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An R2R3 MYB transcription factor, OsMYB2P-1, was identified from microarray data by monitoring the expression profile of rice
(Oryza sativa ssp. japonica) seedlings exposed to phosphate (Pi)-deficient medium. Expression of OsMYB2P-1 was induced by Pi
starvation. OsMYB2P-1 was localized in the nuclei and exhibited transcriptional activation activity. Overexpression of OsMYB2P-1 in
Arabidopsis (Arabidopsis thaliana) and rice enhanced tolerance to Pi starvation, while suppression ofOsMYB2P-1 by RNA interference
in rice rendered the transgenic rice more sensitive to Pi deficiency. Furthermore, primary roots of OsMYB2P-1-overexpressing plants
were shorter than those in wild-type plants under Pi-sufficient conditions, while primary roots and adventitious roots ofOsMYB2P-1-
overexpressing plants were longer than those of wild-type plants under Pi-deficient conditions. These results suggest thatOsMYB2P-1
may also be associated with the regulation of root system architecture. Overexpression of OsMYB2P-1 led to greater expression
of Pi-responsive genes such as Oryza sativa UDP-sulfoquinovose synthase, OsIPS1, OsPAP10, OsmiR399a, and OsmiR399j. In
contrast, overexpression of OsMYB2P-1 suppressed the expression of OsPHO2 under both Pi-sufficient and Pi-deficient
conditions. Moreover, expression of OsPT2, which encodes a low-affinity Pi transporter, was up-regulated in OsMYB2P-1-
overexpressing plants under Pi-sufficient conditions, whereas expression of the high-affinity Pi transporters OsPT6, OsPT8,
and OsPT10 was up-regulated by overexpression of OsMYB2P-1 under Pi-deficient conditions, suggesting that OsMYB2P-
1 may act as a Pi-dependent regulator in controlling the expression of Pi transporters. These findings demonstrate that
OsMYB2P-1 is a novel R2R3 MYB transcriptional factor associated with Pi starvation signaling in rice.

Phosphorus (P), as an essential macronutrient for
plant growth and development, is a constituent of key
molecules such as ATP, nucleic acids, and phospho-
lipids (Rubio et al., 2001; Cheng et al., 2011). Although
the overall P content in soil is high, P is one of the
limiting factors for plant growth due to its rapid im-
mobilization by soil organic and inorganic components
in many natural and agricultural ecosystems (for re-
view, see Richardson et al., 2009; Rouached et al., 2010;
Hinsinger et al., 2011). To cope with the low availability
of soil phosphate (Pi), which is a major form of P used
by plants, plants have evolved numerous strategies to
optimize Pi acquisition from soil solution and its dis-
tribution to different organs and subcellular compart-

ments (Raghothama, 1999; Vance et al., 2003). There are
profound changes in root architecture by stimulating
the growth of lateral roots and root hairs to maximize
root surface area for Pi uptake under Pi-deficient con-
ditions (Williamson et al., 2001; López-Bucio et al.,
2003). Exudation of organic acids and phosphatases as
well as acidification of rhizosphere have been widely
observed to solubilize Pi bound to the soil particles and
to release inorganic P from organic sources (Jones, 1998;
Richardson et al., 2009). In addition, Pi-starved plants
can modulate multiple metabolic processes to repriori-
tize the utilization of internal Pi and maximize the
acquisition of external Pi, leading to adaptation to low-
Pi environments (Vance et al., 2003; Wasaki et al., 2003).
Upon exposure of plants to Pi-deficient medium, nu-
merous genes are activated, which in turn orchestrates
changes in molecular, cellular, and physiological pro-
cesses, thus allowing plants to effectively adapt to the
low-Pi environment (Hammond et al., 2003; Smith et al.,
2010; Yang and Finnegan, 2010; Chen et al., 2011;
Hammond and White, 2011). Furthermore, microRNAs
as posttranscriptional regulators have also been reported
to play a role in the response of plants to Pi deficiency
(Fujii et al., 2005; Chiou et al., 2006; Vance, 2010). In
Arabidopsis (Arabidopsis thaliana), a major transcrip-
tional regulatory system that involves PHR1, SIZ1,
miR399, and PHO2 in response to Pi deficiency has
been identified (Bari et al., 2006; Schachtman and Shin,
2007). PHR1, a MYB transcription factor (TF), is a key

1 This work was supported by the National Natural Science
Foundation of China (grant nos. 31170243, 30870188, and 30788003)
and the Chinese Academy of Science (grant no. KSCX1–YW–03).

* Corresponding author; e-mail whzhang@ibcas.ac.cn.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
Wen-Hao Zhang (whzhang@ibcas.ac.cn).

[C] Some figures in this article are displayed in color online but in
black and white in the print edition.

[W] The online version of this article contains Web-only data.
[OA] Open Access articles can be viewed online without a sub-

scription.
www.plantphysiol.org/cgi/doi/10.1104/pp.112.194217

Plant Physiology�, May 2012, Vol. 159, pp. 169–183, www.plantphysiol.org � 2012 American Society of Plant Biologists. All Rights Reserved. 169



regulator of Pi starvation signaling cascades and
sumoylated by SIZ1, which is a small plant ubiqui-
tin-like modifier E3 ligase (Miura et al., 2005). miR399,
the target gene of PHR1, is specifically induced by Pi
starvation (Fujii et al., 2005) and negatively regulates
PHO2 expression at the transcriptional level (Chiou
et al., 2006). Mutations in PHO2 and overexpression of
both PHR1 and miR399 in Arabidopsis result in exces-
sive Pi accumulation in shoots and the activation of Pi
starvation-induced gene expression (Rubio et al., 2001;
Fujii et al., 2005; Bari et al., 2006; Chiou et al., 2006;
Nilsson et al., 2007).

The PHR1-miR399-PHO2 pathway is a central com-
ponent of the Pi starvation response, but other path-
ways may also be required for the Pi starvation
response (Yi et al., 2005; Wang et al., 2009). Available
evidence indicates that some Pi-responsive TFs do not
participate in the PHR1-miR399-PHO2 pathway. These
include OsPTF1 (Yi et al., 2005) in rice (Oryza sativa)
and MYB62 (Devaiah et al., 2009), WRKY75 (Devaiah
et al., 2007a), ZAT6 (Devaiah et al., 2007b), and
BHLH32 (Chen et al., 2007) in Arabidopsis. These
findings suggest that TFs play a crucial role in con-
trolling the expression of downstream genes as well as
the regulation of cross talk among different signaling
pathways.

Rice is one of the most important food crops in Asia
(Cantrell and Reeves, 2002). Rice productivity is lim-
ited by low Pi availability in cultivated areas world-
wide (Raghothama, 1999). To improve rice yield under
Pi-deficient conditions, it is essential to decipher the
molecular mechanisms by which rice plants respond
and adapt to low-Pi stress. Recent studies show that
the PHR1-miR399-PHO2 signaling pathway is also op-
erating in rice plants in response to Pi deficiency. For
instance, Zhou et al. (2008) found that OsPHR2, the
homolog of AtPHR1, is a key regulator for Pi starvation
signaling in rice. OsSPX1 is associated with Pi homeo-
stasis, and the function of OsPHR2 is suppressed by
OsSPX1 (Wang et al., 2009; Liu et al., 2010). However,
little is known about the molecular mechanisms under-
lying the signaling pathways for sensing and respond-
ing to Pi deficiency in rice. Therefore, the identification
of novel genes that are involved in sensing and respond-
ing to Pi deficiency, and unraveling their regulatory
networks, are of critical importance for our understand-
ing how plants tolerate Pi deficiency in soil. Here, we
report the identification and functional characterization of
a nucleus-localized R2R3-type MYB TF, OsMYB2P-1 (for
MYB2 phosphate-responsive gene 1) in rice. Our results
demonstrate that overexpression of OsMYB2P-1 in
Arabidopsis and rice conferred the greater tolerance of
transgenic plants to low-Pi stress. We further show that
overexpression OsMYB2P-1 activated the expression of
OsPT6,OsPT8, andOsPT10 under low-Pi stress, whereas
it induced the expression of OsPT2 under Pi-sufficient
conditions, leading to excess accumulation of Pi in
shoots. These findings shed important light on the
mechanism by which rice plants regulate Pi uptake
and translocation under Pi-deficient conditions.

RESULTS

Identification of Pi-Responsive MYB TFs from Rice

Expression profiles of 1-week-old rice seedlings
exposed to Pi-deficient solution for 6, 24, 48, or 72 h
were monitored by a microarray that contains approx-
imately 60,000 rice clones. The probes were prepared
from RNAs isolated from rice seedlings exposed to Pi-
deficient solution for 6, 24, 48, or 72 h and nontreated
controls. For hybridization, two biological replicates
were used to extract RNAs from different batches of
plants. The Pi-inducible and Pi-repressive genes were
taken as the expression ratio (treatment relative to
control) greater than and less than 2-fold, respectively
(Supplemental Tables S1–S4). Among the Pi starvation-
responsive genes, an EST (accession no. Os.9514.1.S1_at
[Affymetrix GeneChip]) encoding a putative R2R3 MYB
TF was identified and functionally characterized. In our
microarray hybridization, the transcript level ofOs.9514.1.
S1_at was increased by 2.8-, 6.3-, 6.1-, and 4.4-fold after Pi
starvation for 6, 24, 48, and 72 h, respectively (Fig. 1A;
Supplemental Tables S1–S4). The expression of Os.9514.1.
S1_at in the microarrary analysis was confirmed by real-
time PCR. A comparable change in the expression of
Os.9514.1.S1_at in response to Pi starvation was observed
by real-time PCR (Fig. 1B). Thus, these results validate the
Pi-regulated expression patterns from the microarray
analysis (Fig. 1A).

Structural Features, Phylogenetic Tree, and Subcellular

Localization of OsMYB2P-1

To investigate the function of Os.9514.1.S1_at, we
amplified its full-length cDNA by reverse transcription
(RT)-PCR from rice seedlings exposed to Pi-depleted
medium for 6 h. The full-length cDNA contained an
open reading frame of 427 amino acids with a calcu-
lated molecular mass of 46.5 kD. Homological analysis
revealed that the gene shared the greatest sequence
similarity with the R2R3-type MYB TFs. Bioinformatics
analysis demonstrated that the protein contained two

Figure 1. Isolation of Pi deprivation-inducible MYB TF frommicroarray
hybridization. A, Signal intensity of Os.9514.1.S1_at in microarray
hybridization. B, Real-time PCR to validate Os.9514.1.S1_at micro-
array results presented in A. Expression was normalized to that of Actin.
Data are means6 SD (n = 3). Asterisks indicate significant differences at
P , 0.05 compared with the control by Student’s t test.
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MYB repeats that are most similar to R2 and R3 motif at
its N terminus. Therefore, this gene is an R2R3-typeMYB
TF and was designatedOsMYB2P-1. Interestingly, it also
contained a novel DUF3651 conserved domain at its C
terminus (Fig. 2A; Supplemental Fig. S1). A search of
PROSITE (http://www.expasy.org/prosite) revealed that
the OsMYB2P-1 protein contained five potential do-
mains of the sumoylation target (Supplemental Fig. S1).
AtPHR1, CrPSR1, OsPHR1, and OsPHR2 belong to

MYB-CC subgroup I, which have been shown to be
involved in responses to Pi starvation (Wykoff et al.,
1999; Rubio et al., 2001; Zhou et al., 2008). In a recent
report, Zhang et al. (2012) classified rice MYB proteins
related to abiotic stress to the C17, C20, and C25 sub-
groups. We constructed a phylogenetic tree based on
amino acid sequences of rice MYB proteins involved in
abiotic stress, MYB-CC subgroup I and myb62 (a Pi-
induced MYB gene from Arabidopsis), using the DNA-
MAN program. According to the phylogenetic tree, the
MYB62 protein had the highest similaritywith EEC69869
from rice. OsMYB2P-1 was not grouped with any MYB
proteins that are associated with abiotic stress; rather, it
formed a separate branch with an Arabidopsis R2R3-
MYB protein with unknown function (Fig. 2B).

To determine its subcellular localization, OsMYB2P-1
was fused in frame to the 5# terminus of theGFP reporter
gene under the control of the cauliflower mosaic virus
35S (CaMV 35S) promoter. The recombinant constructs
of theOsMYB2P-1-GFP fusion gene and GFP alone were
introduced into onion (Allium cepa) epidermal cells by
particle bombardment. As shown in Figure 2C, the
OsMYB2P-1-GFP fusion protein accumulated mainly in
the nucleus, whereas GFP alone was present throughout
the whole cell, suggesting that OsMYB2P-1 is a nucleus-
localized protein. This result also is consistent with its
predicted function as a TF (Fig. 2C).

A yeast GAL4 system was used to determine the
transcription activity of OsMYB2P-1. The full-length
cDNA of OsMYB2P-1 was fused to the GAL4 DNA-
binding domain of the pGBKT7 vector, and the fusion
plasmid pBD-OsMYB2P-1 was transformed into the
yeast strain AH109. Figure 2D shows yeast growth on
screened synthetic dextrose medium lacking tryptophan
and adenine (SD/-Trp/-Ade), synthetic dextrose me-
dium lacking tryptophan, adenine, and histidine (SD/
-Trp/-Ade/-His), as well as galactosidase. Strong blue
signals reflecting a healthy growth of yeast on both
media were detected in the transformants containing the

Figure 2. Homology, localization, and transcriptional activation of OsMYB2P-1. A, Scheme showing the structures of
OsMYB2P-1 proteins. aa, Amino acids. B, Phylogenetic tree of Myb proteins. The tree was constructed with the DNAMAN tree
program with amino acid sequences of OsMYB2P-1 and other members of the Myb family isolated from Arabidopsis, rice, and
Chlamydomonas. The full-length amino acid sequences were downloaded from The Institute for Genomic Research (http://www.
tigr.org) and the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov). C, Localization of OsMYB2P-1-GFP
protein. Individual panels show GFP alone (b) or OsMYB2P-1-GFP (e) in onion epidermal cells, corresponding bright-field
images (a and d), and merged images (c and f) of a and b and of d and e, respectively. GFP and OsMYB2P-1-GFP fusion was
driven by the control of the CaMV 35S promoter. Onion epidermal peels were bombarded with DNA-coated gold particles, and
GFP expression was visualized 24 h later. Bars = 50 mm. D, Transcription activation analysis of OsMYB2P-1 protein. Individual
panels show that the transformants with pBD (left) and pBD-OsMYB2P-1 (right) grow on SD/-Trp/-Ade and SD/-Trp/-Ade/-His
medium (a and c) and the 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside activation detection of transformed yeast thalli on
SD/-Trp/-Ade and SD/-Trp/-Ade/-His plates with solid SD medium shown in a and c (b and d).
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full-length cDNA of OsMYB2P-1 compared with the
control yeast transformedwith empty vector, suggesting
that the OsMYB2P-1 protein is involved in transcrip-
tional activation of genes.

Expression Patterns of OsMYB2P-1

The tissue-specific expression of OsMYB2P-1 in rice
was studied by real-time RT-PCR. OsMYB2P-1 was ex-
pressed in all organs examined, with the expression
being highest in stems and lowest in leaves (Fig. 3A). The
expression patterns of OsMYB2P-1 under Pi-sufficient
and Pi-deficient conditions were evaluated by real-
time RT-PCR using RNA samples extracted from roots,
stems, and leaves. Induction ofOsMYB2P-1 transcripts
by Pi starvation was observed mainly in roots and
stems up to 7 d (Fig. 3B). The increases in OsMYB2P-1
transcripts in leaves, stems, and roots were detected
after 6 h of Pi starvation, peaked at 24 h of Pi starva-
tion, and declined gradually thereafter. This observa-
tion is consistent with our microarray results (Fig. 1A).
To determine whether the up-regulation of the
OsMYB2P-1 gene was specific to Pi starvation, the
responsiveness of OsMYB2P-1 expression to depriva-
tion of other mineral nutrients, including nitrogen (N),
potassium (K), and iron (Fe), was also investigated.
Similar to Pi deprivation, the expression of OsMYB2P-1
in both roots and stems was markedly enhanced by
deprivation of Fe (Fig. 3C). In contrast, the expression of
OsMYB2P-1 in roots, stems, and leaves was not respon-
sive to deprivation of N and K (Fig. 3D; Supplemental
Fig. S2). Taken together, these results suggest that the
expression ofOsMYB2P-1 is induced by deficiency of Pi
and Fe, implying that it may play a regulatory role in
response and adaptation to these mineral stresses.

Molecular Characterization of

OsMYB2P-1-Overexpressed and
RNA Interference Knockdown Transgenic Lines

To investigate the function of OsMYB2P-1 in plants,
we overexpressedOsMYB2P-1 in Arabidopsis and rice
under the control of a CaMV 35S promoter and a
ubiquitin promoter of maize (Zea mays), respectively. In
addition, we suppressed the expression of OsMYB2P-1
in rice under the control of a ubiquitin promoter of
maize. Transgenic lines of OsMYB2P-1 in rice were
confirmed by hygromycin selection and Southern blot-
ting. Southern blotting was performed by using the
DNA digested with HindIII or EcoRI and the GUS gene
as a probe. Three overexpressed lines and the two RNA
interference (RNAi) lines were randomly selected, and
different hybridized patterns to the GUS probe were
observed. In wild-type rice plants, no signals were
detected under the same conditions (Fig. 4A). There-
fore, the three overexpressed transgenic lines and the
two RNAi transgenic lines are likely to be independent.
Furthermore, real-time PCR analysis showed that ex-
pression of OsMYB2P-1 was markedly increased in the
three independent overexpressing lines but decreased
in the two RNAi transgenic lines (Fig. 4B).

To examine phenotypes of the transgenic lines, T2 and
T3 progeny of the OsMYB2P-1-overexpressed lines, the
OsMYB2P-1RNAi transgenic lines, andwild-type plants
were grown in a greenhouse under identical conditions.
When grown in Pi-sufficient medium, primary roots in
the overexpressed rice plants were shorter than those
in wild-type plants (Fig. 4, C and D). By contrast,
when grown in Pi-deficient medium, theOsMYB2P-1-
overexpressed lines had greater tiller numbers than
wild-type plants (Fig. 4, E and F). In addition to rice, the
expression of OsMYB2P-1 in transgenic Arabidopsis

Figure 3. Expression patterns of
OsMYB2P-1 in different organs, and ef-
fects of the deprivation of Pi, N, K, and
Fe on the expression of OsMYB2P-1.
A, OsMYB2P-1 expression in different
tissues. B, Time course of OsMYB2P-1
expression in response to Pi deprivation.
C and D, Response ofOsMYB2P-1 to Fe,
N, and K deprivation. Actin was used
as an internal control. Expression was
normalized to that of Actin. Data are
means 6 SD (n = 3). Asterisks indicate
significant differences at P , 0.05 com-
pared with the control by Student’s t test.
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was examined by semiquantitative RT-PCR. OsMYB2P-1
was highly expressed at the transcriptional level in trans-
genicArabidopsis,while noOsMYB2P-1was detected in
wild-type Arabidopsis plants (Fig. 4G).

Response of Rice and Arabidopsis Lines Expressing
OsMYB2P-1 to Pi Starvation

To functionally characterize the role of OsMYB2P-1
in response and adaptation to Pi starvation, T2 prog-
eny of 1-week-old transgenic lines and wild-type
seedlings were exposed to hydroponic solution con-
taining a high level of Pi (HP; 0.323 mM Pi, approxi-
mately 10 mg L21 Pi) and a low level of Pi (LP; 0.016
mM Pi, approximately 0.5 mg L21 Pi) for 30 d. The three
OsMYB2P-1-overexpressing lines showed retarded
growth compared with wild-type plants, as shown by
the lower biomass and shorter plant height of the

transgenic plants than the wild-type plants when
grown in HP solution (Fig. 5A; Table I). Moreover, Pi
concentrations in shoots and roots of the OsMYB2P-1-
overexpressing lines grown in the HP medium were
higher than in the wild type (Fig. 5B). In contrast, the
OsMYB2P-1-overexpressing lines showed better growth
than wild-type plants when grown in the LP medium
(Fig. 5A; Table I). Therewas a significant difference in the
biomass of root and shoot between wild-type and
OsMYB2P-1-overexpressing plants under both HP and
LP conditions (Table I). Pi concentrations in roots of the
transgenic plants overexpressing OsMYB2P-1 were sig-
nificantly higher than those of wild-type plants when
grown inHPmedium. Therewere sharp reductions in Pi
concentrations in shoots and roots of both wild-type and
transgenic plants when they were incubated in LP
medium (Fig. 5C). In contrast to plants grown in HP
medium, the OsMYB2P-1-overexpressing plants had

Figure 4. Molecular characterization
and phenotypes of OsMYB2P-1 trans-
genic plants. A, Southern-blot assay for
rice transgenic plants. Genomic DNA
isolated from wild-type (WT) and
transformed plants was digested with
EcoRI (E) or HindIII (H). The blot was
hybridized with the open reading
frame of the GUS gene labeled with
[a-32P]dCTP and [a-32P]dATP as de-
scribed in “Materials and Methods.”
B, Expression of independent trans-
genic rice by real-time PCR analysis.
Expression was normalized to that of
Actin. The transcript level from the
wild-type was set to 1. Data are means6
SD (n = 3). Asterisks indicate significant
differences at P, 0.05 compared with
the wild type by Student’s t test.
C, Primary root length in transgenic rice.
Wild-type,OsMYB2P-1-overexpressed,
andOsMYB2P-1 RNAi lines are shown
after 1 week of germination at 28�C. D,
Quantitative analysis of the plant pri-
mary root length as shown in C. Data
are means 6 SD (n $ 30). Asterisks
indicate significant differences at P ,
0.05 compared with the wild type by
Student’s t test. E, Comparison of
tiller numbers between OsMYB2P-1-
overexpressed andwild-type rice plants.
Wild-type, OsMYB2P-1-overexpressed,
and OsMYB2P-1 RNAi lines are shown
after 2 months of growth under the Pi-
deficient condition. F, Quantitative anal-
ysis of the tiller number as shown in E.
Data are means 6 SD (n $ 25). Asterisks
indicate significant differences at P ,
0.05 compared with the wild type by
Student’s t test. G, Examination of trans-
genic plant lines of Arabidopsis by semi-
quantitative RT-PCR.
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higher Pi concentrations in roots than wild-type
plants under LP conditions, while no differences in
Pi concentrations in shoots between wild-type and
OsMYB2P-1-overexpressing plants were observed
under LP conditions (Fig. 5C).

To test whether knockdown of OsMYB2P-1 expres-
sion can alter the sensitivity of rice plants to Pi defi-

ciency, two independent RNAi transgenic lines of
OsMYB2P-1 (RNAi-1 and RNAi-2) were also used to
study the response to Pi deficiency. No evident differ-
ences in phenotypes and Pi concentrations between
the wild type and the two OsMYB2P-1 RNAi knock-
down lines were observed when grown in HP me-
dium. However, the two RNAi lines exhibited greater

Table I. Plant height, dry shoot biomass, and dry root biomass of wild-type and transgenic plants

Plants were pregerminated in water for 7 d and grown hydroponically for 30 d in HP or LP medium, and then plants were sampled for the
measurements. The values are means 6 SD of three independent experiments, with 10 seedlings being used in each experiment. Asterisks indicate
significant differences at P , 0.05 compared with the wild type by Student’s t test.

Genotype Shoot Biomass Root Biomass Plant Height

g dry weight cm

HP (0.323 mM Pi)
Wild type 1.664 6 0.056 0.259 6 0.023 54.657 6 1.050
OE-5 0.849 6 0.075* 0.127 6 0.018* 43.100 6 0.641*
OE-11 0.935 6 0.015* 0.130 6 0.012* 46.329 6 0.312*
OE-12 0.692 6 0.026* 0.109 6 0.006* 45.357 6 0.940*
RNAi-1 1.508 6 0.044 0.212 6 0.003 53.652 6 0.867
RNAi-2 1.601 6 0.061 0.231 6 0.008 52.613 6 2.012

LP (0.0161 mM Pi)
Wild type 0.692 6 0.021 0.198 6 0.033 43.171 6 0.615
OE-5 0.797 6 0.010* 0.223 6 0.009* 46.029 6 2.040*
OE-11 0.733 6 0.046* 0.210 6 0.025* 45.329 6 1.177*
OE-12 0.861 6 0.012* 0.261 6 0.011* 47.300 6 0.344*
RNAi-1 0.422 6 0.031* 0.131 6 0.015* 40.057 6 0.822*
RNAi-2 0.384 6 0.028* 0.112 6 0.027* 41.163 6 0.907*

Figure 5. Effects of OsMYB2P-1 ex-
pression on tolerance to Pi deficiency.
A, Phenotypes of wild-type (WT),
OsMYB2P-1-overexpressed, and Os-
MYB2P-1 RNAi plants grown in the
greenhouse for 30 d under Pi-sufficient
or Pi-deficient conditions. Plants were
pregerminated inwater for 7 d and grown
hydroponically for 30 d in medium con-
taining 0.323 or 0.0161 mM Pi. B and C,
Pi contents in roots and shoots of wild-
type, OsMYB2P-1-overexpressed, and
OsMYB2P-1 RNAi knockdown plants
grown in the greenhouse for 30 d
under Pi-sufficient or Pi-deficient con-
ditions. Data are means of three repli-
cates with errors bars indicating SD.
Asterisks indicate significant differ-
ences at P , 0.05 compared with the
wild type by Student’s t test. DW, Dry
weight.
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growth inhibition than the wild-type plants when
grown in LP medium (Fig. 5A; Table I). For instance,
shoot biomass of theOsMYB2P-1 RNAi transgenic rice
was about 40% less than that of wild-type plants after
exposure to Pi-deficient solution for 30 d. Pi concen-
trations in shoots and roots of OsMYB2P-1 RNAi
knockdown lines were lower than those of wild-type
plants under Pi-deficient conditions (Fig. 5, B and C),
while Pi concentrations in both shoots and roots in
the two RNAi lines were comparable to those of wild-
type plants when grown in HP medium (Fig. 5, B and
C). Thus, these results suggest that interference of
OsMYB2P-1 renders rice seedlings more sensitive to Pi
deficiency.
To further assess the role of OsMYB2P-1 in response

to Pi deficiency, T3 progeny of three homozygous
OsMYB2P-1-overexpressed transgenic Arabidopsis
lines (L4, L7, and L8) and wild-type plants were also
used (Fig. 6A). Overexpression of OsMYB2P-1 en-
hanced the accumulation of Pi in both shoots and
roots of Arabidopsis seedlings when grown in HP
solution (Fig. 6B). Pi concentrations in shoots of the
OsMYB2P-1-overexpressed Arabidopsis lines did not
differ from their wild-type counterparts when grown
in LP solution (Fig. 6B), while Pi concentrations in
roots of the OsMYB2P-1-overexpressed transgenic
Arabidopsis lines were significantly higher than those
in roots of wild-type plants grown in LP medium (Fig.
6C). Compared with wild-type plants, the biomass of

shoots and roots in the transgenic plants was reduced
when grown in HP medium, while the transgenic
Arabidopsis seedlings had greater biomass than wild-
type plantswhen grown in LPmedium (Fig. 6, D and E).
Enhanced accumulation of anthocyanin in aerial parts of
plants is a common phenomenon for plants suffering
from low-Pi stress. When grown on Murashige and
Skoog medium supplemented with sufficient Pi, little
anthocyanin was detected in both wild-type and trans-
genic lines (Fig. 6, A and F). A marked increase in the
accumulation of anthocyanin was observed in both
wild-type and transgenic lines upon exposure to LP
medium, and the Pi deficiency-induced increase in
anthocyanin was significantly higher in the wild type
than in the three transgenic lines (Fig. 6F). Therefore, the
higher biomass and lower anthocyanin content in the
transgenic plants than in the wild-type plants under Pi-
deficient conditions imply that the overexpression of
OsMYB2P-1 in Arabidopsis also renders Arabidopsis
more tolerant to Pi deficiency.

OsMYB2P-1 Altered Root System Architecture

The root architecture system is sensitive to Pi status
in growth medium (López-Bucio et al., 2003; Jain et al.,
2007). To test whether the improved performance of
transgenic rice plants grown in Pi-deficient medium
is related to changes in the root architecture system,
1-week-old wild-type and transgenic lines with over-

Figure 6. Stress response ofOsMYB2P-1-overexpressing
Arabidopsis. A, Phenotypes of wild-type (WT) and
transgenic Arabidopsis plants grown in HP and LP
medium. Four-day-old wild-type and OsMYB2P-1-
overexpressing plants were transferred to LP (10 mM)
and HP (1 mM) conditions and grown for 3 weeks in
hydroponic medium. B and C, Pi concentrations in
roots and shoots for OsMYB2P-1-overexpressing
Arabidopsis and wild-type plants. Data are means 6
SD. Asterisks indicate significant differences at P ,
0.05 compared with the wild type by Student’s t test.
D and E, Biomass in wild-type and transgenic plants.
Dry weight (DW) for shoots and roots ofOsMYB2P-1-
overexpressing Arabidopsis and wild-type plants was
determined after growth in HP or LP medium for
3 weeks. Data are means 6 SD (n $ 30). Asterisks
indicate significant differences at P , 0.05 compared
with the wild type by Student’s t test. F, Total
anthocyanin content in wild-type and OsMYB2P-1-
overexpressing (L4, L7, and L8) plants grown hydro-
ponically in HPand LP medium. Data are means6 SD

(n $ 30). Asterisks indicate significant differences at
P , 0.05 compared with the wild type by Student’s
t test. FW, Fresh weight.
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expressing and RNAi lines of OsMYB2P-1 grown in
hydroponic solution containing high and low Pi for 14 d
were used to compare the primary root length and total
length of the three longest adventitious roots. In HP
medium, primary and adventitious roots inOsMYB2P-1-
overexpressed plants were shorter than those in wild-
type plants, while no significant differences in root
architecture were observed between the wild type and
OsMYB2P-1 RNAi knockdown lines (Fig. 7). However,
both primary and adventitious roots in theOsMYB2P-1-
overexpressed plants were significantly longer than
those in wild-type plants under LP conditions (Fig. 7).

In addition to rice, the effect of Pi deficiency on the
root system architecture of wild-type andOsMYB2P-1-
overexpressing Arabidopsis was also examined. Wild-
type and transgenic Arabidopsis seedlings were grown
on vertically oriented agar plates containing sufficient
Pi (1 mM) and deficient Pi (10 mM). There were no
significant differences between the wild type and the
three transgenic lines under Pi-sufficient conditions in
terms of primary root length and lateral root density.
However, the lateral root density in the OsMYB2P-1-
overexpressing Arabidopsis seedlings became sig-
nificantly higher than in wild-type plants grown in
Pi-deficient medium (Supplemental Fig. S3). Al-
though the primary root growth was inhibited in
both the wild-type and transgenic plants under Pi-
deficient conditions, the primary root length was
slightly longer in OsMYB2P-1-overexpressing Ara-
bidopsis than in wild-type plants (Supplemental
Fig. S3). Taken together, these results are suggestive
that OsMYB2P-1 is likely to play a role in the re-
gulation of Pi-dependent root architecture, which in
turn may facilitate Pi acquisition under Pi-deficient
conditions.

OsMYB2P-1 Regulates the Expression of
Pi-Responsive Genes

To elucidate the molecular mechanism by which
OsMYB2P-1 regulates the Pi starvation response, the
expression of several Pi starvation-inducible genes was

monitored by real-time PCR. The Pi starvation-inducible
genes, including Oryza sativa UDP-sulfoquinovose
synthase (OsSQD),OsPAP10,OsIPS1,OsmiR399a, and
OsmiR399j, were markedly induced in both wild-type
andOsMYB2P-1-overexpressing transgenic plants when
grown in Pi-deficient medium (Fig. 8). This observation
is consistent with previous studies (Essigmann et al.,
1998; Yu et al., 2002; Hou et al., 2005; Wang et al., 2006).
However, the expression of OsSQD, OsPAP10, OsIPS1,
OsmiR399a, and OsmiR399j in roots of OsMYB2P-1-
overexpressed plants was significantly higher than in
wild-type plants under both Pi-sufficient and Pi-deficient
conditions (Fig. 8). In addition, these genes were also
activated by OsMYB2P-1 in shoots of OsMYB2P-1-
overexpressing plants under both Pi-sufficient and Pi-
deficient conditions (Supplemental Fig. S4). In contrast
to OsMYB2P-1-overexpressing transgenic plants, the
expression of OsSQD, OsPAP10, OsIPS1, OsmiR399a,
and OsmiR399j in roots of RNAi OsMYB2P-1 trans-
genic plants was significantly reduced compared with
wild-type plants under both Pi-sufficient and Pi-deficient
conditions (Fig. 8). OsPHO2, which acts as a target gene
of miR399, plays an important role in Pi starvation
signaling (Hu et al., 2011). In our study, the expres-
sion of OsPHO2 was suppressed in the OsMYB2P-1-
overexpressing plants compared with the wild type
under both Pi-sufficient and Pi-deficient conditions
(Fig. 8), while the expression of OsPHO2 in the RNAi
OsMYB2P-1 transgenic plants was enhanced compared
with wild-type plants under both Pi-deficient and Pi-
sufficient conditions (Fig. 8; Supplemental Fig. S4).

There are 13 putative genes encoding high-affinity
Pi transporters in rice (Paszkowski et al., 2002). The
effect of OsMYB2P-1 on the expression of these genes
was analyzed. The expression of OsPT11 and OsPT13
was not detected in both wild-type and transgenic
plants under both Pi-sufficient and Pi-deficient condi-
tions. These observations are consistent with previous
reports thatOsPT11 andOsPT13 are exclusively induced
in roots by inoculationwith arbuscularmycorrhiza fungi
(Paszkowski et al., 2002; Glassop et al., 2005). Among
the 11 genes, disruption of OsMYB2P-1 expression in

Figure 7. Effects of Pi availability in the medium on root architecture in wild-type (WT) and transgenic rice. Quantitative analysis is
shown for the length of primary roots (A) and the length of the three longest adventitious roots (B) of wild-type and OsMYB2P-1-
overexpressed andOsMYB2P-1 RNAi rice seedlings after growth in Pi-sufficient or Pi-deficient medium for 14 d. Error bars indicate
SD. Asterisks indicate significant differences at P , 0.05 compared with the wild type by Student’s t test.
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transgenic rice plants alters the expression of OsPT2,
OsPT6, OsPT8, and OsPT10 under either Pi-sufficient or
Pi-deficient conditions (Fig. 9), while expression of the
remaining genes in the wild typewas comparable to that
in the transgenic rice plants under both Pi-sufficient and
Pi-deficient conditions (data not shown). For instance,
OsPT2 was significantly up-regulated in roots and
shoots of OsMYB2P-1-overexpressing plants compared
with wild-type plants under Pi-sufficient, but not Pi-
deficient, conditions, whereas no significant difference
;in the expression of OsPT6, OsPT8, and OsPT10 was
observed among the RNAi OsMYB2P-1, OsMYB2P-1-
overexpressing transgenic, and wild-type plants un-
der Pi-sufficient conditions (Fig. 9; Supplemental Fig.
S5). Suppression of OsMYB2P-1 reduced the expres-
sion of OsPT6, OsPT8, and OsPT10 under Pi-deficient
conditions (Fig. 9).

DISCUSSION

The response of higher plants to Pi starvation is a
highly regulated event that involves the activation of
numerous genes, leading to changes in many physio-
logical and morphological processes (Franco-Zorrilla
et al., 2004; Yang and Finnegan, 2010). However,
information about the TFs involved in this complex
process is limited. In this study, we identified a novel
gene, OsMYB2P-1, belonging to a MYB family TF, and
characterized its role in response and adaptation to
Pi deficiency by overexpressing/interfering with
OsMYB2P-1 in rice and Arabidopsis. Our results dem-

onstrate that OsMYB2P-1 was rapidly induced by Pi
deprivation and that overexpression of OsMYB2P-1
in rice allowed the transgenic rice plants to have a
greater root system and to maintain a relatively higher
Pi concentration in roots under Pi-deficient condi-
tions due to enhanced up-regulation of Pi transporter
genes and Pi-responsive genes of OsSQD, OsIPS1,
OsMiR399, thus rendering rice plants more tolerant to
Pi deficiency.

OsMYB2P-1 Encodes a Novel Pi-Responsive R2R3

MYB TF

Transcriptional factors such as WRKY (Devaiah et al.,
2007a; Chen et al., 2009), zinc finger (Devaiah et al.,
2007b), bHLH (Yi et al., 2005), andMYB (Rubio et al., 2001;
Zhou et al., 2008; Devaiah et al., 2009) have been reported
to regulate Pi starvation responses either positively or
negatively in the literature. TheMYBprotein family is one
of the largest TF families in plants and has been shown to
be involved in numerous physiological processes (Jin and
Martin, 1999; Ito et al., 2001; Stracke et al., 2001; Zhang
et al., 2012). In the rice genome, there are 183 MYB-
encoding genes (Yanhui et al., 2006), and the emerging
evidence indicates the important roles played by MYB
proteins in response to abiotic stress in general (Golldack
et al., 2011; Yang et al., 2012) and nutrient deficiency in
particular (Nilsson et al., 2010). The involvement of
MYB in the regulation of the response to Pi deficiency in
plants has been reported. These include four R2R3-MYB
TFs, PHR1,myb62,OsPHR1, andOsPHR2 (Nilsson et al.,

Figure 8. Expression of Pi starvation-induced genes in wild-type (WT) and OsMYB2P-1 transgenic plants. Total RNA samples
were extracted from roots of seedlings grown in normal nutrient solution for 7 d, followed by treatment with HPor LP medium for
14 d. Expression was normalized to that of Actin. Data are means 6 SD (n = 3). Asterisks indicate significant differences at P ,
0.05 compared with the wild type by Student’s t test. [See online article for color version of this figure.]
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2007; Zhou et al., 2008; Devaiah et al., 2009). OsPHR1
and OsPHR2, the homologs to PHR1 that belong to a
MYB-CC family, may play essential roles in Pi defi-
ciency in rice by possibly interacting with the PHR-
miR399-PHO2 pathway (Zhou et al., 2008). myb62 is
involved in the regulation of the Pi starvation response
by targeting the GA pathway (Devaiah et al., 2009). Our
results showed that OsMYB2P-1 was mainly expressed
in stems and roots and that its expression was induced
differentially among leaves, stems, and roots by depri-
vation of Pi and Fe in the growth medium (Fig. 3, B and
C). This expression pattern is unique compared with
other reported MYB TFs. For instance, expression of
AtPHR1, OsPHR1, and OsPHR2 exhibits constitutive
patterns in all tissues, with higher expression levels in
roots and leaves (Rubio et al., 2001; Zhou et al., 2008).
myb62 is induced specifically in the leaves during Pi
deprivation (Devaiah et al., 2009). In addition, it has
been shown that Pi deprivation can lead to increases in
Fe contents (Zheng et al., 2009). In our study, we found
that overexpression of OsMYB2P-1 enhanced the accu-

mulation of Fe in both roots and shoots regardless of Pi
status in the growth medium (Supplemental Fig. S6).

The OsMYB2P-1 protein is close to Os01g65370,
Os05g3550, and OsMYB4 (Fig. 2B). OsMYB4 has been
shown to be involved in cold stress in rice (Vannini
et al., 2004). In our study, we found that expression of
OsMYB2P-1 was sensitive to cold, salt, and osmotic
stress (Supplemental Fig. S7). It has been proposed that
Pi starvation and cold stress might share common
regulatory cascades and that P may participate in the
acclimatization to cold stress, as some cold-responsive
genes are also regulated by Pi deficiency (Hammond
et al., 2003). Therefore, OsMYB2P-1 is likely to play a
role in sensing and transducing signals associated with
Pi starvation and cold stress. To the best our knowledge,
this is the first report showing that OsMYB2P-1 is a
member of the R2R3 MYB TFs involved in the reg-
ulation of plants in response to deficiencies in Pi and Fe
as well as cold stress. Further work on the role of
OsMYB2P-1 in Fe deficiency and cold stress is under
way in our laboratory.

Figure 9. Expression of Pi transporter genes in wild-type (WT) and OsMYB2P-1 transgenic plants. Total RNA samples were
extracted from roots of seedlings grown in normal nutrient solution for 7 d, followed by treatment with HPor LPmedium for 14 d.
Expression was normalized to that of Actin. Data are means 6 SD (n = 3). Asterisks indicate significant differences at P , 0.05
compared with the wild type by Student’s t test. [See online article for color version of this figure.]
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Overexpression of OsMYB2P-1 Confers Tolerance to

Low-Pi Stress in Arabidopsis and Rice

The improvement of tolerance to low-Pi stress by
expressing Pi deficiency-induced genes such as OsPTF1
and PHR has been reported in the literature (Yi et al.,
2005; Nilsson et al., 2007). The expression ofOsMYB2P-1
was rapidly induced upon deprivation of Pi in the
medium (Fig. 3B). To characterize the function of
OsMYB2P-1, we overexpressed and suppressed
OsMYB2P-1 in rice and Arabidopsis and compared
the performance of the transgenic plants withwild-type
plants. Our results showed that overexpression of
OsMYB2P-1 substantially improved the performance
of rice andArabidopsis plants grown under Pi-deficient
conditions, as indicated by the increased shoot and root
biomass (Figs. 5 and 6). In addition, overexpression of
OsMYB2P-1 in rice led to increases in the number of
tillers under Pi-deficient, but not under Pi-sufficient,
conditions (Fig. 4, E and F). The number of rice tillers is
an important indicator for Pi nutrient status in plants,
such that the number of tillers is positively correlated
with the tolerance to low-Pi stress (IRRI, 1996). Fur-
thermore, the enhanced tolerance of OsMYB2P-1-
overexpressed rice to low-Pi stress coincides with the
up-regulation of low-Pi-responsive genes, including
OsPAP10 and OsSQD (Fig. 8). OsPAP10 encodes an
acid phosphatases that is activated by Pi starvation in
rice (Zhou et al., 2008). OsSQD is involved in sulfolipid
biosynthesis (Yu et al., 2002; Zhou et al., 2008). Produc-
tion of acid phosphatases and activation of scavenging
systems are adaptive mechanisms to maximize Pi avail-
ability for plants under low-Pi conditions (Abel et al.,
2002; Richardson et al., 2009). Thus, the enhanced toler-
ance of OsMYB2P-1 transgenic plants to low-Pi stress
might depend in part on changes in the expression of
those genes.

OsMYB2P-1 Regulates Root Development

P is an important signal to regulate root system
architecture. In Arabidopsis, low Pi availability can
increase lateral root density and length and reduce
primary root growth, due to the reduction in cell elon-
gation (Williamson et al., 2001; López-Bucio et al., 2002).
Unlike Arabidopsis, alterations in both primary and
adventitious root elongation are typical phenomena in
response to Pi deprivation in rice (Wissuwa, 2003; Yi
et al., 2005). In this study, we found that the root system
architecture of OsMYB2P-1 transgenic plants was sig-
nificantly altered comparedwithwild-type plants under
Pi-deficient conditions (Fig. 7). There was a significant
increase in primary and adventitious root lengths of
the OsMYB2P-1-overexpressing plants grown in Pi-
deficient medium compared with wild-type plants,
whereas the reduced expression ofOsMYB2P-1 led to
suppression of the growth rate of primary root and
adventitious roots (Fig. 7). Similarly, Arabidopsis
plants overexpressing OsMYB2P-1 exhibited longer
primary roots and more lateral roots than wild-type

plants (Supplemental Fig. S3). These results suggest
that OsMYB2P-1 plays a regulatory role in the modu-
lation of root architecture in response to Pi deficiency.
The greater root systems of OsMYB2P-1-overexpressing
rice plants grown in Pi-deficient medium would allow
these plants to exploit more soils and increase in root
surface area for Pi uptake, thus conferring on themmore
efficient acquisition of Pi under Pi-deficient conditions.
WRKY75, a member of the WRKY TFs, is up-regulated
during Pi deprivation and negatively regulates lateral
root and root hair growth that is independent of Pi
status in plants (Devaiah et al., 2007a). ZAT6, a Cys-2/
His-2 zinc finger TF, negatively regulates primary root
growth, while it increases lateral root growth (Devaiah
et al., 2007b). The regulation of root development by
ZAT6 is independent of the Pi status of plants (Devaiah
et al., 2007b). Interestingly, under Pi-sufficient condi-
tions, overexpression of OsMYB2P-1 led to changes in
root system architecture, suggesting that OsMYB2P-1
regulates root system architecture by different path-
ways under Pi-sufficient and Pi-deficient conditions. A
similar phenotype has also been observed in MYB62-
overexpressing plants. For instance, the root system
architecture of MYB62-overexpressing plants is signif-
icantly altered as compared with wild-type plants
under both Pi-sufficient and Pi-deficient conditions,
although the precise mechanisms remain to be eluci-
dated (Devaiah et al., 2009). Therefore, OsMYB2P-1 may
be involved in the regulation of root development
under both Pi-sufficient and Pi-deficient conditions.
The observation that overexpression of OsMYB2P-1 in
the transgenic plants led to a significant growth inhi-
bition (Table I) is in line with this proposition.

Overexpression of OsMYB2P-1 Leads to Pi Accumulation
in Shoots under Pi-Sufficient Conditions

Alterations in the expression of several genes have
been suggested to account for Pi accumulation in shoots.
These include OsPHR2, OsSPX1, LTN1 (OsPHO2),
OsPT2, and miR399 (Zhou et al., 2008; Ai et al., 2009;
Wang et al., 2009; Liu et al., 2010; Hu et al., 2011).
Overexpression ofmiR399 shows a similar phenotype to
the pho2mutant, leading to enhanced Pi accumulation in
shoots under Pi-sufficient conditions (Franco-Zorrilla
et al., 2007). Acquisition and transport of Pi are medi-
ated by Pi transporters (Harrison et al., 2002; Misson
et al., 2004). Up-regulation of the expression of Pi
transporters to maximize Pi uptake and transport under
Pi starvation has been widely observed (Liu et al., 1998;
Karthikeyan et al., 2002). Recent studies reported that
overexpansion of OsPT2 leads to the overaccumulation
of Pi in shoots of rice plants under Pi-sufficient con-
ditions (Ai et al., 2009). Our results demonstrated that
overexpression of OsMYB2P-1 increased Pi content
in shoots under Pi-sufficient conditions (Figs. 5
and 6). The transcription of OsPHO2 was repressed
in the OsMYB2P-1-overexpressing lines, whereas
OsmiR399a, OsmiR399j, and OsPT2 were up-regulated
in the OsMYB2P-1-overexpressed rice plants under Pi-
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sufficient conditions (Figs. 8 and 9). Therefore, the changes
in the expression of those genes may account for the
enhanced accumulation of Pi in shoots of OsMYB2P-1-
overexpressing rice plants.

OsMYB2P-1 Acts as a Pi-Dependent Regulator in
Controlling the Expression of Low- and High-Affinity

Pi Transporters

A number of genes encoding Pi transporters have
been identified, and these transporters have been
classified into four families, Pht1 to Pht4 (Rausch and
Bucher, 2002; Rae et al., 2003). Among the known Pi
transporters, members belonging to the Pht1 family,
which presumably encodes high-affinity Pi trans-
porters, have been intensively studied (Paszkowski,
2006; Bucher, 2007). For instance, in Arabidopsis,
AtPht1;1 andAtpht1;4 are responsible for Pi acquisition
from both low- and high-Pi environments (Shin et al.,
2004). Two of the nine Pht1 Pi transporters have been
functionally characterized so far (Misson et al., 2004;
Shin et al., 2004; Catarecha et al., 2007). In rice, 13
putative high-affinity Pi transporter genes belonging to
the Pht1 family (OsPT1–OsPT13) have been identified
(Paszkowski, 2006). However, their roles in the acqui-
sition and translocation of Pi remain largely unknown,
except for OsPT2, OsPT6, and OsPT8 (Ai et al., 2009; Jia
et al., 2011). In this study, we found that, among the 13
Pi transporters examined in rice,OsPT2was up-regulated
in shoots and roots of OsMYB2P-1-overexpressing plants
under Pi-sufficient conditions. Recent studies showed
that OsPT2, unlike other Pht1 members, is a low-affinity
Pi transporter that appears to mediate Pi translocation
(Ai et al., 2009). However, we found that the expression
of OsPT2 in OsMYB2P-1-overexpressing plants was not
affected under Pi-deficient conditions. Several high-
affinity Pi transporters, such as OsPT6, OsPT8, and
OsPT10, may account for the Pi uptake in roots of
OsMYB2P-1-overexpressing plants under Pi-deficient
conditions, as evidenced by the greater up-regulation
of these genes in OsMYB2P-1-overexpressing plants
than in wild-type plants (Fig. 9). OsPT6 differs from
OsPT2 in terms of their kinetics in Pi uptake and
translocation (Ai et al., 2009). OsPT8 is a high-affinity
Pi transporter involved in Pi homeostasis, such that
overexpression of OsPT8 results in excessive accumula-
tion of Pi in roots (Jia et al., 2011). Therefore, it is likely
thatOsMYB2P-1may act as a Pi-dependent regulator in
controlling the expression of a low-affinity Pi trans-
porter and a high-affinity Pi transporter.

In summary,we characterized a novel R2R3-typeMYB
protein that was localized at the nucleus in rice and
induced by deficiencies of Pi and Fe. The OsMYB2P-1
protein was involved in the mediation of tolerance of
plants to low Pi stress, such that overexpressing
OsMYB2P-1 in rice and Arabidopsis rendered the
transgenic plants more tolerant to low-Pi stress. Fur-
ther studies to unravel the molecular networks by
which OsMYB2P-1 regulates responses to Pi defi-
ciency are warranted.

MATERIALS AND METHODS

Microarray Analysis

Rice (Oryza sativa ssp. Japonica) seedlings exposed to low-Pi solution for

varying periods (6, 24, 48, and 72 h) were used to extract RNA for microarray

studies. Total RNA was isolated from rice plants in two independent experi-

ments with the RNA extraction kit (Trizol reagent; Invitrogen). For analysis of

the Affymetrix GeneChip, 8 mg of total RNAwas used for making biotin-labeled

complementary RNA (cRNA) target. All the processes for cDNA and cRNA

synthesis, cRNA fragmentation, hybridization, washing and staining, and

scanning were conducted according to the GeneChip Standard Protocol (Eu-

karyotic Target Preparation; Affymetrix). Information on the GeneChip Rice

Genome Array (MAS 5.0) was accessed from the Affymetrix Web site: http://

www.affymetrix.com/products/arrays/specific/rice.affx. GCOS software (Af-

fymetrix GeneChip Operating Software) was used for data collection and

normalization. The overall intensity of all arrayswas equivalent, and each probe

set is assigned with “Present”, “Absent”, “Marginal,” and a P value from the

algorithm in GCOS.

Plant Material and Growth Conditions

Growth of Rice Plants

Japonica rice cv Zhonghua 10 was used in physiological experiments and

rice transformation throughout this study. Rice seeds were surface sterilized

for 5 min with ethanol (75%, v/v) and for 10 min with commercially diluted

(1:3, v/v) NaClO, followed by thorough rinses with sterile water. Seed

germination was conducted in the dark at 28�C for 72 h. Then, the 7-d-old

seedlings were transferred to nutrient solution containing 1.425 mM NH4NO3,

0.513 mM K2SO4, 0.998 mM CaCl2, 1.643 mM MgSO4, 0.168 mM Na2SiO3, 0.125

mM Fe-EDTA, 0.019 mM H3BO3, 0.009 mM MnCl2, 0.155 mM CuSO4, 0.152 mM

ZnSO4, and 0.075 mM Na2MoO4, pH 5.5, supplemented with 0.323 mM

NaH2PO4 (HP; approximately 10 mg L21 Pi) or 0.016 mM NaH2PO4 (LP;

approximately 0.5 mg L21 Pi). The hydroponic experiments were carried out

in a growth room with a 16-h-light (30�C)/8-h-dark (22�C) photoperiod, and
the relative humidity was controlled at approximately 70%. The solution was

refreshed every 3 d (Wang et al., 2009).

The optimal time and concentrations used for the low-Pi stress were

determined following protocols described by Liu et al. (2010). The concentra-

tions of Pi deficiency were set to be 0.016 mM throughout this study. One-

week-old wild-type and transgenic rice plants were exposed to the low-Pi

solution (0.5 mL L21, 0.016 mM) for 14 or 30 d. For analyses of root system

architecture and RT-PCR, rice seedlings grown in the low-Pi (0.016 mM Pi)

solution for 14 d were used. Pi concentration, shoot biomass, and root biomass

were measured after 30 d of Pi starvation. The tiller number was observed

using pot experiments after Pi starvation for 60 d.

Growth of Arabidopsis

The response of wild-type and transgenic Arabidopsis (Arabidopsis thaliana)

plants to low-Pi stress was examined as described by Jiang et al. (2007). Briefly,

4-d-old seedlings were transferred to LP medium (10 mM KH2PO4) and HP

medium (1mMKH2PO4) for 3 weeks. The LP andHPmedia were supplemented

with 2.0 mM NH4NO3, 1.9 mM KNO3, 0.3 mM CaCl20.2H2O, 0.15 mM MgSO40.7-

H2O, 5 mM KI, 100 mM HBO3, 100 mM MnSO4·H2O, 30 mM ZnSO40.7H2O, 1 mM

Na2MoO40.2H2O, 0.1 mM CuSO40.5H2O, 0.1 mM CoCl20.6H2O, 100 mM FeSO40.7-

H2O, 100 mM Na2EDTA.2H2O, and 1% Suc. To maintain identical concentrations

of K between Pi-sufficient and Pi-deficient media, 0.99 mM KCl was also added

in the Pi-deficient medium. Plants were maintained at 65 mmol m22 s21

photosynthetically active radiation and placed in vertical orientation in

controlled-environment chambers (22�C, 16 h of light).

Plasmid Construction

ForOsMYB2P-1 RNAi, a fragment of 459 bp was amplified fromOsMYB2P-1

with two primers, 5#-GGGGTACCACTAGTATGAATTCACTCTGGTTC-3# (KpnI
and SpeI sites underlined) and 5#-CGGGATCCGAGCTCCCAAGAGGCACA-

TATCCC-3# (BamHI and SacI sites underlined), containing two restriction en-

zymes at their 5# ends. The plasmidwas constructed as described previously (Wang

et al., 2004). The hairpin structure consisting of an antisense OsMYB2P-1

fragment, a rice intron, and an OsMYB2P-1 sense fragment was inserted
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between the maize (Zea mays) ubiquitin promoter and the nopaline synthase

terminator of vector pTCK303 (Supplemental Fig. S8A).

For OsMYB2P-1 overexpression, the full-length cDNA of OsMYB2P-1 was am-

plified using two primers, 5#-CGCGGATCCATGGGGAGGCATTCTTGCTGC-3#
(BamHI site underlined) and 5#-CGGGGTACCCTAGATATGTTCAAAAGA-

CAAGG-3# (KpnI site underlined), by RT-PCR with Pyrobest DNA Polymerase

(TaKaRa), ligated into pGEM-T Easy vector (Promega), and sequenced. The

digestion product of OsMYB2P-1 from pT Easy-OsMYB2P-1 was directionally

cloned into the KpnI-BamHI sites of a pUN1301 vector to create the pUN1301-

OsMYB2P-1 construct. OsMYB2P-1 was driven by a ubiquitin promoter in the

construct (Supplemental Fig. S8B). These constructs were electroporated into

Agrobacterium tumefaciens EHA105.

Generation of Transgenic Rice Plants

Plant was performed as described previously (Ge et al., 2004). Briefly, rice

embryonic calli were induced on scutella from germinated seeds and trans-

formed with strain EHA105 of A. tumefaciens containing the desired binary

vector. Transgenic plants were selected in half-strength Murashige and Skoog

medium containing 75 mg L21 hygromycin (Sigma). Hygromycin-resistant

plants from calli, defined as transgenic plants of the T0 generation, were

transplanted into soil and grown in a greenhouse at 28�C. T2 and T3 seeds

were harvested and used for subsequent experiments.

Transformation of OsMYB2P-1 in Arabidopsis

The digestion product OsMYB2P-1 from pT-OsMYB2P-1 was directionally

cloned into the KpnI-BamHI sites of an SN1301 vector to create SN1301-

OsMYB2P-1 (Supplemental Fig. S8C). OsMYB2P-1 was driven by a CaMV 35S

promoter in the construct. The construct was electroporated into A. tumefaciens

C58. Arabidopsis plants were transformed by the floral dipmethod (Clough and

Bent, 1998). Arabidopsis ecotype Columbia was used for the transformation.

Transactivation Assay Using the Yeast GAL4 System

The cDNA fragments ofOsMYB2P-1were generated by PCR amplification,

cloned into EcoRI and BamHI sites, and fused in frame to the GAL4 DNA-

binding domain in the pGBKT7 vector. A transactivation assay was performed

as described (Choi et al., 2004). The OsMYB2P-1-pGBKT7 constructs were

transformed into AH109 cells by the lithium acetate-mediated method (Gietz

et al., 1992), and the transformants were selected on synthetic dextrose medium

lacking tryptophan (SD/-Trp) at 28�C for 2 d. Yeast transformants from SD/-Trp

were then transferred and streaked onto solid SD/-Trp/-Ade or SD/-Trp/

-Ade/-His to score the growth response after 3 d. For the b-galactosidase assay,

the transformants were blotted onWhatman filter paper, and the cells imprinted

on the filter were lysed by freezing in liquid nitrogen, then thawed at room

temperature. The filter was then incubated in 2.5 mL of Z buffer containing

0.8mg of 5-bromo-4-chloro-3-indolylb-D-galactopyranoside supplementedwith

16.1 g L21 Na2HPO4�7H2O, 5.5 g L21 NaH2PO4·H2O, 0.7 g L21 KCl, and 0.246

g L21 MgSO4�7H2O at 30�C. The color reaction was monitored.

Semiquantitative RT-PCR and Quantitative
Real-Time PCR

Total RNAwas extracted using Trizol reagent (Invitrogen) and treated with

RNase-free DNase I (Promega). Three biological replicates, each comprising five

individual plants, were used for semiquantitative RT-PCR and quantitative real-

time PCR. To confirm the reliability ofOsMYB2P-1 in microarray hybridization,

semiquantitative RT-PCR using the One Step RNA PCR Kit (avian myeloblastosis

virus; TaKaRa) with gene-specific primers for OsMYB2P-1 and Actin was per-

formed (Supplemental Table S5). Total RNAwas isolated from materials collected

for microarray hybridization. Onemicrogram of total RNAwas used as a template

in one reaction. The same amplification reaction was conducted with a rice Actin

gene used as a template RNA loading control. RT-PCR was repeated three times.

For real-time PCR, 2 mg of total RNAwas treated with DNase I (Promega)

and then transcribed in a total volume of 20 mL with 1 mg of oligo(dT)18, 10 mM

deoxynucleotide triphosphate, and 200 units of SuperScript II reverse tran-

scriptase (Invitrogen). The cDNA samples were diluted to 2 and 8 ng mL21.

Triplicate quantitative assays were performed on 1 mL of each cDNA dilution

with the SYBR Green Master Mix or TaqMan reagents (TaKaRa) and an ABI

7900 sequence detection system according to the manufacturer’s protocol

(Applied Biosystems). The relative quantification method (Delta-Delta cycle

threshold) was used to evaluate quantitative variation between the repli-

cates examined. The PCR signals were normalized to those of Actin or rice

polyubiquitin1 (RubQ1). All the primers used for quantitative RT-PCR are

listed in Supplemental Tables S5 and S6.

Localization of OsMYB2P-1-GFP Fusion Proteins

The localization assay was performed as described by Wang et al. (2004).

The whole coding sequence of OsMYB2P-1 was amplified with two primers,

5#-GCTCTAGAATGGGGAGGCATTCTTGCTGC-3# (XbaI site underlined)

and 5#-CGGGGTACCGATATGTTCAAAAGACAAGG-3# (KpnI site under-

lined). The PCR product was subcloned into the pBI221 vector to generate

pBI221-OsMYB2P-1-GFP, containing an OsMYB2P-1-GFP fusion construct

under the control of the CaMV 35S promoter. The construct was confirmed

by sequencing and used for transient transformation of onion (Allium cepa)

epidermis via a gene gun (Bio-Rad). Transformed onion cells were observed

with a confocal microscope (Nikon).

DNA Gel-Blot Analysis

DNA gel-blot analysis was performed as described byWang et al. (2004).

Genomic DNA isolated from 3-week-old Arabidopsis seedlings was di-

gested with EcoRI orHindIII, fractioned electrophoretically on a 0.8% (w/v)

agarose gel, and blotted onto a nylon membrane (Amersham Pharmacia

Biotech). The membrane was prehybridized at 65�C for 2 h and hybridized

in the same solution containing [a-32P]ATP- and CTP-labeled GUS for 20 h

at 65�C. After hybridization, the membrane was washed once with 23 SSC

plus 0.1% SDS at 65�C for 20 min and then twice with 13 SSC plus 0.1% SDS

at 37�C for 30 min. The membrane was exposed to x-ray film (Eastman-

Kodak) at –70�C for 3 to 7 d.

Determination of Pi and Anthocyanin

The dry root and shoot samples were separated and digested with concen-

trated nitric acid and hydrogen peroxide, and total Pi and Fe were determined

by using inductively coupled plasmamass spectrometry following the protocols

described by Song et al. (2011). About 100 mg (fresh weight) of seedlings was

collected, and anthocyanin content was measured as described by Devaiah et al.

(2009).

Raw microarray data have been submitted to the National Center for

Biotechnology Information with the accession number GSE35984.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Deduced amino acid sequence of OsMYB2P-1.

Supplemental Figure S2. Response of OsMYB2P-1 to N and K deprivation

in leaves and stems.

Supplemental Figure S3. Effects of Pi availability in the medium on root

architecture in wild-type and transgenic Arabidopsis.

Supplemental Figure S4. Expression of Pi starvation-induced genes in

wild-type and OsMYB2P-1 transgenic plants.

Supplemental Figure S5. Expression of Pi transporter genes in wild-type

and OsMYB2P-1 transgenic plants.

Supplemental Figure S6. Fe contents in wild-type and OsMYB2P-1 over-

expression transgenic rice under Pi-sufficient conditions (A) and Pi-

deficient conditions (B).

Supplemental Figure S7. OsMYB2P-1 expression response to cold, salt,

and polyethylene glycol stress.

Supplemental Figure S8. Plasmid construction for plant transformation.

Supplemental Table S1. List of genes that up- or down-regulated in rice

seedling after Pi starvation for 6 h.

Supplemental Table S2. List of genes that up- or down-regulated in rice

seedling after Pi starvation for 24 h.
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Supplemental Table S3. List of genes that up- or down-regulated in rice

seedling after Pi starvation for 48 h.

Supplemental Table S4. List of genes that up- or down-regulated in rice

seedling after Pi starvation for 72 h.

Supplemental Table S5. Primers used in semiquantitative and real-time

RT-PCR.

Supplemental Table S6. Sequences of forward and reverse primers and

6-carboxyfluorescein 5# end-labeled probes designed for the 3#-untrans-
lated region of the rice Pi transporter genes and the RubQ1 gene for

quantitative RT-PCR.
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Golldack D, Lüking I, Yang O (2011) Plant tolerance to drought and

salinity: stress regulating transcription factors and their functional

significance in the cellular transcriptional network. Plant Cell Rep 30:

1383–1391

Hammond JP, Bennett MJ, Bowen HC, Broadley MR, Eastwood DC, May

ST, Rahn C, Swarup R, Woolaway KE, White PJ (2003) Changes in gene

expression in Arabidopsis shoots during phosphate starvation and the

potential for developing smart plants. Plant Physiol 132: 578–596

Hammond JP, White PJ (2011) Sugar signaling in root responses to low

phosphorus availability. Plant Physiol 156: 1033–1040

Harrison MJ, Dewbre GR, Liu JY (2002) A phosphate transporter from

Medicago truncatula involved in the acquisition of phosphate released by

arbuscular mycorrhizal fungi. Plant Cell 14: 2413–2429

Hinsinger P, Betencourt E, Bernard L, Brauman A, Plassard C, Shen J,

Tang X, Zhang F (2011) P for two, sharing a scarce resource: soil

phosphorus acquisition in the rhizosphere of intercropped species.

Plant Physiol 156: 1078–1086

Hou XL, Wu P, Jiao FC, Jia Q J, Chen HM, Yu J, Song XW, Yi KK (2005)

Regulation of the expression of OsIPS1 and OsIPS2 in rice via systemic

and local Pi signalling and hormones. Plant Cell Environ 28: 353–364

Hu B, Zhu CG, Li F, Tang JY, Wang YQ, Lin AH, Liu LCH, Che RH, Chu

CC (2011) LEAF TIP NECROSIS1 plays a pivotal role in the regulation

of multiple phosphate starvation responses in rice. Plant Physiol 156:

1101–1115

IRRI (1996) Annual Report for 1995. International Rice Research Institute,

Los Banos, The Philippines

Ito M, Araki S, Matsunaga S, Itoh T, Nishihama R, Machida Y, Doonan

JH, Watanabe A (2001) G2/M-phase-specific transcription during the

plant cell cycle is mediated by c-Myb-like transcription factors. Plant

Cell 13: 1891–1905

Jain A, Poling MD, Karthikeyan AS, Blakeslee JJ, Peer WA, Titapiwatanakun

B, Murphy AS, Raghothama KG (2007) Differential effects of sucrose

and auxin on localized phosphate deficiency-induced modulation of

different traits of root system architecture in Arabidopsis. Plant Physiol

144: 232–247

Jia HF, Ren HY, GuMY, Zhao JN, Sun SB, Zhang X, Chen JY, Wu P, Xu GH

(2011) The phosphate transporter gene OsPht1;8 is involved in phos-

phate homeostasis in rice. Plant Physiol 156: 1164–1175

Jiang CF, Gao XH, Liao LL, Harberd NP, Fu XD (2007) Phosphate starva-

tion root architecture and anthocyanin accumulation responses are

modulated by the gibberellin-DELLA signaling pathway in Arabidop-

sis. Plant Physiol 145: 1460–1470

Jin H, Martin C (1999) Multifunctionality and diversity within the plant

MYB-gene family. Plant Mol Biol 41: 577–585

Jones DL (1998) Organic acids in the rhizosphere: a critical review. Plant

Soil 205: 25–44

Karthikeyan AS, Varadarajan DK, Mukatira UT, D’Urzo MP, Damsz B,

Raghothama KG (2002) Regulated expression of Arabidopsis phosphate

transporters. Plant Physiol 130: 221–233

Liu CM, Muchhal US, Uthappa M, Kononowicz AK, Raghothama KG

(1998) Tomato phosphate transporter genes are differentially regulated

in plant tissues by phosphorus. Plant Physiol 116: 91–99

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 expres-

sion of OsPT2 and phosphate homeostasis in shoots of rice. Plant J 62:

508–517
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