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Abstract 35 

A number of phosphate (Pi) starvation or mycorrhizal regulated Pi transporters 36 

belonging to Pht1 family have been functionally characterized in several plant species, 37 

whereas functions of the Pi transporters which are not regulated by changes in 38 

Pi-supply is lacking. In this study, we show that OsPht1;1 (OsPT1), one of the 13 39 

Pht1 Pi transporters in rice, was expressed abundantly and constitutively in various 40 

cell types of both roots and shoots. OsPT1 was able to complement the nH+/Pi 41 

co-transporter activities in a yeast mutant defective in Pi-uptake. Transgenic plants of 42 

OsPT1 over-expression lines and RNA-interference knockdown lines contained 43 

significantly higher and lower P concentration, respectively, compared to that of 44 

wild-type control, in Pi-sufficient shoots. These responses of the transgenic plants to 45 

Pi supply were further confirmed by the changes of depolarization of root cell 46 

membrane potential, root hair occurrences, 33P uptake rate and transportation, as well 47 

as P accumulation in young leaves at Pi-sufficient level. Furthermore, OsPT1 48 

expression was strongly enhanced by mutation of Phosphate Over-accumulator 2 49 

(OsPHO2), but not by Phosphate Starvation Response 2 (OsPHR2), indicating that 50 

OsPT1 is involved in OsPHO2-regulated Pi pathway. The results indicate that OsPT1 51 

is a key member of Pht1 family involved in Pi uptake and translocation in rice under 52 

Pi-replete condition.  53 

 54 

55 
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Introduction 56 

Phosphorus (P) is one of the key mineral elements indispensable for plant growth and 57 

development. It is a structural component of nucleic acids and phospholipids and play 58 

important roles in energy transfer, signal transduction, photosynthesis and respiration 59 

(Plaxton and Carswell 1999). Pi is taken up by plant roots from the soil and 60 

translocated within the plant via phosphate transporters (PiTs) (Raghothama, 1999). 61 

A large number of the genes that encode phosphate transporters (PiTs) have been 62 

identified from different plant families, including Arabidopsis, cereals, legumes and 63 

Solanaceous species (Paszkowski, 2006; Chen et al., 2007; ; Bucher, 2007; Ai et al., 64 

2009; Nagarajan et al., 2011; Jia et al., 2011). Majority of them showed expression 65 

either exclusively or predominately in the roots, and transcript levels were strongly 66 

induced by low-Pi supply or by inoculation with arbuscular mycorrhiza (Mudge et al., 67 

2002; Paszkowski et al., 2002; Javot et al., 2007; Ai et al., 2009). In Arabidopsis, 68 

three of nine PiTs belonging to the Pht1 family have been functionally characterized 69 

by using T-DNA insertion mutants. AtPht1;1 and AtPht1;4 have been shown to be 70 

responsible for Pi acquisition under both high and low Pi conditions (Misson et al., 71 

2004; Shin, et al., 2004). The double mutant of both AtPht1;1 and AtPht1;4 showed a 72 

75% reduction in Pi uptake capacity as compared to WT plants (Shin, et al., 2004). 73 

Recently, Nagarajan et al. (2011) reported that Arabidopsis pht1;5-1 mutant had 74 

higher shoot P content compared to wild-type (WT), while the P content in roots was 75 

reduced under Pi-replete condition, suggesting that Pht1;5 may mobilize Pi between 76 

source and sink tissues. In addition, Preuss et al. (2010) explored the characteristics of 77 

the low-affinity barley phosphate transporter PHT1;6 using the Xenopus laevis oocyte 78 

expression system, implying that it may play a Pi-transport role at Pi-sufficient 79 

condition in plant. 80 

We previous reported that in rice two Pi-starvation enhanced Pht1 members, OsPT2 81 

and OsPT6, have different functions and kinetic properties (Ai et al., 2009). OsPT6 82 

plays a broad role in Pi uptake and translocation throughout the plant, whereas OsPT2 83 

is a low affinity PiT expressed abundantly in Pi starved roots to facilitate transport of 84 

Pi from roots to shoot (Ai et al., 2009). Liu et al. (2010) reported that OsPT2 was 85 

responsible for most of the over-accumulation of Pi in shoots of OsPHR2 86 

over-expression lines under Pi-sufficient condition. In addition, we detected that 87 
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another Pi-regulated Pht1 member OsPht1;8 (OsPT8) is expressed in various tissues 88 

and organs and is involved in Pi homeostasis in rice (Jia et al., 2011). 89 

In the present work, we investigated the functions of OsPht1;1 (accession number 90 

AF536961, referred as OsPT1 here) in rice. Our results showed that the expression 91 

pattern of OsPT1 is constitutive independent of Pi supply. The P concentration in the 92 

shoots increased significantly in OsPT1 over-expression lines and decreased in 93 

OsPT1-RNAi lines under Pi-sufficient condition. We also report the responses of root 94 

hair development, root cell membrane potential, Pi uptake rate and distribution in 95 

Pi-replete rice to alteration of OsPT1 expression. 96 

97 
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Results 98 

OsPT1 is expressed in both roots and shoots of rice independent of Pi supply 99 

condition  100 

The expression of OsPT1 was investigated by semi-quantitative reverse transcription 101 

(RT)-PCR in both roots and shoots at the seedlings grown under different Pi levels. 102 

OsPT1 was found to be abundantly expressed in the roots and shoots of rice under 103 

both Pi-sufficient and -deficient conditions (Fig. S1). To further confirm this result, 104 

quantitative RT-PCR was carried out by using a housekeeping gene, actin (accession 105 

number AB047313), as a control. As shown in Fig. 1A, the non-alteration of OsPT1 106 

transcript level in the roots and shoots of the seedlings by change of Pi-supply (Fig. 107 

1A) was consistent with the results obtained by semi-quantitative RT-PCR (Fig. S1), 108 

confirming that OsPT1 is constitutively expressed in rice.  109 

To analyze the tissue specific expression and Pi responsiveness of OsPT1 in rice, 110 

we generated transgenic rice plants carrying the β-glucuronidase (GUS, Jefferson et 111 

al., 1987) as a reporter gene. The 5' fragment of 2768 bp immediately upstream of the 112 

translation start for OsPT1 was amplified and used to drive GUS expression. The 113 

expression of GUS driven by ubiquitin promoter was used as a positive control. As 114 

shown in Fig. 1B, GUS driven by OsPT1 promoter was abundantly expressed in 115 

various cells of roots, root-shoot junctions and leaves under both Pi-sufficient and 116 

-deficient conditions. The expression of OsPT1 in roots and the root-shoot junctions 117 

was not only in epidermal cells which are the dominant sites for uptake of Pi from soil 118 

solution, but also throughout the cortical and stele cells (Fig. 1B, a, b, c, d, g, h, i and 119 

j), suggesting that it functions in both Pi uptake and translocation in rice. OsPT1 was 120 

also abundantly expressed in epidermal, mesophyll and stele cells in the leaves, 121 

irrespective of Pi supply (Fig. 1B, e, f, k and l). There was weak GUS expression in 122 

the spikelets and the emerging buds (Fig. S2). 123 

To confirm the correlation between the OsPT1 expression pattern by PCRs and the 124 

GUS staining, we performed in situ hybridization with the OsPT1 antisense probe in 125 

the roots and leaves of WT plant. The labeling of epidermis and cortex layers, central 126 

cylinder in the root sections was observed, and there was no obvious difference under 127 

different Pi-supply (Fig. 1C). Also, a similar signal in the leaves was observed under 128 

Pi-sufficient or -deficient conditions (Fig. 1C). The patterns of labeled signals were in 129 
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agreement with the PCR and reporter gene expression patterns described above.  130 

OsPT1 was able to complement nH+/Pi co-transporter activities in a yeast mutant 131 

To obtain biochemical evidence for the function of OsPT1, we performed the 132 

complementation analysis using the yeast mutant MB192 which is defective in gene 133 

PHO84 that encode a high-affinity Pi transporter on the plasma membrane. The 134 

transformed cells with either OsPT1 or empty vector were grown in yeast nitrogen 135 

base (YNB) medium containing different concentrations of Pi and bromocresol purple 136 

as a pH indicator. A color shift from purple to yellow indicated the acidification of the 137 

liquid medium over a period of 24h. In comparison with the cells of both WT and 138 

mutant MB192, the transformants expressing OsPT1 (Yp112-OsPT1) could restore 139 

their growth at 20 μM Pi (Fig. 2A). At 60 μM Pi concentration, there was no obvious 140 

difference in growth between the transformant and WT cells (Fig. 2A).  141 

The pH dependence of Pi transport by OsPT1 was measuring over a range of pH 142 

values. Growth of MB192 yeast strain expressing OsPT1 was optimal near neutral pH 143 

medium. It has a sharp pH optimum at 6.5, whereas the WT have a broad pH optimum 144 

(Fig. 2B).  145 

To determine the kinetic properties of OsPT1, Pi-uptake experiments using 33Pi 146 

were performed in the transformed yeast mutant. Uptake rates of 33Pi at different Pi 147 

concentrations showed that Pi uptake mediated by OsPT1 followed Michaelis-Menten 148 

kinetics, exhibiting an apparent mean Km of 177 μM Pi (Fig. 2C). The data suggest 149 

that OsPT1 has lower Pi-affinity than its homolog OsPT8 (Km=23 μM Pi) which is 150 

also abundantly expressed in various rice tissues (Jia et al., 2011).  151 

Change in the expression of OsPT1 altered P concentration in Pi-replete shoots 152 

To characterize the function of OsPT1 in Pi uptake and translocation in rice, we 153 

generated OsPT1 over-expression lines using ubiqitin promoter (OsPT1-Ox) and 154 

knockdown lines by RNA interference (OsPT1-Ri) in the background of a japonica 155 

cultivar Nipponbare via Agrobacterium-mediated transformation. Based on 156 

semi-quantitative RT-PCR and real time quantitative RT-PCR analyses, we selected 157 

the two lines of OsPT1-Ox (Ox1 and Ox2) and OsPT1-Ri (Ri1 and Ri2), respectively, 158 

for further characterization. The transcript level of OsPT1 was increased by about 159 

2.3-fold in OsPT1-Ox lines and decreased by about 51% in OsPT1-Ri lines in 160 
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comparison to its expression in WT (Fig. 3A). OsPT1 expression was not significantly 161 

regulated by Pi-supply level in the transgenic rice plants (Fig. 3A). Meanwhile, we 162 

detected the relative expression of the genes that encode Pi-transporters belonging to 163 

Pht1 family in shoot of OsPT1-Ox and wild-type plants using real time quantitative 164 

RT-PCR. OsPT8 and OsPT4 were significantly and moderately up-regulated, 165 

respectively. Others PTs detected were down-regulated (Fig. S3).  166 

In comparison with WT, OsPT1-Ox and OsPT1-Ri contained 76.3% higher and 167 

27.9% lower P concentration in the shoots grown under Pi -sufficient supply on the 168 

average, respectively (Fig. 3B), whereas no significant differences of P concentration 169 

in their shoots under Pi-deficient supply (Fig. 3B). No significant differences of P 170 

concentration in roots were detected between the OsPT1-Ox, OsPT1-Ri and WT 171 

under both Pi-sufficient and -deficient conditions with only exception of higher Pi in 172 

the Pi-deficient OsPT1-Ox1 lines (Ox1) (Fig. 3C).  173 

We used Ox1 and Ri1 to further examine the effects of OsPT1 over-expression or 174 

knockdown on Pi uptake rate and translocation at the different levels of Pi supply. As 175 

expected, Pi concentrations both in the shoots and roots of transgenic and WT plants 176 

were increased as the increases of Pi concentration in the culture solution (Fig. 4A and 177 

B). It is remarkable that the degree of shoot Pi concentration increase by OsPT1-Ox in 178 

comparison with WT was enlarged as the increases of external Pi supply 179 

concentration (Fig. 4A). However, there was no significant difference of Pi 180 

concentration in the roots of OsPT1-Ox1, OsPT1-Ri1 and WT irrespective of Pi 181 

supply levels (Fig. 4B).  182 

Change in the expression of OsPT1 altered Pi uptake rate and distribution in 183 

Pi-replete rice 184 

To precisely determine the contribution of OsPT1 to Pi acquisition and translocation, 185 

the uptake and distribution assay of 33P radioisotope was performed using OsPT1-Ox, 186 

OsPT1-Ri and WT plants pretreated with sufficient Pi. As shown in Fig. 5A and Fig. 187 

S4, OsPT1-Ox transgenic plants (Ox1, Ox2) showed the strongest 33P signals relative 188 

to WT, whereas in the OsPT1-Ri transgenic plants, 33P signals decreased from the 189 

base to the top of the plants (Ri1, Ri2) relative to WT. 33P uptake rates of the roots of 190 

OsPT1-Ox1 and OsPT1-Ox2 transgenic plants were 18.3 and 21.6 nmol min -1g-1 DW, 191 

which is 34% and 67% higher than that of WT, respectively (Fig. 5A). In contrast, 33P 192 
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uptake rates of the roots of OsPT1-Ri1 and OsPT1-Ri2 transgenic plants was 8.15 and 193 

9.32 nmol min -1g-1 DW, about 31-40% lower than that of WT (Fig. 5A). The relative 194 

amount of 33P translocation from roots to the shoots was moderately increased after 195 

24h Pi uptake in OsPT1-Ox plants, whereas it decreased in OsPT1-Ri plants (Fig. 5B). 196 

There were no significant differences of the uptake rates and distribution ratio of 33P 197 

between roots and shoots at Pi-deficient condition (10 µM) for OsPT1-Ox, OsPT1-Ri 198 

and WT (data not shown).  199 

Root acquired Pi must eventually be loaded into the apoplastic space of the xylem 200 

and transported to the shoot. In order to confirm that OsPT1 contributed to Pi 201 

transportation from roots to shoots, we measured the Pi concentration in the xylem 202 

sap of stems. The result showed that the Pi concentration in the xylem sap of 203 

OsPT1-Ox plants dramatically increased than that of WT, by nearly 2-fold at the 204 

beginning of grain-filling stage grown on Pi-replete soil (Fig. 5C), indicating that the 205 

over-expression of OsPT1 could enhance Pi transportation to shoots even at relative 206 

late development stage in rice. 207 

To further characterize the function of OsPT1 in re-translocation of Pi in the aerial 208 

part, the change of Pi concentrations was detected in the 1st, 2nd and 3rd leaves ordered 209 

from the top at the maturity stage of Pi-replete rice. The results showed that the Pi 210 

concentration of the 1st and 2nd leaves of OsPT1-Ox plants remained higher than those 211 

of WT (Fig. 6), while the P concentrations in the 3rd leaves of  OsPT1-Ox plants 212 

were similar to WT over the period (Fig. 6). 213 

Pi uptake-elicited changes in the root cell membrane potential by 214 

over-expression or knockdown of OsPT1  215 

To detect the instantaneous Pi transport into root cells in OsPT1-Ox, OsPT1-Ri and 216 

WT plants, we monitored the responses of the cell membrane potential of the roots to 217 

H2PO4
- treatment. Provision of 300 µM of Pi in the bathing solution elicited a rapid 218 

membrane potential depolarization of WT root cells, confirming that anion Pi 219 

transport into the cells through nH+/Pi co-transporters (Ullrich-Eberius et al., 1984; 220 

Tamai et al., 1985). The Pi-uptake induced instantaneous depolarization of the root 221 

cells in OsPT1-Ox on the average was nearly 2-and 4-fold of that of WT and 222 

OsPT1-Ri, respectively (Fig. 7). These findings are consistent with the data showing 223 

that the highest uptake rate was in OsPT1-Ox plants, the lowest in OsPT1-Ri plants, 224 
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and middle in WT in Fig. 5A. 225 

Change in the expression of OsPT1 affected the root growth and root hair 226 

development 227 

As commonly observed in other Pi-deficient plant roots, the roots of WT, OsPT1-Ox 228 

lines and OsPT1-Ri lines developed large number of root hairs toward the apical ends, 229 

and there were slightly shorter root hairs in the transgenic lines than in WT under Pi- 230 

deficient condition (Fig. 8B, C and D). However, the number and length of root hairs 231 

developed from OsPT1-Ox lines were 5-fold more than that of WT grown at 232 

Pi-sufficient solution (Fig. 8). OsPT1-Ri lines also increased the root hair occurrences 233 

in comparison with WT grown at the Pi- sufficient level (Fig. 8A, C and D). 234 

The expression of OsPT1 was up-regulated in rice Pi accumulator mutant 235 

(ospho2) and not altered in Pi starvation responsive mutant (osphr2) 236 

It has been previously reported that mutation of a Pi accumulator gene (OsPHO2) in 237 

rice resulted in excess of Pi in its shoots, while Pi concentration in the roots was not 238 

largely affected (Wang et al., 2009; Hu et al., 2011). Since the OsPT1-Ox phenotype 239 

was similar to that of ospho2 under Pi-sufficient condition, we examined the 240 

expression of OsPT1 in ospho2 mutant plants using the real time quantitative RT-PCR. 241 

Interestingly, OsPT1 transcripts in the shoots were 2.5- and 6-fold more in ospho2 242 

mutant than in WT under the Pi-sufficient and -deficient conditions, respectively (Fig. 243 

9A). OsPT1 expression in the roots was also significantly up-regulated by the 244 

mutation of OsPHO2 irrespective of Pi supply levels (Fig. 9A). In rice, Phosphate 245 

Starvation Response 2 (OsPHR2) has been characterized as an ortholog gene of 246 

Arabidopsis AtPHR1 and functions in Pi responsive signaling pathway (Zhou et al., 247 

2008). However, we did not observe a significant change of OsPT1 expression in both 248 

osphr2 roots and shoots in comparison with WT (Fig. 9B). 249 

250 
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Discussion 251 

OsPT1 is abundantly expressed in various tissues irrespective of Pi supply 252 

condition 253 

Among all Pi transporters belonging to the families of Pht1, Pht2, Pht3 and Pht4 in 254 

plants (Rausch and Bucher, 2002), the Pht1 family members were most widely studied 255 

due to their vital roles in Pi acquisition from soils and translocation from roots to 256 

other parts of plants. Most of Pht1 family members are root-specific Pi transporters, 257 

and they were reported to express in root epidermis cells (Mudge et al., 2002; Rae et 258 

al., 2003) or in cortical cells after arbuscular mycorrhiza fungi (AMF) colonization 259 

(Bucher, 2007). Rice genome contains total 13 members of Pht1 family, two of which 260 

(OsPT11 and OsPT13) are AMF colonization enhanced PiTs (Paszkowski et al., 2002; 261 

Glassop et al., 2007). We have previously shown that OsPT2 and OsPT6 are strongly 262 

activated by Pi-starvation with distinct localization and transport function (Ai et al., 263 

2009), while OsPT8 is a gene that encodes a high affinity PiT and acts as downstream 264 

of OsPHR2 with a weak but distinct up-regulation in various tissue organs (Jia et al., 265 

2011). In this work, the analyses of promoter-GUS expression patterns, qRT-PCRs 266 

and in situ hybridization showed that OsPT1 was abundantly expressed at various 267 

tissues, including roots, root-shoot junctions and leaves irrespective of Pi supply (Fig. 268 

1).  269 

That OsPT1 expression was not responsive to Pi-deficient condition is consistent 270 

with the results of the sequence alignment analysis. Previous studies illustrated that 271 

many Pht1 genes from Arabidopsis, barley, wheat and rice were activated by AtPHR1 272 

under Pi-deprivation through the conserved P1BS (PHR1 Binding Sequence) element 273 

present in their promoters (Rubio et al., 2001; Schunmann et al., 2004; Tittarelli et al., 274 

2007; Ai et al., 2009). We used the motif-building program MEME to identify 275 

conserved candidate regulatory motifs shared by the Pi-regulated phosphate 276 

transporters among the 13 Pht1 members in rice genome. The predictions indicate that 277 

OsPT1 and OsPT4/OsPT10 in all 13 rice Pht1 gene promoters have no P1BS motifs 278 

(Fig. S5). OsPT2 and OsPT6, which were expressed abundantly under Pi starvation in 279 

rice contain P1BS motifs in their promoters (Paszkowski et al., 2002; Ai et al., 2009).  280 

It has been confirmed that OsPHR2 is involved in Pi-starvation signaling and 281 

regulates the expression of several genes that encode Pi-transporters belonging to Pht1 282 



 

 12

family in rice (Zhou et al., 2008). That the transcriptional expression of OsPT1 was 283 

not regulated by external Pi-supply level could be further supported by non-altered 284 

expression of OsPT1 in osphr2 mutant (Fig. 9). This suggests that OsPT1 is not 285 

directly regulated by OsPHR2 in rice. 286 

OsPT1 functions in Pi acquisition and distribution, Pi-mediated root hair 287 

development in Pi-replete rice 288 

It is generally accepted that Pi uptake of roots from low Pi soil solution is catalysed 289 

by high-affinity PiTs (Raghothama, 1999). It has been shown that AtPht1;1 and 290 

AtPht1;4, which were most highly expressed in the epidermis and root hair cells, 291 

contributed to Pi transport into roots during growth in a wide range of external Pi 292 

concentrations (Shin et al., 2004), while AtPht1;5 which showed Pi 293 

deficiency-induced expression specifically in the phloem cells of older leaves, 294 

cotyledons, and flowers (Mudge et al., 2002) functions in mobilizing Pi between 295 

source and sink organs (Nagarajan et al., 2011). The OsPT1 promoter directed its 296 

constitutive expression in epidermis, cortex and stele cells of various rice tissues (Fig. 297 

1) suggests that OsPT1 is likely to be involved both in Pi acquisition and translocation. 298 

However, either over-expression or knockdown of OsPT1 did not significantly affect 299 

shoot biomass, Pi concentration in both roots and shoots, and Pi distribution at 300 

deficient-Pi supplied rice (Fig. 3, 4). There were only slight differences of the root 301 

responses to Pi-starvation in the transgenic rice in comparison to WT (Fig. 8). It has 302 

been shown that Pi-starvation in rice strongly enhanced expression of high affinity 303 

Pi-transporter gene OsPT6 which was expressed in multiple cell types from epidermis, 304 

cortex to stele, and low affinity Pi-transporter gene OsPT2 which was exclusively 305 

expressed in stele cells of various rice tissues (Ai et al., 2009). Therefore, it could be 306 

assumed that OsPT1 has the functional redundancy with other Pi-starvation 307 

up-regulated Pht1 members for acquisition and transportation of Pi. Enhanced 308 

expression of OsPT2 and OsPT6, possibly together with other non-characterized Pht1 309 

members, could compensate the altered expression of OsPT1 in the Pi-starved rice 310 

plants. 311 

Maintaining sufficient Pi in plant above ground parts depends not only on root Pi 312 

acquisition from external solution, but also on transfer of Pi from roots to shoots via 313 

xylem and re-distribution inside the plant via phloem. PHO1 protein primarily 314 
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expressed in root vascular cylinder is known in mediating Pi efflux for loading Pi to 315 

root xylem in Arabidopsis (Hamburger et al., 2002; Stefanovic 2011). In rice, it has 316 

been shown that OsPHO1;2 plays an important role in transferring Pi from roots to 317 

shoots (Secco et al., 2010). However, it is not clear if Pht1 members are directly 318 

responsible for Pi loading or unloading or retrieval in the vascular tissue, particularly 319 

under Pi-sufficient condition. Gómez-Ariza et al. (2009) analyzed the expression of 320 

five tomato Pi transporter genes in the different root tissues using the laser 321 

microdissection technology. The results indicated that no expression of the detected Pi 322 

transporter genes was observed in the central cylinder, irrespective of the presence of 323 

the arbuscular symbiosis. Previously, we showed that knockdown of OsPT2 324 

exclusively expressed in Pi-starved root stele cells decreased Pi transport from roots 325 

to shoots in rice (Ai et al., 2009). In the present work, the increase of Pi-supply 326 

gradually enlarged the difference of shoot P concentration between the transgenic rice 327 

and WT, and thus resulted in significantly higher P in OsPT1-Ox and lower P in 328 

OsPT1-RNAi mutants (Fig. 4). OsPT1-Ox had significantly higher root cell 329 

membrane potential depolarization responses to external Pi and higher Pi 330 

concentration in xylem sap than WT under P-replete condition (Fig. 5, 7). It is also 331 

interesting that over-expression of OsPT1 resulted in much higher Pi in young leaves 332 

of mature plants (Fig. 6). All these data demonstrated that OsPT1 is involved in root 333 

Pi uptake and allocation in Pi-replete rice. 334 

In Arabidopsis, over-expression of AtPht1;5 lead to increases of root hair numbers 335 

and length both under Pi-sufficient and -deficient conditions, while silencing of the 336 

gene did not have significant effect on the root hair development (Nagarajan et al., 337 

2011). It was remarkable that the OsPT1-Ri lines, particularly OsPT1-Ox lines, 338 

developed much longer and dense root hairs only under P-replete condition (Fig. 8). 339 

Since there was no significant difference of Pi concentration in their roots under 340 

Pi-sufficient condition (Fig. 3C), the enhanced growth of root hair length and number 341 

of OsPT1-Ox in Pi-sufficient medium (Fig. 8) could not be simply explained by 342 

internal Pi status induced changes of root growth. This could be due to differential 343 

distribution of P between different tissues and organs in the whole plants by OsPT1 344 

leading to altered root hair development.   345 

 346 
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OsPT1 and OsPT8 have similar expression pattern but different regulation 347 

pathways 348 

Of the 13 Pi transporter members belonging to Pht1 family in rice, OsPT1 and OsPT8 349 

were the most highly expressed in both roots and shoots grown at high Pi level (Jia, et 350 

al., 2011; Fig. 1A). The analyses of GUS reporter driven by the promoters of OsPT1 351 

and OsPT8 genes indicate a partial overlap in their spatial expression patterns with the 352 

strongest expression in the epidermis, cortical and stele cells (Jia, et al., 2011; Fig. 353 

1B). However, unlike OsPT1, the promoter of OsPT8 contains P1BS element and its 354 

transcripts could be enhanced by Pi-starvation and by over-expression of OsPHR2 (Jia 355 

et al., 2011). In addition, OsPT1, but not OsPT8, was strongly up-regulated in ospho2 356 

mutant, a shoot Pi-over-accumulator (Fig. 9; Jia et al., 2011). Its interaction with 357 

OsPHO2 signaling pathway needs to be characterized next.  358 

Over-expression of OsPT8 resulted in excessive Pi in both roots and shoots leading 359 

to Pi toxicity symptoms under high Pi supply condition (Jia et al., 2011), whereas 360 

over-expression of OsPT1 increased Pi accumulation only in the shoots under 361 

Pi-sufficient condition (Fig. 3). Interestingly, constitutive enhanced OsPT1 expression 362 

up-regulated OsPT8 with concurrent down-regulation of other several Pht1 members 363 

including OsPT2 and OsPT6 in the shoots (Fig. S3), while OsPT8-knockdown 364 

mutation decreased OsPT1 expression (Jia, et al., 2011). In contrast, over-expression 365 

of OsPT8 did not affect the expression of OsPT1, but enhanced expression of OsPT2 366 

and OsPT5 largely in the shoot (Jia et al., 2011). These results imply a possible 367 

functional interaction between OsPT1 and OsPT8, which will be elucidated by the 368 

double mutant of these two genes in the future.  369 

In conclusion, this work shows that OsPht1;1 (OsPT1) is a key member of Pht1 370 

family involved in Pi uptake and translocation in rice under Pi-replete condition. It 371 

was expressed abundantly and constitutively in various cell types of both roots and 372 

shoots, irrespective of Pi-supply level. This strengthens our understanding of the PTs 373 

function during Pi-sufficient condition in higher plants. 374 

 375 

Material and Method 376 

Plant materials and growth conditions 377 
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The Oryza sativa L. ssp. japonica variety Nipponbare was used for the physiological 378 

experiments and rice transformation.  379 

For hydroponic experiments, the seed sterilization procedure and the basal nutrient 380 

solution composition for seedling growth in a glasshouse were as described previously 381 

(Li et al., 2006). The 10d old seedlings were transferred to nutrient solution 382 

containing 1.25mM NH4NO3, 0.35mM K2SO4, 1mM CaCl2·2H2O, 1mM 383 

MgSO4·7H2O, 0.5mM Na2SiO3·9H2O, 20μM Fe-EDTA, 20μM H3BO3, 9μM 384 

MnCl2·4H2O, 0.32μM CuSO4·5H2O, 0.77μM ZnSO4·7H2O and 0.39μM 385 

Na2MoO4·2H2O, supplemented with 300 µM Pi (Pi-sufficient) or 10 µM Pi 386 

(Pi-deficient). The Hydroponic experiments were carried out in a growth room with 387 

16h light (30℃)/8h dark (22℃) photoperiod and the relative humidity was controlled 388 

at ~70%. Initial pH of the solution was adjusted to 5.5, and deionized water was used 389 

throughout the experiments. The nutrient solution was replaced every other day.  390 

Samples were collected after the plants were treated for three weeks for 391 

semi-quantitative reverse transcription (RT)-PCR and real time quantitative RT-PCR, 392 

histochemical localization of the reporter gene and the Pi uptake assay. In the 393 

experiments involving transgenic plants, the seeds were geminated and screened in a 394 

solution containing 25 mg L-1 hygromycin for 7 days before transferred to the 395 

hydroponics system. For the different Pi concentration treatments, 300, 200, 80 and 396 

10 µM Pi were used in the culture solution. For each experiment, three to five 397 

biological replicates were harvested. 398 

The rice Tos17 insertion mutants ospho2 (NE8038_0_102_1A) and rice T-DNA 399 

insertion mutants osphr2 (04Z11NL88) were obtained from the National Institute of 400 

Agrobiological Sciences, Functional Genomics Laboratory (Japan), National Key 401 

Laboratory of Crop Genetic Improvement, National Center of Plant Gene Research, 402 

Huazhong Agricultural University, Wuhan, China (RMD, http://rmd.ncpgr.cn), 403 

respectively. The confirmed homozygous mutant seedlings were used for the 404 

detection of the expression levels of OsPT1. The conditions of growth were the same 405 

as described above. 406 

Generation of the transgenic plants 407 

For GUS expression pattern driven by the native promoter of OsPT1, the upstream 408 
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sequence of the coding region of OsPT1 was first PCR amplified from the genomic 409 

DNA of Oryza sativa L. ssp. japonica variety Nipponbare, using the primers listed in 410 

Table S1. The restriction sites were incorporated into the primers to facilitate cloning 411 

into the expression vector. The amplified DNA fragments were cloned into the 412 

pMD19-T vector (TaKaRa), and were confirmed by restriction enzyme digestion and 413 

DNA sequencing. After digesting with the pMD19-T vector, the native promoter 414 

fragment of OsPT1 was cloned with the GUS reporter genes into the binary vectors 415 

pS1aG-3 (kindly provided by Dr. Delhaize, CSIRO Plant Industry, 416 

http://www.pi.csiro.au). The expression pattern driven by ubiquitin promoter was used 417 

as the positive control. 418 

For OsPT1-Ox transgenic plants, the cauliflower mosaic virus 35S promoter was 419 

used. The expression vector used was pCAMBIA1302. The primers for amplifying 420 

the coding region sequence were listed in Table S1. The procedures for OsPT1-RNAi 421 

transgenic plants were as described previously (Ai et al., 2009). A 255-bp fragment of 422 

OsPT1 coding sequence was amplified using the specific primers listed in Table S1. 423 

The expression vector was transferred to Agrobacterium tumefaciens strain EHA105 424 

by electroporation, and were transformed into rice as described by Upadhyaya et al. 425 

(2000). 426 

Semi-quantitative RT-PCR and quantitative real-time PCR 427 

Total RNAs were prepared from the roots and shoots of wild type or OsPT1-Ox or 428 

OsPT1-Ri using TriZol reagent (Invitrogen, http://www.invitrogen.com). 429 

Semi-quantitative RT-PCR for an actin (26 cycles) and OsPT1(28 cycles) were 430 

performed using gene-specific primers. The PCR products were loaded on 1.2% 431 

agarose gels and photographed using a CCD camera.  432 

  For quantitative PCR analysis, DNase I-treated total RNAs were used for reverse 433 

transcription using SuperScript II (Invitrogen). The cDNA samples were diluted to 1, 434 

0.5 and 0.1 ng/mL. Triplicate quantitative assays were performed on each cDNA 435 

dilution with the SYBR Green Master Mix with an ABI 7000 sequence detection 436 

system, according to the manufacturer's protocol (Applied Biosystems, Foster, City, 437 

CA); the gene-specific primers were designed by using PRIMEREXPRESS software 438 

(Applied Biosystems). The relative quantification method was used to evaluate 439 

quantitative variation between replicates examined. The amplification of OsRAc1 440 
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(actin) was used as an internal control to normalize all data. Triplicate quantitative 441 

assays were performed on each cDNA samples. All primers used for PCR are given in 442 

Table S2. 443 

Histochemical localization of GUS expression 444 

The histochemical analysis of GUS activity was examined as described previously (Ai 445 

et al., 2009). Briefly, the samples were submersed in GUS reaction mix, and were 446 

incubated at 37℃ overnight. To investigate sub-cellular expression patterns, the 447 

stained tissues were rinsed and fixed in FAA for 24h, embedded in paraffin and then 448 

sectioned. The sections were transferred onto a slide and visualized under a 449 

stereomicroscope. The stained or sectioned tissues were photographed using an 450 

OLYMPUS MVX10 steromicroscope, with a color CCD camera. 451 

In situ hybridization 452 

For in situ hybridization, digoxigenin-labeled DNA probes of antisense and sense 453 

OsPT1 were synthesized by Invitrogen (USA) with the DNA sequences: 454 

AGATGACACAAATGGTTAGCGGCAA (antisense) and 455 

GCAGTACTCGTATAGCTCATTCTAT (sense). Root and leaf of ten-day-old plantlets 456 

of wild-type grown either in the Pi-sufficient (300 µM Pi, +P) or Pi-deficienct (10 µM 457 

Pi, -P) conditions were fixed, dehydrated, embedded in paraffin and the sections were 458 

prepared as described in Vernoux et al., (2000). The hybridizations were done by 459 

Shanghai Lc Biotech Co. China. DIG-labelled probes were detected by anti-DIG 460 

conjugated with alkaline phosphatase (AP) and SIGMAFAST Fast Red TR/naphthol 461 

AS-MX Tablets (Sigma-Aldrich). The reaction was stopped by adding 10 mM Tris, 5 462 

mM EDTA, pH 7.5. The background color of hybridization was blue. The light 463 

yellow color corresponds to the specific signal with antisense probe. 464 

Functional complementation assay of OsPT1 in yeast 465 

The yeast manipulations were performed as described previously (Ai et al., 2009). For 466 

the complementation assay, the coding sequence of OsPT1 was amplified by PCR, 467 

and was subcloned into the yeast expression vector p112A1NE to create 468 

OsPT1-p112A1NE. The construct was transformed into the yeast Pi uptake-defective 469 

mutant MB192 (Bunya et al., 1991). The MB192-OsPT1 and control cells were grown 470 
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to the logarithmic phase and then subjected to the YNB (yeast nitrogen base) liquid 471 

medium containing different Pi concentrations (20, 60, 100 µM) evenly. Bromocresol 472 

purple was used as pH indicator. From purple to yellow, the color transformation of 473 

the liquid medium represented the acidification. 474 

To detect the pH susceptibility of Pi uptake, different extracellular pHs (4, 5, 6, 6.5, 475 

7, 7.5, 8) were used at a fixed concentration of 80 μM K2HPO4. MES was used to 476 

keep the stability among the different pH, and measured the value of OD600 after 24h 477 

for the yeast strains Yp112- OsPT1, wild-type and MB192. For each experiment, five 478 

biological replicates were measured. 479 

In order to determine the kinetic properties of the OsPT1 transporter, Pi-uptake 480 

experiments using 33Pi were performed using the transformed yeast. About 1 mg fresh 481 

yeast cells samples were used following the previous described method (Ai et al., 482 

2009). 483 

Measurement of P concentration in plants 484 

Samples for the transgenic and WT plants from either Pi-sufficient or Pi-deficient 485 

treatments were sampled separately. For the measurement of un-assimilated Pi 486 

concentration in the plant, about 0.5 g fresh samples were used following the previous 487 

described method (Zhou et al., 2008). Briefly, the sample was homogenized in 1 mL 488 

10% (w/v) of perchloric acid using an ice-cold mortar and pestle. The homogenate 489 

was then diluted 10 times with 5% (w/v) perchloric acid and placed on ice for 30 min. 490 

after centrifugation at 10,000g for 10 min at 4�, the supernatant was used for Pi 491 

measurement via the molybdenum blue method. The absorption values for the 492 

solution at 650 nm were determined using a Spectroquant NOVA60 493 

spectrophotometer.  494 

For the measurement of total P concentration in the plant, the samples were used 495 

following the method described by Wang et al. (2009) and Chen et al. (2007). Briefly, 496 

0.03 g dry samples were pre-digested in glass tubes with H2SO4 for 2 h. The tubes 497 

were then heated to 180� and 50µl H2O2 was added every 10 min until the solution 498 

turned colorless. Pi concentration was analyzed as described above after dilution. 499 

Xylem sap collection was performed at the initial grain-filling stage using the 500 

procedures as described previously (Fan et al., 2005). Briefly, the stems were cut at 501 
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3-5 cm above the roots. The cut surfaces were rinsed with deionized water and blotted 502 

dry. Xylem sap from this cut surface were collected by absorption into a cotton wool 503 

pad placed on the cut surface. After 12h, the sap sample in the cotton wool was 504 

extracted, and then the water extractable P concentration was measured using the 505 

procedures as described above. 506 

Radioactive 33P-uptake experiments 507 

Seedlings of OsPT1-Ox, OsPT1-Ri and WT plants that had been subjected to Pi 508 

-sufficient condition for 3-week were incubated for 12h and 24h in 250 ml of nutrient 509 

solutions containing 8µCi of KH2
33PO4 (Ai et al., 2009). Plants were rinsed in sterile 510 

distilled water until the radioactivity could not be detected in the solution, were 511 

blot-dried on 3M filter paper, and the roots and shoots were dried and weighed 512 

separately. The tissues were dried at 70°C for 2 days, then wet-digested in a mixture 513 

of H2SO4 and H2O2. The radioactivity of these solutions was measured by a Beckman 514 

LS6500 scintillation counter. Autoradiographs of the radioactive seedlings were then 515 

developed using photographic film plates. 516 

Plasma membrane potential measurements 517 

Plasma membrane potentials of rice roots were measured as previously described (Fan 518 

et al., 2005) with minor modification. A single primary root (not seminal) of intact 519 

rice plants was held in a Plexiglas chamber (volume 2.0 mL) and bathed with a 520 

flowing solution (containing 5 mM MES, 0.5 mM CaCl2, 0.05 mM KCl, 4mM NaCl 521 

and pH 6.0) at the rate of 1 mL per min. The 4 mM NaH2PO4 was taken place of 4 522 

mM NaCl as H2PO4
- treatment on root during membrane potential recording. 523 

Measurement of Roots and Root Hairs 524 

The number and length of root hairs were measured after 7 d under Pi-sufficient or 525 

Pi-deficient conditions. The number of lateral roots and all emerged lateral roots on 526 

primary root was counted by naked eye and divided by the respective length of the 527 

primary roots. For root hair measurement, the root hair zone immediately behind the 528 

root tips was observed under a microscope (Olympus MVX10). The number of root 529 

hairs from one side of the root hair zone of primary root was counted. The roots were 530 

photographed using an OLYMPUS MVX10 stereomicroscope, with a color CCD 531 

camera (Olympuhttp://www.olympus-global.com). Values are averages (±SE) of 10 532 
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seedlings. 533 

Accession Numbers 534 

Sequence data from this article can be found in the rice Genome Initiative/GenBank 535 

data libraries under accession number AF536961 (OsPT1). 536 

 537 
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Figure legends 667 

Figure 1 Expression pattern and tissue localization of OsPT1 in Pi-sufficient and 668 

-deficient rice.  669 

A, Transcriptional patterns of OsPT1 in the roots and shoots of rice (Oryza sativa 670 

L.ssp. Japonica cv. Nipponbare).  671 

10-d-old rice seedlings were transferred to the Pi-sufficient (300 µM Pi, +P) and 672 

Pi-deficient (10 µM Pi, -P) conditions for 21d. Total RNAs were extracted from roots 673 

and shoots of the seedlings and determined by real time quantitative RT-PCR. A 674 

housekeeping gene, actin (OsRac1, accession number AB047313), was used as the 675 

internal standard. Error bars indicate SE (n = 3) of three biological replicates. 676 

B, The expression pattern of GUS driven by the native promoter of OsPT1 in rice. 677 

OsPT1 promoter-driven expression of the GUS reporter gene in primary roots (a,b), 678 

root-shoot junctions (c,d), leaf blade (e,f); transverse section of the primary roots 679 

(g,h,i,j) and leaves (k,l) of the rice seedlings supplied with the Pi-sufficient (300 µM 680 

Pi, +P) and Pi-deficient (10 µM Pi, -P) condition for 21d. Transverse sections of the 681 

primary roots were at 0.5 cm from the root tips. Ph, X, Ep, Co, En, LRP and Me 682 

represents phloem, xylem, epidermis, cortex, endodermis, lateral root primordium and 683 

mesophyll cells, respectively. 684 

C, Localization of OsPT1 expression in the roots and leaves of rice by in situ 685 

hybridization. 686 

10-d-old rice seedlings were transferred to the Pi-sufficient (300 µM Pi, +P) and 687 

Pi-deficient (10 µM Pi, -P) conditions for 21d before tissue collection. Transverse 688 

sections of the primary roots were at 0.5 cm from the root tips. Similar signal with 689 

Pi-sufficient-Pi or -deficient conditions given by the antisense probe was observed in 690 

root (top panel) and leaf (bottom panel) sections. Sense probe was used as the 691 

negative control. 692 

Figure 2 Functional expression of OsPT1 in yeast. A, Complementation of Pi 693 

uptake-deficient yeast. Staining test for color reaction in the yeast strains MB192 694 

(control), Yp112-OsPT1 which contains OsPT1 in MB192, and wild-type (WT). B, 695 

The effects of different pH in the culture medium on the growth of the three yeast 696 
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strains: Yp112- OsPT1, MB192 and WT. Error bars indicate SE (n = 5). C, Velocity 697 

of 33Pi transport by transformants containing Yp112-OsPT1 (closed circles) or 698 

carrying a vector (closed square). The non-linear regression of Pi uptake of strain 699 

Yp112-OsPT1 versus external concentration at pH 6.5 was used to estimate the 700 

apparent Km value for Pi uptake.  701 

Figure 3 The molecular characterization and measurement of P concentration in the 702 

transgenic plants under Pi- sufficient and -deficient conditions. 703 

Detection of the expression levels of OsPT1 in WT and transgenic lines by 704 

quantitative RT-PCR (A). Ox1, Ox2, Ri1 and Ri2 represent independent OsPT1–Ox 705 

and OsPT1–Ri lines, respectively. Total RNA was extracted from the roots and leaves 706 

in OsPT1-Ox, OsPT1-Ri and WT plants grown for 21d in the presence of 300 µM Pi 707 

(+P) and 10 µM Pi (-P). A housekeeping gene, actin, was used as the internal standard. 708 

The results are the mean±SE of five biological replicates. P concentration of the 709 

shoots (B) and roots (C) of the WT and transgenic lines under Pi- sufficient and 710 

-deficient conditions were measured. Error bars indicate SE (n = 5). 711 

Figure 4 Pi concentrations of OsPT1-Ox and OsPT1-Ri lines under different Pi levels 712 

in solution culture.  713 

OsPT1-Ox, OsPT1-Ri and WT plants were grown for 21d under varying 714 

concentrations of Pi (300, 200, 80, 10 µM Pi) in the hydroponic culture, respectively. 715 

Pi concentrations of the shoots (A) and roots (B) of OsPT1-Ox, OsPT1-Ri and wild 716 

type plants were measured. Error bars indicate SE (n = 5).  717 

Figure 5 The rate of Pi uptake by roots and the transportation of root acquired Pi to 718 

shoots using 33Pi isotope, and the Pi concentration in the xylem sap of rice plants.  719 

OsPT1-Ox, OsPT1-Ri and wild-type plants were grown for 7d and then transferred 720 

into Pi-sufficient (300 µM Pi) medium. The Pi uptake of these seedlings was 721 

monitored over 24h. A, Pi uptake rate of the roots in WT and the transgenic plants on 722 

the root dry weight (DW) basis. B, the ratio of accumulated 33P in the shoots to that in 723 

the roots of WT and the transgenic plants. C, Pi concentration in the xylem sap of 724 

OsPT1-Ox and wild-type plants at the grain-filling stage grown in high available Pi 725 

soil. Five plants per line were measured. Error bars represent SE (n = 5). 726 
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Figure 6 Total P concentration in the different leaves of rice at maturity stage. 727 

Both OsPT1-Ox and WT plants were pot-grown under Pi-sufficient condition. The 1st, 728 

2nd and 3rd leaves were ordered from the top at the maturity stage. Error bars indicate 729 

SE (n = 5). 730 

Figure 7 Membrane potential changes (ΔEm) in root rhizodermal cells of OsPT1-Ox, 731 

OsPT1-Ri and WT plants.  732 

Rice seedlings were grown in the solution containing 300 µM Pi for two weeks before 733 

the electrophysiological measurements. A, wild type (left), OsPT1-Ox plants (middle) 734 

and OsPT1-Ri plants (right) treated with phosphate, In: 4mM H2PO4
- treatment to root; 735 

Out: removing 4 mM H2PO4
- with 4 mM Cl-. B, The average values of membrane 736 

potential shifts by 4 mM H2PO4
- treatments in 12 individual seedlings of WT, 737 

OsPT1-Ox and OsPT1-Ri. Error bars indicate SE (n = 3). 738 

Figure 8 Root phenotypes of WT OsPT1-Ox and OsPT1-Ri seedlings under 739 

Pi-sufficient (+P) and Pi-deficient (-P) conditions.  740 

A and B shows root hair proliferation of WT, OsPT1-Ri1 and OsPT1-Ox1 of 741 

7-day-old seedlings grown under the presence of 300 µM Pi (A) and 10 µM Pi (B) 742 

conditions. The scale bars in the panels represent 0.5 mm. C and D shows the root hair 743 

number and length, respectively, which were taken under Pi-sufficient and -deficient 744 

conditions. Error bars indicate SE (n = 10). 745 

Figure 9 The expression levels of OsPT1 in the roots and shoots of ospho2 and 746 

osphr2 mutants.  747 

10-d-old ospho2 (A) and WT seedlings were transferred to the Pi-sufficient (300 µM, 748 

+ Pi) and Pi-deficient (10 µM Pi, -P) conditions for 21d. 10-d-old osphr2 (B) and WT 749 

seedlings were subjected to Pi-sufficient (300 µM Pi, +P) solution. RNA was 750 

extracted from roots and leaves of rice plants and the expression levels of OsPT1 were 751 

determined by the quantitative real-time PCR. A housekeeping gene, actin (OsRac1, 752 

accession number AB047313), was used as the internal standard. Error bars indicate 753 

SE (n = 3) of three biological replicates. 754 
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Figure 1 Expression pattern and tissue localization of OsPT1 in Pi-sufficient and 

-deficient rice.  

A, Transcriptional patterns of OsPT1 in the roots and shoots of rice (Oryza sativa 

L.ssp. Japonica cv. Nipponbare).  

10-d-old rice seedlings were transferred to the Pi-sufficient (300 µM Pi, +P) and 

Pi-deficient (10 µM Pi, -P) conditions for 21d. Total RNAs were extracted from roots 

and shoots of the seedlings and determined by real time quantitative RT-PCR. A 

housekeeping gene, actin (OsRac1, accession number AB047313), was used as the 

internal standard. Error bars indicate SE (n = 3) of three biological replicates. 



 

B, The expression pattern of GUS driven by the native promoter of OsPT1 in rice. 

OsPT1 promoter-driven expression of the GUS reporter gene in primary roots (a,b), 

root-shoot junctions (c,d), leaf blade (e,f); transverse section of the primary roots 

(g,h,i,j) and leaves (k,l) of the rice seedlings supplied with the Pi-sufficient (300 µM 

Pi, +P) and Pi-deficient (10 µM Pi, -P) condition for 21d. Transverse sections of the 

primary roots were at 0.5 cm from the root tips. Ph, X, Ep, Co, En, LRP and Me 

represents phloem, xylem, epidermis, cortex, endodermis, lateral root primordium and 

mesophyll cells, respectively. 

C, Localization of OsPT1 expression in the roots and leaves of rice by in situ 

hybridization. 

10-d-old rice seedlings were transferred to the Pi-sufficient (300 µM Pi, +P) and 

Pi-deficient (10 µM Pi, -P) conditions for 21d before tissue collection. Transverse 

sections of the primary roots were at 0.5 cm from the root tips. Similar signal with 

Pi-sufficient-Pi or -deficient conditions given by the antisense probe was observed in 

root (top panel) and leaf (bottom panel) sections. Sense probe was used as the 

negative control. 
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Figure 2 Functional expression of OsPT1 in yeast. A, Complementation of Pi 

uptake-deficient yeast. Staining test for color reaction in the yeast strains MB192 

(control), Yp112-OsPT1 which contains OsPT1 in MB192, and wild-type (WT). B, 

The effects of different pH in the culture medium on the growth of the three yeast 

strains: Yp112- OsPT1, MB192 and WT. Error bars indicate SE (n = 5). C, Error bars 

indicate SE (n = 5). C, Velocity of 33Pi transport by transformants containing 

Yp112-OsPT1 (closed circles) or carrying a vector (closed square). The non-linear 

regression of Pi uptake of strain Yp112-OsPT1 versus external concentration at pH 

6.5 was used to estimate the apparent Km value for Pi uptake.  
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Figure 3 The molecular characterization and measurement of P concentration in the 

transgenic plants under Pi- sufficient and -deficient conditions. 

Detection of the expression levels of OsPT1 in WT and transgenic lines by 



quantitative RT-PCR (A). Ox1, Ox2, Ri1 and Ri2 represent independent OsPT1–Ox 

and OsPT1–Ri lines, respectively. Total RNA was extracted from the roots and leaves 

in OsPT1-Ox, OsPT1-Ri and WT plants grown for 21d in the presence of 300 µM Pi 

(+P) and 10 µM Pi (-P). A housekeeping gene, actin, was used as the internal standard. 

The results are the mean±SE of five biological replicates. P concentration of the 

shoots (B) and roots (C) of the WT and transgenic lines under Pi- sufficient and 

-deficient conditions were measured. Error bars indicate SE (n = 5). 
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Figure 4 Pi concentrations of OsPT1-Ox and OsPT1-Ri lines under different Pi levels 

in solution culture.  

OsPT1-Ox, OsPT1-Ri and WT plants were grown for 21d under varying 

concentrations of Pi (300, 200, 80, 10 µM Pi) in the hydroponic culture, respectively. 

Pi concentrations of the shoots (A) and roots (B) of OsPT1-Ox, OsPT1-Ri and wild 

type plants were measured. Error bars indicate SE (n = 5).  
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Figure 5 The rate of Pi uptake by roots and the transportation of root acquired Pi to 

shoots using 33Pi isotope, and the Pi concentration in the xylem sap of rice plants.  

OsPT1-Ox, OsPT1-Ri and wild-type plants were grown for 7d and then transferred 

into Pi-sufficient (300 µM Pi) medium. The Pi uptake of these seedlings was 

monitored over 24h. A, Pi uptake rate of the roots in WT and the transgenic plants on 

the root dry weight (DW) basis. B, the ratio of accumulated 33P in the shoots to that in 

the roots of WT and the transgenic plants. C, Pi concentration in the xylem sap of 

OsPT1-Ox and wild-type plants at the grain-filling stage grown in high available Pi 

soil. Five plants per line were measured. Error bars represent SE (n = 5). 
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Figure 6 Total P concentration in the different leaves of rice at maturity stage. 

Both OsPT1-Ox and WT plants were pot-grown under Pi-sufficient condition. The 1st, 

2nd and 3rd leaves were ordered from the top at the maturity stage. Error bars indicate 

SD (n = 5). 
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Figure 7 Membrane potential changes (ΔEm) in root rhizodermal cells of OsPT1-Ox, 

OsPT1-Ri and WT plants.  

Rice seedlings were grown in the solution containing 300 µM Pi for two weeks before 

the electrophysiological measurements. A, wild type (left), OsPT1-Ox plants (middle) 

and OsPT1-Ri plants (right) treated with phosphate, In: 4mM H2PO4
- treatment to root; 

Out: removing 4 mM H2PO4
- with 4 mM Cl-. B, The average values of membrane 

potential shifts by 4 mM H2PO4
- treatments in 12 individual seedlings of WT, 

OsPT1-Ox and OsPT1-Ri. Error bars indicate SE (n = 3). 
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Figure 8 Root phenotypes of WT OsPT1-Ox and OsPT1-Ri seedlings under 

Pi-sufficient (+P) and Pi-deficient (-P) conditions.  

A and B shows root hair proliferation of WT, OsPT1-Ri1 and OsPT1-Ox1 of 

7-day-old seedlings grown under the presence of 300 µM Pi (A) and 10 µM Pi (B) 

conditions. The scale bars in the panels represent 0.5 mm. C and D shows the root 

hair number and length, respectively, which were taken under Pi-sufficient and 

-deficient conditions. Error bars indicate SE (n = 10). 
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Figure 9 The expression levels of OsPT1 in the roots and shoots of ospho2 and 

osphr2 mutants.  

10-d-old ospho2 (A) and WT seedlings were transferred to the Pi-sufficient (300 µM, 

+ Pi) and Pi-deficient (10 µM Pi, -P) conditions for 21d. 10-d-old osphr2 (B) and WT 

seedlings were subjected to Pi-sufficient (300 µM Pi, +P) solution. RNA was 

extracted from roots and leaves of rice plants and the expression levels of OsPT1 were 

determined by the quantitative real-time PCR. A housekeeping gene, actin (OsRac1, 

accession number AB047313), was used as the internal standard. Error bars indicate 

SE (n = 3) of three biological replicates. 


