
Vol.:(0123456789)1 3

Plant Growth Regulation (2021) 93:303–310 
https://doi.org/10.1007/s10725-020-00688-z

ORIGINAL PAPER

Characterization of two cis‑acting elements, P1BS and W‑box, 
in the regulation of OsPT6 responsive to phosphors deficiency

Qingchun Zhao1,2,3 · Zhenzhen Luo2,3 · Jiadong Chen2,3 · Hongfang Jia4 · Penghui Ai5 · Aiqun Chen2,3 · Yiting Li1  · 
Guohua Xu2,3

Received: 30 September 2020 / Accepted: 28 December 2020 / Published online: 18 January 2021 
© The Author(s) 2021

Abstract
Phosphorus (P) deficiency is one of the major nutrient stresses restricting plant growth. The uptake of P by plants from soil 
is mainly mediated by the phosphate (Pi) transporters belonging to the PHT1 family. Multiple PHT1 genes from diverse 
plant species have been shown to be strongly up-regulated upon Pi starvation, however, the underlying mechanisms for the 
Pi-starvation-induced (PSI) up-regulation have not been well deciphered for most Pi transporter genes. Here, we reported 
a detailed dissection of the promoter activity of a PSI rice Pi transporter gene OsPT6, using the β-glucuronidase (GUS) 
reporter gene. OsPT6 promoter could drive GUS expression strongly in both roots and blades of rice plants grown under 
low P, but not high P. Cis-acting element analysis identified one copy of the P1BS motif and two copies of the W-box motif 
in OsPT6 promoter. Targeted deletion of the P1BS motif caused almost complete abolition of GUS induction in response 
to Pi starvation, irrespective of the presence or absence of the W-box motif, Four repeats of the P1BS motif fused to the 
CaMV35S minimal promoter was sufficient to induce GUS expression responsive to Pi starvation. Targeted deletion of the 
upstream W-box motif (W1) did not affect the GUS expression activity compared with the full-length OsPT6 promoter, 
while targeted deletion of the downstream W-box motif (W2) or both of the W-box motifs remarkably reduced the GUS 
induction rate upon Pi starvation. Our results proposed that the PSI response of OsPT6 was positively regulated by at least 
two elements, the sole P1BS and the downstream W-box, in its promoter, and the W-box-mediated up-regulation of OsPT6 
might be highly dependent on the P1BS motif.
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Introduction

Phosphorus (P) is one of the most essential macro-nutrients 
for plant growth and development. It plays critical roles in 
numerous physiological and metabolic processes, includ-
ing biosynthesis of macromolecules, energy transfer, signal 
transduction, photosynthesis and respiration (Clarkson et al. 
2003). The primary source of P taken up by plants from soil 
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is inorganic orthophosphate (Pi). As a result of chemical and 
biological fixations and the slow diffusion rate in soil, P is 
one of the least available plant nutrients in many nutrient-
poor soils (Vance et al. 2003). To cope with P limiting stress, 
plants have evolved a series of subtle strategies to enhance P 
acquisition, including alterations in root morphology, forma-
tion of symbiotic associations with beneficial microbes and 
activation of a series of Pi-starvation-induced (PSI) genes 
(Lambers et al. 2015).

The Pi concentration in the rhizosphere rarely exceeds 
10 μM, while plants need to maintain their cytoplasmic Pi 
concentrations at a millimolar range (Ragnothama et al. 
1999). This indicates the requirement of specialized trans-
port systems for the uptake of Pi and for its redistribution 
within plants. Transport of Pi through plant membranes is 
mediated by a number of transporters belonging to several 
families. Most of the Pi transporters identified thus far are 
typical of H + /Pi symporters, and could be grouped into the 
so-called high-affinity Pht1 family (Wang et al. 2018; Lin 
et al. 2009; Hermando et al. 2018). In the typical model plant 
species, Arabidopsis and rice, a total of 9 and 13 distinct 
Pht1 genes have been annotated, respectively, and most of 
them have been shown to be inducible at least at the tran-
scription level by Pi starvation (Muchhal et al. 1996; Ai et al. 
2009; Jia et al. 2011; Sun et al. 2012; Wu et al. 2013; Wang 
et al. 2014a, b; Lapis-Gaza et al. 2014; Karthikeyan et al. 
2009; Nagarajan et al. 2011; Liu et al. 2010; Li et al. 2015).

Tissue/cellular distribution analysis indicated that mem-
bers of the Pht1 family in many species are differentially 
expressed and divergent in function during plant develop-
ment (Nussaume et al. 2011). The relatively high expression 
levels of some Pht1 members in roots, particularly in lateral 
root and root hairs well supports a role of these genes, such 
as AtPT1 and AtPT4, in Pi capture and uptake, especially 
under Pi deficiency conditions (Ye et al. 2015; Shin et al. 
2004; Misson et al. 2004). In rice, OsPT6 was shown to be 
expressed in both epidermal and cortical cells of the young 
primary and lateral roots, and its protein was able to com-
plement a yeast Pi uptake mutant in the high concentration 
range. knock-down of OsPT6 expression caused significant 
decrease in both the uptake and the long-distance transport 
of Pi from roots to shoots (Ai et al. 2009). The expression 
of some Pht1 genes, such as the rice OsPT1 and OsPT8, are 
ubiquitously distributed throughout plant tissues and showed 
no conspicuous response at transcriptional level to the altera-
tions of external Pi status, suggesting a role of these Pht1 
members in mediating the internal Pi redistribution (Jia et al. 
2011; Li et al. 2015). Besides the Pi-responsive Pht1 genes, 
a growing number of Pi transporters genes of the Pht1 fam-
ily have been identified to be specifically induced in roots 
colonized by arbuscular mycorrhizal (AM) fungi, and their 
functions have been proposed to be involved in Pi transport 

at the intraradical symbiotic interface (Sawers et al. 2017; 
Ferrol et al. 2019).

Although an increasing number of Pht1 genes associated 
with Pi signaling have been functionally characterized, the 
regulatory mechanisms underlying the PSI response have not 
been well deciphered for most of these Pht1 genes. Previous 
studies have identified multiple transcription factors, such as 
AtPHR1, OsPHR2, OsPTF1, AtWRKY75, OsWRKY74 and 
OsMYB1, probably involved in the regulation of Pi signal-
ing or homeostasis in plants (Guo et al. 2015; Rubio et al. 
2001; Yi et al. 2005; Devaiah et al. 2007; Zhou et al. 2008; 
Dai et al. 2016; Gu et al. 2017), however, to date, only a 
very few cis-acting elements, such as P1BS (PHR1-binding 
sequence) and W-box, have been experimentally validated 
to mediate PSI expression (Rubio et al. 2001; Bustos et al. 
2010; Wang et al. 2014a, b). In our previous study, we 
reported a rice Pht1 gene, OsPT6, that was strongly up-reg-
ulated in both roots and blades upon Pi starvation (Ai et al. 
2009; Li et al. 2014). The aim of this study was to identify 
the potential cis-acting elements in its promoter, thus facili-
tating the isolation and functional characterization of the 
transcription factor(s) responsible for the activation of the 
PSI response in future work. Fine analysis of the OsPT6 pro-
moter by successive truncation and targeted deletion fused 
to a GUS reporter revealed that the up-regulation of OsPT6 
in response to Pi starvation was positively regulated by at 
least two conserved elements, the P1BS and W-box, and the 
W-box-mediated regulation of PSI response of OsPT6 might 
be highly dependent on the P1BS motif.

Materials and methods

Plant materials and cultivation conditions

The rice (Oryza sativa ssp japonica) transgenic plants used 
in this study was in the cv. Nipponbare background. Seeds of 
the T2 independent transgenic lines were surface sterilized 
with 10% (v/v) sodium hypochlorite for 10 min and then 
germinated in a growth chamber programmed for 16 h of 
light at 30 °C and 8 h of dark at 22 °C. Ten-day-old seed-
lings were transferred to hydroponic culture containing the 
following nutrients: 1.25 mM  NH4NO3, 0.35 mM  K2SO4, 
1 mM  CaCl2, 1 mM  MgSO4, 0.5 mM  Na2SiO3, 20 µM 
Fe-EDTA, 20 µM  H3BO3, 9 µM  MnCl2, 0.32 µM  CuSO4, 
0.77 µM  ZnSO4, and 0.39 µM  Na2MoO4, supplemented with 
either 300 µM Pi as a high-P (HP) treatment or 15 µM Pi as 
a low-P (LP) treatment The nutrient solution was refreshed 
every 3 days.

For transgenic tobacco plants, seeds were surface steri-
lized in a 30% (v/v)  H2O2 solution for 30 min, and then ger-
minated and grown on MS medium containing either limited 
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(10 µM) or sufficient (1 mM) Pi. Samples were collected 
after the plants were treated for 3 weeks.

Construction of the OsPT6 promoter binary vector

A series of promoter deletions of OsPT6 immediately 
upstream of the translation start ATG were amplified by 
PCR using specific primers listed in Table S2, and then 
introduced into the pS1aGUS-3 binary vector to replace the 
CaMV 35S promoter in front of the GUS reporter gene (Li 
et al. 2014; Ai et al. 2009). According to the length of differ-
ent promoter fragments, the resulting constructs were des-
ignated as P-n respectively. The targeted deletion of P1BS 
or W-box was generated by overlap and extension PCR with 
the Fast Mutagenesis Kit V2 (Vazyme, Nanjing, China). To 
generate the 4XP1BS-GUS construct, four tandem repeats 
of the P1BS motif (GGA TAT TC) from the OsPT6 promoter 
was synthesized and fused to the 35S minimal promoter. 
The chimeric promoter fragment was subsequently cloned 
into the pCAMBIA1300 binary vector in front of the GUS 
reporter gene. These new derived binary vectors were intro-
duced into Agrobacterium tumefaciens strain EHA105 for 
transformation of rice (Oryza sativa ssp japonica) or tobacco 
(Nicotiana tabacum L.) plants.

Plant transformation

Agrobacterium-mediated transformation of rice plants was 
performed as described previously (Upadhyaya et al. 2000).
The transformation of tobacco plants was carried out using 
the leaf disk infection method (Fraley et al. 1983). The 
screening of positive transgenic plants were performed by 
using PCR assay. At least 10 independent transgenic lines 
were produced for each construct and tested by GUS histo-
chemical assay.

Histochemical GUS assays

Histochemical localization of GUS expression was per-
formed as described previously (Li et al. 2015). Excised 
samples were vacuum infiltrated with staining solution and 
incubated overnight at 37 ℃. Chlorophyll was removed by 
submerging the tissue in 70% ethanol. Representative plant 
materials were photographed using OLYMPUS MVX10 
stereomicroscope. Fluorometric assays of GUS activities 
were determined according to (Li et al. 2014). Samples were 
homogenized in GUS extraction buffer (50 mM NaPO4, 
pH 7.0, 10 mM 2-mercaptoethanol, 10 mM  Na2-EDTA, 
0.1% sodium dodecylsulphate, 0.1% Triton X-100). GUS 
enzymatic activity was calculated as nmol 4-Methylumbel-
liferone (4-MU) per hour per microgram protein. For each 

construct, ten independent assays were performed and the 
average was calculated.

Quantitative real‑time RT‑PCR (qRT‑PCR)

Total RNA from root and leaf samples was isolated using 
the guanidine thiocyanate extraction method with Trizol 
reagent (Vazyme, R401). RNA samples were treated with 
DNase I after the extraction to eliminate the potential trace 
contaminants of genomic DNA. For conducting qRT-PCR 
analysis, approximately 2 µg of total RNA from each sam-
ple was used to synthesize first-strand cDNA, and qRT-
PCR assay was performed with ChamQ SYBR color qPCR 
Master Kit (Vazyme, Q411) on the LightCycler96 Systems 
(Roche). The relative transcript abundance of each target 
gene was standardized to the transcript level of a constitu-
tive Actin gene. The primers used for qRT-PCR were listed 
in the Table S2.

Results

OsPT6 promoter confers PSI expression of GUS 
reporter gene in transgenic rice plants

We have previously reported a rice phosphate transporter 
gene, OsPT6, that showed a strong up-regulation in 
response to Pi deficiency (Ai et al. 2009; Li et al. 2014). To 
explore in more detail the expression patterns of OsPT6, a 
2860-bp promoter fragment of OsPT6 (P-2860) was fused 
to the GUS reporter gene and introduced into rice plants. 
Two-week-old seedlings of individual T2 transgenic lines 
were transferred to hydroponic culture treated with either 
high Pi (300 μM) or low Pi (15 μM) for 3 weeks. The 
GUS staining directed by the OsPT6 promoter was barely 
detectable in both blades and roots when sufficient Pi was 
supplied (Fig. 1), whereas under low Pi supply, strong 
GUS staining was observed throughout the primary and 
lateral roots except for some parts of the root tip. A strong 
GUS staining could also be observed in the blades of the 
rice plants supplied with low Pi. These results highlight 
that the 2,860-bp OsPT6 promoter fragment contains 
essential cis-elements necessary to confer Pi-deficiency 
responsive expression in rice.

To screen the potential motifs responsible for the PSI 
response in OsPT6 promoter, we further performed motif 
analysis using the PLACE algorithm (http://www.dna.
affrc .go.jp/PLACE /signa lscan .html). Multiple regula-
tory motifs, including the well established Pi-starvation-
responsive element, P1BS (GNATATNC), and some other 
elements, such as W-box (TTG ACC ) and PHO-Like, 
that have also been suggested to be associated with Pi 

http://www.dna.affrc.go.jp/PLACE/signalscan.html
http://www.dna.affrc.go.jp/PLACE/signalscan.html
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signaling, were found to be present in the OsPT6 promoter 
(Table S1).

The PSI response of OsPT6 was regulated by at least 
two functional regions in its promoter

To gain further insights into the regulatory mechanism 
underlying the PSI response of OsPT6, a series of pro-
moter truncations (Fig. 2a) fused to the GUS reporter gene 
were generated and introduced into transgenic rice plants. 
Seedlings of each transgenic line were treated with high Pi 
(300 μM Pi, HP) and low Pi (15 μM Pi, LP), respectively, 
for 3 weeks. As expected, none of the transgenic plants 
harboring the truncated promoter fragments showed an 
observable GUS staining in both blades and roots under 
the high Pi supply (Fig. 2b). A truncated 825 bp pro-
moter fragment (P-825) upstream of the start codon ATG 
could drive the GUS expression highly in both the roots 
and blades of transgenic rice plants grown under low Pi. 
An detectable but much weaker GUS staining could be 
observed in the P-687 plants. A further deletion of the 
OsPT6 promoter down to -99 upstream of the ATG start 
codon (P-99) resulted in almost the complete absence of 
GUS staining in both roots and blades of all the transgenic 
plants (Fig. 2b). GUS enzymatic activity assay showed that 
the P-825 plants had comparable GUS activity with that 
in the plants harboring the full-length OsPT6 promoter 
(P-2860) (Fig. 3). By contrast, GUS enzymatic activity in 
the P-687 plants was decreased by nearly 75% compared 

with that in the P-2860 and P-825 transgenic plants. These 
results suggest the likely presence of cis-acting elements 
conferring the PSI response in both the − 825 to − 687 
and − 687 to − 99 regions.

Fig. 1  Histochemical staining for the promoter activity of OsPT6 
in response to Pi starvation using the GUS reporter gene. a–c GUS 
staining driven by the OsPT6 promoter in the root tips (a), lateral 
roots (b) and blades (c) of transgenic rice plants grown under low Pi 
(15 µM). (d–f) GUS staining in the root tips (d), lateral roots (e) and 
blades (f) of transgenic rice plants grown under high Pi (300 µM)

Fig. 2  OsPT6 promoter deletion constructs and their activity in 
response to Pi starvation. a Different lengths of OsPT6 promoter frag-
ment containing or not the P1BS and W-box motifs. The locations 
of P1BS and W-box motifs on OsPT6 promoter were labeled with 
triangle and ellipse, respectively. b GUS staining driven by differ-
ent length of OsPT6 promoter fragment in root tips, lateral roots and 
blades of transgenic rice plants grown under low Pi (LP, 15 µM) and 
high Pi (HL, 300 µM) conditions

Fig. 3  GUS enzymatic activity driven by different OsPT6 promoter 
fragments under low P and high P growth conditions. Seedlings of 
transgenic rice plants containing different OsPT6 promoter frag-
ments were supplied with either low Pi (LP, 15 µM) or high Pi (HP, 
300  µM) for 3  weeks, and then the roots and shoots were sampled 
separately for assaying the GUS enzymatic activity. Asterisks indicate 
significant differences in GUS enzymatic activity compared with the 
treatment of high P (two-tailed paired Student’s t test, p ≤ 0.05). Val-
ues are means of three biological replicates with SE. Asterisks indi-
cate significant differences. *p < 0.05; ***p < 0.001
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P1BS is a key cis‑acting element mediating OsPT6 
responsive to Pi starvation

P1BS is a conserved Pi-starvation responsive element that 
is abundantly present in the promoters of many PSI genes 
(Rubio et al. 2001; Bustos et al. 2010; Li et al. 2014). There 
is only one copy of the P1BS motif (− 107 bp upstream of 
the start codon) in the OsPT6 promoter (Table S1, Fig. 2a). 
In our previous study we have proven that OsPT6 prompter 
could drive a purple gene (Pr) isolated from cauliflower to 
express strongly in transgenic tobacco plants under low Pi 
conditions (Li et al. 2014), indicating that the regulatory 
components responsible for modulating the PSI response of 
OsPT6 is highly conserved across dicot and monocot spe-
cies. To determine whether the P1BS is essential for the 
PSI response of OsPT6, we deleted of the P1BS motif from 
the P-2860 fragment, and the modified promoter fragment, 
named △P1BS, was fused to the GUS reporter gene. The 
resulting construct was then transformed into the tobacco 
plants, and the transgenic tobacco harboring the P-2860-
GUS vector was used as a positive control. The GUS induc-
tion rate which indicates the ratio of GUS enzymatic activity 
in the corresponding plants grown under low P and high P 
was assayed. Unlike the P-2860 plants having a high GUS 
induction in response to low Pi, GUS activity in the △P1BS 
plants supplied with low Pi was comparable with that in the 

high-Pi-treated plants (Fig. 4b), indicating that absence of 
P1BS in OsPT6 promoter caused a complete loss of the abil-
ity to induce the GUS expression under low Pi.

To further verify the capacity of the P1BS motif in 
response to Pi starvation, we designed an artificial construct 
(4XP1BS-GUS), which consists of four tandem repeats of 
the P1BS motif from the OsPT6 promoter fusing to a 35S 
minimal promoter (Fig. 4c), and the resulting construct was 
transformed into Nicotiana benthamiana leaves via Agro-
bacterium-mediated transient transformation. Four-week-old 
seedlings were transferred to hydroponic culture treated with 
either high Pi (1 mM) or low Pi (15 μM) for 7 days. The 
relative transcripts of GUS reporter gene was assayed by 
real-time quantitative PCR. As shown in Fig. 4d, Pi-depleted 
plants expressing the 4XP1BS::GUS chimeric gene showed 
a much higher GUS induction than those grown under high 
Pi conditions. These results strongly suggest an essential 
role of the P1BS element in maintaining the PSI response 
of OsPT6.

The downstream W‑box is also involved 
in the regulation of PSI response of OsPT6

W-box motif has also be documented to be associated with 
the regulation of genes involved in Pi signaling (Wang 
et al. 2014a, b). As two copies of W-box (− 704 and −2281 

Fig. 4  Functional analysis of the P1BS motif involved in the PSI acti-
vation of OsPT6. a Schematic illustration of the P1BS deletion con-
struct △P1BS. The locations of P1BS and W-box motifs on OsPT6 
promoter were labeled with ellipse and triangle, respectively. b GUS 
induction rate, which indicates the ratio of GUS enzymatic activity in 
the corresponding plants grown under low P and high P, was assayed 
in the roots of P-2860 and △P1BS transgenic tobacco plants. c Sche-
matic illustration of the construct of 4X P1BS repeats fused to the 

minimal 35S promoter (mini35S Pro) driving the GUS reporter gene. 
d The relative GUS transcription level was assayed by qRT-PCR in 
the transgenic tobacco plants harboring the 4X P1BS-GUS con-
struct under low P and high P conditions. Asterisks indicate signifi-
cant differences in GUS induction rate compared with the group of 
control (two-tailed paired Student’s t test, ***p < 0.001). Values are 
means ± SE(n = 3). Error bars denote SE
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upstream of the start codon, respectively) are present in the 
OsPT6 promoter, it inspires us to verify whether the two 
W-box motifs are also involved in the regulation of OsPT6 
responsive to Pi starvation. To this end, we performed tar-
geted deletion of one or both of them in the P-2860 pro-
moter fragment. We also generated a construct with dele-
tions for both the two W-box and P1BS motifs (Fig. 5a).
These resulting constructs, named △w1, △w2, △w1w2, and 
△w1w2-P, respectively, were transformed into the tobacco 
plants. Compared to P-2860 plants, deletion of the upstream 
W-box motif (W1) did not showed a significant difference in 
the GUS induction rate in the △w1 plants (Fig. 5b). How-
ever, deletion of the downstream W-box (W2) or simulta-
neous deletion of the w1 and w2 resulted in a significant 
reduction in the GUS induction rate in these corresponding 
plants (Fig. 5b). Moreover, the △w2 plants were shown to 
have a comparable level of GUS induction rate with those 
△w1w2 plants. These results indicate that W2, but not W1, 
is involved in the regulation of PSI response of OsPT6. The 
△w1w2-P plants showed a decrease by approximately 60% 

in GUS induction rate compared with the △w1w2 plants. 
However, no significant difference in GUS induction rate 
was observed between the △w1w2-P plants and the △P1BS 
plants, suggesting that the W-box-mediated regulation of 
PSI response of OsPT6 might be highly dependent on the 
P1BS motif.

Discussion

Low availability of P is often a major limiting factor to 
crop yields in most nutrient-poor soils. Transcriptional up-
regulation of genes involved in Pi sensing, transport and 
redistribution upon Pi starvation is one of the most efficient 
strategies evolved by plants to adapt to limited Pi supplies 
(López-Arredondo et al. 2014; Ha et al. 2014). Identifying 
regulatory components, including cis-acting elements and 
their binding transcription factors, involved in the regulation 
of the expression of PSI genes is an important step towards 
better understanding the Pi signaling network in certain 
plant species (Wu et al. 2013; Liang et al. 2014).

Promoter deletion assay is a common and effective 
approach to identify cis-acting elements responsible for 
tissue-specific or development-dependent expression pat-
terns. In this study, promoter truncation analysis on OsPT6, 
a rice Pi transporter gene strongly responsive to Pi starva-
tion (Fig. 1), revealed the presence of at least two regulatory 
regions (− 825 to − 687 and − 687 to − 99) that are required 
for the regulation of PSI response of OsPT6 (Figs. 2b, 3). 
Promoter cis-element analysis using the PLACE algorithm 
led to the identification of several regulatory motifs, such as 
P1BS and W-box, that are probably associated with Pi sign-
aling in the OsPT6 promoter (Table S1, Fig. 2a). As P1BS 
element has been proven to be a key regulator of several 
Pi transporter genes responsive to Pi starvation and even 
mycorrhizal colonization, and there is only one copy of the 
P1BS element in the OsPT6 promoter, it is tempting to spec-
ulate that this P1BS element might be the suitable candidate 
responsible for the up-regulation of OsPT6 in response to 
Pi starvation. The function of P1BS in PSI expression was 
further evidenced by its deletion from the full-length OsPT6 
promoter (P-2860). Targeted deletion of this P1BS motif 
resulted in almost complete absence of GUS induction by Pi 
starvation in △P1BS plants (Fig. 4b), indicating that P1BS 
is essential for the activation of PSI response of OsPT6. 
A four-tandem repeat of the P1BS motif from the OsPT6 
promoter fused to the minimal 35S promoter that was able 
to promote GUS induction rate (Fig. 4d) provides further 
indirect support for its capacity in inducing the Pi starvation-
responsive expression in rice.

The W-box motif is another regulatory element that has 
been experimentally validated to mediate Pi starvation-
responsive expression by interaction with the WRKY 

Fig. 5  Functional analysis of the two W-box motifs involved in the 
PSI activation of OsPT6. a Schematic illustration of the different con-
structs containing one or both deletions of W-box motifs. The loca-
tions of P1BS and W-box motifs on OsPT6 promoter were labeled 
with ellipse and triangle, respectively. b GUS induction rate was 
assayed in the roots of transgenic tobacco plants harboring different 
W-box deletion constructs. Asterisks indicate significant differences 
in GUS enzymatic activity compared with the P-2860 promoter frag-
ment (two-tailed paired Student’s t test, p ≤ 0.05). Values are means 
of three biological replicates with SE. Asterisks indicate significant 
differences. **p < 0.01; ***p < 0.001
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transcription factors. Several WRKY proteins have been 
shown to be up-regulated upon Pi starvation and act as 
positive regulators for Pi transporter genes, such as Arabi-
dopsis AtPT1 (Wang et al. 2014a, b). However, previous 
studies have also proposed a negative role of the interac-
tions between the W-box element and WRKY proteins in 
regulating Pi-related genes, such as PHO1. In Arabidopsis, 
WRKY6 and WRKY42 suppress PHO1 expression through 
binding to the W-box motifs in its promoter (Chen et al. 
2009; Su et al. 2015). These findings suggest that the W-box/
WRKY assembly could serve as both positive and negative 
regulators of a certain of Pi physiological processes. In this 
study two copies of W-box motifs were found to be exist-
ent in the OsPT6 promoter (Table S1). Target deletion of 
the upstream W-box motif (W1) in OsPT6 promoter did not 
significantly affect the GUS induction rate in △w1 plants 
compared with that in the P-2860 plants (Fig. 5). This gives 
a strong hint that the W1 motif that is far away from the start 
codon might have no substantial role in the up-regulation of 
OsPT6 responsive to Pi starvation. This hypothesis could 
gain well support from the fact that the P-825 truncation that 
is absence of the W1 had a comparable capacity with the 
P-2860 fragment in driving the GUS expression in response 
to Pi starvation (Fig. 3). A positive role of the downstream 
W-box motif (W2) in promoting OsPT6 expression under 
Pi starvation could be deduced from that deletion of W2 
or both of the two W-box motifs resulted in a remarkable 
reduction in GUS induction in △w2 or △w1w2 plants com-
pared with that in the P-2860 plants. The absence of regula-
tory capacity with respect to the W1 motif might be due to 
its inefficient flanking sequence that hinders the binding of 
W1 to the potential WRKY proteins. Such a case could also 
be observed from a previous study reporting that WRKY6 
represses PHO1 expression to balance Pi homeostasis in 
Arabidopsis through its binding to two of the six W-box 
motifs in the PHO1 promoter (Chen et al. 2009).

Conclusion

In the present work, through a series of promoter trunca-
tion/deletion analysis, we identified two conserved cis-
acting motifs, the P1BS motif and the downstream W-box 
motif, that are involved in the regulation of PSI expression 
of OsPT6. We proposed that both of the two motifs act as 
positive regulators in directing the expression of OsPT6 in 
response to Pi starvation, and the W-box-mediated regula-
tion of PSI response of OsPT6 might be highly dependent 
on the P1BS motif. Given the complexity of the Pi signaling 
regulation in plants, we could not rule out the possibility 
that the PSI response of OsPT6 could also be co-regulated 
by other cis-acting elements in its promoter. As most Pht1 
genes in Arabidopsis and rice contain P1BS and W-box 

motifs in their promoters, our findings obtained from this 
study may provide some clues for further studying the regu-
latory mechanisms of other Pht1 genes in response to Pi 
starvation.
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