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Reducing phosphorus accumulation in rice grains 
with an impaired transporter in the node
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Phosphorus is an important nutrient for crop productivity. More 
than 60% of the total phosphorus in cereal crops is finally allocated 
into the grains and is therefore removed at harvest. This removal 
accounts for 85% of the phosphorus fertilizers applied to the 
field each year1,2. However, because humans and non-ruminants 
such as poultry, swine and fish cannot digest phytate, the major 
form of phosphorus in the grains, the excreted phosphorus 
causes eutrophication of waterways. A reduction in phosphorus 
accumulation in the grain would contribute to sustainable and 
environmentally friendly agriculture. Here we describe a rice 
transporter, SULTR-like phosphorus distribution transporter 
(SPDT), that controls the allocation of phosphorus to the grain. 
SPDT is expressed in the xylem region of both enlarged- and 
diffuse-vascular bundles of the nodes, and encodes a plasma-
membrane-localized transporter for phosphorus. Knockout of this 
gene in rice (Oryza sativa) altered the distribution of phosphorus, 
with decreased phosphorus in the grains but increased levels in 
the leaves. Total phosphorus and phytate in the brown de-husked 
rice were 20–30% lower in the knockout lines, whereas yield, seed 
germination and seedling vigour were not affected. These results 
indicate that SPDT functions in the rice node as a switch to allocate 
phosphorus preferentially to the grains. This finding provides a 
potential strategy to reduce the removal of phosphorus from the 
field and lower the risk of eutrophication of waterways.

Phosphorus (P) is an essential macronutrient for both plants and 
animals, and more than 5.7 billion ha of land worldwide is deficient 
in plant-available P (ref. 3). Therefore, the application of P fertilizers 
has been a routine agronomic practice to increase crop productivity4. 
However, owing to strong fixation of P with iron, aluminium and 
 calcium in soils5, only 10–25% of applied P is used by crops6. Therefore, 
P fertilizer needs to be applied continuously in agriculture to sustain 
crop yields, but the rock phosphate (or phosphorite) used for producing 
fertilizers is presumed to be used up in the future7.

About 60–85% of total plant P is finally allocated to the grains in 
cereal crops1,8,9. Therefore, most P taken up by the roots is removed 
from fields at harvest. It is estimated that the total P removed annually 
in grain and fleshy fruit crops equates to 85% of P fertilizers applied 
to crops globally2. Furthermore, the major form of P in the grains is 
phytate, which account for 65–80% of total P in the grains10. Phytate is a 
salt form of phytic acid (InsP6). Phytate is required for seed germination  
as a P source11, but a seed P concentration as low as 1 mg g−1 was 
 sufficient for seed germination and seedling vigour12. However, most 
rice produced contains higher than 2 mg g−1 P in the grains13,14. This 
high level of P in the grain results in eutrophication because phytate in 
the grains cannot be digested by humans and monogastric animals, and 
almost 90% of phytate in animal feed is thus excreted into rivers, lakes 
and oceans15. Furthermore, phytic acid forms strong complexes with 
metals such as zinc and iron, thereby reducing their availability10,15.  
Total P accumulation as well as the phytate concentration in grains 

must therefore be decreased to solve these environmental and nutri-
tional problems. This is especially important in rice (Oryza sativa), 
which is a staple food for half of the world’s population. Reducing P in 
grains is also important to decrease the removal of P from the fields, 
which would ultimately reduce the application of P fertilizer. However, 
the molecular mechanism underlying the allocation of P to the grains 
is unknown16,17.

The final destination of mineral elements to the grain occurs in a 
few upper nodes18,19. We found that one gene (Os06g0143700/SPDT) 
showed higher expression in node I, which connects with the flag 
leaf and panicles. The open-reading frame (ORF) of SPDT is 2,013 
bp, encoding a protein with 670 amino acids (Extended Data Fig. 1). 
It belongs to a subgroup of the sulfate transporter (SULTR) family20 
(Extended Data Fig. 1), designated SULTR-like phosphorus distri-
bution transporter (SPDT). At the vegetative growth stage, higher 
expression of SPDT was found in the shoot basal region, which con-
tains basal nodes, than in the shoots and roots (Extended Data Fig. 2a).  
Furthermore, the expression in the shoot basal region was highly 
upregulated by P-deficiency, but not by S-deficiency or excess of  
P and S (Extended Data Fig. 2a, b). At the reproductive growth stage, 
SPDT showed the highest expression in node I (Extended Data Fig. 2c).  
Furthermore, in both the basal node and node I, expression of the SPDT 
promoter was detected in the xylem region of two distinct vascular 
bundles18,19—enlarged vascular bundles (EVBs) and diffuse vascular 
 bundles (DVBs)—as well as in the parenchyma tissues between these, but  
not in the phloem region (Fig. 1a–h). Subcellular localization inves-
tigation showed that SPDT was localized at the plasma membrane in 
onion (Allium cepa) epidermal cells (Fig. 1i–l, Extended Data Fig. 3).

We tested the transport activity of SPDT for inorganic phosphate 
(Pi) using two different approaches. Proteoliposomes containing 
 purified recombinant SPDT protein showed uptake of radiolabelled 
Pi when there was a pH gradient (outside pH 5.6 versus inside pH 7.0) 
(Fig. 2a, b). This transport activity disappeared when the pH was the 
same inside and outside of the liposome, indicating that SPDT is an 
influx transporter for Pi driven by proton gradient. Furthermore, the 
 transport activity was not inhibited by the presence of 5 mM sulfate but  
was significantly decreased by the presence of cold Pi at the same 
 concentration (Fig. 2b).

When SPDT was expressed in Xenopus oocytes, the transport 
 activity for Pi was observed at pH 5.5 in the external solution (Fig. 2c). 
However, at pH 7.5, the transport activity was not detected (Fig. 2c), 
again indicating that SPDT is a H+/Pi symporter.

To investigate the role of SPDT in rice, we obtained three inde-
pendent retrotransposon Tos-17 insertion lines (Extended Data  
Fig. 1). When these lines were hydroponically cultured with its wild 
type (cv. Nipponbare) in the presence of sufficient Pi (90 μ M), no 
 difference was found in the growth or P content in the roots and shoots 
between the wild-type rice and mutants at the vegetative growth stage 
(Fig. 3a, Extended Data Figs 4a, d, 5a). However, the distribution of  
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P but not of S and other mineral elements in different leaves was altered 
in the mutants. The P concentration was significantly decreased in the 
shoot basal region and the newest leaf but was increased in some older 
leaves of the mutants compared with wild-type rice (Extended Data 
Figs 5, 6).

We further grew the mutants and the wild-type rice in the presence 
of low Pi (1 μ M). The youngest leaf showed chlorosis and the growth 
of the younger leaves (leaves 7 and 8) of mutants was decreased by 
20–48% compared with wild-type rice owing to decreased distribution 
of Pi to the young leaf, resulting in P deficiency (Fig. 3b, Extended Data  

Fig. 4b, e). By contrast, no difference was observed in the growth 
between wild-type rice and mutants under a low S (10 μ M) condition 
(Extended Data Fig. 4c, f).

Up to 51% of P in old leaves (leaves 2–6) was re-translocated to 
new leaves (leaves 7–8) during 1 week of P starvation (Extended Data  
Fig. 5c), but there was no difference in the P re-translocation between 
wild-type rice and spdt mutants. By contrast, a short-term (6 h) label-
ling experiment with radioisotope 32P showed that the distribution of 
newly absorbed P to the shoot basal region and the newest leaf (leaf 9)  
was significantly decreased, whereas distribution to the old leaves was 
increased in the mutants compared with wild-type rice (Extended 
Data Fig. 5d). All of these results indicate that SPDT is involved in the 
 preferential distribution of P to the developing leaves, rather than in 
the re-translocation of P at the vegetative growth stage.

The performance of spdt mutants was also evaluated in the field. 
Almost no differences in the agronomic traits were observed between 
wild-type rice and mutants (Extended Data Fig. 7). Knockout of SPDT 
did not significantly affect either the yield components or the total 
grain yield in knockout lines except spdt-3 (Fig. 3c–f). However, the 
distribution of P in different organs was greatly altered in the mutants. 
In wild-type rice, 64.5% of total P in the above-ground parts was  
allocated to the brown rice (de-husked grain), whereas in the mutant 
this percentage was lowered to 42.5–44.0%. The distribution ratio 
of P in other parts was lower in wild-type rice than in the mutants  
(35% versus 57%) (Fig. 3g). As a result, both the P concentration and the  
P content in the brown rice of the mutants were decreased by about 
20%, whereas that in the straw was increased by about 20% (Extended 
Data Fig. 8a, b). Because the difference in the dry-weight distribution of 
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Figure 1 | Tissue specificity of SPDT expression and subcellular 
localization of SPDT. a–h, Tissue specificity of SPDT expression in nodes. 
Immunostaining with an anti-green fluorescent protein (GFP) antibody 
was performed in basal node (a–c) and node I (d–h) of transgenic rice 
carrying SPDT promoter-GFP (a, b, d–g) and of wild-type rice (c, h). 
Images are representative of eight independent lines. Boxed areas in  
a, d and e are magnified in b, e, f and g, respectively. Fluorescence from 
the secondary antibody (red) and the cell wall auto-fluorescence (blue) are 
shown. Areas of enlarged vascular bundles (EVBs) and diffuse vascular 
bundles (DVBs) are indicated by yellow dashed lines in e. The xylem 
and phloem regions of regular vascular bundles (x and p), enlarged 
vascular bundles (xE and pE), and diffuse vascular bundles (xD and pD) are 
shown. i–l, Subcellular localization of SPDT. SPDT:GFP was transiently 
introduced into onion epidermal cells together with DsRed by particle 
bombardment. Fluorescence signals from GFP (i), DsRed (j) and the 
merged images (k) are shown. The boxed area in k is magnified in l. 
Images are representative of three independent cells. Scale bars, 100 μ m.
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Figure 2 | Transport activity of SPDT protein. a, Purification of SPDT. 
The purified fraction was analysed by SDS–PAGE and visualized by 
Coomassie Brilliant Blue staining (left) and by western blot with  
anti-6× His antibody (right). b, SPDT-mediated H+/Pi symport 
labelled with 32P by proteoliposomes. Liposomes (negative control) and 
proteoliposomes containing purified SPDT were prepared in buffer at  
pH 7.0, incubated in buffer at either pH 7.0 (− ) or pH 5.6 (+ ), and assayed 
after 2 min. cis-Inhibition of Pi transport was determined in the presence 
of the 5 mM non-labelled Pi or sulfate. Data are mean ±  s.e.m. of technical 
replicates (n =  3). * P <  0.05 (two-tailed paired Student’s t-test). NS, not 
significant. c, Transport activity of Pi in Xenopus laevis oocyte. Oocytes 
expressing SPDT or water-injected negative control were exposed to  
32Pi for 30 min at pH 5.5 or 7.5 in the external solution. Data are 
mean ±  s.d. of biological replicates (n =  5). * P <  0.05 (Student’s t-test).
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brown rice was only 3–6% between wild-type and mutants (Extended 
Data Fig. 8c, d), the difference in the P content of brown rice mainly 
resulted from altered P distribution by SPDT knockout. Most 
 importantly, the concentration of phytate in the brown rice was 25–32% 
lower in the mutants than in the wild-type rice (Fig. 3h). However, 
neither the seed germination rate nor the early growth was affected 
by the reduced phytate content in the mutants (Fig. 3i, Extended Data 

Fig. 9). The total P content per plant was similar between wild type and 
mutants, and the concentration of inorganic P was decreased in the 
mutants, but not significantly (Extended Data Fig. 8e, f).

The brown rice of the mutant appears similar in colour and size to 
that of wild-type rice (Extended Data Fig. 7f). Knockout of SPDT barely 
affected the concentrations of other minerals in brown rice (Extended 
Data Fig. 10).
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Figure 3 | Phenotypic analysis of spdt mutants at 
different growth stages. a, b, Growth with different 
P supply at the vegetative stage. Both wild-type (WT) 
rice and spdt mutants were grown in a nutrient solution 
containing 90 μ M P (control) (a) and 1 μ M P (low P) 
(b) for 42 days. Plants were separated into roots (R), 
shoot basal region (B) and individual leaves (2 to 9 
from oldest to youngest). Inset of b shows magnified 
image of leaf blade of leaf 7. Images are representative 
of three independent lines. c–h, Phenotype of spdt 
mutants grown in a paddy field at harvest. c–f, Yield 
components. Data are mean ±  s.d. of 24 biological 
replicates (3 plots with 8 replicates each). g, P 
distribution ratio in different organs of above-ground 
part. Data are mean ±  s.d. of 9 biological replicates 
(3 plots with 3 replicates each). Total P content is 
shown in Extended Data Fig. 8b. h, Phytic acid (InsP6) 
concentration in brown rice. Data are mean ±  s.d. of 
biological replicates (n =  3). i, Time-dependent growth 
of seedlings. Growth of wild-type rice and spdt mutants 
(spdt-1–spdt-3) was monitored up to 5 days after 
sowing. Pictures are representative of 20 individuals. 
Scale bars, 10 mm. * P <  0.05, * * P <  0.01, mutants 
compared with wild-type (Tukey’s test).

WT spdt mutant 

100

64 43

35

Grain Grain

Straw

SPDT

SPDT

Surplus P 
accumulation 

Decrease
- P removal 
- Anti-nutrient effect 
- Eutrophication

Uptake

Increase
- P retention
- Return to �eld

Field

P 
fertilizer

100

57
Straw

UptakeField

P 
fertilizer

Low P
input

Leaf
Upper node/

panicle

DVB

EVB

NVA

Lower node/
root

Phloem region 

Xylem vessel

Xylem parenchyma 

cell of EVB

Xylem transfer cell

of EVB

Xylem parenchyma 

cell of DVB

Intervascular 

parenchyma cell

Bundle sheath cell

of EVB

Xylem P �ow

Phloem P �ow

P transport by SPDT

Route of symplast P

Cells

expressing SPDT

a

b

Figure 4 | Role of node-localized SPDT in P distribution in rice and 
effect of SPDT knockout on P resource. a, Schematic diagram of  
P transport meditated by SPDT in node cross section. EVBs connecting 
from lower node to leaf and DVBs from the node to upper node/panicle 
are joined by the nodal vascular anastomosis (NVA) at the basal part of 
the node. SPDT is expressed in xylem parenchyma cells of both EVBs 
and DVBs including xylem transfer cells and also in bundle sheath of 
EVBs and intervascular parenchyma cells, which are connected by dense 
plasmodesmata. SPDT mediates uptake of Pi from the xylem flow and 
probably helps to maintain symplastic P transport between parenchyma 
cells, resulting in promoted movement of P from the xylem to the phloem 
and also from EVBs to DVBs within the node. b, Effect of SPDT on the 
P cycle. In wild-type rice, 64% of total P was delivered to the grain and 
35% to the straw. By contrast, knockout of SPDT resulted in less P in the 
grain (43%) and more P in the straw (57%) without an effect on penalty. 
As a consequence of reduction of P in the grain, less P is removed from 
the field, the risk of eutrophication of waterways is lowered, and the 
bioavailability of essential metals (for example, Zn and Fe) is increased 
because the concentration of phytic acid in the grain was decreased.
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To reveal further the role of SPDT in the preferential P distribution to 
the grain, we fed 32P from the stem-cut end below node II for 24 h at the 
grain-filling growth stage. Most of the newly absorbed P was delivered 
to the grains in both wild-type rice and the mutants, but the distribu-
tion to the grains was reduced by around 20% in the mutants compared 
with wild-type rice (Extended Data Fig. 8g). By contrast, the distribu-
tion of newly absorbed P to other parts was slightly increased in the 
spdt mutants (Extended Data Fig. 8g). P in the grain comes from two 
sources: re-translocation from old leaves and node-based distribution 
of P newly taken up after the flowering stage. Our results indicate that 
SPDT localized in the nodes, especially uppermost node I, functions 
as a switch for P distribution to the grains in rice (Fig. 4). It mediates 
transient incorporation of Pi from xylem to the nodal tissues, which 
promotes P transfer from the xylem to phloem and also from EVBs to 
DVBs in the node. SPDT is therefore required for preferential P distri-
bution to the grains as well as to new leaves (Fig. 4a). Loss of function 
of SPDT resulted in increased xylem P flow to expanded leaves, rachis 
and husk (Extended Data Figs 5d, 8g).

Under field conditions, knockout of SPDT resulted in a 20%  reduction 
of total P in the grain without obvious penalty of grain yield, but 
increased P in the straw (Fig. 4). Because straw will be returned to the 
field after harvest, less P will be removed from the field. This  reduction 
could save farmers several hundred million US dollars  annually in  
P  fertilizer input13. Furthermore, the phytate concentration in the grain 
was also reduced by about 30% (Fig. 3i), which increases the  bioavailability 
of zinc and iron, and lowers the risk of eutrophication of waterways  
(Fig. 4b). Our SPDT findings may also provide a good option to reduce 
the content of the total P and phytate in the grains of other cereal crops 
such as wheat, barley and maize (Supplementary Discussion).

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
No statistical methods were used to predetermine sample size. The experiments 
were not randomized and investigators were not blinded to allocation during 
experiments and outcome assessment.
Plant materials and culture conditions. A wild-type rice (Oryza sativa L., cv. 
Nipponbare), and three retrotransposon Tos-17 insertion mutants of SPDT 
(ND0047/spdt-1, NE3502/spdt-2 and NC8255/spdt-3) were used in this study. 
Tos-17 was inserted into the fourth and eighth exon of the SPDT coding region 
(Extended Data Fig. 1), which resulted in no transcripts of SPDT in these lines. For 
hydroponic experiments, seeds were soaked in water overnight at 30 °C in the dark 
for 2 days and then transferred to a net floating on 0.5 mM CaCl2 solution. After  
3 days, the seedlings were transferred to a half-strength Kimura B solution  
(pH 5.6)21 and grown in a greenhouse at 25–30 °C under natural light. The nutrient 
solution was changed every 2 days. All experiments were conducted with at least 
three replicates.
Phenotypic analysis of spdt mutants. Seedlings of wild-type rice and spdt mutants 
(10 days old) prepared as described above were cultivated in a nutrient solution 
containing 90 μ M P (control), 1 μ M P (low P) or 10 μ M S (low S). After 42 days, 
different organs were sampled including roots, shoot basal region (5 mm above the 
root-shoot junction) and individual leaves (from leaf 2 (old) to leaf 8 or 9 (young)) 
after the roots were washed by 5 mM CaCl2 solution three times. These samples 
were used to determine their contents of P and other minerals as described below. 
Photos were taken by Y.T.

Field experiments were carried out at the experimental paddy field of Okayama 
University in 2014 and 2015. Three-week-old seedlings of wild-type rice and three 
mutants pre-cultured hydroponically were transplanted to the field in June and  
harvested at the end of September. At harvest, plant height, stem length, tiller  
number and panicle number were recorded. Yield components were also  investigated.  
After air-drying, the spikelet number per panicle was counted. The percentage 
of filled spikelets was determined in a salt solution with a gravity of 1.06. After  
air-dried, a portion of the filled spikelets was de-husked with a small thresher (Kett 
TR- 110). The brown rice was weighed, and the 1,000-grain weight and grain yield 
per plant were calculated. Photos were taken by N.Y.
Expression pattern of SPDT. To investigate the response of SPDT expression 
to different concentrations of P or S at the vegetative growth stage, we exposed 
12-day-old seedlings of the wild-type rice to various P concentrations (0, 10, 90, 
200 and 2,500 μ M) or S concentrations (0, 10, 100, 500 and 2,500 μ M). After 1 week, 
shoots, the shoot basal region (0.5 cm above the root-shoot junction) and roots 
were sampled for RNA extraction. The expression pattern of SPDT at flowering 
and grain filling stage was investigated by sampling different organs of rice grown 
in a paddy field as described previously21.

Total RNA was extracted by using an RNeasy Plant Mini Kit (Qiagen) 
and cDNAs were synthesized by ReverTra Ace qPCR RT Master Mix 
with gDNA Remover (Toyobo). Subsequently, cDNAs were amplified  
by Sso Fast EvaGreen Supermix (Bio-Rad) and quantitative real-time PCR was  
performed with the following primer sets for SPDT; 5′ -CCATGTACCT 
CGGCGAGAGG-3′  and 5′ -CATCGAGGCCACTCGTGTCG-3′  on CFX384 
(Bio-Rad). Histone H3 (Os06g0130900) was used as an internal standard  
with a primer pair; 5′ -AGTTTGGTCGCTCTCGATTTCG-3′  and 5′ -TCAACAAGT 
TGACCACGTCACG-3′ . The relative expression was normalized based on histone 
H3 by the ∆ ∆ Ct method.
Tissue specificity of SPDT expression. To investigate the tissue specificity of 
SPDT expression, we amplified the 2.0-kb promoter region of SPDT using the 
primer pair 5′ -aaaaagcaggctttGCTCTCAAGATTGAGAAAGTGGA-3′  and  
5′ -agaaagctgggttGGCGATCGAGTCGAGAGGGA-3′ . Lower-cased bases denote 
adapter for Gateway cloning system (Thermo Fisher Scientific). The fragment ampli-
fied was subcloned into the binary vector pGWB4 (ref. 22), to generate pSPDT-GFP. 
This construct was subsequently introduced into Agrobacterium tumefaciens  
(strain EHA101). Callus was induced from wild-type rice (cv. Nipponbare) for 
Agrobacterium-mediated transformation. Immunostaining was performed using 
the basal node and node I of the wild-type rice and the transgenic plant carrying 
pSPDT-GFP as described previously21. The signal was observed with a confocal 
laser scanning microscope (LSM700; Carl Zeiss).
Subcellular localization of SPDT. To determine the subcellular localization  
of SPDT, we amplified the ORF of SPDT using primer pairs; 5′ -aaaaagca 
ggctccATGGTTGTCAACAACAAGGTGG-3′  and 5′ -agaaagctgggtgTCAGGG 
CTGTGTTTTGTGCGG-3′  for generating GFP:SPDT or 5′ - aaaaagcaggctccAT 
GGTTGTCAACAACAAGGTGG-3′  and 5′ -agaaagctgggtaGGGCTGTGTTTTG 
TGCGGCG-3′  for generating SPDT:GFP. Lower-cased bases denote adapter 
for Gateway cloning system (Thermo Fisher Scientific). These constructs were 
subcloned into the binary vector pGWB6 or pGWB5 (ref. 22), respectively. Gold 
particles with a diameter of 1 μ m coated with GFP:SPDT and DsRed-monomer 
(Clontech)19 or SPDT:GFP and DsRed-monomer were introduced into onion 

epidermal cells using particle bombardment (Helios Gene Gun system, Bio-Rad). 
The fluorescence signal was observed with a confocal laser scanning microscope 
(LSM700; Carl Zeiss).
Determination of phytic acid and Pi in brown rice. The phytic acid (InsP6) 
concentration was determined by ion-chromatography according to the method 
described previously23. Pi was determined by the method described before24. In 
brief, 2.0 g of ground brown rice was extracted by 10% TCA with shaking in a 
50 ml falcon tube at 4 °C. After 8 h, the supernatant was obtained by  centrifugation 
at 8,000g, for 10 min at 4 °C. The residues were re-extracted with 5% TCA three 
times and the combined supernatants were filtered with filter paper (ADVANTEC 
90 mm). The Pi concentration was determined by ammonium molybdate 
 colorimetric method24.
Labelling experiments with radioisotope 32P. For the vegetative stage experiment, 
seedlings (5 weeks old) of the wild-type rice and three spdt mutants were exposed 
to a 50 ml nutrient solution containing 32P (75 kBq; 1.4 pM) with 1 μ M cold Pi. At 
6 h after the exposure, the roots were washed with half-strength Kimura B solution 
(without 32P) three times. The plants were separated into the roots, shoot basal 
region (10 mm), individual leaves (from leaf 2 (oldest) to leaf 9 (newest and not 
expanded)). Each sample was immediately subjected to radioactivity measurement  
with a liquid scintillation analyser (Perkin Elmer) without liquid scintillator 
(Cerenkov radiation mode). Distribution ratio of newly taken up P within the 
shoot was calculated based on the radioactivity of each part.

For the stem-fed experiment, the wild-type rice and three spdt mutants were 
grown in soil pots until the grain-filling stage and cut at the internode III below 
node II. Kimura B nutrient solution containing 32P (4 MBq per 400 ml; 10 pM) with 
1 μ M cold Pi was fed from the cut end. After 24 h, different organs including flag 
leaf sheath, flag leaf blade, node I, peduncle, rachis, husk and grain were sampled 
for radioactivity measurement as described above.
Transport activity assay. For transport activity assay by proteoliposomes, the 
expression, purification and reconstitution of SPDT were carried out as described 
previously25. Aliquots (25 μ g) of purified SPDT were mixed with liposomes (500 μ g)  
and frozen at − 80 °C for at least 10 min. The mixture was diluted 100-fold with 
reconstitution buffer containing 20 mM MOPS-Tris (pH 7.0), 0.1 M potassium  
acetate, and 5 mM magnesium acetate. Reconstituted proteoliposomes were  
pelleted by centrifugation at 200,000g for 1 h at 4 °C, and then suspended in 
reconstitution buffer (0.2 ml). Asolectin liposomes were prepared as described 
previously25. Western blot was performed as described previously25. Transport 
assays were carried out by the gel permeation procedure as described  previously25. 
Reaction mixtures (130 μ l) containing 0.4 μ g of protein incorporated into 
 proteoliposomes, 40 mM MES-Tris (pH 5.6) or 20 mM MOPS-Tris (pH 7.0), 
0.1 M potassium acetate, 5 mM magnesium acetate, 10 mM KCl, and 100 μ M [32P]
KH2PO4 (3.7 MBq μ mol−1; PerkinElmer).

Oocytes for Pi transport activity assay were isolated from X. laevis. Procedures 
for defolliculation, culture conditions and selection were as described  previously26. 
The ORF of SPDT was amplified by PCR with the following primer pair:  
5′ -gaagatctATGGTTGTCAACAACAAGGTG-3′  and 5′ -gaagatctTCAGGGCT-
GTGTTTTGTGCG-3′ . Lower-cased bases denote adapter for BglII site. The ORF 
was inserted into the BglII site of a Xenopus oocyte expression vector, pXβ G-ev1. 
Capped RNA was then synthesized from linearized pXβ G-ev1 plasmids by in vitro 
transcription with a mMASSAGE mMACHINE high-yield capped RNA tran-
scription kit (Ambion), according to the manufacturer’s instructions. A volume of 
50 nl (1 ng nl−1) cRNA was injected into the oocytes using a Nanoject II automatic 
injector (Drummond Scientific). As a negative control, 50 nl of RNase-free water 
was injected. After incubation in MBS at 18 °C for 1 day, the oocytes were pre- 
incubated in 500 μ l of MBS without Ca (MBS– Ca) containing 0.1 mM NaH2PO4 
at pH 7.5 in Tris-HCl buffer or 5.5 in 10 mM MES buffer for 5 min. Subsequently, 
500 μ l of MBS– Ca buffer containing 1 μ l of [32P]H3PO4 (37 MBq ml−1) and 0.1 mM 
NaH2PO4 at pH 7.5 and 5.5, respectively were added to the pre-incubation solution. 
After 30 min incubation at 18 °C, the oocytes were washed in ice-cold MBS five 
times and then the radioactivity in the oocytes was measured with a scintillation 
analyser (Perkin–Elmer).
Seed germination test and early growth monitoring. To investigate whether 
knockout of SPDT affects seed germination and early growth after germination, 
we soaked 30 seeds each of wild-type rice and mutants with three replicates in  
water overnight at 30 °C in the dark. At days 2–5, the germination rate was 
 investigated. The growth of roots and shoots was further monitored by placing 
20 germinated seeds on a net floating on a 0.5 mM CaCl2 solution (pH 5.6). Shoot 
and root lengths were measured daily with a ruler. Photos were taken by Y.T. at 
different times.
Determination of mineral concentration in plant samples. All samples were 
dried in an oven at 70 °C for at least 3 days. C and N concentrations in brown rice 
were determined with a CHN analyser (2400 Series II; Perkin Elmer) after being 
ground. For determination of other mineral elements, dried samples were digested 
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with concentrated HNO3 (60%) at a temperature of up to 140 °C (ref. 21). The 
concentration of S in the digested solution was determined using MP-AES (4100; 
Agilent Technologies), while that of other mineral elements with ICP-MS (7700X; 
Agilent Technologies).
Statistical analysis. All experiments were repeated independently at least 
two times. Statistical analyses were performed by Tukey’s test. Significance of 
 differences was defined as * P <  0.05, * * P <  0.01, or by different letters (P <  0.01).
Data availability statement. The nucleotide sequence data reported in this paper 
are deposited in the DDBJ/EMBL/GenBank nucleotide sequence databases under 
the accession number LC152415. Data for all figures are available in the Source 
Data (Supplementary Fig. 1). All other data are available from the corresponding 
author upon reasonable request.
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Extended Data Figure 1 | Gene structure, Tos-17 insertion mutants and 
phylogeny of SPDT. a, Structure of the SPDT gene. The gene consists of 
10 exons and 9 introns. The exons are indicated as white boxes. Positions 
of the Tos-17 insertion are indicated as triangles. Primers (F1 and R2) for 
reverse transcription PCR (RT–PCR) are shown as arrows. b, Expression 

of SPDT mRNA in wild-type rice and three Tos-17 insertion mutants  
(spdt-1–spdt-3) examined by RT–PCR. c, Phylogenetic tree of sulfate 
transporter (Sultr) proteins in rice (Os) and Arabidopsis thaliana (At). 
Bootstrap values from 1,000 trials are indicated. The 0.1 scale shows 
substitution distance.
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Extended Data Figure 2 | Expression pattern of SPDT gene at different 
growth stages of rice. a, b, Response of SPDT expression to different  
P (a) or S (b) supply at the vegetative growth stage. Seedlings (12 days old) 
were exposed to various external P or S concentrations for 1 week. The 
roots, shoot basal region (5 mm above the root-shoot junction), and shoots 
were sampled for RNA extraction. c, Expression pattern of SPDT at the 

reproductive growth stage. Samples of various organs were taken from rice 
grown in a paddy field at flowering and grain filling stages. The expression 
level was determined by quantitative RT–PCR. Expression relative to the 
shoot basal region in the control condition (a, b) or roots at the flowering 
stage (c) are shown. Histone H3 was used as the internal standard. Data are 
mean ±  s.d. of biological replicates (n =  3).
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Extended Data Figure 3 | Subcellular localization of SPDT. 
a–h, GFP:SPDT (a–d) or GFP control (e–h) together with DsRed 
were transiently introduced into onion epidermal cells by particle 
bombardment. Fluorescence signals from GFP (a, e), DsRed (b, f) and the 

merged images (c, g) are shown. Magnified image of boxed area in  
c and g are shown in d and h, respectively. Data are representative of  
three independent cells. Scale bars, 100 μ m.
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Extended Data Figure 4 | Growth of wild-type rice and spdt mutants at 
the vegetative growth stage under low P and S conditions. a–c, Wild-
type rice and spdt mutants were grown in a nutrient solution containing 
90 μ M P and 460 μ M S (a, control), 1 μ M P and 460 μ M S (b, low P), or  
90 μ M P and 10 μ M S (c, low S) for 42 days. Plants were separated into 
roots, shoot basal region and individual leaves (2 to 9 from older to 

younger). Inset in b shows magnified image of leaf blade of leaf 7.  
For comparison, part pictures in a and b (WT and spdt-1) are the same as 
those in Fig. 3a, b. Pictures are representative of three biological replicates. 
d–f, Dry weight of each part sampled in a–c, respectively. Data are 
mean ±  s.d. of biological replicates (n =  3). * * P <  0.01, mutants  
compared with wild type (Tukey’s multiple comparison test).

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER RESEARCH

Extended Data Figure 5 | Accumulation, distribution and redistribution  
of P at the vegetative growth stage. a, b, P content (a) and P concentration 
(b) in different organs. Wild-type rice and spdt mutants were grown 
hydroponically under a P-sufficient condition (90 μ M) for  
32 days. c, P re-distribution. Wild-type rice and three mutants were 
exposed to the nutrient solution free of P for 1 week. Samples of each 

organ were taken before and after P starvation treatment. The difference 
in P content (∆ P) of each organ was calculated. d, Short-term (6 h) 
distribution analysis of P. Plants were treated with 1 μ M radiolabelled  
32P for 6 h. Distribution rate of newly absorbed P in different organ is 
shown. Data are mean ±  s.d. of 3 (a–c) or 5 (d) biological replicates.  
* P <  0.05, * * P <  0.01, mutants compared with wild type (Tukey’s test).
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Extended Data Figure 6 | Distribution of Mg, S, K and Ca in different 
organs at the vegetative growth stage. a–d, Wild-type rice and spdt 
mutants were grown hydroponically until the 8-leaf stage in half-strength 
Kimura B solution containing 90 μ M Pi. Plants were separated into roots, 

shoot basal region and individual leaves (2 to 8 from older to younger) 
for the determination of Mg (a), S (b), K (c) and Ca (d) concentrations. 
Data are mean ±  s.d. of biological replicates (n =  3). * * P <  0.01, mutants 
compared with wild type (Tukey’s multiple comparison test).
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Extended Data Figure 7 | Comparison of growth and yield between 
wild-type rice and spdt mutants. a–d, Wild-type rice and spdt mutants 
were grown in a paddy field until ripened. At harvest, plant height (a), 
stem length (b), tiller number (c) and panicle number (d) were  
recorded. Data are mean ±  s.d. of 24 biological replicates (3 plots with  

8 replicates each). * P <  0.05, * * P <  0.01, mutants compared with wild 
type (Tukey’s multiple comparison test). e, f, Panicle (e) and brown rice (f) 
of wild-type rice and spdt mutants. Images are representative of 24 lines. 
Scale bars, 10 mm.
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Extended Data Figure 8 | Concentration and distribution of P at the 
reproductive growth stage. Wild-type rice and spdt mutants were grown 
in a paddy field until ripened. a, P concentration in different organs of 
above-ground part. b, P content in different organs per tiller. c, Dry weight 
in different organs per tiller. d, Dry weight distribution ratio in different 
organs of above-ground part. e, Total P content of above-ground part per 
plant. f, Inorganic phosphate (Pi) concentration in brown rice. g, Stem-fed 

short-term distribution analysis. At the grain-filling stage, the plants were 
cut at the internode III. Solution containing 1 μ M radiolabelled P was fed 
from the cut-end of the stem for 24 h. Distribution ratio of newly absorbed 
P in different organs above node I was calculated. Data are mean ±  s.d.  
of 9 (3 plots with 3 replicates each; a–e), 3 (f) or 10 (g) biological replicates.  
* P <  0.05, * * P <  0.01, compared with wild-type (Tukey’s test).
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Extended Data Figure 9 | Effect of SPDT knockout on seed germination 
and early growth. a, Day-dependent germination rate. Thirty seeds each 
of wild-type rice and spdt mutants were used for the germination test, 
which was conducted in water at 30 °C in the dark. The water was  
changed every day. Data are mean ±  s.d. of biological replicates (n =  3).  

b, c, Time-dependent growth of the shoot (b) and root (c) after 
germination. Twenty germinated seeds were grown in a 0.5 mM CaCl2 
solution up to 5 days at 25 °C. Shoot and root lengths were measured  
with a ruler daily. Data are mean ±  s.d. of biological replicates (n =  20).  
d, Phenotype of wild-type rice and spdt mutants grown in soil for 3 weeks.
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Extended Data Figure 10 | Element concentration of brown rice.  
Wild-type rice and three spdt mutants were grown in a paddy field until 
ripened. Concentrations of elements in the brown rice were determined 
with a CHN analyser (C and N), MP-AES (S) or by ICP-MS  

(other elements) after digestion. Data are mean ±  s.d. of 3 (C and N) or  
9 (3 plots with 3 replicates each; other elements) biological replicates.  
* P <  0.05, * * P <  0.01, compared with wild type (Tukey’s test).
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