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Grain filling is a rate-limiting step for grain production in 
cereal crops such as rice and maize1. Grain filling is defined 
by the process by which fertilized ovaries acquire carbohy-

drate and other nutrients to synthesize starch and convert them-
selves into caryopses or grains2. Several key genes affecting grain 
filling were identified in rice and maize. For example, GIF1 and 
ZmSweet4c (OsSweet4) show the signature of domestication selec-
tion3,4, indicating that grain filling is an important trait coupled with 
human demands. GIF1 encodes a cell-wall invertase required for 
carbon partitioning during the early grain-filling stage3. OsSweet4 
encodes a hexose transporter acting downstream of GIF1 to sustain 
endosperm development4. During grain filling, Pi homeostasis is 
critical not only because ATP, nucleic acids and phospholipids are 
critical to central metabolism of seed development but, more impor-
tantly, because Pi participates in starch synthesis directly. After 
transport into the endosperm, glucose and fructose are catalyzed 
into glucose-1-P (G-1-P) and glucose-6-P with a requirement for Pi 
as a substrate. G-1-P and ATP are then converted into ADP-glucose 
(ADP-Glc) and inorganic pyrophosphate (PPi) by AGPase5,6. While 
ADP-Glc is directly used for starch synthesis, PPi is hydrolyzed to Pi 
by inorganic pyrophosphatase5. As a rate-limiting enzyme in starch 
synthesis, the activity of AGPase is activated by 3-phosphoglycerate 
and inhibited by Pi through an allosteric mechanism7. In addition 
to starch synthesis, glucose-6-P can also participate in the synthe-
sis of phytic acid, which accounts for 65–80% of total P in seeds8,9. 
Therefore, grain filling is tightly coupled with Pi utilization and 
storage, rendering Pi homeostasis critical for grain filling and crop 
yield. However, little is known about the mechanism of Pi homeo-
stasis during seed development.

In cereal plants, soluble Pi is taken up from the soil by roots that 
transfer Pi to above-ground tissues, and it is ultimately loaded into 

seeds during grain filling. A number of Pi transporters are respon-
sible for sequential steps of Pi uptake and translocation in rice10. 
The OsPHT1 family consists of 13 members that are localized to the 
plasma membrane and function in Pi uptake into the cell as assayed 
in heterologous systems including yeast and Xenopus oocytes11–17. 
Many of the identified OsPHT1 transporters are highly expressed 
in roots under normal or P-deficient conditions to facilitate both 
acquisition and translocation of Pi in rice10,11,15. The PHO1 family 
of Pi transporters was shown to function in root-to-shoot Pi distri-
bution in Arabidopsis18. There are three PHO1 members in rice19, 
among which OsPHO1;2 is the only one proposed to be respon-
sible for translocation of Pi from root to shoot20. However, the 
transporter activity of OsPHO1;2 and its paralogs have not been 
determined. Concerning Pi transport from source to sink tissues, 
PHT1-type transporters OsPT4 and OsPT8 play an important role 
in Pi distribution from roots and leaves to seeds. While OsPT4 loads 
Pi into the embryo12, OsPT8 loads Pi from the panicle axis to the 
hull during seed development16. Disrupting OsPT4 or OsPT8 results 
in yield decrease12,16, suggesting that source-to-sink translocation 
of Pi is indispensable for seed development. In addition, two rice 
sulfate transporters, OsSULTR3;3 and SPDT, appear to play a role 
in controlling P content in seeds21,22. In particular, SPDT is highly 
expressed in the node and is likely the major transporter responsible 
for allocation of leaf Pi to the seed22.

Seed development requires a large Pi supply, but excessive Pi lev-
els can be harmful. How do plants strike a balance between Pi sup-
ply and demand? This should be determined by the control of both 
Pi influx and efflux. However, little is known about mechanisms of 
Pi homeostasis and reallocation during seed development. In this 
study, we identified that a frame-shift mutation in the OsPHO1;2 
gene was responsible for the grain-filling defect in a rice mutant. 
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We show that OsPHO1;2 primarily mediates Pi efflux to facilitate Pi 
unloading from the endosperm of developing seeds, which is criti-
cal for starch synthesis during grain filling. We also found that the 
maize ortholog encoding ZmPHO1;2 functions similarly in seed 
development. Thus, we identified a plant Pi efflux transporter that 
functions in Pi reallocation essential for starch biosynthesis during 
cereal grain filling, providing new insight into Pi homeostasis and 
recycling in plants as well as a new crop-breeding target for improve-
ment of yield and P-use efficiency (PUE) for sustainable agriculture.

Results
Phenotypes and map-based cloning of the grain-filling mutant 
Ospho1;2. From our breeding stock collection, we identified a nat-
urally occurring mutant with a poor grain-filling phenotype. The 
defective phenotype was controlled by a single recessive locus ini-
tially mapped to a ~370-kb region on chromosome 2 (Extended Data 
Fig. 1a). To facilitate phenotype evaluation, a pair of near-isogenic 
lines (NILs) were developed and named NIL-OsPHO1;2 and 
NIL-Ospho1;2 after gene cloning (see below). NIL-Ospho1;2 seeds 
showed typical grain-filling defects with loosely and irregularly 
packed starch granules, leading to thin and shrunken grains and 
severe yield loss. The mutant plants were otherwise normal except 
for reduced tiller number (Fig. 1a,b and Extended Data Fig. 2a–i). 
The 1,000-grain weight was reduced by almost half throughout  

seed development in NIL-Ospho1;2 plants (Fig. 1e). Different 
from gif1-mutant plants, another grain-filling mutant previously 
described3,23, NIL-Ospho1;2 plants contained less starch and more 
soluble sugars and were more resistant to bacterial blight (Fig. 1f,g 
and Extended Data Fig. 2j). This indicated that Ospho1;2 affects dif-
ferent physiological processes.

Using the NIL population, we confined the mutation to a ~5-kb 
region in which we identified a single gene, LOC_Os02g56510 
(Extended Data Fig. 1b). This candidate gene encodes a putative Pi 
transporter of the PHO1 family, namely OsPHO1;2 (ref. 20). To iden-
tify the causal mutation in NIL-Ospho1;2, we sequenced the 5-kb 
region and found a 1-bp deletion in exon 7 of OsPHO1;2, leading 
to a frame shift and premature termination in the coding sequence. 
We also identified two synonymous SNPs in exon 1 and exon 
3 and one SNP in intron 12 (Extended Data Fig. 3a). To confirm 
whether the OsPHO1;2 mutation was responsible for the defective 
grain-filling phenotype, we generated eight CRISPR–Cas9 knock-
out (ko) lines, Ospho1;2-ko1 to Ospho1;2-ko8, in Nipponbare (NIP) 
(Extended Data Fig. 3b), which all showed the same grain-filling 
defects as NIL-Ospho1;2 plants (Fig. 1c,d and Extended Data Fig. 
3c–i), and ectopic overexpression of the full-length coding sequence 
(CDS) of OsPHO1;2 complemented the grain-filling phenotype of 
Ospho1;2-ko1 plants (Supplementary Fig. 1a–f). Together, these 
results link the function of OsPHO1;2 to grain filling in rice.
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Fig. 1 | Characteristics of the Ospho1;2 mutant with incomplete grain filling. a, Seed phenotypes of NIL-OsPHO1;2 and NIL-Ospho1;2 plants. b, Field 
emission scanning electron microscopic images of seed cross-sections from NIL-OsPHO1;2 and NIL-Ospho1;2 plants at the mature stage. c, Seed phenotypes 
of WT and CRISPR–Cas9 knockout allele 1 (Ospho1;2-ko1) plants. d, Field emission scanning electron microscopic images of seed cross-sections from WT 
and Ospho1;2-ko1 plants. e, Comparison of the grain-filling rate from 3 to 30 DAF between NIL-OsPHO1;2 and NIL-Ospho1;2 plants. Values are mean ± s.d. 
(n = 3 plants); **P < 0.01, ***P < 0.001 by two-tailed Student’s t-tests. P = 9.26 × 10−3, P = 2.31 × 10−3, P = 6.40 × 10−5, P = 3.71 × 10−4, P = 7.90 × 10−5, 
P = 3.30 × 10−5, P = 3.00 × 10−5, P = 1.00 × 10−5, respectively (3–30 DAF). DW, dry weight. f, Measurements of total soluble sugar content, sucrose content 
and glucose content. Values are mean ± s.d. (n = 3 plants). g, Measurement of total starch content. Values are mean ± s.d. (n = 3 plants). P values are 
indicated, calculated by two-tailed Student’s t-tests (f,g). Scale bars, 1 cm (a,c) and 2 μm (b,d). Independent experiments were repeated two times with 
similar results (b,e–g).
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OsPHO1;2 is a plasma membrane protein highly expressed in 
developing seeds. In addition to expression in the young panicle, 
hull and roots, OsPHO1;2 was also highly expressed in developing 
seeds as revealed by quantitative reverse-transcription PCR (qRT–
PCR) (Extended Data Fig. 4a). This expression pattern was con-
firmed by histological analysis of the pOsPHO1;2-β-glucuronidase 
(GUS) reporter in transgenic plants (Fig. 2a). Consistently, the 
OsPHO1;2 protein was enriched in grains during the entire fill-
ing stages from 0 d after flowering (DAF) (spikelets) to 30 DAF 
and in the nodes (Fig. 2b and Extended Data Fig. 4b). To further 
investigate the cell specificity of OsPHO1;2, immunofluorescence 
assays with an anti-OsPHO1;2 antibody were performed in seeds 
and node I at the early grain-filling stage. Interestingly, a strong 
fluorescence signal was detected in the nucellar epidermis (NE) 
and ovular vasculature (OV) of the seed, from which cells function 
in loading and unloading nutrients to and from the endosperm3,24 
(Fig. 2c). Fluorescent signals were also found in vascular bundles 
of node I (Fig. 2d), which contribute to nutrient distribution in the 
rice plant25,26. We further validated the expression of OsPHO1;2 in 
different tissues of developing seeds and found that both OsPHO1;2 
mRNA and the OsPHO1;2 protein could be detected in the embryo, 
endosperm, pericarp and NE (Extended Data Fig. 4c,d). In addi-
tion, the localization of OsPHO1;2 in the seed was further vali-
dated using transgenic lines harboring a pOsPHO1;2-GUS reporter 
(Extended Data Fig. 4e,f).

Subcellular localization is critical for the function of a trans-
porter. Delivering a construct to transiently express green fluo-
rescent protein (GFP) fused to OsPHO1;2 into rice sheath 
protoplasts and onion epidermal cells, we found that, in both 
cases, OsPHO1;2–GFP was mainly localized in the plasma mem-
brane (Fig. 2e and Supplementary Fig. 2a,b). A weak fluorescence 
signal was occasionally observed inside the cell, suggesting that 
a portion of OsPHO1;2 proteins might be localized in intracellu-
lar compartments (Supplementary Fig. 2a). To further confirm its 
function in grain filling, we generated stable transgenic lines that 
overexpressed the OsPHO1;2–GFP fusion protein driven by the 
maize ubiquitin promoter and found that GFP signals were mainly 
localized at the plasma membrane of endosperm cells in developing 
seeds (Supplementary Fig. 3). We then performed immunoelectron 
microscopy analysis to further clarify the subcellular localization of 
OsPHO1;2. We found that immunogold particles were associated 
with the plasma membrane of cells from the NE and vascular bun-
dles (Extended Data Fig. 5a–f). In sum, these results indicate that 
OsPHO1;2 is a plasma membrane-localized protein and is highly 
expressed in the NE and vascular tissues of developing seeds.

OsPHO1;2 is a Pi transporter primarily mediating Pi efflux. 
There has been no direct evidence that plant PHO1-type proteins, 
such as OsPHO1;2, function as Pi transporters. It is also notable 
that, although Ospho1;2 seedlings were smaller than wild-type (WT) 
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seedlings during the early growth stage20 (~5 weeks under our field 
conditions), possibly due to less energy supplied from the defective 
endosperm, they later resumed a WT stature (Extended Data Fig. 
2a,e). These growth dynamics suggested that OsPHO1;2 may not be 
required for overall plant growth and development but is indispens-
able for grain filling. To dissect the mechanism underlying the func-
tion of OsPHO1;2 in grain filling and Pi homeostasis, we sought to 
determine whether the OsPHO1;2 protein indeed functions as a Pi 
transporter using three different heterologous expression systems. 
First, we showed that OsPHO1;2 complemented the growth pheno-
type of the yeast mutant EY917 (ref. 27), which lacks five Pi transporters  

(pho84∆, pho87∆, pho89∆, pho90∆, pho91∆) responsible for Pi 
uptake (Supplementary Fig. 4), providing evidence that OsPHO1;2 
may have Pi transport activity. Furthermore, we used patch-clamp 
recording to examine the Pi transport activity mediated by three 
OsPHO1-type proteins when expressed in the mammalian cell line 
HEK293T (Methods). Results indicated that OsPHO1;2 was active 
in mediating both Pi influx and efflux and that the efflux activity 
was predominant, while the mutated Ospho1;2 protein lost Pi trans-
port activity in both directions (Fig. 3a,b). Our results also showed 
that OsPHO1;1 and OsPHO1;3 were less active than OsPHO1;2 
(Fig. 3a,b). In addition, we tested the transport activity of the three 
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OsPHO1 proteins in Xenopus oocytes over a pH gradient (pH 
5.5, 6.5 and 7.5) and confirmed that OsPHO1;2 showed strong Pi 
transport activity that was not altered by pH values, suggesting that 
OsPHO1;2 may not transport Pi by a proton symport (Extended 
Data Fig. 6a–f). It is noteworthy that Pi efflux activity represents 
a primary function of this transporter because the plasma mem-
brane potential is normally in the −100-mV range in most plant 
cells under physiological conditions. These patch-clamping analy-
ses provide direct evidence demonstrating the transport activity 
of PHO1-type proteins in plants. The predominant efflux activity 
may mediate xylem Pi loading, thus explaining the previous genetic 
analysis showing their functions in root-to-shoot Pi transfer20,28.

To link the function of OsPHO1;2 in Pi transport to Pi homeo-
stasis, we compared Pi levels among seedlings of NILs. When grown 

either under Pi starvation or with a normal Pi supply, mutant plants 
showed increased Pi content in the roots but decreased Pi content 
in the shoots (Extended Data Fig. 7a,b). Therefore, the OsPHO1;2 
mutation impaired root-to-shoot transfer of Pi, consistent with 
previous results20. Further, 31P NMR analysis revealed that both 
cytosolic and vacuolar Pi contents were notably higher in the root 
cells of mutant seedlings, excluding the possibility of OsPHO1;2 
being involved in the cytosol–vacuole partition (Fig. 3c,d). Next, 
we examined Pi distribution in above-ground tissues at the mature 
stage and found that both NIL-Ospho1;2 and Ospho1;2-ko1 plants 
had higher Pi content than WT plants in nodes, husks and brown 
rice but showed lower levels in leaves (Extended Data Fig. 7c,d), 
suggesting that OsPHO1;2 may be involved in reallocation of Pi 
between seeds and leaves. In support of this hypothesis, we measured  
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Pi levels in developing seeds and found higher Pi content in the 
mutant throughout grain filling (Fig. 3e). As OsPHO1;2 is highly 
expressed in NE tissues of developing seeds, we compared Pi con-
tent in the endosperm and pericarp that surround the NE and 
found that Pi content in these tissues was significantly increased in 
NIL-Ospho1;2 seeds (Extended Data Fig. 7e). Therefore, Pi reallo-
cation from developing seeds was disturbed in Ospho1;2 mutants. 
However, the total P content was greatly reduced in mutant seeds 
(Fig. 3f), and consistent results were observed in images obtained 
by micro X-ray fluorescence (μXRF) (Fig. 3g). This suggests that 
synthesis of organic P compounds might be decreased in mutant 
plants due to the disruption of Pi exchange between maternal and 
filial tissues in the seed. We thus conclude that OsPHO1;2 functions 
as a Pi efflux transporter that unloads Pi from endosperm cells, and 
its loss of function leads to Pi excess in the seed.

Excess Pi accumulation inhibits starch-synthesis enzymes. To 
assess the relationship between Pi accumulation and grain fill-
ing, we performed a comparative RNA-seq analysis of NILs at the 

grain-filling stage, and a large number of differentially expressed 
genes were identified. We found that many genes involved in starch 
and sugar metabolism were enriched (Supplementary Fig. 5). 
Furthermore, we confirmed the expression pattern of several rep-
resentative genes related to starch synthesis by qRT–PCR, including 
those encoding AGPase, starch synthase, starch-branching enzyme 
and starch-debranching enzyme29 (Fig. 4a and Supplementary Fig. 
6a–k). Most of these genes were downregulated in the Ospho1;2 
mutant, consistent with its defects in starch synthesis. As revealed by 
immunoblotting and isozyme analysis, either the protein level or the 
enzyme activity of several key enzymes involved in starch synthesis 
was also decreased in mutant seeds (Fig. 4b and Supplementary 
Fig. 7a–c). Among these enzymes, AGPase catalyzes the first com-
mitted step of starch synthesis to generate ADP-Glc and PPi from 
G-1-P and ATP, and dysfunction of AGPase was shown to cause 
grain-filling defects similar to those found in the Ospho1;2 mutant30, 
suggesting an indispensable role in grain filling. It is well established 
that AGPase enzyme activity is repressed by excess Pi accumulation 
through a feedback mechanism7,31,32.
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AGPase consists of two cytoplasm-localized subunits in rice 
endosperm30, namely OsAGPL2 and OsAGPS2b, and mRNA levels 
for both were greatly decreased in the Ospho1;2 mutant (Fig. 4a). 
It was observed that AGPase expression was inhibited by high Pi 
levels32. To establish a possible link between Pi content and AGPase 
mRNA production, we developed suspension cell culture lines 
from the NILs and measured AGPase mRNA levels with different 
Pi levels in the medium. In both cell lines, OsAGPL2 and OsAGPS2b 
mRNA levels decreased upon exposure to excessive Pi levels in the 
medium (Extended Data Fig. 8a,b). Together with the fact that both 
the mRNA level and the activity of AGPase are inhibited by high Pi 
levels, we speculated that AGPase might serve as a major effector 
for OsPHO1;2-mediated grain filling. To test this hypothesis, we 
measured AGPase activity during grain filling from 3 to 30 DAF 
and found lower enzyme activity associated with NIL-Ospho1;2 and 
Ospho1;2-ko1 plants, correlating with elevated Pi levels in mutant 
grains (Figs. 3e and 4c and Extended Data Fig. 8c). We also con-
firmed that the activity of AGPase expressed in Escherichia coli 
was indeed directly inhibited by high concentrations of Pi (Fig. 
4d). In summary, we found that excessive Pi levels had a negative 
impact on both the mRNA level and activity of AGPase, which may 
underlie reduced starch synthesis and defective grain filling in the 
Ospho1;2 mutant.

To further address the causal relationship between decreased 
AGPase activity and the grain-filling defect, we ectopically over-
expressed OsAGPL2 and OsAGPS2b, driven by the maize ubiqui-
tin promoter in the Ospho1;2-ko1 background. Two homozygous 
lines overexpressing each transgene with restored protein level rela-
tive to the WT were selected for experiments (Fig. 4e). We found 
that AGPase activity in AGPase-overexpressing (OE) Ospho1;2-ko1 
lines was lower than that in the WT but higher than that in the 
Ospho1;2-ko1 mutant (Fig. 4f). After harvest, we observed a par-
tial rescue of grain-filling defects in both AGPase-OE Ospho1;2-ko1 
lines, and overexpression of either OsAGPL2 or OsAGPS2b 
led to significant increases in 1,000-grain weight (Fig. 4g and 
Supplementary Fig. 8a–d). Thus, these results further support the 
notion that OsPHO1;2 sustains grain filling by maintaining proper 
levels of AGPase activity.

ZmPHO1;2 functions in grain filling and Pi reallocation in maize. 
Other cereal crops, such as maize, wheat and sorghum, also have 
PHO1 homologs (Extended Data Fig. 9a). There are two homologs 
of OsPHO1;2 in maize, namely ZmPHO1;2a (Zm00001d051945) 
and ZmPHO1;2b (Zm00001d018445). To assess whether these 
maize PHO1-type Pi transporters function in the same manner as 
OsPHO1;2 in rice, we generated CRISPR–Cas9 knockout mutants in 
Zmpho1;2a and Zmpho1;2b (Extended Data Fig. 9b) and found that 
these mutants produced smaller kernels with typical grain-filling 
defects, including reduced kernel thickness (Fig. 5a,b) and loosely 

and irregularly packed starch granules in mutant grains (Fig. 5c). 
Consequently, the mutant 100-kernel weight was significantly 
reduced by ~35% compared to that of the WT (Fig. 5d), indicating 
that ZmPHO1;2 exerted a similar function during grain filling in 
maize. Further analyses of AGPase activity and Pi content revealed 
lower AGPase activity and higher Pi content in developing seeds 
from Zmpho1;2a and Zmpho1;2b plants (Fig. 5e,f). Moreover, the 
Bt2 protein (AGPase in maize) was also downregulated in filling 
kernels from Zmpho1;2a- and Zmpho1;2b-mutant plants (Fig. 5g). 
We thus conclude that PHO1;2 genes in maize share a conserved 
function in grain filling similar to that in rice. In sum, we propose 
that PHO1;2 is a Pi transporter that plays a key role in Pi homeosta-
sis and reallocation during grain filling of cereal crops.

Ectopic overexpression of OsPHO1;2 improves grain yield 
and PUE. To explore the potential of OsPHO1;2 in rice improve-
ment, we developed transgenic plants ectopically overexpressing 
OsPHO1;2 driven by the 35S promoter (OsPHO1;2-OE) (Extended 
Data Fig. 10a), and three independent transgenic lines and one 
transgene-negative WT line were chosen for further experiments. 
OsPHO1;2-OE plants displayed similar overall morphological traits 
as compared to those of the WT but showed stronger plant stature 
with larger panicles and heavier grains than the WT (Fig. 6a,b and 
Extended Data Fig. 10b–f). Importantly, OsPHO1;2-OE lines con-
sistently showed reduced Pi accumulation and increased AGPase 
protein levels and total enzyme activity in developing seeds (Fig. 
6c,d). When Pi content was measured in different tissues, ectopic 
overexpression lines had lower Pi levels in brown rice and node I 
but increased Pi levels in the flag leaf (Fig. 6d and Extended Data 
Fig. 10g). In developing seeds, Pi content in the endosperm was 
lower in OsPHO1;2-OE lines than that in the WT (Extended Data 
Fig. 10g). Therefore, ectopic overexpression of OsPHO1;2 may 
cause enhanced Pi export from seeds, consistent with the function 
of this transporter. Consequently, total P levels in ectopically over-
expressing seeds also decreased (Fig. 6e). These results suggest that 
increased levels of OsPHO1;2 activity enhance recycling of Pi from 
seeds to source tissues.

To test whether ectopic overexpression of OsPHO1;2 improves 
PUE in the field, we grew overexpressing transgenic lines together 
with the WT control in the paddy field under P-sufficient and 
P-deficient conditions (Methods). Major agronomic traits were 
compared among different lines at harvest. As shown in Fig. 6f,g, 
1,000-grain weight and yield increased under both Pi conditions 
in OsPHO1;2-OE lines. This difference was particularly impres-
sive under Pi-deficient conditions, under which OsPHO1;2-OE 
lines scored a 49% yield increase as compared to the WT. Other 
agronomic traits showed no obvious difference in OsPHO1;2-OE 
lines compared with the WT, except for grain thickness and 
weight (Supplementary Fig. 9a–d). More importantly, the yield of 

Fig. 6 | Ectopic overexpression of OsPHO1;2 improves grain yield and PUE in transgenic rice. a,b, Ectopic overexpression of OsPHO1;2 significantly 
increases agronomic values, including panicle size, grain number per panicle and grain thickness (a), and grain yield per plant (b). Scale bars, 5 cm. n = 24 
plants; red lines, median values; black lines, IQRs in violin plots. c, Increased AGPase protein levels and activity in OsPHO1;2-OE lines at the grain-filling 
stage. Values are mean ± s.d. (n = 3 independent samples). d, Pi content in brown rice of OsPHO1;2-OE lines and the WT control at the mature stage (n = 6 
plants). e, Total P distribution in WT and OsPHO1;2-OE lines in brown rice imaged by the μXRF spectrometer. Normalized X-ray fluorescence intensities 
are scaled from red (maximum) to blue (minimum). The actual seed area of each sample is marked by a white dashed line. f,g, Comparison of 1,000-grain 
weight (f) and grain yield per plant (g) between WT and OsPHO1;2-OE lines under conditions of normal (+Pi) and no (−Pi) P-fertilizer utilization in the 
paddy field (n = 20 plants). For box-and-whisker plots, the central line, box and whiskers indicate the median, IQR and 1.5 times the IQR, respectively 
(d,f,g). P = 3.48 × 10−8 (a, middle), P = 4.33 × 10−22 (a, right), P = 2.10 × 10−6 (b), P = 6.96 × 10−6 (c), P = 3.58 × 10−3 (d), P = 9.02 × 10−29 (f), P = 6.27 × 10−13 
(g) by one-way ANOVA. Different letters denote significant differences (P < 0.05) from Tukey’s HSD test (a–d,f,g). h, A proposed model for OsPHO1;2 
function in facilitating grain filling and Pi reallocation. OsPHO1;2, together with OsPHT1 proteins (OsPHT1s), coordinate Pi transportation from roots to 
above-ground tissues. OsPT4, OsPT8 and SPDT are mainly responsible for Pi transportation into seeds. The plasma membrane (PM)-localized OsPHO1;2 
exports excess Pi from the developing endosperm as a major action to maintain Pi homeostasis for proper starch synthesis during grain filling. In Ospho1;2 
mutants, Pi accumulates in endosperm cells, which represses AGPase and other starch-synthesis enzymes, finally resulting in grain-filling defects. Scale 
bars, 5 mm.
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OsPHO1;2-OE lines showed no obvious difference under diverse Pi 
conditions (Fig. 6g). We therefore conclude that ectopic overexpres-
sion of OsPHO1;2 can improve PUE and grain yield under low-Pi 
conditions, which will be a useful trait for sustainable production 
of cereal crops.

Discussion
Pi homeostasis is critical for plant growth and development and 
should be orchestrated by a large number of Pi transporters10,33. 
Although developing seeds are a major Pi sink, little is known about 
how Pi is transported into and out of this important storage tissue. 
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Our current study reveals the function of a PHO1-type transporter, 
OsPHO1;2, in Pi reallocation from the developing endosperm, and 
a similar function is also shared by ZmPHO1;2 in maize. This Pi 
transporter serves as a Pi-unloading pathway from seeds. It is partic-
ularly interesting to find that OsPHO1;2 affects the process of grain 
filling. In contrast to the gif1 mutant that fails to unload sucrose into 
seeds3, the Ospho1;2 mutant accumulated more soluble sugars in 
seeds and therefore impacted a downstream process of GIF1 inver-
tase, namely starch synthesis. This notion is supported by the find-
ing of overall downregulation of starch-synthesis enzymes in the 
mutant. In particular, AGPase acts as a possible target for OsPHO1;2 
function, as lack of AGPase causes similar defects as observed in the 
Ospho1;2 mutant30,31. Particularly relevant is the allosteric inhibition 
of AGPase by elevated Pi levels5,34. In addition, Pi levels also appeared 
to affect AGPase gene expression. An earlier study showed that Pi 
levels were correlated with mRNA levels of AgpS2 in tobacco, with 
high Pi levels inhibiting AgpS2 expression32. Pi over-accumulation 
in mutant seeds likely triggers a decrease in total enzyme activity of 
AGPase through suppression of AGPase mRNA and allosteric inhi-
bition of the enzyme activity, leading to defects in starch synthesis 
and grain filling. In support of this conclusion, ectopic overexpres-
sion of either one of the two cytosolic AGPases partially restored the 
grain weight of the Ospho1;2-ko1 mutant.

As a regulatory factor for the expression and activity of 
starch-synthesis enzymes, Pi homeostasis must be fine tuned by 
balancing influx and efflux processes in filling grains. On one hand, 
Pi, G-1-P and other Pi-containing compounds need to be loaded 
into developing seeds to support starch synthesis. On the other 
hand, large amount of free Pi is released as a result of PPi hydrolysis 
from AGPase activity. Therefore, excess free Pi must be reallocated 
to maintain homeostasis in endosperm cells and prevent AGPase 
inhibition in the filling grain. In this context, our study identified 
OsPHO1;2 as a major Pi transporter that plays an essential role in 
Pi reallocation and homeostasis in the endosperm. Together with 
previous studies on other transporters, we propose a model for 
OsPHO1;2-mediated Pi homeostasis during grain filling (Fig. 6h). 
Briefly, OsPHT1 proteins are key transporters responsible for Pi 
uptake and root-to-shoot translocation after OsPHO1;2-mediated 
loading to xylem, followed by sequential Pi transfer by OsPHO1;2 
and OsPHT1 proteins to leaves and panicles through nodes. From 
there, OsPT4, OsPT8 and SPDT are involved in Pi distribution to 
developing seeds. In seeds, OsPHO1;2 is important for Pi transpor-
tation across the boundary between maternal and filial tissues, simi-
lar to the process involving PHO1 in Arabidopsis seeds35.

We conclude that OsPHO1;2 likely plays dual roles in Pi homeo-
stasis in the seed, namely unloading Pi from the pericarp into endo-
sperm cells (as a minor action) and exporting excess Pi from the 
developing endosperm (as a major action) to balance Pi levels in 
endosperm cells during grain filling, thus fine tuning Pi homeosta-
sis during grain development. In this manner, the Pi level is strictly 
adjusted by OsPHO1;2 for proper starch synthesis in seeds. This 
model is also supported by the analysis of OsPHO1;2-overexpression 
lines in which both total P and free Pi levels were significantly 
reduced in the endosperm. Based on this model, further investi-
gation should resolve mechanistic processes about how various 
Pi transporters work together to precisely control Pi fluxes across 
different maternal tissues and endosperm in developing seeds and 
between sink and source organs. Moreover, this PHO1-type Pi 
transporter can increase yield (through enhanced grain filling) and 
improve PUE in cereal crops, providing a promising target gene for 
breeding crops with high yield under low-P availability in agricul-
ture, which has been a long-term goal in crop breeding.
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Methods
Map-based cloning and rice and maize transformation. NIP (Oryza sativa 
subspecies japonica) was used as the WT control and transgenic parent. The 
spontaneous mutant Ospho1;2 (japonica) was found in our germplasm collection. 
For preliminary mapping, the mutant was crossed with ZS97 (indica) to generate 
an F2 segregating population. The mutant plants were successively backcrossed 
with NIP five times to generate a pair of NILs, namely NIL-OsPHO1;2 and 
NIL-Ospho1;2. The F2 population from the cross of NIL-OsPHO1;2 and 
NIL-Ospho1;2 was used for fine mapping of Ospho1;2. All materials were grown 
in the Shanghai and Hainan experimental stations. Primers used for mapping are 
listed in Supplementary Table 1.

For rice transformation, various expression constructs were generated 
and introduced into the calli generated from mature seed embryos of NIP or 
mutants through Agrobacterium (EHA105)-mediated transformation. For maize 
transformation, CRISPR–Cas9 (Bar+) constructs were introduced into immature 
embryos of the WT inbred line C01 by Agrobacterium-mediated transformation. 
Each transgene generated at least 15 independent transgenic lines (T0), which 
were grown in the greenhouse or the authorized stations in Shanghai and Hainan, 
and plants with each maize CRISPR–Cas9 transgene were selfed three times. 
Homozygous progenies (T1 to T3) were analyzed. All plasmid constructs are listed 
in Supplementary Table 1. Rice suspension cell lines were developed from calli and 
routinely maintained in liquid MS medium in an incubator shaker.

Agronomic trait analysis. Seedlings were water incubated in growth chambers 
with a 14–10-h and 28–22 °C (day–night) cycle for seedling phenotyping. For 
field experiments, 1-month-old seedlings were transplanted into the paddy yield, 
and agronomic traits including plant height, seed setting rate, tiller number, grain 
number per panicle, grain weight per plant, 1,000-grain weight, etc., were analyzed 
at the mature stage. Grain-filling progress from 0 to 30 DAF was recorded. For 
disease resistance, 2-month-old plants were inoculated with the leaf bacterial blight 
pathogen Xanthomonas oryzae pv. oryzae, and disease resistance was recorded as 
previously described25.

RNA preparation and sequencing. Total RNA from middle-filling stage seeds 
from NILs was extracted using the RNeasy Plant Mini kit (74904, Qiagen) 
and RNA integrity was assessed to determine a RIN number with an Agilent 
Bioanalyzer 2100 (Agilent Technologies). Qualified total RNA was further purified 
with the RNAClean XP kit (A63987, Beckman Coulter) and the RNase-Free DNase 
Set (79254, Qiagen). The quality of RNA samples was assessed by the NanoDrop 
ND-2000 and the Agilent Bioanalyzer 2100. Next, RNA-seq was performed by the 
Shanghai Biotechnology Corporation.

qPCR and western blot analysis. Total RNA was prepared from various rice 
tissues (root, young leaf, elongating stem and node, sheath, inflorescence meristem, 
young panicle, spikelet and developing seed) using TRIzol reagent methods. 
For generation of transcripts, 1 μg total RNA was used for cDNA synthesis with 
a reverse transcription kit (R123-01, Vazyme). For qRT–PCR analysis, a 20-μl 
volume was used with 2 μl cDNA, 0.5 μM specific primers and 10 μl 2× SYBR 
Green Mix (RR420A, Takara), supplemented to 20 μl with ddH2O, on a Bio-Rad 
real-time PCR machine according to the manufacturer’s instructions. The rice 
Actin gene was used as the internal control. All primers used for qRT–PCR analysis 
are listed in Supplementary Table 1.

For western blotting, total proteins were extracted with extraction buffer 
consisting of 50 mM Tris-HCl (pH 8.0), 0.25 M sucrose, 2 mM dithiothreitol, 
2 mM EDTA and 1 mM phenylmethylsulfonyl fluoride. Proteins were resolved by 
SDS–PAGE (GSG2001-10T, EZBiolab) and then transferred to a PVDF membrane. 
The membrane was then incubated with primary and secondary antibodies and 
visualized using ECL Plus reagent. To develop the OsPHO1;2-specific antibody, 
the C-AGQQPSASEDEE peptide was chemically synthesized and used as antigen 
injected into a rabbit to yield serum (1:500, Abmart). Antibodies specific to 
OsAGPL2 and OsAGPS2b36 (1:1,500, Abmart) were provided by the J. Wan 
laboratory (Nanjing Agricultural University), and the antibody specific to Bt2 
(ADP-Glc pyrophosphorylase in maize, AS111739) was purchased from Agrisera 
(Supplementary Table 3).

Subcellular localization analysis. Rice sheath protoplasts were used to perform 
subcellular localization analysis. For expression plasmid constructs, full-length 
CDSs were generated by PCR and cloned into pA7-YFP/eGFP/mCherry. 
Constructs and primers used are listed in Supplementary Tables 1 and 2. Plasmids 
(10 μg) were transformed into rice protoplasts, and fluorescence images were 
recorded using a Zeiss LSM 880 or an Olympus FV1000 confocal laser microscope.

For transient expression analysis in onion cells, the particle bombardment 
method was performed. In brief, 3 μg plasmid in a 10-μl volume was mixed with 
10 μl 60 mg ml−1 gold particle solution, 10 μl 2.5 M CaCl2 and 4 μl 0.1 M spermidine. 
Gold particles were bombarded into onion cells. Bombarded onion cells were 
grown on MS medium at 30 °C overnight. Fluorescence images were recorded with 
an Olympus confocal laser microscope.

For immunogold labeling analysis, node I and developing seed tissues from 
NIP were used to detect immunogold labeling signals according to a method 

described previously37 with little changes. In detail, sections were fixed in 4% (wt/
vol) paraformaldehyde and 0.5% (vol/vol) glutaraldehyde in 0.05 M PIPES, pH 7.0, 
and stored at 4 °C overnight. Next, sections were washed with 0.05 M PIPES three 
times, followed by fixing in 2% (wt/vol) osmium tetroxide in 0.05 M PIPES for 1 h 
at room temperature. Sections were dehydrated through a graded ethanol series 
and slowly embedded in LR White resin for several days. Ultrathin sectioning 
was performed using a Leica Ultracut R microtome with a diamond knife, and 
60–80-nm-thick sections were collected on nickel grids. For immunolabeling, 
nickel grids carrying ultrathin sections were first exposed to 10% H2O2 for 10 min 
and then blocked with 1% (wt/vol) BSA in 0.1 M PBS for 1 h at room temperature. 
Nickel grid sections were then incubated with the anti-OsPHO1;2 antibody 
(diluted 1:20 with 1% (wt/vol) BSA in 0.1 M PBS) or 1% BSA (negative control) 
at 4 °C overnight. After washing three times with 0.05% Tween-20 in PBS, nickel 
grids were transferred and incubated with anti-rabbit IgG (whole-molecule 
10-nm colloidal gold particles)–gold antibody (Sigma, G7402) (diluted 1:30) at 
37 °C for 2 h. After washing at least six times with PBST and distilled water, grids 
were stained with 2% (wt/vol) aqueous uranyl acetate for 5 min and lead citrate 
for 3 min. Finally, grids were examined with a transmission electron microscope 
(H7650, Hitachi) using a voltage of 80 kV.

Tissue-specific expression of OsPHO1;2. For GUS histochemical staining 
analysis, the 3-kb promoter sequence of OsPHO1;2 was cloned into the 
pCambia-1300 vector to generate the GUS fusion reporter pOsPHO1;2-GUS 
(Supplementary Table 2) that was introduced into NIP plants. Plant tissues 
obtained from pOsPHO1;2-GUS-transgenic plants were stained with GUS staining 
solution (100 mM sodium Pi buffer, pH 7.0, 10 mM EDTA, 1 mM X-gluc and 0.1% 
(vol/vol) Triton X-100) as usual.

For immunofluorescence assays, immunostaining was performed using tissues 
from node I and early-filling stage seeds of WT rice as described previously38 with 
slight modifications. In brief, tissues were fixed in 4% (wt/vol) paraformaldehyde 
and 60 mM Suc buffered with 50 mM cacodylic acid (pH 7.4) for 2 h at room 
temperature. After washing three to four times with 60 mM Suc and 50 mM 
cacodylic acid (pH 7.4), fixed samples were embedded in 5% agar and sectioned 
to 100 μm in thickness. Sections were placed on microscope slides, followed by 
incubation with PBS at 30 °C for 2 h and then reincubated with PBS at 30 °C for 
2 h, washed three times with PBS and blocked with 5% (wt/vol) BSA in PBS. Slides 
were then incubated with purified rabbit anti-OsPHO1;2 polyclonal antibodies 
(1:100 dilution in PBS) or rabbit anti-GUS polyclonal antibodies (1:500, ab50148, 
Abcam, Supplementary Table 3) at 24 °C overnight. After five washes with PBS 
and blocking with 5% (wt/vol) BSA in PBS, slides were incubated with secondary 
antibodies (goat anti-rabbit IgG, 1:500, A-11010, Thermo Fisher, Supplementary 
Table 3) for 2 h at 24 °C, washed five times with PBS and covered with 50% (vol/
vol) glycerol in PBS. The fluorescence signal was observed with an Olympus 
FV1000 confocal laser scanning microscope.

AGPase and other starch-synthesis isozyme activity assays. Dehulled seeds 
(50 mg) during grain filling were ground and resuspended in 500 μl lysis buffer 
containing 100 mM Tricine-NaOH (pH 8.0), 8 mM MgCl2, 2 mM EDTA, 50 mM 
β-mercaptoethanol, 12.5% (vol/vol) glycerol and 5% (wt/vol) PvPP40. After 
centrifugation at 10,000 r.p.m. (4 °C) for 10 min, supernatants (crude extractions) 
were collected for the assay. The AGPase activity assay was conducted in 100 mM 
HEPES-NaOH (pH 7.4), 1.2 mM ADP-Glc, 3 mM pyrophosphate, 5 mM MgCl2 and 
4 mM dithiothreitol at 30 °C, and 50 μl of crude extractions was added with a total 
reaction volume of 250 μl as previously described39. Twenty minutes later, enzymes 
were inactivated by placing the mixture in a boiling water bath for 2 min, and 
samples were mixed with 30 μl NADP (2 mM). Enzymatic activity was recorded 
as the increase in OD340 after the addition of 1 μl each of phosphoglucomutase 
(0.4 U, Roche) and G6P dehydrogenase (0.35 U, Sigma). For isozyme activity, 
starch synthase and branching enzyme isozymes were separated by native PAGE 
and assayed according to the method described by Nishi et al.40, and analysis of 
debranching enzymes was performed as described by Fujita et al.41.

AGPase expression in E. coli. For AGPase expression in E. coli, both full-length 
CDSs of OsAGPL2 and OsAGPS2b were cloned into the vector pET-Duet to 
generate the construct pET-Duet-OsAGPL2-OsAGPS2b (primers are listed in 
Supplementary Table 1), which was transformed into Rosetta competent cells. 
Expression of fusion protein or the empty control was induced by 20% IPTG at 
18 °C, with different concentrations of Pi added.

For detection of AGPase activity in E. coli, bacterial precipitation after 
centrifugation was resuspended in extraction buffer (50 mM Tris-HCl, pH 6.8, 
5 mM MgCl2, 5 mM 2-mercaptoethanol, 5.55% glycerol, 1 mM EDTA, 1 mM 
EGTA and 0.1 mM phenylmethylsulfonyl fluoride). Crude enzymes were obtained 
by sonication and centrifugation. Enzyme production was determined by 
immunodetection. Equal amounts of enzyme proteins were loaded for the AGPase 
assay, using the same method as described above.

Functional complementation in yeast. The full-length CDS of OsPHO1;2 was 
cloned into the vector pAG426GPD-ccdB, and constructs were then transformed 
into the yeast Pi transport-deficient mutant EY917 (ref. 27) (Supplementary Table 
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4). Transformed yeast was grown in synthetic dropout (Trp−) selection medium 
(pH 5.8) overnight, and 5-μl aliquots of each serial dilution were spotted on 
agar plate medium (Trp−Ura−) supplemented with different Pi concentrations 
(0–20 mM Pi). Plates were incubated at 30 °C for 3 d to observe yeast growth.

Patch-clamping experiments for Pi transporter activity. Full-length CDSs of 
OsPHO1;2, Ospho1;2, OsPHO1;1 and OsPHO1;3 were cloned into the vector 
pEGFP-C1 for expression in mammalian HEK293T cells (Supplementary Tables 
1 and 2). Plasmids for transfection were extracted from E. coli (DH5α) using the 
Qiagen Plasmid Mini kit, and 2 μg plasmid in total was added into each well of 
six-well plates (Nunc). HEK293T cells were cultured in DMEM supplemented 
with 10% FBS in a 5% CO2 incubator at 37 °C in a moist atmosphere. Cultured 
HEK293T cells were then transfected with plasmids using the Lipofectamine 
3000 Transfection Reagent kit (Invitrogen). After 48 h of growth, HEK293T cells 
showing bright green fluorescence were used for patch-clamp experiments.

Whole-cell patch-clamp experiments were performed using an Axopatch 
200B patch-clamp setup (Axon Instruments) with a Digitata1550 digitizer 
(Axon Instruments) as previously reported42,43. pCLAMP 10.7 software (Axon 
Instruments) was used for data acquisition and analysis. The bath solution for 
Pi currents contained 150 mM N-methyl-d-glucamine (NMDG), 50 mM PO4

3−, 
10 mM HEPES, pH 7.5 (adjusted with NMDG), and the pipette solution contained 
150 mM NMDG, 50 mM PO4

3−, 10 mM EGTA, 10 mM HEPES, pH 7.5 (adjusted 
with NMDG). A step voltage protocol with a duration of 100 ms for each voltage 
from −180 mV to +100 mV with a +20-mV step was used for current recordings 
in HEK293T cells for 1 min after accessing a whole-cell configuration.

For two-electrode voltage-clamp recording of Xenopus oocytes, full-length 
CDSs for OsPHO1;1, OsPHO1;2, Ospho1;2 and OsPHO1;3 were cloned into the 
pGEMHE oocyte expression vector (Supplementary Tables 1 and 2). Capped 
RNA was synthesized from 1 μg of linearized plasmid DNA template using the 
mMESSAGE mMACHINE T7 kit (Ambion) according to the manufacturer’s 
instructions. First, 10 ng of each capped RNA, in a total volume of 32.2 nl, was 
injected into each oocyte. Injected oocytes were incubated in ND96 solution 
(96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 10 mM HEPES-NaOH, 
pH 7.4) supplemented with 10 mM Pi at 18 °C for 2 d before two-electrode 
voltage-clamp recording. Oocytes were voltage clamped using a TEV-200A 
amplifier (Dagan) and monitored by computer through the Digidata 1550 A/D 
converter and pCLAMP 10.2 software (Axon Instruments)44. The standard bath 
solution contained 10 mM (NMDG)3-phosphate and 80 mM mannitol, and pH was 
adjusted with MES or Tris to 5.5, 6.5 or 7.5. Voltage steps were applied from +60 to 
−180 mV in −20-mV decrements during 100 ms.

Determination of starch and soluble sugar content in mature seeds.  
For determination of total starch concentration, 100 mg rice flour from NILs  
was measured with the starch assay kit Megazyme K-TSTA (Megazyme).  
For determination of soluble sugar (including sucrose, glucose and fructose) 
content, 400 mg brown rice was ground thoroughly with liquid nitrogen and  
then incubated with 1 ml water in a boiling water bath for 20 min, followed by 
tenfold dilutions, and supernatants were filtered through a 0.45-μM Millipore  
filter after centrifugation. Samples were analyzed using an ion chromatograph 
(ICS-3000, Dionex).

Measurement of Pi and total P content. Various tissues from NILs and WT, 
Ospho1;2-ko1 and transgenic plants were harvested and dried at 70 °C for 3 d and 
then ground into powder. Each 50-mg sample was resuspended in 1 ml lysis buffer 
(12.5% (vol/vol) TCA, 25 mM MgCl2), followed by vortexing overnight at 4 °C. The 
suspension was centrifuged at 10,000g for 10 min at 4 °C. Supernatants (500 μl) 
were collected and diluted five times with double-distilled water, and diluted 
supernatants were mixed with 5:1 ammonium vanadate molybdate developer 
(100 g l−1 ammonium molybdate, 2.35 g l−1 ammonium vanadate and 165 ml l−1 
65% HNO3). Absorption values at 400 nm for the solution were recorded using a 
microplate reader. Pi concentration was calculated from a standard curve generated 
by varying concentrations of KH2PO4.

Total P measurements were conducted as described previously45. Brown rice 
powders (10 mg) were digested with 1 ml 65% HNO3. Total P levels were measured 
with an inductively coupled plasma optical emission spectrometer (Optima 
8000DV, PerkinElmer).

μXRF element fluorescence imaging. High-resolution distribution analysis of 
P in brown rice was analyzed using a μXRF spectrometer (M4 Tornado, Bruker). 
Parameters were set as follows according to the manufacturer’s instructions: 
excitation, 50 kV, 600 µA; vacuum path, silicon drift detector; detector energy 
resolution <150 eV; and X-ray beam spot size ≤20 µm for Mo-K. Cross-sections 
of seeds from NIL-OsPHO1;2, NIL-Ospho1;2, WT and Ospho1;2-ko1 plants and 
ectopic overexpression plants were imaged, and the relative abundance of P was 
determined according to the fluorescence intensity.

31P nuclear magnetic resonance spectroscopy. Seedling roots were used for 
the experiment according to the protocol in ref. 46. In brief, 50 mg of 2-week-old 
seedling roots were packed into an NMR tube with a diameter of 5 mm equipped 

with a perfusion system connected to a peristaltic pump. In vivo 31P NMR spectra 
of seedling roots were recorded on a Bruker Ascend 600 spectrometer with 
MestReNova software version 6.1.1-6384. The 31P NMR spectra were recorded 
at 242.9 MHz lock with deuteroxide in the capillary and water. Chemical shifts 
were measured relative to the signal from a glass capillary containing 10 mM 
methylenediphosphonic acid (18.9 ppm relative to 85% H3PO4).

P-fertilizer field treatment. For P-fertilizer field treatments, 1-month-old 
seedlings of WT and overexpression lines were transplanted into two protected 
paddy fields. One field was normally supplied with commercial P fertilizer, and the 
other field went without P fertilizer during the whole growth season. Both were 
equally watered and supplied with N and K fertilizers. Upon maturation, yield 
components were measured and compared.

Ethics. Xenopus oocytes were used to detect patch-clamping transporter activities 
in this study as mentioned above, and all Xenopus oocyte experiments were 
completed in accordance with animal research ethics regulations.

Statistical analysis. In this study, all values are presented as mean ± s.d. or 
s.e.m., and numbers (n) of samples or replicates are indicated in figure legends. 
Significance levels of differences were calculated by Student’s t-test for pairwise 
comparisons and by one-way ANOVA followed by Tukey’s test for multiple-group 
comparison and are indicated with P values or different letters. Data were analyzed 
with GraphPad Prism 8.0 and Excel 2013 to perform two-tailed Student’s t-tests 
and with Minitab 18 software to perform one-way ANOVA followed by Tukey’s test 
for multiple comparisons. pCLAMP 10.7 software (Axon Instruments) was used 
for data acquisition and analysis of patch-clamp results.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Entire RNA-seq datasets were deposited in the NCBI Gene Expression Omnibus 
under accession number GSE149101. Source data are provided with this paper.
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Extended Data Fig. 1 | Map-based cloning of Ospho1;2 for grain incomplete filling phenotype. Primary mapping region a and fine mapping b of the locus 
to a ~5 kb region of the NIP genome with 3600 individuals from NILs population, denoted by double black headed arrowheads. This fine mapping region 
includes only one gene LOC_Os02g56510 that encodes OsPHO1;2. Eight recombinants delimiting the mapping region for detailed progeny analysis is 
presented by bars. Grey bars refer to the heterozygous allele, white and black bars refer to NIL-OsPHO1;2 and NIL-Ospho1;2 homozygous alleles, respectively. 
Phenotypic statistics of 100-grain weight from F3 segregation of the 8 recombinants were shown on the right. Data are means ±s.d. (n = 8 plants). *** 
indicates significant difference at P < 0.001 according to two-tailed Student’s t-test. 1-30-1: P = 2.88 × 10−15; 1-177-3: P = 7.10 × 10−15; 2-125-6: P = 3.31 × 10−18.
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Extended Data Fig. 2 | Agronomic traits of nearly isogenic lines of OsPHO1;2 and Ospho1;2. (a, b) Morphology of mature plants a and panicles b of 
NIL-OsPHO1;2 and NIL-Ospho1;2. Scale bars, 20 cm a and 5 cm b, respectively. (c-i) Comparison of grain thickness (c), 1,000-grain weight (d), plant height 
(e), grain number per panicle (f), seed setting rate (g), tiller number (h) and grain yield per plant (i) between NIL-OsPHO1;2 and NIL-Ospho1;2. (j) Lesions 
and lesion length of the representative NIL plants inoculated with Xanthomonas oryzae pv. oryzae (Xoo) (strain PXO99A) for 2 weeks, indicating that 
Ospho1;2 mutant plants significantly increased Xoo resistance. Scale bars, 2 cm. n = 12 plants for c-g, n = 16 plants for h, n = 24 plants for i and j, P-values 
were indicated according to two-tailed Student’s t-test (c-j). For the box-and-whisker plots, the central line, box and whiskers indicate the median, IQR and 
1.5 times the IQR, respectively (c-j).
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Extended Data Fig. 3 | Mutant sites and agronomic traits of CRISPR-Cas9 knockout alleles. a, Gene structure and mutation sites in OsPHO1;2, including 
nucleotide substitutions and deletions. b, Different mutant alleles (Ospho1;2-ko1 to Ospho1;2-ko8) generated by CRISPR-Cas9 in Nip background, and the 
mutant target was indicated in (a) with blue star. (c-i) Trait comparison of grain thickness (c), 1,000-grain weight (d), grain yield per plant (e), plant height 
(f), grain number per panicle (g), seed setting rate (h) and tiller number (i) between wild type and various mutant alleles. n = 12 plants for c-j, P-values 
were indicated according to two-tailed Student’s t-test. For the box-and-whisker plots, the central line, box and whiskers indicate the median, IQR and 1.5 
times the IQR, respectively (c-i).
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Extended Data Fig. 4 | Tissue specific expression pattern of OsPHO1;2. a, mRNA levels of OsPHO1;2 in different tissues by qRT-PCR, normalized to the 
rice Actin gene. IM, inflorescence meristem; YP, young panicle; hull, and filling seeds. Values are means ± s.d. (n = 3 technical replicates). b, Western blot 
detection of OsPHO1;2 in various tissues using anti-OsPHO1;2, and Actin was immunodetected as a loading control. c, qRT-PCR analysis of relative mRNA 
levels of OsPHO1;2 in different developing seed tissues, including embryo, endosperm, pericarp and nucellar epidermis, normalized to the rice Actin gene. 
Data are means ± s.d. (n = 3 technical replicates). d, Western blot analysis of OsPHO1;2 in developing seed tissues using anti-OsPHO1;2, and anti-Actin 
was immunodetected as a loading control. e, Tissue specificity of OsPHO1;2 expression in early-milking seeds. Immunostaining with an anti-GUS 
antibody was performed in milky grains (5 DAF) of transgenic lines with pOsPHO1;2-GUS fusion reporter driven by the native promoter. The image is a 
representative of three independent lines. Scale bars, 200 μm. f, Blue box area in (c) was magnified. Scale bars, 50 μm. The white arrowheads indicate the 
nucellar epidermis (NE, e, f). Independent experiments were repeated at least 2 times with similar results (a-f).
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Extended Data Fig. 5 | Immunoelectron microscopy analysis shows that OsPHO1;2 localizes at the plasma membrane. (a-c) Immunoelectron 
microscopy analysis in the node vascular bundles cells from NIP plants. Samples were immunodetected with the antibody of OsPHO1;2 (b, c) or 1% 
BSA (a, control). (c) was magnified from blue box area in (b). Scale bars, 500 nm. (d-f) Immunoelectron microscopy analysis in seed nucellar epidermis 
cells from wild type seeds, and samples were immunodetected with the antibody of OsPHO1;2 (e, f) or 1% BSA (d, control). Scale bars, 200 nm. Black 
arrowheads denote the immunogold particles in plasma membranes (PM), and positions of cell wall (CW) and cytosol (Cy) are also marked. Images are 
representatives of at least three independent cells.
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Extended Data Fig. 6 | Transporter activity assay of OsPHO1s under different pH in Xenopus oocytes. a, Average current-voltage curves for phosphate 
conductance by OsPHO1;2 and Ospho1;2 in Xenopus oocytes. b, A detailed exhibition of the current signals at +60 mV and -180 mV from (a). Similar 
analyses were conducted for OsPHO1;1 (c and d) and OsPHO1;3 (e and f). The exact Xenopus oocytes number (n) was indicated in each graph. Error bars 
depict means ± s.e.m (a, c, e). Significant difference was analyzed according to two-tailed Student’s t-test (a-f). P-values were calculated through the 
comparison with Mock pH 5.5. * P < 0.05, ** P < 0.01, *** P < 0.001. OsPHO1;2 pH 5.5 at +60 mV: P = 1.60 × 10−7; OsPHO1;2 pH 6.5 at +60 mV: P = 2.52 × 10−4; 
OsPHO1;2 pH 7.5 at +60 mV: P = 1.96 × 10−5; OsPHO1;2 pH 5.5 at -180 mV: P = 6.65 × 10−6; OsPHO1;2 pH 6.5 at -180 mV: P = 0.012; OsPHO1;2 pH 7.5 at -180 
mV: P = 4.23 × 10−3; OsPHO1;3 pH 5.5 at -180 mV: P = 1.32 × 10−8; OsPHO1;3 pH 6.5 at -180 mV: P = 2.35 × 10−7; OsPHO1;3 pH 7.5 at -180 mV: P = 1.40 × 10−9. 
For the box-and-whisker plots, the central line, box and whiskers represent the median, IQR and 1.5 times the IQR, respectively (b, d, f).
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Extended Data Fig. 7 | OsPHO1;2 functions in Pi transfer from root to shoot and reallocation. (a, b) Pi contents were measured in root (a) and shoot (b) 
of seedlings (n = 4 plants). Germinating seeds were grown for a week in the presence of 1 mM Pi, and then were transferred to Pi-deficient media for the 
desired period (0-21 d). After 21 days of Pi starvation, plants were transferred to Pi-sufficient conditions for 3 days (21 + 3 d). Control plants were grown 
for 25 d in the presence of 1 mM Pi. c, Pairwise comparison of inorganic phosphate (Pi) distribution in different tissues, brown rice, husk, rachis, node I, 
stem I and flag leaf in NILs and WT/Ospho1;2-ko1 (n = 6 plants). For the box-and-whisker plots, the central line, box and whiskers represent the median, 
IQR and 1.5 times the IQR, respectively (a–c). d, Pi distribution in the panicle and leaf tissues of NILs and WT/Ospho1;2-ko1. Values are means ± s.d. (n = 3 
plants). e, Measurement of Pi contents in different parts of developing seeds (15 DAF). Tissues of pericarp, endosperm and nucellar epidermis were 
pairwise compared in NIL-OsPHO1;2 and NIL-Ospho1;2. Data are means ± s.d. (n = 3 biologically independent samples). P-values were indicated according 
to two-tailed Student’s t-test (a-e).
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Extended Data Fig. 8 | Pi accumulation inhibits AGPase production and activity. a, b, Relative mRNA levels of OsAGPL2 (a) and OsAGPS2b (b) 
in suspension cells of NILs under various Pi treatments. Values are means ± s.d. (n = 3 biologically independent samples). P = 1.56 × 10−8 (a) and 
P = 1.10 × 10−5 (b) by one-way ANOVA. Different letters denote significant differences (P < 0.05) from Tukey’s HSD test. c, Measurement of AGPase 
activity in the WT and Ospho1;2-ko1 grains from 5 DAF to 30 DAF, values are means ± s.d. (n = 3 biologically independent samples). 5 DAF: P = 2.72 × 10−3; 
7 DAF: P = 1.41 × 10−4; 10 DAF: P = 7.56 × 10−4; 15 DAF: P = 2.33 × 10−4; 20 DAF: P = 0.4068; 25 DAF: P = 0.0617; 30 DAF: P = 0.1132; **P < 0.01, ***P < 0.001, 
ns. not significant, by two-tailed Student’s t-test.

Nature Genetics | www.nature.com/naturegenetics

http://www.nature.com/naturegenetics


ArticlesNAturE GEnEtICs

Extended Data Fig. 9 | Evolutionary analysis of OsPHO1s and its homologs. a, Phylogenic analysis of PHO1 family proteins in rice, Arabidopsis and 
homologs of OsPHO1;2 in other cereal crops including Zea mays, Triticum aestivum, Sorghum bicolor and Setaria italica. The tree was built by Mega 5.0. Scale 
bars, 0.05. b, Mutation sites of Zmpho1;2a (top) and Zmpho1;2b (bottom) generated by CRISPR-Cas9.
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Extended Data Fig. 10 | Ectopic overexpression of OsPHO1;2 significantly enhances grain yield and Pi reallocation. a, Western blot analysis of OsPHO1;2 
protein levels in grains (15 DAF) of the ectopic overexpression lines and WT. Actin was detected as a loading control. Independent experiments were 
repeated at least 2 times with similar results. b, c, Plant morphology (b) and seeds phenotype (c) of WT and OsPHO1;2-OE lines. Scale bars, 20 cm 
(b) and 2 cm (c). (d–f) Comparison of 1,000-grain weight (d), grain length (e) and seed setting rate (f) between WT and OsPHO1;2-OE lines (n = 28 
plants). (g) Inorganic phosphate (Pi) distribution in different tissues (n = 6 plants). Pi was measured in husk, rachis, node I, stem I and flag leaf in WT 
and OsPHO1;2-OE lines (left), and Pi contents in pericarp, endosperm and nucellar epidermis of developing seeds (15 DAF) were also detected (right). 
P = 3.42 × 10−4 (d), P = 0.170 (e), P = 0.476 (f), for P-values in (g): P = 0.481 (Husk), P = 0.011 (Rachis), P = 2.07 × 10−4 (Flag leaf), P = 0.803 (Stem I), 
P = 0.010 (Node I), P = 2.40 × 10−4 (Endosperm), P = 0.150 (Nucellar Epidermis), P = 0.167 (Pericarp), by one-way ANOVA. The different letters denote 
significant differences (P < 0.05) from Tukey’s HSD test. For the box-and-whisker plots, the central line, box and whiskers represent the median, IQR and 
1.5 times the IQR, respectively (d–g).
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