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Phosphorus (P) deficiency limits plant growth and yield. Since plants can absorb only the inorganic form of P (Pi), a large portion
of soil P (organic and inorganic P complexes) remains unused. Here, we identified and characterized a PHR2-regulated, novel
low-Pi-responsive haloacid dehalogenase (HAD)-like hydrolase, OsHAD1. While OsHAD1 is a functional HAD protein having
both acid phosphatase and phytase activities, it showed little homology with other known low-Pi-responsive HAD superfamily
members. Recombinant OsHAD1 is active at acidic pH and dephosphorylates a broad range of organic and inorganic
P-containing substrates, including phosphorylated serine and sodium phytate. Exogenous application of recombinant
OsHAD1 protein in growth medium supplemented with phytate led to marked increases in growth and total P content of
Pi-deficient wild-type rice (Oryza sativa) seedlings. Furthermore, overexpression of OsHAD1 in rice resulted in enhanced
phosphatase activity, biomass, and total and soluble P contents in Pi-deficient transgenic seedlings treated with phytate as a
restricted Pi source. Gene expression and metabolite profiling revealed enhanced Pi starvation responses, such as up-regulation
of multiple genes involved in Pi uptake and solubilization, accumulation of organic acids, enhanced secretory phosphatase
activity, and depletion of ATP in overexpression lines as compared with the wild type. To elucidate the underlying regulatory
mechanisms of OsHAD1, we performed in vitro pull-down assays, which revealed the association of OsHAD1 with protein
kinases such as OsNDPKs. We conclude that, besides dephosphorylation of cellular organic P, OsHAD1 in coordination with
kinases may regulate the phosphorylation status of downstream targets to accomplish Pi homeostasis under limited Pi supply.

Rice (Oryza sativa) is one of the most consumed ce-
reals in the world. Therefore, to sustain a growing
population, especially in rice-consuming areas, it is
necessary to increase crop yield in coming years
(Papademetriou, 2000; Tilman et al., 2011). Phosphorus
(P) is an essential macronutrient for plant growth and
development. It is an integral part of nucleic acids,
phospholipid membranes, and many metabolic path-
ways. Essentially, most of the signal transduction
pathways are regulated by phosphorylation and de-
phosphorylation events. Widespread soil inorganic
phosphate (Pi) deficiency is known to limit rice yield,
particularly in upland acidic soils (Kirk et al., 1998).
Since most of the modern nutrient-exhaustive high-
yielding rice varieties are low Pi sensitive (Wissuwa
and Ae, 2001; Mehra et al., 2015, 2016), it is imperative
to develop Pi-efficient high-yielding rice varieties to

accomplish high rice production and reduce extensive
application of phosphate fertilizers. Notably, unre-
strained use of Pi fertilizers has serious ecological im-
pacts, such as heavy metal contamination of soils
(Chien et al., 2011) and eutrophication of water bodies
through soil erosion or surface runoff (Ha and Tran,
2014). Additionally, fast-depleting Pi fertilizer sources
(high-quality rock phosphate) are finite and nonre-
newable in nature (Cordell and Neset, 2014). Therefore,
improvement of the Pi use efficiency of rice could be an
efficient and sustainable means for crop production.

Roots absorb P in the form of Pi from soil solution.
Unfortunately, ;80% of the applied Pi fertilizers are
rapidly fixed in the soil in organic/inorganic insoluble
complexes due tomicrobial assimilation and adsorption.
Therefore, up to 65% of the total soil P exists in the or-
ganic form (Harrison, 1987), which needs mineralization
before root uptake (Dobermann et al., 1998). To release Pi
from these bound sources, plants produce several in-
tracellular and extracellular acid phosphatases (APases),
secrete organic acids into the rhizosphere, undergo
symbiotic associations with mycorrhizal fungi, and de-
velop specialized proteoid roots (Raghothama, 1999).
Among these strategies, the production of extracellular
and intracellular APases is important, as these enzymes
can hydrolyze a broad range of organic P sources to re-
lease Pi under low-Pi conditions. Intracellular APases
maintain internal Pi homeostasis by releasing Pi from
organic P compounds in the cytoplasm and vacuole,
whereas extracellular APases hydrolyze organic P
sources present in the extracellular matrix (Tran et al.,
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2010a). Various strategies have been employed to en-
hance Pi availability from organic resources by engineer-
ing phytases and APases from microbial or plant origin
(Richardson et al., 2001; Zimmermann et al., 2003; Lung
et al., 2005; George et al., 2007; Liu et al., 2012; Ma et al.,
2012; Singh and Satyanarayana, 2012; Mehra et al., 2017).
While a growing body of literature emphasizes the roles
of extracellular phytases and APases in P solubilization
and acquisition, the potential of intracellular phytases/
APases in low-Pi tolerance has remained unrecognized.
APases such as haloacid dehalogenase (HAD) su-

perfamily members are regulated by Pi deficiency
(Baldwin et al., 2001; Hur et al., 2007; May et al., 2011).
The HAD superfamily of enzymes is composed of
several ATPases, epoxide hydrolases, dehalogenases,
phosphonatases, phosphomutases, phosphoserine, and
other phosphatases (Burroughs et al., 2006; Kuznetsova
et al., 2006). LePS2 was the first low-Pi-inducible HAD
superfamily gene characterized in tomato (Solanum
lycopersicum; Baldwin et al., 2001, 2008). The protein
phosphatase activity of overexpressed LePS2 led to
increased APase activity, anthocyanin accumulation,
and delayed flowering in tomato (Baldwin et al., 2008).
Similarly, another HAD gene, PvHAD1, showed
low-Pi-specific induction and encodes a functional
Ser/Thr phosphatase (Liu et al., 2010). In Arabidopsis
(Arabidopsis thaliana), two low-Pi-responsive HADs,
AtPPsPase1 and AtPECP1, were reported to encode
functional pyrophosphatase and phosphoethanolamine
phosphatase, respectively (May et al., 2011, 2012). Later,
PvPS2:1, a plasma membrane-localized homolog of
LePS2, was reported to increase Pi acquisition and root
growth in Arabidopsis overexpressing transgenics
(Liang et al., 2012). These studies suggest the important
functions of HAD superfamily members in regulating Pi
homeostasis. In rice, only one HAD, OsACP1 (also a
homolog of LePS2), was shown to be up-regulated under
Pi deficiency (Hur et al., 2007). However, the physio-
logical roles of any other HAD are largely unknown in
rice. Therefore, in this study, we identified and charac-
terized a novel low-Pi-inducible HAD gene,OsHAD1, in
rice. Biochemical assays revealed that OsHAD1 is a
functional APase with broad substrate specificities and
possesses substantial protein phosphatase and phytase
activities. Furthermore, overexpression of OsHAD1 led
to increased APase/phytase activity, P accumulation,
and improved growth of rice under restricted Pi supply.
Here, to our knowledge for the first time, we provide a
detailed investigation on a HAD superfamily member in
rice and its efficacy in improving Pi homeostasis.

RESULTS

OsHAD1 Is Induced under Pi Deficiency

We earlier identified several low-Pi-responsive genes
using a comparative transcriptomic approach in low-
Pi-tolerant and -sensitive rice genotypes (Mehra et al.,
2016). Among these, a HAD (Os03g61829), designated

here as OsHAD1, was found to be differentially induced
in root and shoot under low Pi. OsHAD1 was highly
up-regulated in the low-Pi-tolerant genotype Dular as
compared with PB1, a low-Pi-sensitive modern high-
yielding genotype. To further assess the low Pi respon-
siveness of OsHAD1, gene expression was analyzed after
5, 15, and 21 d of Pi deficiency. We found increased
transcript levels of OsHAD1 with increasing duration of
low-Pi stress, preferentially in shoot (Fig. 1A). Notably,
up-regulation of OsHAD1 was higher in Dular as com-
pared with PB1, except at 5 d. Furthermore, OsHAD1
showed significant up-regulation in P, K, and Fe defi-
ciencies at 7 d of stress treatment. However, after pro-
longed stress exposure for 15 d,OsHAD1was specifically
up-regulated only in low Pi (Fig. 1B). Additionally, ex-
pression analysis of OsHAD1 at different developmental
stages and tissues showed that it is expressed in almost all
organs to varying levels (Supplemental Fig. S1).OsHAD1
expression was higher in shoot and floral organs. These
results revealed that OsHAD1 is low-Pi responsive, with
preferential expression in shoot and floral organs.

OsPHR2 Regulates the Expression of OsHAD1

The PHR1 transcription factor is a central regulator of
low-Pi-responsive genes in various plants. OsPHR2 is a
functional ortholog of AtPHR1 (Zhou et al., 2008). We
found three P1BS (PHR2-binding site) elements at po-
sitions2864,2765, and2442 in a 2-kb promoter region
ofOsHAD1 (Fig. 1C). Our electrophoretic mobility shift
assay showed that OsPHR2 binds physically to the
OsHAD1 promoter (Fig. 1C). Furthermore, this inter-
action was reduced significantly when a 1003 excess of
unlabeled OsHAD1 promoter probe was used as a
competitive inhibitor. All this confirmed that OsHAD1
is a component of the rice low-Pi-responsive machinery
regulated by OsPHR2.

OsHAD1 Is a Novel Functional Acid Phosphatase

Protein sequence alignment revealed the divergence
of OsHAD1 from other known plant HAD domain-
containing proteins (Fig. 2A). However, as expected for
the HAD family, homology was restricted to strictly
conserved residues only (Fig. 2B). Furthermore, OsHAD1
contains four conserved motifs (DxDxT/V, S/T, K, and
DD) in which the first motif (DxDxT/V) is essential for
APase activity (Fig. 2B). It is reported that the first Asp
residue of the first conserved motif (D1LD2DT) acts as a
nucleophile and that the second Asp residue acts as acid
or base, which protonates the leaving groups in most of
the phosphatases from the HAD superfamily (Burroughs
et al., 2006). Thus, this motif can play an important role in
releasing Pi from various P-containing compounds.

To test whetherOsHAD1 encodes an active protein, we
purified recombinant OsHAD1 protein with a 6xHis tag
from Escherichia coli (Supplemental Fig. S2). Purified re-
combinant OsHAD1 showed phosphatase activity with
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pNPP as a substrate. We next used various other
P-containing substrates to elucidate the substrate speci-
ficity of OsHAD1 (Table I). This assay showed that free
nucleotides like ATP, ADP, and AMP are the preferred
substrates ofOsHAD1.However,OsHAD1also exhibited
moderate phosphatase activity with sodium phytate, Glc-
6-P, Fru-6-P, Rib-5-P, and other P-containing compounds
(Table I). Maximum phosphatase activity was obtained
with ATP (40.2%) as compared with pNPP (100%). Nota-
bly, OsHAD1 also was able to hydrolyze phosphorylated
Ser and, to some extent, phosphorylated Tyr. These results
confirmed the protein phosphatase activity of OsHAD1.

A pH kinetics study revealed that OsHAD1 is an
APase, as it could hydrolyze substrates (pNPP, ATP,
AMP, and Rib-5-P) at very low pH 2 to 5 (Fig. 2C).
OsHAD1 was found to be moderately thermostable
(25°C–55°C), with maximum phosphatase activity at
37°C (Fig. 2D). Furthermore, different metal ions could
enhance the OsHAD1 activity (Mg2+ . Ni2+ . Co2+ .
Mn2+); Mg2+ turned out to be the preferential cofactor.
High Pi concentrations, Cd2+, citrate, EDTA, and Ca2+,
seemed to be inhibitors ofOsHAD1phosphatase activity
(Fig. 2E). Furthermore, OsHAD1 showed specific activ-
ity: 334.47, 6.95, and 0.687 mmol P released min21 mg21

protein with pNPP, ATP, and sodium phytate, respec-
tively. Lastly, OsHAD1 showed higher affinity (Km = 0.5
and 0.58mM) with pNPP and sodium phytate and lower
affinity with ATP (Km = 1.42 mM; Fig. 2F).

Site-Directed Mutagenesis Revealed That Asp Residues
Are Critical for OsHAD1 Activity

To confirm the role of motif 1, which is critical for
phosphatase activity, we independently modified two
key Asp residues, D16 and D18, to Ala from motif I
(D16LD18DT) of OsHAD1 (Fig. 2B). Notably, these
mutations (D16A and D18A) led to the absolute loss
of phosphatase activity in OsHAD1 (Fig. 2G). These
results confirmed the importance of Asp residues for
the catalytic activity of OsHAD1.

Exogenous Application of OsHAD1 Enhances the Growth
of Pi-Deficient Plants on Phytate-Supplemented Medium

To measure the impact of phytase activity of OsHAD1,
15-d-old Pi-starved seedlings were supplemented with

Figure 1. Transcriptional regulation of
OsHAD1. A, Relative expression of
OsHAD1 in Dular and PB1 roots and
shoot under Pi-deficient (1 mM) condi-
tions with respect to corresponding Pi-
sufficient (320 mM) conditions at 5, 15,
and 21 d. B, Relative expression of
OsHAD1 under N-, P-, K-, Fe-, and
Zn-deficient conditions in roots after
7 and 15 d of the respective deficiency
treatments. Relative expression levels
under deficient conditions were calcu-
lated with respect to expression levels
under the sufficient nutrient supply
condition (CK). Expression profilingwas
carried out with qRT-PCR. Significant
differences between deficient versus
sufficient treatments were evaluated by
Student’s t test. Asterisks indicate P #

0.05 (*), P # 0.01 (**), and P # 0.001
(***). C, Electrophoretic mobility shift
assay showing physical binding of
OsPHR2 with the OsHAD1 promoter. A
485-bp radiolabeled promoter ofOsHAD1
(pOsHAD1) containing three P1BS cis-
elements at 2864, 2765, and 2442 bp
was used as a probe. Lane 1, Radiola-
beled free promoter probe of OsHAD1
(12.74 ng); lane 2, [a-32P]CTP-labeled
probe of OsHAD1 (12.74 ng) plus
OsPHR2 protein (1.5 mg); lane 3,
OsPHR2 protein (1.5 mg) plus labeled
promoter probe ofOsHAD1 (12.74 ng)
and a 100-fold excess of unlabeled
OsHAD1 probe as a competitive inhibitor.
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100 mM sodium phytate with or without 125 ng mL21

recombinant OsHAD1 in Yoshida medium for 7 d. The
overall growth of phytate + OsHAD1-supplemented
plants was superior to that of plants supplemented with
phytate only (Fig. 3A). Fresh root and shoot biomass of
phytate + OsHAD1-supplied plants was increased up to
58.8%and 31.2%, respectively, as comparedwith phytate-
supplemented plants (Fig. 3, D and E). Increased shoot
biomass was in good concordance with the increased
number of tillers and leaf numbers of phytate +OsHAD1-
supplemented plants (Fig. 3, B and C). Similar trends also
were observed in dry biomass gain (Fig. 3, F and G). To

understand the reason for the enhanced growth after ex-
ogenous application of OsHAD1, we quantified the total
P content of root and shoot separately. Phytate +
OsHAD1-supplied plants showed significantly higher P
content (120% in roots and 33% in shoots) as compared
with phytate-supplemented plants (Fig. 3, H and I).
Moreover, exogenous application of a mutagenized
protein of OsHAD1 (D16A) in phytate-supplemented
medium resulted in no significant growth advantage
to wild-type seedlings as compared with Pi-deficient
seedlings treated with phytate alone (Supplemental
Fig. S3). Overall, these results showed the efficacy of

Figure 2. Phylogenetic relationships and biochemical properties of OsHAD1. A, Phylogenetic relationships of OsHAD1 with
known HAD proteins from rice (OsACP1), Arabidopsis (AtPsPase1 and AtPECP1), tomato (LePS2), soybean (Glycine max;
GmACP1), and common bean (Phaseolus vulgaris; PvHAD1, PvPS2:1, and PvPS2:2), shown by a neighbor-joining phylogenetic
tree. The scale bar represents the rate of amino acid substitutions. Bootstrap values arementioned at the branches. B, Alignment of
the amino acid sequence of OsHAD1 with protein sequences of LePS2, OsACP1, PvPS2:1, PvPS2:2, AtPECP1, AtPsPase1,
GmACP1, and PvHAD1. ConservedHADmotifs (I–IV) are highlighted. C, Effects of different pH values on the activity of OsHAD1
using 10 mM pNPP, ATP, AMP, and Rib-5-P (R-5-P) as substrates in sodium acetate buffer (pH range 2–6) and Tris-Cl buffer
(pH range 7–8.8). D, Relative activity of OsHAD1 at different temperatures. E, Effects of different activators and inhibitors on the
activity of OsHAD1. F, Specific activity and Km values of OsHAD1 with pNPP, ATP, and sodium phytate as substrates. G,
Phosphatase activity of wild-type (unmutated;WT) andmutated (D16A andD18A)OsHAD1 recombinant proteins. n.d. indicates
no activity detection. Relative activity was calculated with respect to the highest activity, which was taken as 1. Error bars in all
graphs indicate SD from three independent measurements.
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OsHAD1 in the solubilization of phytate and, thus,
improved plant growth.

Overexpression of OsHAD1 Enhances Pi Accumulation in
Transgenic Rice

Our results so far revealed OsHAD1 as a low-Pi-
responsive APase with broad substrate specificities.
Therefore, to study the effect of its phosphatase activity
on low-Pi tolerance, we cloned OsHAD1 under the
control of a constitutive promoter (ZmUbi1) and raised
overexpression lines of OsHAD1 in rice. Five homozy-
gous lines were used for the initial screening, and
the three highest overexpressing (OE) lineswere selected
for further study. Transgenics were confirmed for
gene integration and overexpression using PCR, qRT-
PCR, western blotting, and GUS histochemical assay
(Supplemental Fig. S4). Immunoblotting of total plant
protein with anti-OsHAD1 antibody confirmed the
overexpression of OsHAD1 in all three OE lines; how-
ever, no band was detected in wild-type seedlings, in-
dicating very low expression of OsHAD1 under the
native condition (Supplemental Fig. S4B). To test low-Pi
tolerance of OE lines, we grew OE lines along with
the wild type under Pi-deficient (2P; 1 mM NaH2PO4)
and Pi-sufficient (+P; 320 mM NaH2PO4) conditions for
30 d (Fig. 4, A and B). Additionally, we treated 15-d-old
Pi-deficient wild-type and transgenic lines with 100 mM

phytate (+Phytate) as a restricted P source for the next
15 d (Fig. 4C). Interestingly, dry root and shoot biomass of
OsHAD1 overexpressed lines increased significantly
(48.5% and 68.8%, respectively) as compared with the
wild type under phytate treatment (Fig. 4, D and E).
Similarly, the root biomass of OE1 and OE8 was signifi-
cantly higher (18.5% and 25.9%, respectively) than in the
wild type under Pi deficiency (Fig. 4D). Furthermore, total
P content was significantly higher in OE lines under Pi-
sufficient and phytate recovery conditions in root and

shoot (Fig. 4, F and G). However, under Pi deficiency,
none of the lines showed significant change in P ac-
cumulation, as a very low amount of Pi was supplied.
Intriguingly, transgenics grown under Pi-sufficient
conditions showed some growth retardation, which
could be due to high P accumulation.

We further extended our analysis to wild-type and
OsHAD1 transgenic plants raised in a soil system using
PVC pipes filled with sand, soilrite, and vermiculite
(Supplemental Fig. S5). Atomic absorption spectroscopy
measurements showed that a formulated mixture had a
very low amount of P (0.1mM). These pipeswere supplied
with Pi-sufficient, Pi-deficient, and phytate-containing
growth media (see “Materials and Methods”). Notably,
phytate-supplemented OE lines had significantly higher
shoot biomass (15%–40%) as compared with the wild
type (Supplemental Fig. S6B). Furthermore, Pi-deficient
plants also showed 38%more shoot biomass as compared
with controls (Supplemental Fig. S6B). Total P in all the
OE lines was significantly higher in both root and shoot
than in the wild type under +P and phytate treatments
(Supplemental Fig. S6, C and D). Moreover, a significant
increase in total P alsowas found in shoot ofOsHAD1OE
lines under the Pi-deficient condition (Supplemental Fig.
S6D). These results confirmed that overexpression of
OsHAD1 leads to increased P accumulation in plants
under both hydroponics and soil conditions.

Similar to hydroponics, growth retardation also was
seen in overexpression lines in the soil system as com-
pared with wild-type plants under high-Pi conditions.
To investigate this further, we performed a dose-
dependent experiment consisting of different Pi con-
centrations (16, 32, 160, and 320 mM) for 50 d in soil.
Although the biomass of OsHAD1 OE lines was sig-
nificantly higher at 32 mM Pi as compared with the wild
type (Fig. 5B), the same was significantly decreased at
higher dosages of Pi (160 and 320 mM) than in the wild
type (Fig. 5, C and D). Consistent with previous ob-
servations, total P content of OsHAD1 OE lines was
significantly higher at all concentrations of external Pi
as compared with wild-type plants (Fig. 5). To this end,
we conclude that OsHAD1 overexpression led to in-
creased P accumulation in rice and that transgenics
perform better in low-Pi conditions.

OsHAD1 Is a Cytosolic and Membrane-Localized Protein

It is possible that OsHAD1 is a secretory APase and
hydrolyzes external Pi compounds in the rhizosphere of
transgenics. Therefore, we studied its subcellular locali-
zation using an OsHAD1:YFP fusion protein to deter-
mine its secretory or nonsecretory nature. OsHAD1:YFP
was found to be localized in cytosol and either cell wall
or plasmamembrane in onion (Allium cepa) andNicotiana
benthamiana epidermal cells (Supplemental Figs. S7A
and S8A). Interestingly, plasmolysis of OsHAD1-over-
expressing cells confirmed that OsHAD1 is a cytosolic
protein and, therefore, an intracellular or nonsecretory
APase (Supplemental Figs. S7B and S8B).

Table I. Relative activity of recombinant OsHAD1 with different
organic and inorganic P compounds

Relative percentage activity was calculated with respect to the ac-
tivity with pNPP as substrate.

Substrate Percentage Activity

pNPP 100.00
ATP 40.20
ADP 17.28
AMP 25.21
Inorganic pyrophosphate 2.69
Phytic acid 1.70
O-Phosphoserine 2.29
O-Phosphothreonine 0.96
Glc-6-P 6.23
Fru-6-P 4.14
Man-6-P 4.73
Rib-5-P 10.48
dRib-5-P 6.26
a-D-Man-1-P 3.68
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OsHAD1 Overexpressed Lines Showed Increased APase
Activity and Soluble P Content

Since OsHAD1 is an intracellular APase, we tested its
activity in 30-d-old hydroponically raised OE lines.
Enhanced intracellular APase activity would increase
Pi levels in a cell system. We found significantly in-
creased phosphatase activity in roots and shoots of OE
lines as compared with the wild type (Fig. 6, A and B).
Notably, OE lines also showed significantly higher
phytase activity under phytate-supplied conditions
(Supplemental Fig. S9).
To further validate the consequence of elevated intra-

cellular APase activity (Pi solubilization from cellular or-
ganic P compounds) inOE lines, Pi contentwasmeasured
temporally in +P seedlings transferred to 2P or phytate-
supplemented medium. Transgenics showed higher sol-
uble Pi content than the wild type under both conditions
(Fig. 6, C and D). This indicates that enhanced cellular Pi
levels in OsHAD1 OE lines could be due to increased in-
tracellular APase activity.

Increased Accumulation of P in OsHAD1 OE Lines Is
Mediated by an Enhanced Phosphate Starvation Response

Increased Expression of Pi Transporters and
Secretory APases in OE Lines

Next, we studied the expression patterns of phos-
phate starvation response (PSR) Pi transporters (OsPT1,
OsPT2,OsPT4,OsPT6,OsPT8, andOsPT9) to determine
the reason for the greater P accumulation in transgenics.
Notably, OsPT8, OsPT2, OsPT9, and OsPT1 were sig-
nificantly up-regulated in roots of OsHAD1 plants un-
der the +P condition as compared with the wild type.
Their expression was further induced under 2P with
higher magnitude in OE1 (Fig. 7). Interestingly, OsPT4
and OsPT6 were highly up-regulated in overex-
pressed lines under 2P as compared with the wild
type (Fig. 7, C and D). We further determined the
expression of several predicted secretory phytases and
low-P-responsive purple acid phosphatases (PAPs) in

Figure 3. Effects of exogenously sup-
plied OsHAD1 with phytate on the
growth of Pi-starved wild-type rice
plants. A, Improvement in growth of
15-d-old Pi-deficient wild-type rice
seedlings after 7 d of recovery with
phytate (100 mM) or phytate + OsHAD1
(125 ng ofOsHAD1per 1mL of Yoshida
medium supplemented with 100 mM

phytate). Each stack consists of five
seedlings. Bar = 10 cm. B to I, Leaf
number (B), tiller number (C), fresh root
biomass (mg plant21; D), fresh shoot
biomass (mg plant21; E), root dry bio-
mass (F), shoot dry biomass (G), and
total P content (mg plant shoot21; H) in
dried shoot aswell as total P content (mg
plant root21; I) in dried roots of wild-
type rice seedlings grown under Pi suf-
ficient (+P), Pi deficient (2P), phytate
recovered (Phytate), and phytate plus
OsHAD1 (Phytate+OsHAD1) recov-
ered conditions. –P and +P plants were
provided 1mMPi (NaH2PO4) and 320mM

Pi, respectively, for 22 d in Yoshida me-
dium. Error bars indicate SE (n = 20).
Student’s t test was used to calculate
significance. Asterisks indicate P# 0.05
(*), P # 0.01 (**), and P # 0.001 (***).
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30-d-old hydroponically raised wild-type and OE lines.
Interestingly, most of the phosphatases were consistently
up-regulated in OE lines as compared with the wild type
(Fig. 7G). In concordance with this, overexpression of
OsHAD1 led to increased secretory APase activity as
compared with the wild type (Supplemental Fig. S10).
Therefore, the increased growth and P accumulation in
transgenics could be additive effects of enhanced hy-
drolysis of cellular Pi, activity of Pi transporters, and se-
cretory phosphatases/phytases.

OsHAD1 OE Leads to Increased Organic Acids
and Decreased ATP Accumulation

To further understand the increased PSR in
OsHAD1 OE plants at the metabolome level, we
performed metabolite profiling of the wild type
and OE1. A total of 319 metabolites were detected
through gas chromatography-time of flight-mass
spectrometry (GC-TOF-MS), of which 90 identified
compounds were categorized further into different
classes, such as P-containing metabolites, sugars,

Figure 4. Effects of OsHAD1 overexpression on
biomass and total P content in hydroponics. A to
C, Plant phenotypes are shown for 30-d-old hy-
droponically raised wild-type (WT) and OsHAD1
overexpressed lines (OE1, OE11, and OE8) grown
under 320 mM Pi (+P) for 30 d (A), 1 mM Pi (2P) for
30 d (B), or 1 mM Pi (2P) for 15 d followed by re-
covery with 100 mM phytate (+Phytate) for another
15 d (C). Each stack consists of three seedlings.
Bars = 10 cm. D to G, Dry root biomass (D), dry
shoot biomass (E), total P content per plant root (F),
and total P content per plant shoot (G) of wild-type
and OsHAD1 overexpression lines under control
conditions (+P; 30 d), Pi deficiency (2P; 30 d), and
phytate recovery (15 d of 2P treatment followed
by recovery with 100 mM phytate for another 15 d).
Error bars in all graphs indicate SE (n = 10). Sig-
nificant differences in overexpression lines with
respect to the wild type were determined by Stu-
dent’s t test. Asterisks indicate P # 0.05 (*), P #

0.01 (**), and P # 0.001 (***).
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acids, amino acids, and others (Supplemental Table
S1). Overexpression of OsHAD1 significantly increased
levels of several amino acids and organic acids. Inter-
estingly, most of organic acids, such as oxalic acid, citric
acid, malic acid, and succinic acid, were increased sig-
nificantly in OE1 as compared with the wild type (Fig.
8A; Supplemental Table S1). Elevated levels of these
organic acids can help to catalyze faster release of soluble
Pi from fixed P sources in the rhizosphere. Furthermore,
two of the phosphorylated metabolites, glycerol-
a-phosphate andGlc-6-P, were increased significantly in
OE1 as comparedwith the wild type. On the other hand,
another P compound, inositol-4-monophosphate, was
reduced significantly in OE1 as compared with the wild
type (Supplemental Table S1). However, ATP, the most
preferred organic substrate of OsHAD1, could not be
quantitated in GC-TOF-MS analysis; therefore, we
quantitated ATP levels in wild-type and OE lines col-
orimetrically. Notably, OsHAD1 OE lines (OE1 and
OE11) showed striking depletion of 41% to 48% in ATP
levels as compared with the wild type (Fig. 8B). This
observation indicates that the increased hydrolysis of

intracellular ATP could add to the enhanced P pool in
OE lines and subsequent phenotypic alterations. To this
end, we conclude that OsHAD1 activates PSR on over-
expression in transgenics, which leads to the observed
phenotypes.

Identification of OsHAD1-Interacting Proteins

To further understand the molecular regulation by
OsHAD1, we performed a pull-down assay to find its
interacting partners using OsHAD1 OE plants. This
analysis led to the identification of seven novel putative
interactive partners (Table II). One nucleoside diphos-
phate kinase, OsNDPK3, showed good protein cover-
age (12%) and high MASCOT scores (131) in liquid
chromatography-mass spectrometry analysis. This ki-
nase is known to transfer a Pi group from its His residue
to phosphorylate S/T/Y residues in various nucleoside
diphosphates. A yeast two-hybrid assay also confirmed
the strong interaction of OsHAD1 with OsNDPK3
(Supplemental Fig. S11). Moreover, OsNDPK3 (also

Figure 5. Growth performance and P
accumulation in wild-type (WT) and
OsHAD1 overexpressed lines under
soil conditions at different Pi concen-
trations. Plant phenotype, dry biomass,
and total P content are shown at 16 mM

(A), 32 mM (B), 160 mM (C), and 320 mM

(D) Pi. The experiment was set up in
three biological replicates. Student’s
t test was used to evaluate significant
differences in overexpression lines with
respect to the wild type. Asterisks indi-
cate P# 0.05 (*), P# 0.01 (**), and P#

0.001 (***).
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found to be low-Pi inducible) was significantly
up-regulated in OsHAD1 OE lines as compared with
the wild type (Supplemental Fig. S12). This kinase also
was found to coexpress with OsHAD1 under cytokinin

treatment (Supplemental Fig. S13). We also performed
interaction studies of OsHAD1 with other rice NDPKs.
Interestingly, OsHAD1 also showed strong interaction
with OsNDPK1 (Supplemental Fig. S11). The pull-down

Figure 6. Increased phosphatase activ-
ity and soluble P content in OsHAD1
overexpression lines. A and B, Total
acid phosphatase activity in root (A) and
shoot (B) of 30-d-old hydroponically
raised wild-type (WT) and OsHAD1
overexpression (OE1, OE11, and OE8)
lines raised under +Phytate (100 mM)
treatment (15-d-old Pi-deficient plants
recovered with 100 mM phytate for an-
other 15 d). Phosphatase activity was
quantified with 5 mg of root and 10 mg
of shoot protein, respectively, using
10mM pNPP substrate at 37°C. C andD,
Root (C) and shoot (D) soluble P content
of the wild type and OE1 at different
time points under Pi deficiency and
phytate supply. For soluble P estima-
tion, 15-d-old wild-type and OsHAD1
OE1 plants raised hydroponically under
+P conditionswere placed in Pi-deficient
or phytate-supplied (100 mM) medium.
Student’s t test was used to evaluate sig-
nificant differences in overexpression
lines with respect to the wild type. As-
terisks indicate P # 0.05 (*), P # 0.01
(**), and P # 0.001 (***).

Figure 7. Expression profiling of Pi
transporters in wild-type (WT) and
OsHAD1 transgenic plants. A to F,
Relative expression levels are shown for
OsPT1 (A), OsPT2 (B), OsPT4 (C),
OsPT6 (D), OsPT8 (E), and OsPT9 (F)
in roots of 30-d-old wild-type and
OsHAD1 overexpression (OE1) plants
raised under +P (320mM) and2P (1mM)
conditions. qRT-PCR was used to deter-
mine gene expression, and relative ex-
pression level was calculated with
respect to the expression level in roots of
wild-type +P plants. Each bar represents
an average of three replicates with SD. G,
Heat map representing relative expres-
sion levels (fold change [FC]) of predicted
secretory phosphatases/phytases in roots
of 30-d-old OsHAD1 overexpression
lines (OE1 and OE11) with respect to the
wild type, raised under +P (320 mM). The
heat mapwas generatedwithMEV 4.6.0.
software. Significant changes were de-
termined by Student’s t test. Asterisks in-
dicate P # 0.05 (*), P # 0.01 (**), and
P # 0.001 (***).
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assay additionally identified one receptor-like kinase
(Os10g04730) as an interactive partner of OsHAD1.
Notably, it has been shown that the first Asp residue of
the DFxDxT/V motif undergoes transient phosphoryl-
ation (Baldwin et al., 2001). Thus, these kinases may
invariably regulate the OsHAD1 activity by a phos-
phorylation event. Interestingly, the NetPhos 2.0 pre-
diction server revealed that OsHAD1 possesses 13 Ser,
four Tyr, and three Thr residues as phosphorylation
sites. Of these, Ser-117, Ser-160, Ser-167, Ser-182, Ser-189,
Ser-213, and Tyr-10 are highly predicted (score . 0.93)
potential phosphorylation sites. OsHAD1 in close as-
sociation with these kinases also may regulate the
phosphorylation status of downstream targets to ac-
tivate PSR.

DISCUSSION

Given the indispensable role of P in plant growth and
the limited availability of phosphate rocks, enhancing P
acquisition and utilization in crops is the key target for
sustainable agriculture. Rice is one of most important
cereal crops for the developingworld. At the same time,
rice cultivation requires the highest consumption of Pi

fertilizers in countries like India (FAI, 2008; http://
www.faidelhi.org/). Therefore, improving the low-P
tolerance of rice is a major concern in rice-growing de-
veloping nations. Notably, a larger proportion of P
exists in the form of organic compounds within cells
and the rhizosphere. However, little effort has been
devoted to enhancing Pi utilization by releasing bound
P from these compounds in rice. Low-Pi-inducible
phosphatases play important roles in releasing Pi from
bound organic compounds, both intracellularly and
extracellularly. The plant HAD superfamily comprises
a large number of phosphatases. However, very few
low-Pi-inducible phosphatases from the HAD super-
family have been identified and characterized in crop
plants (Baldwin et al., 2008; Liang et al., 2012; Zhang
et al., 2014). Here, we show that a low-Pi-inducible
haloacid dehalogenase, OsHAD1 encodes a functional
acid phosphatase and plays a key role in Pi homeostasis
in rice.

This study revealed that OsHAD1 is a novel low-Pi-
responsive APase in rice. Notably, the protein sequence
of OsHAD1 does not show significant homology with
any other known HAD superfamily phosphatase in
plants (Supplemental Fig. S14). However, a multiple
sequence alignment showed that OsHAD1 possesses

Figure 8. Organic acid accumulation
and ATP depletion in OsHAD1 over-
expression lines. A, Relative metabolite
levels (ratio of peak heights) inOsHAD1
OE lines with respect to the wild type
(WT). Error bars indicate SE from three
biological replicates. B, ATP content in
shoots of the wild type and OsHAD1
overexpression lines (OE1 and OE11).
Analyses were carried out in 30-d-old
hydroponically raised plants grown un-
der +P conditions (320 mM NaH2PO4).
Error bars indicate SE from eight repli-
cates. Significant differences in over-
expression lines with respect to the wild
type were determined by Student’s t test.
Asterisks indicate P # 0.05 (*) and P #

0.01 (**).
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the highly conserved motif I, which is essential for the
phosphatase activity of LePS2, OsACP1, PvPS2:2, and
GmACP1 phosphatases of the HAD superfamily
(Hur et al., 2007; Liang et al., 2012; Zhang et al., 2014).
Furthermore, only the four nearest homologs of
OsHAD1 in rice shared conserved motifs with
OsHAD1 (Supplemental Fig. S15); two of these also
showed transcript accumulation under low Pi, al-
though lower than OsHAD1 (Supplemental Fig. S16).
This shows that OsHAD1 is unrelated to previously
characterized low-Pi-responsive HAD superfamily
members. This may be due to the fact that there exists
a great degree of sequence divergence among HAD
superfamily members (Kuznetsova et al., 2006). This
sequence divergence also has been linked to the sub-
strate diversity of HAD proteins (Caparrós-Martín
et al., 2013). Although reported members of the HAD
superfamily were induced by low Pi, any evidence of
their transcriptional regulation was missing. Notably,
the expression of many PSR genes is mediated by a
MYB transcription factor, OsPHR2, which is a func-
tional ortholog of AtPHR1 in rice (Zhou et al., 2008; Wu
et al., 2013; Guo et al., 2015).The physical interaction of
OsPHR2 with an OsHAD1 probe in a gel-shift assay
proved that OsHAD1 acts under OsPHR2-mediated
transcriptional regulation.

OsHAD1 possesses both APase and phytase activi-
ties and shows a broad substrate specificity. It is im-
portant to mention here that most of the PAPs and
APases show wide substrate specificity (Kuang et al.,
2009; Liang et al., 2010; Tran et al., 2010b; Wang et al.,
2011; Cabello-Díaz et al., 2012). It is likely that broad
substrate specificity would help to release Pi from
various intracellular or extracellular P sources to alle-
viate Pi starvation. However, to date, no known HAD
in rice has been characterized to have broad substrate
specificity. Moreover, biochemical properties of OsHAD1,
such as high activity in acidic pH and high thermosta-
bility, further make it a suitable candidate for im-
proving the low-P tolerance of rice and other crops
that are cultivated under higher temperature and
acidic ecosystems. Since OsHAD1 is an intracellular
and membrane-bound protein, OsHAD1 also can be
overexpressed under a potential signal peptide and
targeted in an extracellular milieu for the solubiliza-
tion of bound P, including phytate. Contradictory to
most of the highly low-Pi-responsive PAPs, in silico

analysis (using SignalP 4.1, SMART, and PrediSi) of
known low-P-responsive HAD superfamily members
(such as LePS2, OsACP1, PvPS2:1, PvPS2:2, GmACP1,
PvHAD1, AtPECP1, and AtPSPase1) revealed the lack
of a potential signal peptide. Additionally, PvPS2:1,
PvPS2:2, and LePS2 have been shown to be intracel-
lular protein phosphatases. This indicates that low-Pi-
responsive HAD superfamily proteins are destined to
play some unknown cellular signaling roles under Pi
deficiency.

OsHAD1 OE lines showed higher P accumulation
than the wild type under +P, 2P, and restricted P
supply (+Phytate) in hydroponics, soil conditions, as
well as in aseptic agar (Figs. 4–6; Supplemental Figs. S6
and S17). This indicates high Pi acquisition in OE lines
irrespective of the degree/type of P supply. However,
under high-Pi conditions, OE lines showed retarded
growth as comparedwith thewild type, which could be
due to enhanced P accumulation. Previous studies also
have reported growth retardation due to high Pi accu-
mulation in rice. For instance, it is known that OsPHR2
overexpression resulted in excessive P accumulation in
rice shoots, leading to retarded growth under sufficient
Pi (Zhou et al., 2008). Higher Pi accumulation in
OsPHR2 OE lines was attributed to increased expres-
sion of several PSR genes, such as OsPTs (Zhou et al.,
2008). Likewise, overexpression/suppression of many
PSR genes, like OsMyb2P-1, OsSPX1, OsmiR399, and
ltn1, showed overaccumulation of P and retarded
growth under sufficient Pi (Wang et al., 2009; Hu et al.,
2011; Dai et al., 2012). Overexpression of OsHAD1
activated the phosphate starvation response in rice
seedlings. Elevated expression of secretory phytases/
phosphatases and PSR phosphate transporters in
OsHAD1OE lines further strengthens the signaling role
for OsHAD1 in Pi homeostasis. Several studies have
shown that increased expression of PSR transporters
and phosphatases/phytases is involved directly in the
higher P accumulation (Zhou et al., 2008; Tran et al.,
2010a; Kong et al., 2014). Furthermore, overexpression
of OsPT8 (also up-regulated in OsHAD1 OE1) showed
excessive P accumulation under high-P conditions
(Jia et al., 2011). OsPT8 is membrane localized, and
OsHAD1 also showed signal in membrane. Coex-
pression and qRT-PCR analysis of OsHAD1 showed
that both OsHAD1 and OsPT8 are down-regulated
in shoot when treated with cytokinin (Supplemental

Table II. List of putative interacting partners of OsHAD1 identified by liquid chromatography-tandem mass spectrometry analysis combined with
electrospray ionization

Locus Identifier Score Putative Function Nominal Mass Calculated pI Protein Coverage

Os05g51700 131 Nucleoside diphosphate kinase 26,124 8.88 12
Os08g34280 41 Cinnamoyl-CoA reductase 47,493 6.34 20
Os02g06770 41 Expressed protein 10,571 9.34 10
Os10g04730 35 TKL_IRAK_DUF26-la.6 47,348 5.38 3
Os02g57140 35 Expressed protein 104,855 5.57 0
Os03g04990 29 Expressed protein 99,020 5.76 1
Os02g10794 19 Expressed protein 207,557 5.32 0
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Fig. S13), a known suppressor of PSR genes under
low-P conditions (Martín et al., 2000; Hou et al., 2005;
Lai et al., 2007).
Notably, like overexpression of intracellular HAD,

PvPS2:1 alsowas found to up-regulate the transcripts of
a PSR Pi transporter, leading to enhanced P content and
superior P efficiency in Arabidopsis OE lines as com-
paredwith the wild type (Liang et al., 2012). Apart from
these findings, well-known low-Pi responses such as
increased secretory APase activity, accumulation of
organic acids (Pant et al., 2015), and decreased levels of
ATP (Mikulska et al., 1998) in OE lines indicate that
OsHAD1 is involved in regulating PSR. Reduction in
ATP content also could be caused by increased phos-
phatase activity of OsHAD1, as ATP was found to be
the most preferred substrate of OsHAD1. Increased
ATP hydrolysis by ATP can add to the cellular Pi pool
and enhance internal Pi utilization efficiency.
Reversible phosphorylation, mediated by PSR phos-

phatases and kinases, is one of the prominent post-
translational modifications that regulate Pi homeostasis
(Lan et al., 2013; Li et al., 2014). Regulation of the
phosphorylation status of proteins can affect their ac-
tivity, stability, structure, localization, and interactions
(Lan et al., 2013). Some of the proteins, such as
AtPHT1;1 and Pho4, are reported to be regulated by
reversible phosphorylation under Pi deficiency in
Arabidopsis and yeast, respectively (Springer et al.,
2003; Bayle et al., 2011). Several kinases and phospha-
tases are differentially regulated by Pi deficiency (Wu

et al., 2003; Fragoso et al., 2009; Gamuyao et al., 2012;
Lan et al., 2012). Some of these also are suggested to
play pivotal roles in maintaining Pi homeostasis
through modifying the phosphorylation status of
downstream targets. For instance, overexpression of a
protein kinase-encoding PSR gene, OsPSTOL1, was
hypothesized to regulate the phosphorylation of un-
known targets, leading to the induction of numerous
genes involved in root proliferation and, thus, Pi uptake
(Gamuyao et al., 2012). Unlike protein kinases, protein
phosphatases form a small group of proteins but can
associate themselves with a huge number of target
proteins and regulate their functions (Wang et al., 2007;
Plaxton and Shane, 2015). Overexpression of a Ser/Thr
phosphatase-encoding HAD gene, LePS2, resulted in
delayed plant development and increased APase ac-
tivity and anthocyanin content in transgenic tomato
(Baldwin et al., 2008). The altered phosphorylation of
unknown targets by LePS2 was proposed to initiate an
unknown signaling cascade that led to distinct changes
in plant morphology. OsHAD1 showed protein phos-
phatase activity, cytoplasmic location, and regulation
by OsPHR2; therefore, it might play key signaling roles
leading to the enhanced PSR observed in our study.

Overexpression of OsHAD1 in rice also might have
influenced the phosphorylation status of several target
proteins, leading to the induction of Pi transporters,
phytases, protein phosphatases, and genes involved in
organic acid production. Interestingly, phosphatases of
the HAD superfamily have been reported to share

Figure 9. Model for enhanced P accumulation in
OsHAD1 overexpression lines. Constitutive ex-
pression of OsHAD1 under the control of the
maize (Zea mays) ubiquitin promoter (ZmUbi1)
in rice leads to increased P content by direct or
indirect routes. Increased expression of OsHAD1
(protein phosphatase) along with interacting ki-
nases affects the phosphorylation status of un-
known downstream targets, which increases the
expression of PSR Pi transporters (PTs), phospha-
tases/phytases, and the accumulation of low-
molecular-weight organic acids (LMW OA).
Overexpression of OsHAD1 also leads to in-
creased expression of its interacting kinase,
OsNDPK3. Increased phosphatase activity of
OsHAD1 remobilizes P from cellular ATP. These
events ultimately lead to increased Pi acquisition
in OsHAD1 overexpression lines.

Plant Physiol. Vol. 174, 2017 2327

OsHAD1 Confers Low-Pi Tolerance in Rice

http://www.plantphysiol.org/cgi/content/full/pp.17.00571/DC1


similar active site geometries, folds, and reaction
chemistry to the response regulator signaling protein of
a two-component signaling system (His kinase phos-
phatase) in bacteria (Ridder and Dijkstra, 1999;
Immormino et al., 2015). Moreover, OsHAD1 showed
an association with kinases. Of these, NDPKs play im-
portant roles in several signal transduction pathways
and play important roles in various abiotic and biotic
stresses (for review, see Dorion and Rivoal, 2015). Thus,
OsHAD1 in coordination with protein kinases may
regulate the phosphorylation status of downstream
targets to regulate Pi homeostasis in plants (Fig. 9). The
effect of this signaling is apparent in the form of the
induction of several genes and alterations in metabolite
profile that ultimately led to increased plant P content
(Fig. 9).

Taken together, our work provides a novel resource
to improve the Pi utilization ability of rice. Since only
;20% of applied P is assimilated by crops in a year and
the rest becomes fixed in soil, sustainable agriculture
using crops with improved Pi use efficiency would be
helpful in reducing the use of Pi fertilizers and their
escape in the environment.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Seeds of the rice (Oryza sativa) genotypes Dular and PB1 were surface ster-
ilized and germinated as described earlier (Mehra et al., 2016). Uniformly
germinated seeds were transferred to Pi-sufficient (320 mM) and Pi-deficient
(1 mM) Yoshida media as described (Mehra et al., 2015). Seedlings were raised in
growth chambers at 30°C (16 h)/28°C (8 h),;70% relative humidity, and 280 to
300 mmol photons m22 s21. For OsHAD1 expression analysis, root and shoot
from +P and –P seedlings were profiled after 5, 15, and 21 d of treatment. For
expression analysis under different nutrient deficiency conditions (2N, 2P,
2K, 2Fe, and2Zn), seedlings were raised hydroponically as described (Singh
et al., 2015). Root tissues were collected after 7 and 15 d of the respective de-
ficiency treatments.

To analyze the effect of cytokinin on gene expression, 15-d-old hydroponi-
cally raised seedlings were given cytokinin (2 mM BAP) treatment for variable
times (0.5, 1, and 2 h). Seedlings were harvested and frozen in liquid nitrogen
after the respective time points.

For the analysis ofOsHAD1OE lines in hydroponics, thewild type and three
independent T3 homozygous transgenic lines were grown hydroponically
under +P and –P for 15 d as explained above. Thereafter, half of the –P seedlings
were supplied with 100 mM phytate as a restricted P source for an additional
15 d. Thirty-day-old wild-type and transgenic plants were harvested for
downstream phenotypic, biochemical, and molecular analyses.

For soil-based experiments, seedlings were raised in hydroponics under +P
and –P for 20 d. Afterward, seedlings were transferred to one-end-closed PVC
pipes (42 cm3 9.5 cm) filled with washed sand:soilrite:vermiculite (2:1:1). One
seedling per pipe was maintained. Eight replicates of both the wild type and
three overexpression lines were arranged randomly in 43 8 arrays. The whole
experiment was performed with three such arrays. The first array was planted
with seedlings raised in +P medium, while the other two arrays were planted
with –P seedlings. All three arrays were fed with 1 L of the respective +P and –P
Yoshida solutions per day per pipe. After 5 d, one array of2P-raised seedlings
was recovered with 100 mM phytate-supplemented Yoshida medium for the
next 25 d. The other two arrays were continually supplied with their respective
+P and –PYoshida solutions for 25 d. Thus, 50-d-old plants from all three arrays
were harvested for phenotypic analysis and total P content. This experiment
was carried out in a greenhousemaintained at 30°C (16 h)/28°C (8 h) and;70%
relative humidity.

For P content analysis under the aseptic condition, germinated seeds were
placed in one-half-strength Murashige and Skoog medium containing 100 mM

phytate for 7 d. For soluble Pi content analysis, 15-d-old hydroponically raised
+P plants of the wild type and OE1 were subjected to Pi-deficient medium and
100 mM phytate-supplemented medium separately. Root and shoot tissues were
frozen at different time points (0, 1, 2, 3, 5, and 7 d) of Pi deficiency and phytate
treatment, respectively.

RNAextraction and qRT-PCRwere performed as described (Mehra andGiri,
2016) using gene-specific primers (Supplemental Table S2). Total and soluble P
estimation was performed as described (Mehra et al., 2016, 2017). The statistical
significance of relative expression levels (fold changes) was evaluated using
Student’s t test.

Gel Retardation Assay

The coding region of OsPHR2 was amplified using gene-specific for-
ward and reverse primers (Supplemental Table S2) carrying NdeI and
BamHI restriction sites, respectively, and cloned in pET28a expression
vector (Novagen). 6xHis-tagged OsPHR2 was purified using Ni2+ affinity
chromatography as described (Mehra and Giri, 2016). The 485-bp pro-
moter region of OsHAD1 was amplified using gene-specific primers
(Supplemental Table S2) and used as a probe. The promoter probe was
labeled with [a-32P]CTP using the Megaprime DNA labeling system kit
(Amersham Biosciences) according to the manufacturer’s protocol.
Three different reactions were set: the first reaction contained 12.74 ng of
[a-32P]CTP-labeled OsHAD1 promoter probe only; the second reaction
contained 1.5 mg of OsPHR2 protein with 12.74 ng of labeled probe; and the
third reaction contained 1.5 mg of OsPHR2 protein, 12.74 ng of labeled
probe, with a 1003 concentration of unlabeled probe (competitor). All
three reactions were incubated with 1 mg of poly(dI-dC), 30 mM KCl, 15 mM

HEPES (pH 8), 0.02 mM DTT, 1 mM MgCl2, 0.2 mM EDTA, and 0.6% glycerol
at 37°C for 30 min. Thereafter, all reactions were electrophoresed on a 4%
polyacrylamide gel for 8 h at 100 V. The gel was exposed to a phosphor
screen overnight. The image was captured with the Typhoon 9210 phos-
phor imager (GE Healthcare).

Expression, Purification, and APase Assays of
Recombinant OsHAD1 (Wild Type and Mutated)

The coding region of OsHAD1 was amplified with gene-specific terminal
primers (OsHAD1_pET28a F and OsHAD1_pET28a R; Supplemental
Table S2). For site-directed mutagenesis, the D16A and D18A mutant
versions of OsHAD1 were generated by an overlap extension PCR method
as described (Ho et al., 1989). Mutated PCR amplicons were generated
using terminal primers (OsHAD1_pET28a) and overlapping primers
(OsHAD1_SDM_overlap) with desired mutations (Supplemental Table S2).
Wild-type and mutagenized OsHAD1 coding sequences were cloned into
BamHI and EcoRI sites of the 6xHis expression vector pET28a. Recombinant
wild-type/mutagenized OsHAD1 protein was induced in Escherichia coli
strain BL21(DE3)pLysS with 100 mM isopropylthio-b-galactoside and puri-
fied by Ni2+ affinity chromatography (Mehra and Giri, 2016). Five micro-
grams of purified D16A, D18A, andwild-type OsHAD1 proteins was used for
the APase assay in a 100-mL reaction containing 10 mM pNPP as substrate,
5 mM MgCl2, and 50 mM sodium acetate (pH 6). Reactions were incubated at
37°C for 30 min. The amount of Pi released was quantified by adding 100 mL
of ammoniummolybdate reagent (Kitson andMellon, 1944). Released Pi was
estimated by measuring A410 using POLARstar Omega (BMG Labtech) in at
least three replicates.

Biochemical Characterization of OsHAD1

pH and Temperature Optima of OsHAD1

The pH optimumof OsHAD1was determined at various pH levels (2, 5, 6, 7,
7.4, 8, and 8.8) in a reaction containing 10 mM substrate (pNPP, ATP, AMP, and
Rib-5-P), 5 mM MgCl2, and 10 mg of recombinant OsHAD1 protein at 37°C for
30 min. A 50 mM concentration of sodium acetate and Tris-Cl buffer were used
to set the pH range from pH 2 to 6 and pH 7 to 8.8, respectively. To determine
the optimum temperature of OsHAD1, activity assays of OsHAD1 were per-
formed for 30 min at different temperatures (25°C–75°C) in a reaction con-
taining 10 mg of purified OsHAD1 protein, 5 mM MgCl2, 50 mM sodium acetate
buffer (pH 6), and 10 mM pNPP. Released Pi was measured by the yellow
vanadomolybdate method.
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Substrate Specificity and OsHAD1 Reaction Kinetics

To determine the substrate specificity of OsHAD1, various P-containing
compounds (pNPP, ATP, ADP, AMP, inorganic pyrophosphate, sodium
phytate, O-phosphoserine, O-phosphothreonine, Glc-6-P, Fru-6-P, Man-6-P,
Rib-5-P, dRib-5-P, and a-D-Man-1-P) were used. Activity assays were per-
formedwith 10 mM of different substrates as described above. For the kinetics
study, activity assays were carried out with ATP and pNPP as substrates over
a wide range of concentrations (0.1, 0.15, 0.2, 0.25, 0.5, 1, 1.25, 2, 5, 10, 15, 20,
25, 50, 75, and 100 mM). Specific activity and Km were calculated from a
Lineweaver-Burk plot. All reactions were performed in triplicate.

Effects of Different Ions and Inhibitors on the Phosphatase
Activity of OsHAD1

Thephosphatase activity ofOsHAD1was analyzedwith 10mMchloride salts
of different cations (Mn2+, Na+, K+, Ca2+, Co2+, Mg2+, Cu2+, and Ni2+) and 10 mM

sodium salts of different anions (EDTA, citrate, molybdate, phosphate,
thiosulfate, bicarbonate, and sulfate). Reactions were performed in three
replicates with 10 mM pNPP as described above.

Exogenous Application of OsHAD1 to
Wild-Type Seedlings

Rice seedlingswere raised hydroponically infive separate containers in three
biological replicates. One container was supplied with 320 mM NaH2PO4 (+P)
while four others were supplied with 1 mM NaH2PO4 (2P) for 15 d. Each con-
tainer contained 20 seedlings. After 15 d, Pi-starved seedlings in three of the
containers were recovered with 100 mM phytate (Sigma; P8810) as the P source.
Out of these three containers, two were supplemented with 125 ng mL21 pu-
rified recombinant OsHAD1 wild-type or mutated protein (D16A). Seedlings
were recovered for another 7 d. The rest of the seedlings in +P and –P medium-
containing containers continued to be raised in their respective nutrient media
for another 7 d. After this, the seedlings were harvested for phenotypic and total
P content analyses.

Vector Construction and Development of Transgenic Lines

Full-length cDNA (AK240756) of OsHAD1 was amplified using gene-
specific primers (Supplemental Table S2) and cloned under the control of the
ZmUbi1 promoter in a Gateway-compatible overexpression vector, pANIC6B
(Mann et al., 2012). The overexpression construct was transformed into Agro-
bacterium tumefaciens strain EHA105 and introduced into rice calli by the A.
tumefaciens-mediated transformation method as described (Toki et al., 2006).
Regenerated plants were selected on hygromycin (50mgmL21) and screened by
PCR with hptII gene-specific primers and GUS histochemical staining.

Phosphatase and Phytase Activity Assay in Wild-Type and
Transgenic Plants

Total proteinwas extracted from 250mg of frozen roots and shoots of 30-d-
old hydroponically raised (+Phytate) wild-type and OsHAD1 transgenic
plants in chilled extraction buffer (100 mM potassium acetate, 20 mM CaCl2,
2 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, and 20% glycerol, pH 6)
as described (Mehra et al., 2017). For total phosphatase activity, 20 mg of
extracted protein was incubated with 10 mM pNPP, 5 mM MgCl2, and 50 mM

sodium acetate buffer (pH 6) in a total volume of 100 mL. Reactions were
performed at 37°C for 15 min. Released Pi was measured by the yellow
vanadomolybdate method (Kitson and Mellon, 1944). For phytase activity,
reactions were performed with 40 mg of total protein and 10 mM sodium
phytate as substrate.

For the estimation of secretory APase activity, wild-type and OE1
seedlings were raised hydroponically under +P and –P conditions for 12 d.
After this, 10 plants each of the wild type or OE1 were kept in 100 mL of +P
or –P medium in a glass tube. After 3 d, liquid medium was collected from
each tube and filtered. The secretory APase activity assay was performed
as described previously (Mehra et al., 2017). A total of 800 mL of filtered
medium was incubated with 5 mM pNPP at 37°C for 1 h. Reactions were
stopped by 100 mL of 0.4 M NaOH. APase activity was quantitated spec-
trophotometrically at 410 nm. The whole experiment was performed in
three replicates.

Subcellular Localization of the OsHAD1:YFP
Fusion Protein

The coding sequence of OsHAD1 was fused in frame with the coding se-
quence of YFP by cloning in pSITE-3CA using the Gateway cloning system
(Invitrogen). Particle bombardment assays were performed on onion (Allium
cepa) epidermal cells as described earlier (Mehra et al., 2017). For transient
expression in Nicotiana benthamiana, the OsHAD1 construct in pSITE-3CA
was transformed into A. tumefaciens strain GV3101. Agroinfiltration of
N. benthamiana was carried out according to Walter et al. (2004). For plas-
molysis, epidermal cells were exposed to 5% NaCl solution for a few seconds.
Images were analyzed using the AOBS TCS-SP2 (Leica) confocal microscope.

Metabolite Profiling and ATP Estimation

For metabolite profiling and ATP estimation, 30-d-old +P-grown wild-type
andOsHAD1OE lineswere used. Formetabolite extraction, 1mg of lyophilized
leaves was ground in 1 mL of prechilled solvent (methanol:chloroform:water,
5:2:2, v/v/v) for 30 s at 1,500 rpmusingaRetschballmill. Sampleswerevortexed
for 6 min at 4°C followed by centrifugation at 14,000 rcf for 2 min. Clear su-
pernatant was collected and dried in a Labconco Centrivap cold trap concen-
trator. Extracts were derivatized and prepared for GC-TOF-MS using the
ALEX-CIS GC-TOF-MS apparatus as described (Fiehn et al., 2008). The exper-
iment was performed in three replicates.

ATP estimation was performed according to Zeng et al. (2013). Briefly,
100 mg of leaf samples of 30-d-old +P-grown wild-type and OsHAD1 OE1
plants was crushed in liquid nitrogen. Ground samples were mixed immedi-
ately with 400 mL of 0.0005% (v/v) perchloric acid and boiled for 10 min in a
water bath. The whole mixture was centrifuged at 13,000 rpm for 15min at 4°C,
and a clear supernatant was collected for ATP estimation using an ATP color-
imetric assay kit (Sigma; MAK190). Quantitation was done from eight inde-
pendent replicates.

Immunoblotting of OsHAD1

A total of 40 mg of protein extract was electrophoresed on 12% SDS-PAGE.
Subsequently, proteinswere transferred to a polyvinylidene difluoridemembrane
(Millipore) in a western-blot tank according to the manufacturer’s protocol. The
membrane was blocked with 5% (w/v) skim milk in PBST buffer overnight.
Immunodetection of OsHAD1 was carried out by incubating with primary an-
tibody (anti-OsHAD1 raised in rabbit) in 5% skim milk for 2 h followed by three
gentle washings with PBST buffer for 5, 10, and 5 min. After washing, the
membrane was incubated with secondary antibody diluted in 5% skim milk for
2 h. Following two washings, each for 10 min, OsHAD1 protein was detected by
incubating the membrane in BCIP-NBT (Sigma; B1911) substrate for 2 min.

Pull-Down and Yeast Two-Hybrid Assays

The coding region of OsHAD1 was fused with GST tag by cloning in
pGEX4T-1 expression vector (Amersham Biosciences). Recombinant OsHAD1
and empty pGEX4T-1 vector were independently transformed and induced in
E. coli strain BL21(DE3)pLysS as described above. Recombinant OsHAD1 was
immobilized on GST beads (Sigma; G4510) according to the manufacturer’s
protocol. Interactome analysis through GST pull down was performed as de-
scribed (Datta et al., 2015). Briefly, total protein from 30-d-old +P-grown
OsHAD1 OE1 was extracted using extraction buffer (1 mM DTT, 1 mM phe-
nylmethylsulfonyl fluoride, 1 mM EDTA [pH 8], in 13 phosphate-buffered sa-
line, pH 7.4). Total plant protein was incubated with OsHAD1-GST-bound
agarose beads at 4°C overnight. Furthermore, the beads were washed with 13
phosphate-buffered saline three times for 10 min with gravity flow. Proteins
bound with GST beads were eluted with 20 mM glutathione at pH 8. Eluted
proteins were electrophoresed on 12% SDS-PAGE. Separated protein bands
were identifiedwith liquid chromatography-mass spectrometry combinedwith
electrospray ionization as described earlier (Jaiswal et al., 2013).

Yeast two-hybrid assays were performed using the Matchmaker Gold Yeast
two-hybrid system (Clontech) according to the manufacturer’s protocol. The
coding sequence of OsHAD1was cloned into the bait vector pGBKT7 (BD). The
coding sequences of OsNDPK1, OsNDPK2, and OsNDPK3 were cloned into
the prey vector pGADT7 (AD). AD and BD clones were cotransformed in yeast
strain Y2H Gold (Clontech) and selected on minimal medium, His, Leu, and
Trp, and adenine, His, Leu, and Trp.
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Expression profiling of OsHAD1 in different tis-
sues and developmental stages.

Supplemental Figure S2. Induction and purification of OsHAD1 recombi-
nant protein.

Supplemental Figure S3. Asp residues of motif I are essential for the ac-
tivity of OsHAD1.

Supplemental Figure S4. Confirmation of OsHAD1 overexpression lines
for transgenic nature.

Supplemental Figure S5. Phenotype of OsHAD1 overexpressed lines
grown in soil under +P, 2P, and phytate recovery conditions.

Supplemental Figure S6. Effects of OsHAD1 overexpression on biomass
and total P content of plants grown in soil.

Supplemental Figure S7. Transient expression of YFP-OsHAD1 in onion
epidermal cells.

Supplemental Figure S8. Transient expression of YFP-OsHAD1 in
N. benthamiana.

Supplemental Figure S9. Phytase activity of the wild type and OsHAD1
overexpression lines raised under phytate recovery.

Supplemental Figure S10. Overexpression of OsHAD1 increased secretory
APase activity in rice.

Supplemental Figure S11. Yeast two-hybrid assay of OsHAD1 with
OsNDPK1/2/3.

Supplemental Figure S12. Expression profile of OsNDPK3.

Supplemental Figure S13. Coexpression of OsHAD1 with OsPT8 and
OsNDPK3 under cytokinin treatment.

Supplemental Figure S14. Sequence alignment of OsHAD1 with known
low-P-responsive HAD superfamily members.

Supplemental Figure S15. Amino acid sequence alignment of OsHAD1
with its nearest rice homologs.

Supplemental Figure S16. Expression profile of OsHAD1 and its nearest
homologs in rice under the P-deficient condition in Dular and PB1 roots
and shoots.

Supplemental Figure S17. P profile and dry biomass of the wild type and
OsHAD1 overexpression lines grown under low-P or phytate supply.

Supplemental Table S1. List of metabolites identified in OsHAD1 OE lines
and the wild type using ALEX-CIS GC-TOF-MS.

Supplemental Table S2. List of primers used in this study.
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