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A B S T R A C T

Identification of root-specific promoters is a good method to drive root-specific gene expression for nutrient
uptake. Constitutive over-expression of OsPT2 may have negative effects on the growth of rice seedlings under
high Pi condition. Thus, characterization and utilization of root-specific promoters are critical for genetic
breeding. Here, a root-specific promoter (Os03g01700) with a number of specific regulatory elements has been
confirmed. Interestingly, cis-regulatory element S449 is significantly enriched in the −1475∼-2013 bp and
−1077∼-1475 bp regions of Os03g01700 promoter. The activities of several deletion derivatives of Os03g01700
promoter were analyzed using both transient expression and genetic transformation system. The results showed
that the root-specific cis-acting elements might be present in the −2013 bp～-1475 bp and −1077 bp～-561 bp
regions of Os03g01700 promoter. To determine the actual effect of root-specific expression of OsPT2, a con-
struction consisting of Os03g01700 promoter and OsPT2 CDS was used to transform rice. Under Pi-sufficient
condition, there were a series of symptoms of phosphorus toxicity in the shoots of OsPT2 over-expressing (Ov-
OsPT2) seedlings. Under Pi-deficient condition, more soluble Pi was accumulated in the shoots of Ov-OsPT2
seedlings than that in the wild type. Our data provide a candidate root-specific promoter in the breeding of rice
with high phosphorus uptake variety.

1. Introduction

Plant-specific promoters play important roles in control of trans-
genic expression. Several constitutive-expressed promoters have been
well-studied and used for genetic engineering (Cornejo et al., 1993; He
et al., 2009). For example, the cauliflower mosaic virus (CaMV) 35S,
ACTIN1 and UBI1 were widely applied in genetic transformation (Odell
et al., 1985; McElroy et al., 1991; Christensen et al., 1992). Constitutive
over-expression of target genes may have negative effects on the growth
of plants. Thus, characterization and utilization of tissue-specific pro-
moters plays an important role in genetic breeding (Li et al., 2013).

Recently, many studies on the isolation of tissue-specific promoters
have been carried out in plants. For example, a root-specific gene, salT,
was isolated from the roots of salt-sensitive rice cultivar (Claes et al.,
1990). Two cDNAs, RCc2 and RCc3, which are highly expressed in the
root of rice, were identified as root-specific genes (Xu et al., 1995).
OsEXPA8 is another important root-specific gene that was involved in
the establishment of root system architecture by regulating cell exten-
sion (Ma et al., 2013). A root-specific gene Os04g24469 was selected
from public microarray data (Zhao et al., 2014). The promoters of three
root-specific expressed genes, OsrRSP1, OsrRSP3, and OsrRSP5, were

reported to be used for the enhanced expression of target genes in root
(Huang et al., 2015).

Phosphorus (P) is one of the most essential and limiting mineral
nutrients involved in plant growth and development (Shen et al., 2014;
Koyama et al., 2005). Soil inorganic phosphate (Pi) is only available at
very low level, and thus, for crops, it is a challenge to maintain a
constant and stable concentration of internal Pi in cells (Abel, 2011;
Veneklaas et al., 2012). Many studies have revealed a complex and
selective system consisting of membrane-spanning phosphate trans-
porter (PT) proteins, which participate in Pi absorption and transport
from soil into root cells (Liu et al., 2011).

OsPT2, a low-affinity Pi transporter in rice, is responsible for the
OsPHR2-mediated accumulation of Pi in the shoots of rice (Wu and Xu,
2010). OsPT2 is mainly expressed in the stele of primary and lateral
roots and is responsible for the transport of Pi from roots to shoots (Ai
et al., 2009). However, despite the importance, over-expression of
OsPT2 under constitutive 35S promoter results in the accumulation of
excess Pi in the shoots under Pi sufficient condition (Liu et al., 2010).
Constitutive over-expression of OsPT2 may have negative effects on the
growth of rice seedlings. Thus, characterization and utilization of root-
specific promoters in rice is a good way to avoid the harmful effects of
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the constitutive expression of the genes involved in Pi transport (Li
et al., 2014).

Our previous study has characterized two root-specific promoters,
Os03g01700 and Os02g37190, in rice (Li et al., 2013). However, the
mechanism of their root-specific expressions was largely unknown.
Here, a series of deletion derivatives of Os03g01700 promoter in
transgenic rice plants were conducted to reveal the roles of various cis-
acting elements in the root-specific expression. Studies on the root-
specific expression of OsPT2 provide us a potential approach to breed
rice with high phosphorus uptake variety.

2. Materials and methods

2.1. Plant materials and growth conditions

Wild-type rice Nipponbare (Oryza Sativa L. ssp japonica) was used in
our study. Quantitative data was derived from two lines (three in-
dependent replications for each line). Rice seedlings were grown in a
standard culture solution containing 1.425 mM NH4NO3, 0.323 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, 1 mM FeCl3, 0.070 mM citric acid and 0.152 mM
ZnSO4, pH 5.8, in a greenhouse with a light/dark cycle of 12 h:12 h, at a
day/night temperature of 30 °C:24 °C, and 70% humidity. For hydro-
ponics, seedlings were transferred to a plastic net floating on the nu-
trient solution containing 0.1 mM NaH2PO4 for Pi-sufficient condition
and 0 mM NaH2PO4 for Pi-deficient treatment for one month.

2.2. Analysis of cis-acting elements

A total of 3500 bp upstream sequence of Os03g01700 promoter was
obtained from the TIGRE database (http://rice.plantbiology.msu.edu/).
The sequence was assigned to PlantCARE (http://www.bioinformatics.
psb.ugent.be/webtools/plantcare/html/) and PLACE (http://www.dna.
affrc.go.jp/PLACE/) to analyze the sites of cis-acting elements.

2.3. GUS staining

The GUS staining solution was prepared using 10 mM EDTA, 1 mM
potassium ferrocyanide, 1 mM potassium ferricyanide, 20% [v/v] me-
thyl alcohol, 0.5% [v/v] Triton X-100) and 0.2 mM 5-bromo-4-chloro-3-
indoyl glucuronide. The histochemical analysis was performed as de-
scribed previously (Li et al., 2013). In detail, different tissues, including
roots, leaves and glumes, from rice seedlings were incubated at 37 °C
for 20 min in GUS staining solution. To stop the action, the GUS solu-
tion was removed. The glume samples were indirectly observed with a
Carl Zeiss LSM510 laser scanning system (http://www.zeiss.com/). The
root samples were embedded in 5% agar and cut into 20–40 μm thick
sections for photographing using a Leica MZ95 stereomicroscope (Leica
Instrument, Nusslosh, Germany). The leave samples were dipped into
100% ethanol at room temperature to remove chlorophyll, and were
observed using a Carl Zeiss laser scanning system LSM510.

2.4. Vector construction of the deletion derivatives of Os03g01700
promoter

The primers of Os03g01700 promoter deletion vectors were de-
signed according to the rice genome sequence on the TIGRE database.
All primers were redesigned into In-Fusion primers with the restriction
site KpnI using the Clontech online support tool (http://bioinfo.
clontech.com/infusion/). The In-Fusion primers of Os03g01700 pro-
moter deletion vectors are listed in Table S1. A series of deletion de-
rivatives of Os03g01700 promoter, including 312 bp (P312), 516 bp
(P516), 1077 bp (P1077), 1475 bp (P1475), and 2013 bp (P2013), were
cloned into the GUS plus vector (pBI101.3 backbone) (Fig. S1).

2.5. Particle gun mediated transient expression and Agrobacterium
mediated transformation

Calluses of rice mature embryo were put on hyper-osmotic medium
containing 46.67 g/L sorbitol and 46.67 g/L mannitol for 4 h. For mi-
croprojectile preparation, 30 mg gold powder (Φ1.0 μm) was added
with 1 mL of 70% ethanol in a 1.5 mL centrifuge tube. After 3 min
vortex, the 70%ethanol was replaced with 1 mL of 100% ethanol for
15 min. The supernatant was abandoned by 5 s short and low speed
centrifugation. The gold powder was suspended in 1 mL of 70% ethanol
by 5 s vortex. Then, the gold powder was washed with ddH2O three
times and re-suspended in 500 μL of 50% glycerol until used. Particle
gun mediated transient expression was performed, as previously de-
scribed (Romyanon et al., 2003).

The correct plasmids were firstly introduced into A. tumefaciens
EHA105. Embryogenic calluses were co-cultivated with positive A. tu-
mefaciens cells to regenerate transgenic rice plants, as previously de-
scribed (Supartana et al., 2005).

2.6. RNA isolation and qRT-PCR analysis

Total RNAs were isolated using Qiagen RNeasy plant mini kit
(Qiagen, Valencia, CA, USA) according to the manufacturer's instruc-
tions. RNAs from roots and leaves were used for tissue-specific ex-
pression confirmation. The total RNAs were treated with RNase-free
DNase I to remove contaminated DNA. After agarose gel electrophor-
esis, the concentration of RNA was determined by a ND-1000 NanoDrop
(Thermo Fisher Scientific, Shanghai,China). Then, cDNA was generated
using 4.0 μg of RNAs from each sample using a cDNA synthesis kit
(Promega, Madison, WI, USA) (Yu et al., 2017). The qRT-PCR primer
sequences were designed using the Roche Primer Designer and listed in
Table S1. The qRT-PCR was performed, as previously described (Li
et al., 2013).

2.7. Vector construction

For the POs03g01700:OsPT2 vector construction, a 3500-bp se-
quence of the Os03g01700 promoter was amplified using PCR and in-
serted into the pGOFS1-R vector with EcoR I and Sma I. The primer
sequences are: F: 5′- CCGgaattcTGAAAAGAGCTTGAGAGAAT-3′ and R:
5′- TCCcccgggCTTCTTCTTCTTCGATCGAC-3’. Then, a 1825-bp se-
quence of OsPT2 gene was amplified and into the pGOFS1-R-Pomoter
vector with BamH I. The primer sequences are: F: 5′- ATCCCCCCGGG
GATCCGCTTATAACTTTGCAGCTTGAGG-3′ and R: 5′- GCAGGTCGAC
GGATCCGGGAAAGTTCACAAAATCTCACA-3’.

2.8. Identification of the POs03g01700:OsPT2 (Ov-OsPT2) seedlings

For positive transgenic material screening, a Hygromycin
Phosphotransferanse gene (Hpt) was used as a marker (Hpt-F: 5′-AGAAG
AAGATGTTGGCGACCT-3’/Hpt-R: 5′-GTCCTGCGGGTAAATAGCTG-3′).
The PCR detection reaction was prepared including 0.2 μL DNA template,
10 mm DNA primer pairs and 2.0 μL PCR buffer 2.0 μL, 2 μM dNTP
mixture and 1.5 μL of 25 mM MgCl2. The reaction process was as follows:
1 cycle, 94 °C, 10 min, 30 cycles, 94 °C, 1 min, 58 °C, 1 min, 72 °C, 1
cycle, 72 °C, 5 min. The amplified products were detected using 1.0%
agarose gel electrophoresis.

A series of transgenic seedlings were selected for RNA extraction.
The root and shoot samples from four-week-old seedlings were sepa-
rately harvested. The root-specific over-expression of OsPT2 was
checked by qRT-PCR (primers in Table S1).

For transgenic locus and insertion copy characterization, southern
hybridization using DIG chemiluminescent technology was applied
according to the standard protocol (Trijatmiko et al., 2016). DNAs were
extracted and digested with Hind III.
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2.9. Measurement of Pi contents

Plant height and primary root length were surveyed using a ruler.
Leaves and roots of the WT and Ov-OsPT2 seedlings from either Pi-
sufficient or Pi-deficient treatments were harvested separately. The
concentration of Pi was determined using the procedure described
previously (Liu et al., 2010). Briefly, 100 mg of fresh tissue samples
were homogenized with 6 mL extraction buffer containing 100 μL of
5 M H2SO4. Then, the homogenate was transferred to a new 15 mL
tubes and centrifuged at 10,000×g for 10 min at 4 °C. The supernatant
in 10-fold dilution was mixed with a malachite green reagent in 3:1
ratio and kept for 20 min. The absorption values at 650 nm wavelength
were determined using a Spectroquant NOVA60 spectrophotometer
(Merck, Darmstadt, Germany). KH2PO4 was used as standard to gen-
erated a standard curve for Pi concentration calculation.

2.10. Statistical analyses

Statistical analyses were performed using SPSS software version
19.0 (SPSS Inc., Chicago, IL, USA), and a one-way ANOVA was applied
to compare the growth parameters and Pi contents between WT and Ov-
OsPT2 seedlings. The expression analysis was performed for three
biological replications, and the figures show the average values. A P
value < 0.05 was considered to be statistically significant and in-
dicated by “*”; P < 0.01 was indicated by “**”.

3. Results

3.1. Analysis of cis-acting elements in the promoter of Os03g01700

In total, 3000 bp promoter sequence of Os03g01700 was analyzed.
Several important cis-acting elements, including TATA-box, CAAT-box,
LTR element, MBS element, NON-box, and CAT-box, were identified in
the promoter of Os03g01700 (Fig. S2 and S3). The number of these
specific regulatory elements in different promoter regions, including
312 bp, 516 bp, 1077 bp, 1475 bp, and 2013 bp, were counted (Table
S2 and Fig. S4). Among these elements, the largest numbers came from
CACTFTPPCA1 (S449, YACT(Y = T/C), 48 sites), a mesophyll-specific
expressed cis-regulatory element, and ROOTMOTIFTAPOX1 (S98,
ATATT, 34 sites), a root-specific expressed cis-regulatory element
(Gowik et al., 2004; Elmayan and Tepfer, 1995). Interestingly, most S98

elements were identified in the −1475∼-2013 bp and −1077∼-1475
bp regions and most S449 elements were found in the 0∼-312 bp,
−312∼-561 bp and −561∼-1077 bp regions (Fig. S5a).

3.2. Os03g01700 promoter deletion analysis using transient expression and
genetic transformation systems

To determine the activities of the deletion derivatives of
Os03g01700 promoter, particle gun-mediated transient expression was
performed. Our results showed that all five deletion derivatives of
Os03g01700 promoter could drive the expression of GUS reporter gene
(Fig. S5b).

To investigate their spatial expression patterns, all deletion deri-
vatives of Os03g01700 promoter with GUS reporter gene were in-
troduced into embryogenic calluses to regenerate transgenic rice plants.
Three independent T3 transgenic lines of each promoter construct were
analyzed in various organs, including root, leaf, glume and flower. Our
data showed that the expressions of all deletion derivatives of
Os03g01700 promoter could be detected in at least one tissue.

Under the P2013 promoter, the expression of GUS gene was only
detected in the roots, particularly in the inner epidermis and middle
column rather than in the outer epidermis and cortex, and could not be
detected in roots. Under the P1475 promoter, the expression of GUS
gene could be detected in the outer epidermis, leaves, glumes, and
flowers. Under the P1077 promoter, GUS gene was strongly expressed
in the primary roots rather than lateral roots, leaves, glumes, and
flowers, suggesting that P1077 is a root-specific promoter. Besides, the
expressions the GUS gene under the P561 and P312 promoters could be
detected in all the tested organs (Fig. 1).

3.3. Overexpression of OsPT2 under the root-specific promoter of
Os03g01700

In total, 10 independent T0 transgenic lines of Ov-OsPT2 were
randomly selected for hygromycin screening. Nine of these lines were
hygromycin resistance, suggesting a high positive rate (90%) of our
transgenic experiment (Fig. S6).

In order to determine the root-specific expression, qRT-PCR was
performed in seven randomly selected hygromycin-resistant lines (T0).
Our data showed that the root-specific expression was successfully
achieved in four independent lines, including line 2, 4, 6, and 7

Fig. 1. Os03g01700 promoter deletion analysis using genetic transformation system. The expression patterns of a series of deletion derivatives of Os03g01700,
including P2013 (a), P1475 (b), P1077 (c), P516 (d) and P312 (e) were analyzed using genetic transformation.
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(Fig. 2a). In spite of the different expression levels among various lines,
the average expression level of OsPT2 in the roots of transgenic lines
was 10-folds higher than that in WT.

The copy numbers of T-DNA insertion were detected in the four
over-expression lines (line 2, 4, 6 and 7) using southern blot method.
The PCR products of hygromycin gene were used as probes. The hy-
bridization results showed that the Ov-OsPT2 line 4 was a single-copy
line, and Ov-OsPT2 line 2, 6, and 7 were multi-copy lines (Fig. 2b). The
Ov-OsPT2 line 4 (Ov-OsPT2-1) and line 6 (Ov-OsPT2-2) was used for
further study.

3.4. Phenotype of the transgenic lines under different Pi conditions

Thirty-d-old T3 seedlings (from Ov-OsPT2-1) were used for quali-
tative phenotyping under different Pi conditions (Fig. 3a). Under the Pi-
sufficient condition, the heights of Ov-OsPT2-1 and Ov-OsPT2-2 seed-
lings were 84% and 85% of the WT, the tiller numbers of Ov-OsPT2-1

and Ov-OsPT2-2 seedlings were 55.4% and 60.0% of the WT, and the
primary root length of Ov-OsPT2-1 and Ov-OsPT2-2 seedlings were
69.7% and 72.7% of the WT, respectively. Although the Ov-OsPT2
seedlings were smaller than WT, there was no obvious symptoms of
phosphorus toxicity in Ov-OsPT2 seedlings. Under the Pi-deficient
condition, the height and tiller number of the WT were significantly
reduced and the root system of the WT was significantly induced. The
heights of Ov-OsPT2-1 and Ov-OsPT2-2 seedlings were 70.5% and
75.7% of the WT, the tiller numbers of Ov-OsPT2-1 and Ov-OsPT2-2
seedlings were 97% and 93.1% of the WT, and the primary root lengths
of Ov-OsPT2-1 and Ov-OsPT2-2 seedlings were 81.0% and 86.4% of the
WT, respectively (Fig. 3b–d). Under Pi sufficient condition, the root/
shoot ratios of the WT were larger than that of Ov-OsPT2-1 and Ov-
OsPT2-2 seedlings. Under Pi deficient condition, the root/shoot ratios
of WT were smaller than that of Ov-OsPT2-1 and Ov-OsPT2-2 seedlings
(Fig. S7). The growth of Ov-OsPT2 under Pi-deficient condition was
weaker to that of the WT.

Fig. 2. Overexpression of OsPT2 under the root-specific
promoter of Os03g01700. (a) The expression level of
OsPT2 in the roots and leaves of different hygromycin
positive lines. (b) Identification of the copy numbers of T-
DNA insertion in four root specific over-expression lines.
DIG-labeled DNA Molecular Weight Marker VII (Roche)
was used as marker.

Fig. 3. Phenotype of the Ov-OsPT2 seedlings under dif-
ferent Pi conditions. (a) Phenotype of the Ov-OsPT2 and
WT seedlings under Pi-sufficient and Pi-deficient condi-
tions. Three important parameters, including plant height
(b), number of tillers (c), and primary root length (d),
were measured. Significant differences (P < 0.01) were
indicated by “*”. Quantitative data was derived from two
lines (N= 3).
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3.5. Determination of the soluble Pi contents of transgenic lines

To investigate the differences in the Pi uptake between Ov-OsPT2
and WT, the soluble Pi content was determined. Under the Pi-sufficient
condition, the soluble Pi contents in the shoots of WT, Ov-OsPT2-1, and
Ov-OsPT2-2 were 0.79, 2.59 and 2.87 mg/g, respectively, and in the
roots of WT, Ov-OsPT2-1 and Ov-OsPT2-2 were 0.59, 0.84 and
0.88 mg/g, respectively. Under the Pi-deficient condition, the soluble Pi
contents in the shoots of WT, Ov-OsPT2-1 and Ov-OsPT2-2 were 0.09,
0.08 and 0.07 mg/g, respectively, and in the roots of WT, Ov-OsPT2-1
and Ov-OsPT2-2 were 0.05, 0.06 and 0.06 mg/g, respectively (Fig. 4).

4. Discussion

Phosphorus is a nutrient element that is essential for the growth and
development of plants. Intensive studies have identified a number of
putative rice PT genes, which are responsive to Pi starvation (Wang
et al., 2014). OsPT2 is required for the long-distance transport of Pi
from roots to shoots (Ai et al., 2009). In our previous study, two novel
rice root-specific promoters (Os03g01700 and Os02g37190) were iso-
lated and characterized (Li et al., 2013). To explore the roles of OsPT2
in the utilization, translocation, and distribution of Pi in rice,
Os03g01700 was taken as an introduction to investigate the regulation
mechanism underlying the root-specific expression of OsPT2 gene.

In the sequence of Os03g01700 promoter, a variety of tissue-specific
cis-elements were identified, such as leaf-specific expressed S449, en-
dosperm-specific expressed S148, pollen-specific expressed S378 and
S245, root-specific expressed S468 and S98, seed-specific expressed
S246, and fruit-specific expressed S422 (Gowik et al., 2004; Elmayan
and Tepfer, 1995; Shirsat et al., 1989; Ellerstrom et al., 1996; Filichkin
et al., 2004; Yamagata et al., 2002). Sequence deletion analysis has
been performed to reveal the roles of different elements in root-specific
expression of Os03g01700. It is worth noting that S449 was significantly
enriched in the −1475∼-2013 bp and −1077∼-1475 bp regions (Fig.
S5a). The P2013 promoter still showed root-specific expression, in-
dicating that there was no root-specific cis-regulatory element in the
2013–3500 bp region. Under the P2103 promoter, the expression of
GUS reporter gene could not be detected in cortex, indicating that there
were cortex specific elements in the 2013–3500 bp region. Under the
P1077 promoter, the expression of GUS reporter gene also showed root-
specific expression. The results showed that the root-specific cis-acting
elements might be present in the −2013 bp～-1475 bp and −1077 bp
～-561 bp regions of Os03g01700 promoter. In addition, S449 was
significantly enriched in the 0∼-312 bp and −561∼-1077 bp regions
of Os03g01700 promoter. Due to the existence of a large number of
S449 elements, constitutive expression of GUS reporter gene was ob-
served under the P561 and P312 promoters. Although the mechanisms

of tissue-specific expression of Os03g01700 are poorly elucidated,
Os03g01700 promoter can be used in the breeding of rice.

The expression patterns of Pht1 family genes were affected by the
changing environmental factors (Fang Zhu et al., 2018). Apart from Pi-
response elements, a large number of cis-elements involved in en-
vironmental and hormonal responses have been identified in the 2-kb
upstream promoter regions of the OsPht1 family genes (Liu et al., 2011).
For example, several stress-related cis-regulatory elements, such as
bHLH, WRKY, and ABRE elements, have been found in the promoters of
the OsPht1 family genes (Fang Zhu et al., 2018; Dai et al., 2016). In rice,
11 OsPht1 family genes, including OsPT2, are significantly regulated by
various hormone treatments. Differential expression profiles showed
that the expression of OsPT2 was up-regulated by NAA, GA3, and cy-
tokinin (Liu et al., 2011). Taking advantage of the Os03g01700 pro-
moter, plants with more stable expression of OsPT2 under the changing
environment are available now (Liu et al., 2011).

To confirm the actual effect of root-specific expression of OsPT2, a
construction consisting of Os03g01700 promoter and OsPT2 CDS was
used to transform rice. Under the Pi-sufficient condition, there were
significant differences in the contents of soluble Pi in both roots and
shoots between Ov-OsPT2 and WT. Although the significant decreases
in the plant height, number of tillers, and primary root length were
observed under the Pi-sufficient condition, there was no obvious
symptoms of phosphorus toxicity in the shoots of Ov-OsPT2 seedlings.
Overexpression of OsPT2 enhanced the transport of Pi and caused the
accumulation of soluble Pi in the shoots of Ov-OsPT2 seedlings (Liu
et al., 2010). Most of PTs in rice were predicted to be high-affinity
transporters, whereas OsPT2 is a low-affinity Pi transporter (Goff et al.,
2002; Ye et al., 2015). It was suggested that OsPT2 functions as Pi
transporter under both Pi sufficient and deficient conditions (Ghillebert
et al., 2011). As an important low affinity Pi transporter in rice, over-
expression of OsPT2 under 35S promoter resulted in the accumulation
of excess shoot Pi and even phosphorus toxicity. In the shoots, the Pi
concentration was up-regulated by approximately four-fold in the
plants expressing OsPT2 under 35S promoter, and the Pi concentration
was up-regulated by 2 three-fold in the plants expressing OsPT2 under
Os03g01700 promoter. In the roots, the Pi concentration was up-regu-
lated by approximately two-fold under 35S promoter, and the Pi con-
centration was up-regulated by only 1.3-fold under Os03g01700 pro-
moter (Liu et al., 2010).

In addition to OsPT2, most of the OsPht1 family genes are potential
candidates for generating transgenic rice with improved Pi use effi-
ciency. The expressions of many other OsPht1 family genes could be
detected in various organs and tissues (Liu et al., 2011). Constitutive
over-expression of the OsPht1 family genes may cause some unexpected
growth and developmental defects. The development of root-specific
expression promoter will bright prospects for application.

Fig. 4. Determination of the soluble Pi contents of the
Ov-OsPT2 and WT seedlings. The soluble Pi contents
were determined in the shoots (a) and roots (b) of Ov-
OsPT2 and WT under Pi-sufficient and Pi-deficient con-
ditions. Significant differences (P < 0.01) were in-
dicated by “*”. Quantitative data was derived from two
lines (N= 3).
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5. Conclusions

In our study, a root-specific promoter (Os03g01700) with a number
of specific regulatory elements has been confirmed. A cis-regulatory
element (S449) is significantly enriched in the −1475∼-2013 bp and
−1077∼-1475 bp regions of Os03g01700 promoter. Transient expres-
sion and genetic transformation showed that the root-specific cis-acting
elements might be present in the −2013 bp～-1475 bp and −1077 bp
～-561 bp regions of Os03g01700 promoter. A construct consisting of
Os03g01700 promoter and OsPT2 CDS was used to transform rice, in-
dicating an effective role of OsPT2 in the transport of Pi. Our data
provided a potential approach to cultivate rice with high phosphorus
uptake variety.

Conflicts of interest

The authors declare that they have no competing interests.

Authors' contributions

YL, CL, LC and SC carried out the molecular studies, participated in
the analysis and drafted the manuscript. YP carried out the qRT-PCR
analysis. SY performed the statistical analysis. YL conceived of the
study, and participated in its design. YL acquired of funding. All authors
read and approved the final manuscript.

Acknowledgement

This work was supported by National Natural Science Foundation
(Grant 31460539).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.plaphy.2019.01.009.

References

Abel, S., 2011. Phosphate sensing in root development. Curr. Opin. Plant Biol. 14,
303–309.

Ai, P., Sun, S., Zhao, J., Fan, X., Xin, W., Guo, Q., Yu, L., Shen, Q., Wu, P., Miller, A.J., Xu,
G., 2009. Two rice phosphate transporters, OsPht1;2 and OsPht1;6, have different
functions and kinetic properties in uptake and translocation. Plant J.: for cell and
molecular biology 57, 798–809.

Christensen, A.H., Sharrock, R.A., Quail, P.H., 1992. Maize polyubiquitin genes: struc-
ture, thermal perturbation of expression and transcript splicing, and promoter ac-
tivity following transfer to protoplasts by electroporation. Plant Mol. Biol. 18,
675–689.

Claes, B., Dekeyser, R., Villarroel, R., Van, d.B.M., Bauw, G., Van, M.M., Caplan, A., 1990.
Characterization of a rice gene showing organ-specific expression in response to salt
stress and drought. Plant Cell 2, 19–27.

Cornejo, M.J., Luth, D., Blankenship, K.M., Anderson, O.D., Blechl, A.E., 1993. Activity of
a maize ubiquitin promoter in transgenic rice. Plant Mol. Biol. 23, 567–581.

Dai, X., Wang, Y., Zhang, W.H., 2016. OsWRKY74, a WRKY transcription factor, mod-
ulates tolerance to phosphate starvation in rice. J. Exp. Bot. 67, 947–960.

Ellerstrom, M., Stalberg, K., Ezcurra, I., Rask, L., 1996. Functional dissection of a napin
gene promoter: identification of promoter elements required for embryo and en-
dosperm-specific transcription. Plant Mol. Biol. 32, 1019–1027.

Elmayan, T., Tepfer, M., 1995. Evaluation in tobacco of the organ specificity and strength
of the rolD promoter, domain A of the 35S promoter and the 35S2 promoter.
Transgenic Res. 4, 388–396.

Fang Zhu, X., Sheng Zhao, X., Wu, Q., Fang Shen, R., 2018. Abscisic acid is involved in
root cell wall phosphorus remobilization independent of nitric oxide and ethylene in
rice (Oryza sativa). Ann. Bot. 121, 1361–1368.

Filichkin, S.A., Leonard, J.M., Monteros, A., Liu, P.P., Nonogaki, H., 2004. A novel endo-
β-mannanase gene in tomato LeMAN5 is associated with anther and pollen devel-
opment. Plant Physiol. 134, 1080–1087.

Ghillebert, R., Swinnen, E., De Snijder, P., Smets, B., Winderickx, J., 2011. Differential
roles for the low-affinity phosphate transporters Pho87 and Pho90 in Saccharomyces
cerevisiae. Biochem. J. 434, 243–251.

Goff, S.A., Ricke, D., Lan, T.H., Presting, G., Wang, R., Dunn, M., Glazebrook, J., Sessions,
A., Oeller, P., Varma, H., Hadley, D., Hutchison, D., Martin, C., Katagiri, F., Lange,
B.M., Moughamer, T., Xia, Y., Budworth, P., Zhong, J., Miguel, T., Paszkowski, U.,
Zhang, S., Colbert, M., Sun, W.L., Chen, L., Cooper, B., Park, S., Wood, T.C., Mao, L.,
Quail, P., Wing, R., Dean, R., Yu, Y., Zharkikh, A., Shen, R., Sahasrabudhe, S.,
Thomas, A., Cannings, R., Gutin, A., Pruss, D., Reid, J., Tavtigian, S., Mitchell, J.,
Eldredge, G., Scholl, T., Miller, R.M., Bhatnagar, S., Adey, N., Rubano, T., Tusneem,
N., Robinson, R., Feldhaus, J., Macalma, T., Oliphant, A., Briggs, S., 2002. A draft
sequence of the rice genome (Oryza sativa L. ssp. japonica). Science 296, 92–100.

Gowik, U., Burscheidt, J., Akyildiz, M., Schlue, U., Koczor, M., Streubel, M., Westhoff, P.,
2004. cis-Regulatory elements for mesophyll-specific gene expression in the C4 plant
Flaveria trinervia, the promoter of the C4 phosphoenolpyruvate carboxylase gene.
Plant Cell 16, 1077–1090.

He, C., Lin, Z., McElroy, D., Wu, R., 2009. Identification of a rice actin2 gene regulatory
region for high-level expression of transgenes in monocots. Plant biotechnology
journal 7, 227–239.

Huang, L.-y., Zhang, F., Qin, Q., Wang, W.-s., Zhang, T., Fu, B.-y., 2015. Identification and
validation of root-specific promoters in rice. Journal of Integrative Agriculture 14,
1–10.

Koyama, T., Ono, T., Shimizu, M., Jinbo, T., Mizuno, R., Tomita, K., Mitsukawa, N.,
Kawazu, T., Kimura, T., Ohmiya, K., Sakka, K., 2005. Promoter of Arabidopsis
thaliana phosphate transporter gene drives root-specific expression of transgene in
rice. J. Biosci. Bioeng. 99, 38–42.

Li, Y., Liu, S., Yu, Z., Liu, Y., Wu, P., 2013. Isolation and characterization of two novel
root-specific promoters in rice (Oryza sativa L.). Plant Sci.: an international journal of
experimental plant biology 207, 37–44.

Li, S., Wang, C., Zhou, L., Shou, H., 2014. Oxygen deficit alleviates phosphate over-
accumulation toxicity in OsPHR2 overexpression plants. J. Plant Res. 127, 433–440.

Liu, F., Wang, Z., Ren, H., Shen, C., Li, Y., Ling, H.Q., 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. Plant J.: for cell and molecular biology
62, 508–517.

Liu, F., Chang, X.J., Ye, Y., Xie, W.B., Wu, P., Lian, X.M., 2011. Comprehensive sequence
and whole-life-cycle expression profile analysis of the phosphate transporter gene
family in rice. Mol. Plant 4, 1105–1122.

Ma, N., Wang, Y., Qiu, S., Kang, Z., Che, S., Wang, G., Huang, J., 2013. Overexpression of
OsEXPA8, a root-specific gene, improves rice growth and root system architecture by
facilitating cell extension. PLoS One 8, e75997.

McElroy, D., Blowers, A.D., Jenes, B., Wu, R., 1991. Construction of expression vectors
based on the rice actin 1 (Act1) 5' region for use in monocot transformation. Mol.
Gen. Genet. MGG 231, 150–160.

Odell, J.T., Nagy, F., Chua, N.H., 1985. Identification of DNA sequences required for
activity of the cauliflower mosaic virus 35S promoter. Nature 313, 810–812.

Romyanon, K., Nathwong, B., Gajanandana, O., Ratanakarn, W., Atthatom, S., 2003.
Improvement on particle bombardment-mediated transformation for rice transfor-
mation. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 110, 698–705.

Shen, C., Yue, R., Yang, Y., Zhang, L., Sun, T., Tie, S., Wang, H., 2014. OsARF16 is in-
volved in cytokinin-mediated inhibition of phosphate transport and phosphate sig-
naling in rice (Oryza sativa L.). PLoS One 9, e112906.

Shirsat, A., Wilford, N., Croy, R., Boulter, D., 1989. Sequences responsible for the tissue
specific promoter activity of a pea legumin gene in tobacco. Mol. Gen. Genet. MGG
215, 326–331.

Supartana, P., Shimizu, T., Shioiri, H., Nogawa, M., Nozue, M., Kojima, M., 2005.
Development of simple and efficient in planta transformation method for rice (Oryza
sativa L.) using Agrobacterium tumefaciens. J. Biosci. Bioeng. 100, 391–397.

Trijatmiko, K.R., Arines, F.M., Oliva, N., Slamet-Loedin, I.H., Kohli, A., 2016. Molecular
analyses of transgenic plants. Methods Mol. Biol. 1385, 201–222.

Veneklaas, E.J., Lambers, H., Bragg, J., Finnegan, P.M., Lovelock, C.E., Plaxton, W.C.,
Price, C.A., Scheible, W.R., Shane, M.W., White, P.J., Raven, J.A., 2012.
Opportunities for improving phosphorus-use efficiency in crop plants. New Phytol.
195, 306–320.

Wang, X., Wang, Y., Pineros, M.A., Wang, Z., Wang, W., Li, C., Wu, Z., Kochian, L.V., Wu,
P., 2014. Phosphate transporters OsPHT1;9 and OsPHT1;10 are involved in phos-
phate uptake in rice. Plant Cell Environ. 37, 1159–1170.

Wu, P., Xu, J., 2010. Does OsPHR2, central pi-signaling regulator, regulate some un-
known factors crucial for plant growth? Plant Signal. Behav. 5, 712–714.

Xu, Y., Buchholz, W.G., Derose, R.T., Hall, T.C., 1995. Characterization of a rice gene
family encoding root-specific proteins. Plant Mol. Biol. 27, 237–248.

Yamagata, H., Yonesu, K., Hirata, A., Aizono, Y., 2002. TGTCACA motif is a novel cis-
regulatory enhancer element involved in fruit-specific expression of the cucumisin
gene. J. Biol. Chem. 277, 11582–11590.

Ye, Y., Yuan, J., Chang, X., Yang, M., Zhang, L., Lu, K., Lian, X., 2015. The phosphate
transporter gene OsPht1;4 is involved in phosphate homeostasis in rice. PLoS One 10,
e0126186.

Yu, C., Guo, H., Zhang, Y., Song, Y., Pi, E., Yu, C., Zhang, L., Dong, M., Zheng, B., Wang,
H., Shen, C., Tsai, C.-J., 2017. Identification of potential genes that contributed to the
variation in the taxoid contents between two Taxus species (Taxus media and Taxus
mairei). Tree Physiol. 1–13.

Zhao, H.Y., Lei, X.U., Wei, X.J., Deng, M.J., Wang, F., Ke-Ke, Y.I., 2014. Isolation and
characterization of a novel root tip-specific promoter in rice. Chin. J. Rice Sci. 61,
11676–11682.

Y. Li et al. Plant Physiology and Biochemistry 136 (2019) 52–57

57

https://doi.org/10.1016/j.plaphy.2019.01.009
https://doi.org/10.1016/j.plaphy.2019.01.009
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref1
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref1
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref2
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref2
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref2
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref2
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref3
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref3
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref3
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref3
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref4
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref4
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref4
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref5
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref5
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref6
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref6
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref7
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref7
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref7
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref8
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref8
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref8
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref9
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref9
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref9
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref10
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref10
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref10
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref11
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref11
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref11
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref13
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref13
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref13
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref13
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref14
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref14
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref14
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref15
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref15
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref15
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref16
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref16
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref16
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref16
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref17
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref17
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref17
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref19
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref19
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref20
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref20
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref20
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref20
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref21
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref21
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref21
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref22
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref22
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref22
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref23
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref23
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref23
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref24
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref24
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref25
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref25
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref25
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref26
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref26
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref26
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref27
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref27
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref27
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref28
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref28
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref28
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref29
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref29
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref30
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref30
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref30
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref30
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref31
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref31
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref31
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref32
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref32
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref33
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref33
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref34
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref34
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref34
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref35
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref35
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref35
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref36
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref36
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref36
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref36
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref37
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref37
http://refhub.elsevier.com/S0981-9428(19)30009-9/sref37

	Over-expression of OsPT2 under a rice root specific promoter Os03g01700
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Analysis of cis-acting elements
	GUS staining
	Vector construction of the deletion derivatives of Os03g01700 promoter
	Particle gun mediated transient expression and Agrobacterium mediated transformation
	RNA isolation and qRT-PCR analysis
	Vector construction
	Identification of the POs03g01700:OsPT2 (Ov-OsPT2) seedlings
	Measurement of Pi contents
	Statistical analyses

	Results
	Analysis of cis-acting elements in the promoter of Os03g01700
	Os03g01700 promoter deletion analysis using transient expression and genetic transformation systems
	Overexpression of OsPT2 under the root-specific promoter of Os03g01700
	Phenotype of the transgenic lines under different Pi conditions
	Determination of the soluble Pi contents of transgenic lines

	Discussion
	Conclusions
	Conflicts of interest
	Authors' contributions
	Acknowledgement
	Supplementary data
	References




