blades of the seedlings were fully expanded, the roots 
were cut off  from the seedlings for further observation. All the roots 
were scanned at 600 dpi by using a Perfection V700 Photo scanner 
(Epson).

Results

Cloning and characterization of MYB1

The amino acid sequences of the reported R2R3-type MYB 
TFs involved in Pi starvation signaling and those of all the 
homologs in rice were retrieved for phylogenetic analysis 
(http://planttfdb.cbi.pku.edu.cn/index.php?sp=Osj). The 
results showed that the R2R3-type MYB TFs were clustered 
into different clades, and LOC_Os01g03720 (Os01g0128000; 
designated as MYB1) was most closely related to AtMYB62 
(Fig.  1A). Protein domain analysis by the Pfam database 
(http://pfam.xfam.org/) revealed that the deduced protein 
sequence of LOC_Os01g03720 bears two MYB repeats at 
its N terminus, which show high sequence identity to the 
reported R2R3-type MYB TFs (Fig. 1B).

To investigate the subcellular localization of MYB1, the 
GFP reporter gene was fused to the 3ʹ terminus of its ORF. 
The fusion was driven by the 35S cauliflower mosaic virus 
promoter and transformed into the leaf epidermal cells of 
N. benthamiana by A. tumefaciens-mediated infiltration. GFP, 
which served as a positive control, was detectable throughout 
the cell, whereas the MYB1::GFP fusion protein was confined 

http://planttfdb.cbi.pku.edu.cn/index.php?sp=Osj
http://pfam.xfam.org/
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to the nucleus (Fig. 2A). In addition, a yeast GAL4 TF-based 
system was used for determining the transcriptional activity of 
MYB1. The full-length ORF of MYB1 was fused to the GAL4 
DNA-binding domain (BD). Transformation of the GAL4-
BD::MYB1 fusion, but not of GAL4-BD alone, restored yeast 
growth on synthetic dextrose medium lacking tryptophan and 
histidine (SD/-W/-H; Fig. 2B), indicating that MYB1 possesses 
transcription-activating activity. Together, these findings suggest 
that MYB1 might be a nucleus-localized R2R3-type MYB TF.

MYB1 is responsive to Pi starvation in shoot tissues

Given the high sequence identity shared by MYB1 and 
AtMYB62, which is induced by Pi starvation specifically 

in leaves (Devaiah et al., 2009), the transcriptional expres-
sion of  MYB1 in response to Pi starvation was determined 
by RT-qPCR analysis. MYB1 was expressed in all the tis-
sues examined, and showed the greatest abundance in roots 
(Fig. 3). Similar to findings in Arabidopsis (Devaiah et al., 
2009), the expression of  MYB1 was not significantly up-
regulated in response to Pi starvation in roots, while induc-
tion by Pi starvation was evident in leaf  sheaths and older 
(the fourth) leaf  blades (Fig.  3). To explore the potential 
link between MYB1 and the central Pi starvation signaling 
pathway in rice, the expression of  MYB1 was also tested 
in phr2 mutant plants. The results showed that MYB1 was 
up-regulated in the shoots of  Pi-replete phr2 mutants (see 
Supplementary Fig. S1 at JXB online), suggesting that 

Fig. 1. Phylogenetic and amino acid sequence analysis of OsMYB1. (A) Phylogenetic analysis of the R2R3-type MYB transcription factors from rice and 
selected counterparts in A. thaliana. The gene names are based on nomenclature suggested by Gray et al. (2009). The phylogenetic tree was generated 
using the MYB domain of the candidates. The gene names of four reported R2R3-type MYB transcription factors involved in Pi starvation signaling and 
OsMYB1 are highlighted in bold, and the clades to which these five members belong are highlighted in red, green, and blue. (B) Alignment of the MYB 
domains of OsMYB1 and reported R2R3-type MYB transcription factors involved in Pi starvation signaling.
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MYB1 expression is suppressed by PHR2. In addition, 
no P1BS cis-element was found to be present in the pro-
moter region of  MYB1, indicating that MYB1 might not 

be a direct target of  PHR2. These data are consistent with 
the established notion that the control of  transcriptional 
repression responses by PHR TF is indirect (Bustos et al., 
2010).

MYB1 shows preferential tissue localization

To determine the tissue localization of  MYB1, a 2149 bp 
genomic sequence upstream of  its translation start 
codon was amplified and fused to the GUS reporter gene. 
Transgenic rice plants were generated with the PMYB1::GUS 
construct. In primary roots, GUS activity was mainly 
detectable in the stele and lateral root primordia, as well as 
in emerged lateral root (Fig. 4A–G). Notably, GUS stain-
ing was absent in the root cap and meristem zone of  the 
primary root tip (Fig. 4D). A similar distribution of  GUS 
activity was observed in lateral roots, except that a moder-
ate level of  expression was also present in the outer lay-
ers of  cells (Fig.  4H–J). In leaf  sheaths and leaf  blades, 
GUS activity was detectable throughout all cell types, 
with the strongest expression level in the vascular bun-
dles of  leaf  blades (Fig. 4K, L). We also examined GUS 
activity in reproductive tissues. The results showed that 
MYB1 was expressed in anther, stigma, lemma, and palea 
(Fig. 4M–O).

Fig. 2. Subcellular localization and transcriptional activity analysis of OsMYB1. (A) Subcellular localization analysis of the OsMYB1::GFP fusion protein 
by A. tumefaciens-mediated infiltration of tobacco (N. benthamiana) leaf epidermal cells. BF, bright field. (B) Transcriptional activity analysis of OsMYB1 
protein. Transformants with pBD-GAL4 [empty vector (E.V.) serving as a negative control] and pBD-GAL4-OsMYB1 were streaked on to synthetic 
dextrose (SD) medium lacking tryptophan (W) (upper panel) or both tryptophan and histidine (H) (lower panel).

Fig. 3. Expression of OsMYB1 in response to Pi starvation. Rice seeds 
were germinated in deionized H2O and supplied with (HP) or without (NP) 
Pi. Roots, leaf sheaths, and three leaf blades (the fourth to the sixth) were 
collected from seedlings. RT-qPCR analysis was performed using the rice 
housekeeping gene OsActin1 (LOC_Os03g50885) as an internal control. 
Values presented are the means±SD of three biological replicates. * 
P<0.05 (Student’s t-test).
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MYB1 negatively affects Pi uptake and accumulation

The physiological roles and molecular regulation of 
Arabidopsis MYB62 have been investigated in overexpres-
sion plants (Devaiah et al., 2009). Our attempts to generate 
MYB1 overexpression lines in either rice or Arabidopsis were 
unsuccessful. Therefore, to study the potential role of MYB1 
in the maintenance of Pi homeostasis, mutant lines of MYB1 
were generated by means of CRISPR-Cas9 technology 
(Miao et al., 2013). Eight independent mutant lines (derived 
from three spacers) were identified and selected for prelimi-
nary analysis of Pi accumulation. All eight lines showed a 
higher Pi concentration in leaf blades compared with that 
of WT plants (data not shown). Two of the eight mutant 
lines (myb1-12 and myb1-17) were selected for further analy-
sis (see Supplementary Fig. S2). Four-leaf-old plants of the 
mutant lines and the WT plants were grown in a hydroponic 
system until the seventh leaf blades were fully expanded. HP 
(200 μM) and NP (0 μM) treatments were used for monitoring 
Pi uptake, and HP and a LP (10 μM) treatments were applied 
for measuring Pi accumulation by the rice plants. A signifi-
cant increase in the short-term Pi uptake rate of myb1 mutant 

roots was observed under the HP condition, but not under 
the NP condition, compared with the uptake by WT roots 
(Fig.  5). In addition, the Pi concentration was increased in 
leaf blades, leaf sheaths, and roots of myb1 mutants under 
the HP condition compared with that in the corresponding 
WT tissues (Fig. 6). Under the LP condition, an increase in 
Pi concentration in myb1 mutants was observed only in leaf 
tissues and not in roots (Fig. 6).

MYB1 regulates the expression of genes involved in Pi 
transport and signaling

To investigate the effect of MYB1 on Pi signaling, the expres-
sion of a subset of Pi starvation-responsive genes was exam-
ined. As expected, all the genes responded to Pi starvation 
normally in the WT plants, that is, being induced or sup-
pressed (PHO2.1) by Pi starvation (Fig. 7). Under Pi sufficient 
conditions, two major PHT1 members, PHT1;2 and PHT1;8, 
as well as PHT1;9 and PHT1;10, were significantly up-reg-
ulated in myb1 mutant lines (Fig. 7). Notably, PHT1;2 and 
PHT1;8 showed comparable or even higher levels of expres-
sion in the myb1 mutant lines under Pi sufficient conditions 

Fig. 4. Histochemical staining for GUS activity in transgenic rice plants expressing a POsMYB1::GUS fusion. Plants were grown hydroponically and supplied 
with sufficient Pi. (A–D) Different zones of primary root. (E–G) Cross-sections of the root segment shown in A (E), B (F), and C (G). (H) Cross-section of 
the basal part of lateral root. (I) Basal part of lateral root. (J) Root tip of lateral root. (K) Cross-section of leaf sheath. (L) Cross-section of leaf blade. (M) 
Stamens. (N) Pistil. (O) Lemma and palea. Scale bars in A–D and M–O indicate 100 µm; bars in E–L indicate 500 µm.
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compared with the Pi starvation condition (Fig. 7), unlike the 
findings in WT plants, in which expression of these genes was 
greater under Pi starvation. Interestingly, under the Pi star-
vation condition, the expression of several PHT1 members 
(PHT1;2, PHT1;6, PHT1;9, and PHT1;10) and some PSI 
genes was suppressed in the myb1 mutants relative to the WT 
plants, whereas the Pi starvation-suppressed isoform of the 
miR399 target, PHO2.1, was up-regulated; this latter finding 
was probably due to the down-regulation of miR399 (Fig. 7).

MYB1 affects the elongation of primary roots and 
lateral roots in response to exogenous GA and/or Pi 
starvation

The role of GA in the Pi starvation response in Arabidopsis 
has been documented, and AtMYB62 is known to affect plant 
development by regulating the expression of GA-biosynthetic 
genes (Jiang et  al., 2007; Devaiah et  al., 2009). Given that 
MYB1 shares the highest sequence identity with AtMYB62 
(Fig. 1) and displays a similar role in Pi starvation signaling 
(Fig.  7A), it would be interesting to know whether MYB1 
is involved in GA metabolism. Unexpectedly, no visible 
GA-related phenotype (e.g. the length of the second leaf 
sheath; Tong et  al., 2014) was observed in the shoots (see 
Supplementary Fig. S3). Therefore, a combination of exog-
enous GA and Pi starvation treatments was applied to the 

roots of myb1 mutants and WT plants in an attempt to study 
the effect of the mutation on root development. It has been 
reported that GA has a positive effect on the elongation of 
primary roots in rice (Tong et al., 2014). A consistent response 
of the primary roots to GA, namely an increase in the pri-
mary root length, was observed in both WT plants and myb1 
mutants irrespective of Pi status (Fig. 8A, B). Furthermore, 
mutation of MYB1 led to a significant increase in primary 
root length under the Pi starvation condition, independent of 
GA supply (Fig. 8A, B).

The average length of lateral roots was significantly 
increased by Pi starvation in both WT plants and myb1 
mutants, irrespective of whether GA was supplied (Fig. 8A, 
C). Under the Pi sufficient condition, the average length of 
lateral roots significantly increased in response to exogenous 
GA in both WT plants and myb1 mutants (Fig. 8A, C). Under 
the Pi starvation condition, the length of lateral roots of WT 
plants treated with GA was comparable to that of plants 
mock-treated with solvent, suggesting that the potential effect 
of GA on the elongation of lateral roots was blocked by Pi 
starvation stress (Fig. 8A, C). However, the response of lat-
eral roots to exogenous GA (GA-triggered elongation) under 
the Pi starvation condition was largely retained in the myb1 
mutants (Fig.  8A, C); this response could also be reflected 
by the increased ratio of the RERGA [root elongation ratio 
in response to exogenous GA, calculated as (average lateral 

Fig. 5. Uptake of Pi in myb1 mutants and WT plants. The myb1 mutants and WT plants were grown in Pi-sufficient (HP, 200 µM Pi) and Pi-deficient (NP, 
0 µM Pi) solutions until the seventh leaf blades were fully expanded, and were then placed in a hydroponic system containing 100 µM Pi labeled with 
radioactive 32P. The Pi uptake of the plants was monitored over a 24 h period. Left panel, Pi uptake in plants grown in HP solution; right panel, Pi uptake 
in plants grown in LP solution. Values presented are means±SD (n=3). Different letters indicate significant differences (P<0.05, Duncan’s test).

Fig. 6. Concentration of Pi in leaf tissues and roots of WT and myb1 mutant plants. Four-leaf-old seedlings were grown hydroponically and supplied 
with 200 μM (HP) or 10 μM (LP) Pi until the seventh leaf blades were fully expanded. The Pi concentration was measured in plants grown under HP (left 
panel) and LP (right panel) conditions. Leaf blades, leaf sheaths, and roots were collected for measurement. Error bars indicate SD (n=6). Different letters 
indicate significant differences (P<0.05, Duncan’s test). FW, fresh weight.
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root length under GA treatment – average lateral root length 
under control condition) ÷ average lateral root length under 
control condition] under the Pi starvation condition and the 
RERGA under the Pi sufficient condition (Fig. 8D).

MYB1 alters the expression of GA biosynthetic genes

We also tested the expression of the genes responsible for 
GA biosynthesis and signaling in the myb1 mutant lines. 
Unlike Arabidopsis AtMYB62, which serves as a negative 
regulator of GA biosynthetic genes (Devaiah et  al., 2009), 
MYB1 positively regulates the expression of GA biosynthetic 
genes under Pi sufficient conditions, as evidenced by the fact 

that several genes responsible for GA biosynthesis (CPS1, 
KO2, and KAO) were down-regulated in the Pi-replete myb1 
mutants compared with their levels of expression in WT 
plants (Fig. 9). In contrast, another gene that functions at a 
later step of the GA biosynthesis pathway, GA3ox-2, was sig-
nificantly up-regulated in myb1 mutants under the Pi starva-
tion condition (Fig. 9), suggesting that there was an increase 
in GA biosynthesis in Pi-starved myb1 mutants.

Discussion

Recent studies on the TFs involved in Pi starvation signal-
ing have greatly increased our knowledge on the regulatory 

Fig. 7. Effect of OsMYB1 mutation on the expression of genes involved in Pi transport and signaling. (A) RT-qPCR analysis of PHT1 genes in myb1 
mutants and WT plants. (B) RT-qPCR analysis of a subset of genes involved Pi signaling in myb1 mutant and WT plants. Seeds of the mutant lines and 
WT plants were germinated in deionized H2O and supplied with (HP, 200 µM Pi) or without (NP, 0 µM Pi) Pi. The rice housekeeping gene OsActin1 (LOC_
Os03g50885) was used as an internal control. Values are presented as the means±SD of three biological replicates. Different letters indicate significant 
differences within a treatment (P<0.05, Duncan’s test).
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mechanisms that operate at different levels (Gu et al., 2016). 
However, much remains to be done in order to achieve a 
comprehensive understanding of the Pi starvation signaling 
network, as well as its cross-talk with other pathways such 
as phytohormone signaling cascades. The present study 

provides an additional line of evidence that a single TF could 
be responsible for both the maintenance of plant Pi homeo-
stasis and the phytohormone-induced modification of RSA, 
providing an entry point for dissecting the cross-talk between 
nutritional cues and the phytohormone signaling pathway.

Fig. 8. Root trait analysis of myb1 mutants and WT plants grown in different Pi regimes. Uniformly germinated seeds of myb1 mutants and WT plants 
were grown hydroponically with (HP, 200 μΜ Pi) or without (NP, 0 μΜ Pi) Pi for 5 days. (A) Overview of the primary root architecture of myb1 mutants 
and WT plants. The roots of each seedling were cut off and scanned at 600 dpi. Shown are representatives of at least 15 seedlings. Scale bar=2 cm. 
(B) Primary root length. (C) Average lateral root length. (D) The ratio of the RERGA [root elongation ratio in response to exogenous GA; (average lateral 
root length under GA treatment – average lateral root length under control condition) ÷ average lateral root length under control condition] under the Pi 
starvation condition and the RERGA under the Pi sufficient condition. Values presented are means±SD (n=15–20). Different letters indicate significant 
differences within the HP or the NP condition (P<0.05, Duncan’s test). Asterisks indicate significant differences across conditions, between the two 
indicated values: * P<0.05, ** P<0.01, N.S., not significant (Student’s t-test).
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MYB1 is a negative regulator of Pi uptake

As the closest homolog of MYB1, AtMYB62 has been dem-
onstrated to be a negative regulator of PSI genes. Two major 
PHT1 genes in Arabidopsis, AtPHT1;1 and AtPHT1;4, were 
found to be down-regulated in AtMYB62-overexpressing 
plants under Pi-deficient conditions (Shin et al., 2004; Devaiah 
et  al., 2009; Ayadi et  al., 2015). However, the Pi uptake of 
AtMYB62-overexpressing plants is enhanced under Pi suffi-
cient conditions, owing to altered RSA (Devaiah et al., 2009). 
In the present study, we found that PHT1;2 and PHT1;8 were 
significantly up-regulated by the mutation of MYB1 under Pi 
sufficient conditions (Fig. 7), in accordance with the increase 
in Pi uptake and accumulation in myb1 mutants (Figs 5, 
6). These findings suggest that MYB1 might function as a 
negative regulator of PSI genes and Pi uptake when there is 
ample external Pi. Among the rice PHT1 genes, PHT1;2 and 
PHT1;8, together with PHT1;1, showed considerably higher 
expression levels in Pi-replete roots compared with other 
family members (Fig. 7; Secco et al., 2013), indicating their 
fundamental roles in Pi uptake and translocation under Pi 
sufficient conditions. Indeed, PHT1;2 and PHT1;8 have been 
demonstrated to be two major PT genes for Pi uptake and 
translocation in rice, which are regulated at both transcrip-
tional and post-translational levels (Ai et al., 2009; Liu et al., 
2010; Chen et al., 2011, 2015; Jia et al., 2011). Furthermore, 
our previous work and Liu et  al. (2010) have shown that 

overexpression of either of these two PHT1 genes leads to 
increased Pi uptake and/or accumulation (Liu et al., 2010; Jia 
et al., 2011), yet no obvious symptoms of Pi toxicity, such as 
those observed in PHT1;2- and PHT1;8- overexpressing rice 
plants, were observed in myb1 mutants (data not shown; Ai 
et al., 2009; Jia et al., 2011; Chen et al., 2015). Nevertheless, 
the enhanced expression of PHT1;2 and PHT1;8, as well as 
that of PHT1;9 and PHT1;10, in Pi-replete myb1 mutants 
correlates well with the increased Pi uptake and accumulation 
observed in the mutants (Figs 5–7) and could be the direct 
cause. Moreover, a considerable number of reported rice Pi 
over-accumulators show constitutive Pi starvation responses 
under Pi sufficient conditions (Hu et al., 2011; Dai et al., 2012; 
Guo et al., 2015; Dai et al., 2016). No similar responses were 
found in the myb1 mutants, since the PSI marker genes were 
not induced or even down-regulated when the Pi supply was 
sufficient (Fig. 7B). This indicates that the regulatory effect 
of MYB1 on Pi signaling might not be universal to most PSI 
genes, which is the case in the PHR TFs.

In contrast to the results obtained under Pi sufficient con-
ditions, when the Pi supply was limited, neither PHT1 mem-
bers nor genes involved in Pi starvation signaling were found 
to be up-regulated by MYB1 mutation; on the contrary, 
several PHT1 members and PSI marker genes were down-
regulated in the roots of Pi-starved myb1 plants (Fig. 7). It 
is noteworthy that in the myb1 mutants, the transcriptional 

Fig. 9. Effect of OsMYB1 mutation on the genes involved in gibberellic acid biosynthesis. The same templates as that in Fig. 7 were used for RT-qPCR 
analysis. The rice housekeeping gene OsActin1 (LOC_Os03g50885) was used as an internal control. The values presented are means of three biological 
replicates. Error bars indicate SD. Different lowercase letters indicate significant differences within a treatment (HP or NP) at P<0.05 (Duncan’s test).
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responses of PHT1;2 and PHT1;8 to Pi starvation were 
absent (PHT1;8) or even opposite (PHT1;2) to those of the 
WT plants (Fig. 7A). This finding suggests that the regula-
tory effect of MYB1 on PHT1;2 and PHT1;8 is dependent 
on the Pi supply. Given that MYB1 is constitutively expressed 
in roots irrespective of the Pi regime (Fig. 3), a Pi-dependent 
post-translational event regulating the activity of MYB1 
(transcriptional activation/repression of downstream PSI 
genes) could be expected. Taking these findings together, it 
could be postulated that MYB1 functions as a negative regu-
lator of the PSI genes under Pi sufficient conditions, and as 
and a positive regulator of the same genes under Pi starvation 
conditions. Alternatively, it cannot be excluded that regula-
tion by MYB1 (i.e. repression of the expression of PSI genes) 
mainly takes place when there is ample external Pi, and the 
down-regulation of the PSI genes observed under Pi starva-
tion conditions is an indirect effect of improved Pi accumula-
tion in myb1 mutants (Figs 6, 7). On the other hand, MYB1 
is preferentially expressed in the vascular tissues of roots 
(Fig.  4), reminiscent of the spatial distribution of PHT1;2 
(Ai et al., 2009). PHT1;8 is also highly expressed in root cyl-
inder cells (Jia et al., 2011). These data further strengthen the 
hypothesis that MYB1 functions as a negative regulator of Pi 
uptake by suppressing the expression of Pi transporter genes.

MYB1 regulates root development in a GA- and/or 
Pi-dependent manner

In Arabidopsis, a model plant with a tap root system, attenu-
ation of primary root elongation is a well-known response 
to Pi starvation stress (Svistoonoff et al., 2007; Pérez-Torres 
et al., 2008; Gruber et al., 2013; Müller et al., 2015). However, 
it has been reported that this response is absent in a small but 
considerable proportion of Arabidopsis accessions (Reymond 
et al., 2006). The primary roots of rice plants, which have a 
fibrous root system, also show different responses to Pi star-
vation. In Nipponbare, the first sequenced japonica rice culti-
var, the primary roots are not very responsive to Pi starvation 
(Goff et  al., 2002; Shimizu et  al., 2004; Zhou et  al., 2008; 
Hu et  al., 2011). Consistent with these previously reported 
results, we found that the primary root length of Pi-starved 
WT plants was comparable to that of Pi-replete WT plants. 
However, Pi starvation led to a significant increase in the pri-
mary root length of the myb1 mutants (Fig. 8A, B). This is 
similar to reported findings in two rice Pi over-accumulators, 
namely PHR2 overexpression plants and pho2 mutants (Zhou 
et al., 2008; Hu et al., 2011). These two Pi over-accumulators 
and the myb1 mutants all display enhanced Pi uptake and 
accumulation, probably due to an increased abundance of Pi 
transporters. Given that the alteration of RSA in response 
to Pi starvation is mainly affected by local Pi signaling (Péret 
et al., 2002), much still has to be done to dissect the potential 
role of Pi transporters in local Pi sensing. Furthermore, under 
Pi starvation conditions, the primary root length of the myb1 
mutants was longer than that of the WT plants owing to the 
positive response of myb1 roots to Pi starvation, which was 
not affected by exogenous GA (Fig. 8A, B). In Arabidopsis, 
exogenous GA can partially counteract the inhibition of 

primary root elongation caused by Pi starvation stress (Jiang 
et al., 2007), whereas the effect of GA on primary root elon-
gation is negligible when the Pi supply is sufficient (Jiang 
et al., 2007; Ramaiah et al., 2014). By contrast, the promo-
tion of primary root elongation by GA is more evident in rice, 
irrespective of the Pi regime, although the greatest increase is 
no more than 20% (Tong et al., 2014; Fig. 8A, B). The mecha-
nism underlying the conservation and divergence of the pri-
mary root response to exogenous GA between the two model 
plants will require further investigation.

GA affects other aspects of  the PSI modification of 
RSA in addition to primary root elongation (Jiang et  al., 
2007; Ramaiah et al., 2014). In Arabidopsis, a physiologi-
cal level of  GA is required for the elongation of  root hairs 
in response to Pi starvation, and the Pi starvation-triggered 
increase in lateral root intensity and the development of 
secondary lateral roots are both partially inhibited by exog-
enous GA (Jiang et al., 2007). Moreover, exogenous GA can 
promote the elongation of  Arabidopsis lateral roots under 
normal Pi conditions (Ramaiah et al., 2014). In the present 
study, GA was also found to be a positive regulator of  lat-
eral root elongation under Pi sufficient conditions in both 
WT plants and myb1 mutants (Fig.  8A, C). Interestingly, 
under the Pi starvation condition, the positive response of 
lateral roots to GA was observed only in myb1 mutants and 
not in WT plants (Fig. 8A, C). These results suggest that the 
effect of  GA on the elongation of  lateral roots was blocked 
by Pi starvation stress in WT plants. This is consistent with 
findings in Arabidopsis, in which Pi starvation antagonizes 
the effect of  exogenous GA (Jiang et  al., 2007). Thus, we 
postulate that the conserved mechanism in monocots (rice) 
and dicots (Arabidopsis) might be attributed to the impair-
ment of  GA biosynthesis under Pi starvation conditions, 
and the up-regulation of  a GA biosynthetic gene, GA3-ox2, 
in Pi-starved myb1 mutants could lead to enhanced GA level 
and thus lateral root length. Notably, although Pi starva-
tion suppresses GA biosynthesis, Pi starvation and GA both 
positively regulate the elongation of  lateral roots (Fig. 8A, 
C), indicating that the regulation of  lateral root elongation 
by Pi starvation stress and GA might occur through inde-
pendent pathways.

It has been demonstrated that GA does not regulate PSI 
changes in Pi uptake efficiency or the expression of PSI genes 
(Jiang et al., 2007), whereas MYB1 is involved in both Pi star-
vation signaling (Fig.  7) and the GA biosynthesis pathway 
(Fig. 9). These results demonstrate that MYB1 represents a 
link in the cross-talk between nutrient signaling and the phy-
tohormone signaling pathway.

Supplementary data

Supplementary data are available at JXB online.
Fig. S1. Expression of OsMYB1 in osphr2 mutants.
Fig. S2. Identification of myb1 mutant lines.
Fig. S3. The phenotype of myb1 mutants and wild-type 

plants in response to phosphate starvation and exogenous 
gibberellic acid.
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Table S1. Primers used for constructs for subcellular locali-
zation and yeast two-hybrid assay.

Table S2. Primers used for constructs for generating trans-
genic plants.

Table S3. Primers used for RT-qPCR analysis.

Acknowledgements
This work was supported by the National Key Research and Development 
Program of China (No. 2016YFD0100700), the Natural Science Foundation 
of China (No. 31301831), PAPD of Jiangsu Higher Education Institutions 
Project, and Fundamental Research Funds for the Central Universities (No. 
KYZ201521). We thank Prof. Lijia Qu (College of Life Sciences, Peking 
University, Beijing) for providing the vectors for the CRISPR-Cas9 system 
in rice. We are grateful to Dr Tzvi Tzfira (University of Michigan) for provid-
ing the pSAT6A-EGFP-N1 and pRCS2-ocs-nptII vectors.

References
Ai P, Sun S, Zhao J, et al. 2009. Two rice phosphate transporters, 
OsPht1;2 and OsPht1;6, have different functions and kinetic properties in 
uptake and translocation. The Plant Journal 57, 798–809.

Aung K, Lin SI, Wu CC, Huang YT, Su CL, Chiou TJ. 2006. pho2, 
a phosphate overaccumulator, is caused by a nonsense mutation in a 
microRNA399 target gene. Plant Physiology 141, 1000–1011.

Ayadi A, David P, Arrighi JF, Chiarenza S, Thibaud MC, Nussaume 
L, Marin E. 2015. Reducing the genetic redundancy of Arabidopsis 
PHOSPHATE TRANSPORTER1 transporters to study phosphate uptake 
and signaling. Plant Physiology 167, 1511–1526.

Baek D, Kim MC, Chun HJ, et al. 2013. Regulation of miR399f 
transcription by AtMYB2 affects phosphate starvation responses in 
Arabidopsis. Plant Physiology 161, 362–373.

Bari R, Datt Pant B, Stitt M, Scheible WR. 2006. PHO2, microRNA399, 
and PHR1 define a phosphate-signaling pathway in plants. Plant 
Physiology 141, 988–999.

Bustos R, Castrillo G, Linhares F, Puga MI, Rubio V, Pérez-Pérez 
J, Solano R, Leyva A, Paz-Ares J. 2010. A central regulatory system 
largely controls transcriptional activation and repression responses to 
phosphate starvation in Arabidopsis. PLoS Genetics 6, e1001102.

Camacho-Cristóbal JJ, Rexach J, Conéjéro G, Al-Ghazi Y, Nacry 
P, Doumas P. 2008. PRD, an Arabidopsis AINTEGUMENTA-like gene, is 
involved in root architectural changes in response to phosphate starvation. 
Planta 228, 511–522.

Chen CY, Schmidt W. 2015. The paralogous R3 MYB proteins CAPRICE, 
TRIPTYCHON and ENHANCER OF TRY AND CPC1 play pleiotropic 
and partly non-redundant roles in the phosphate starvation response of 
Arabidopsis roots. Journal of Experimental Botany 66, 4821–4834.

Chen JY, Liu Y, Ni J, Wang YF, Bai YH, Shi J, Gan J, Wu ZC, Wu P. 
2011. OsPHF1 regulates the plasma membrane localization of low- and 
high-affinity inorganic phosphate transporters and determines inorganic 
phosphate uptake and translocation in rice. Plant Physiology 157, 
269–278.

Chen JY, Wang YF, Wang F, et al. 2015. The rice CK2 kinase regulates 
trafficking of phosphate transporters in response to phosphate levels.The 
Plant Cell 27, 711–723.

Chen YF, Li LQ, Xu Q, Kong YH, Wang H, Wu WH. 2009. The WRKY6 
transcription factor modulates PHOSPHATE1 expression in response to 
low Pi stress in Arabidopsis. The Plant Cell 21, 3554–3566.

Chen ZH, Nimmo GA, Jenkins GI, Nimmo HG. 2007. BHLH32 
modulates several biochemical and morphological processes that respond 
to Pi starvation in Arabidopsis. Biochemical Journal 405, 191–198.

Chiou TJ, Lin SI. 2011. Signaling network in sensing phosphate 
availability in plants. Annual Review of Plant Biology 62, 185–206.

Dai X, Wang Y, Yang A, Zhang WH. 2012. OsMYB2P-1, an R2R3 MYB 
transcription factor, is involved in the regulation of phosphate-starvation 
responses and root architecture in rice. Plant Physiology 159, 169–183.

Dai X, Wang Y, Zhang WH. 2016. OsWRKY74, a WRKY transcription 
factor, modulates tolerance to phosphate starvation in rice. Journal of 
Experimental Botany 67, 947–960.

Devaiah BN, Karthikeyan AS, Raghothama KG. 2007a. WRKY75 
transcription factor is a modulator of phosphate acquisition and root 
development in Arabidopsis. Plant Physiology 143, 1789–1801.

Devaiah BN, Madhuvanthi R, Karthikeyan AS, Raghothama KG. 
2009. Phosphate starvation responses and gibberellic acid biosynthesis 
are regulated by the MYB62 transcription factor in Arabidopsis. Molecular 
Plant 2, 43–58.

Devaiah BN, Nagarajan VK, Raghothama KG. 2007b. Phosphate 
homeostasis and root development in Arabidopsis are synchronized by the 
zinc finger transcription factor ZAT6. Plant Physiology 145, 147–159.

Goff SA, Ricke D, Lan TH, et al. 2002. A draft sequence of the rice 
genome (Oryza sativa L. ssp. japonica). Science 296, 92–100.

Gray J, Bevan M, Brutnell T, et al. 2009. A recommendation for naming 
transcription factor proteins in the grasses. Plant Physiology 149, 4–6.

Gruber BD, Giehl RF, Friedel S, von Wirén N. 2013. Plasticity of the 
Arabidopsis root system under nutrient deficiencies. Plant Physiology 163, 
161–179.

Gu M, Chen A, Sun S, Xu G. 2016. Complex regulation of plant 
phosphate transporters and the gap between molecular mechanisms and 
practical application: what is missing? Molecular Plant 9, 396–416.

Guo M, Ruan W, Li C, et al. 2015. Integrative comparison of the role 
of the PHOSPHATE RESPONSE1 subfamily in phosphate signaling and 
homeostasis in rice. Plant Physiology 168, 1762–1776.

Hammond JP, White PJ. 2008. Sucrose transport in the phloem: 
integrating root responses to phosphorus starvation. Journal of 
Experimental Botany 59, 93–109.

Hammond JP, White PJ. 2011. Sugar signaling in root responses to low 
phosphorus availability. Plant Physiology 156, 1033–1040.

Hu B, Zhu C, Li F, Tang J, Wang Y, Lin A, Liu L, Che R, Chu C. 2011. 
LEAF TIP NECROSIS1 plays a pivotal role in the regulation of multiple 
phosphate starvation responses in rice. Plant Physiology 156, 1101–1115.

Jia H, Ren H, Gu M, Zhao J, Sun S, Zhang X, Chen J, Wu P, Xu G. 
2011. The phosphate transporter gene OsPht1;8 is involved in phosphate 
homeostasis in rice. Plant Physiology 156, 1164–1175.

Jiang C, Gao X, Liao L, Harberd NP, Fu X. 2007. Phosphate starvation 
root architecture and anthocyanin accumulation responses are modulated 
by the gibberellin-DELLA signaling pathway in Arabidopsis. Plant 
Physiology 145, 1460–1470.

Khan GA, Vogiatzaki E, Glauser G, Poirier Y. 2016. Phosphate 
deficiency induces the jasmonate pathway and enhances resistance to 
insect herbivory. Plant Physiology 171, 632–644.

Lambers H, Plaxton WC. 2015. Phosphorus: back to the roots. Annual 
Plant Reviews 48, 3–22.

Li X, Zeng R, Liao H. 2016. Improving crop nutrient efficiency through 
root architecture modifications. Journal of Integrative Plant Biology 58, 
193–202.

Liang C, Wang J, Zhao J, Tian J, Liao H. 2014. Control of phosphate 
homeostasis through gene regulation in crops. Current Opinion in Plant 
Biology 21, 59–66.

Liu F, Wang Z, Ren H, Shen C, Li Y, Ling HQ, Wu C, Lian X, Wu P. 
2010. OsSPX1 suppresses the function of OsPHR2 in the regulation of 
expression of OsPT2 and phosphate homeostasis in shoots of rice. The 
Plant Journal 62, 508–517.

Liu H, Yang H, Wu C, Feng J, Liu X, Qin H, Wang D. 2009. 
Overexpressing HRS1 confers hypersensitivity to low phosphate-elicited 
inhibition of primary root growth in Arabidopsis thaliana. Journal of 
Integrative Plant Biology 51, 382–392.

López-Arredondo DL, Leyva-González MA, González-Morales 
SI, López-Bucio J, Herrera-Estrella L. 2014. Phosphate nutrition: 
improving low-phosphate tolerance in crops. Annual Review of Plant 
Biology 65, 95–123.

Luan MD, Tang RJ, Tang YM, Tian W, Hou C, Zhao FG, Lan WZ, 
Luan S. 2016. Transport and homeostasis of potassium and phosphate: 
limiting factors for sustainable crop production. Journal of Experimental 
Botany doi: 10.1093/jxb/erw444.



MYB1 regulates phosphate homeostasis and root development in rice | 3615

Miao J, Guo D, Zhang J, Huang Q, Qin G, Zhang X, Wan J, Gu H, Qu 
LJ. 2013. Targeted mutagenesis in rice using CRISPR-Cas system. Cell 
Research 23, 1233–1236.

Müller J, Toev T, Heisters M, Teller J, Moore KL, Hause G, 
Dinesh DC, Bürstenbinder K, Abel S. 2015. Iron-dependent callose 
deposition adjusts root meristem maintenance to phosphate availability. 
Developmental Cell 33, 216–230.

Péret B, Clément M, Nussaume L, Desnos T. 2011. Root 
developmental adaptation to phosphate starvation: better safe than sorry. 
Trends in Plant Science 16, 442–450.

Pérez-Torres CA, López-Bucio J, Cruz-Ramírez A, Ibarra-Laclette 
E, Dharmasiri S, Estelle M, Herrera-Estrella L. 2008. Phosphate 
availability alters lateral root development in Arabidopsis by modulating 
auxin sensitivity via a mechanism involving the TIR1 auxin receptor. The 
Plant Cell 20, 3258–3272.

Plaxton WC, Tran HT. 2011. Metabolic adaptations of phosphate-starved 
plants. Plant Physiology 156, 1006–1015.

Puga MI, Mateos I, Charukesi R, et al. 2014. SPX1 is a phosphate-
dependent inhibitor of PHOSPHATE STARVATION RESPONSE 1 in 
Arabidopsis. Proceedings of the National Academy of Sciences of the 
United States of America 111, 14947–14952.

Raghothama KG. 1999. Phosphate acquisition. Annual Review of Plant 
Physiology and Plant Molecular Biology 50, 665–693.

Ramaiah M, Jain A, Raghothama KG. 2014. Ethylene Response 
Factor070 regulates root development and phosphate starvation-mediated 
responses. Plant Physiology 164, 1484–1498.

Reymond M, Svistoonoff S, Loudet O, Nussaume L, Desnos T. 
2006. Identification of QTL controlling root growth response to phosphate 
starvation in Arabidopsis thaliana. Plant, Cell & Environment 29, 115–125.

Ruan WY, Guo MN, Wu P, Yi KK. 2017. Phosphate starvation induced 
OsPHR4 mediates Pi-signaling and homeostasis in rice. Plant Molecular 
Biology 93, 327–340.

Rubio V, Linhares F, Solano R, Martín AC, Iglesias J, Leyva A, Paz-
Ares J. 2001. A conserved MYB transcription factor involved in phosphate 
starvation signaling both in vascular plants and in unicellular algae. Genes 
& Development 15, 2122–2133.

Secco D, Jabnoune M, Walker H, Shou H, Wu P, Poirier Y, Whelan 
J. 2013. Spatio-temporal transcript profiling of rice roots and shoots 
in response to phosphate starvation and recovery. The Plant Cell 25, 
4285–4304.

Shen C, Wang S, Zhang S, Xu Y, Qian Q, Qi Y, de Jiang A. 2013. 
OsARF16, a transcription factor, is required for auxin and phosphate 
starvation response in rice (Oryza sativa L.). Plant, Cell & Environment 36, 
607–620.

Shimizu A, Yanagihara S, Kawasaki S, Ikehashi H. 2004. Phosphorus 
deficiency-induced root elongation and its QTL in rice (Oryza sativa L.). 
Theoretical and Applied Genetics 109, 1361–1368.

Shin H, Shin HS, Dewbre GR, Harrison MJ. 2004. Phosphate 
transport in Arabidopsis: Pht1;1 and Pht1;4 play a major role in phosphate 

acquisition from both low- and high-phosphate environments. The Plant 
Journal 39, 629–642.

Singh AP, Fridman Y, Friedlander-Shani L, Tarkowska D, Strnad M, 
Savaldi-Goldstein S. 2014. Activity of the brassinosteroid transcription 
factors BRASSINAZOLE RESISTANT1 and BRASSINOSTEROID 
INSENSITIVE1-ETHYL METHANESULFONATE-SUPPRESSOR1/
BRASSINAZOLE RESISTANT2 blocks developmental reprogramming in 
response to low phosphate availability. Plant Physiology 166, 678–688.

Smith SE, Jakobsen I, Grønlund M, Smith FA. 2011. Roles of 
arbuscular mycorrhizas in plant phosphorus nutrition: interactions 
between pathways of phosphorus uptake in arbuscular mycorrhizal roots 
have important implications for understanding and manipulating plant 
phosphorus acquisition. Plant Physiology 156, 1050–1057.

Sun L, Song L, Zhang Y, Zheng Z, Liu D. 2016. Arabidopsis PHL2 and 
PHR1 act redundantly as the key components of the central regulatory 
system controlling transcriptional responses to phosphate starvation. Plant 
Physiology 170, 499–514.

Svistoonoff S, Creff A, Reymond M, Sigoillot-Claude C, Ricaud L, 
Blanchet A, Nussaume L, Desnos T. 2007. Root tip contact with low-
phosphate media reprograms plant root architecture. Nature Genetics 39, 
792–796.

Tian J, Wang X, Tong Y, Chen X, Liao H. 2012. Bioengineering and 
management for efficient phosphorus utilization in crops and pastures. 
Current Opinion in Biotechnology 23, 866–871.

Tong H, Xiao Y, Liu D, Gao S, Liu L, Yin Y, Jin Y, Qian Q, Chu C. 
2014. Brassinosteroid regulates cell elongation by modulating gibberellin 
metabolism in rice. The Plant Cell 26, 4376–4393.

Wang H, Xu Q, Kong YH, Chen Y, Duan JY, Wu WH, Chen YF. 
2014a. Arabidopsis WRKY45 transcription factor activates PHOSPHATE 
TRANSPORTER1;1 expression in response to phosphate starvation. Plant 
Physiology 164, 2020–2029.

Wang S, Zhang S, Sun C, Xu Y, Chen Y, Yu C, Qian Q, Jiang DA, 
Qi Y. 2014b. Auxin response factor (OsARF12), a novel regulator for 
phosphate homeostasis in rice (Oryza sativa). New Phytologist 201, 
91–103.

Wang ZY, Ruan WY, Shi J, et al. 2014. Rice SPX1 and SPX2 inhibits 
phosphate starvation responses through interacting with PHR2 in a 
phosphate-dependent manner. Proceedings of the National Academy of 
Sciences of the United States of America 111, 14953–14958.

Yang WT, Baek D, Yun DJ, Hwang WH, Park DS, Nam MH, Chung 
ES, Chung YS, Yi YB, Kim DH. 2014. Overexpression of OsMYB4P, an 
R2R3-type MYB transcriptional activator, increases phosphate acquisition 
in rice. Plant Physiology and Biochemistry 80, 259–267.

Yi K, Wu Z, Zhou J, Du L, Guo L, Wu Y, Wu P. 2005. OsPTF1, a novel 
transcription factor involved in tolerance to phosphate starvation in rice. 
Plant Physiology 138, 2087–2096.

Zhou J, Jiao F, Wu Z, Li Y, Wang X, He X, Zhong W, Wu P. 2008. 
OsPHR2 is involved in phosphate-starvation signaling and excessive 
phosphate accumulation in shoots of plants. Plant Physiology 146, 
1673–1686.




