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In Arabidopsis thaliana, the PHOSPHATE TRANSPORTER1 (PHT1) family encodes the high-affinity phosphate transporters.

They are transcriptionally induced by phosphate starvation and require PHOSPHATE TRANSPORTER TRAFFIC FACILITA-

TOR (PHF1) to exit the endoplasmic reticulum (ER), indicating intracellular traffic as an additional level of regulation of PHT1

activity. Our study revealed that PHF1 acts on PHT1, upstream of vesicle coat protein COPII formation, and that additional

regulatory events occur during PHT1 trafficking and determine its ER exit and plasma membrane stability. Phosphopro-

teomic and mutagenesis analyses revealed modulation of PHT1;1 ER export by Ser-514 phosphorylation status. Confocal

microscopy analysis of root tip cells showed that PHT1;1 is localized to the plasma membrane and is present in intracellular

endocytic compartments. More precisely, PHT1;1 was localized to sorting endosomes associated with prevacuolar

compartments. Kinetic analysis of PHT1;1 stability and targeting suggested a modulation of PHT1 internalization from the

plasma membrane to the endosomes, followed by either subsequent recycling (in low Pi) or vacuolar degradation (in high

Pi). For the latter condition, we identified a rapid mechanism that reduces the pool of PHT1 proteins present at the plasma

membrane. This mechanism is regulated by the Pi concentration in the medium and appears to be independent of deg-

radation mechanisms potentially regulated by the PHO2 ubiquitin conjugase. We propose a model for differential traffick-

ing of PHT1 to the plasma membrane or vacuole as a function of phosphate concentration.

INTRODUCTION

Phosphorus (P) is an essential mineral nutrient for plant devel-

opment and metabolism. Previous work revealed that its con-

centration limits plant development in many soils worldwide

(Barber et al., 1963). Mainly absorbed in its oxidized form,

phosphate (Pi) is a poorly mobile ion and has a high capacity

for association with many cations (Hirsch et al., 2006) or organic

compounds (López-Bucio et al., 2000) in the soil. However, only

the free Pi form is soluble and can be absorbed by plants. In this

form, it is often limiting for plant growth, even in soils where total

Pi exceeds the required needs for plant growth. For this reason,

around 80% (on average) of the Pi fertilizers applied cannot be

exploited by plants.

To cope with this situation, plants have evolved many strate-

gies to optimize their growth in phosphate-limiting conditions (for

review, see Raghothama, 1999). One important element of the

response is linked to the induction of root high-affinity Pi trans-

porters, which increase the Pi influx capacity by severalfold (Lee,

1993). The molecular identification and analysis of high-affinity

phosphate transporter (PHT) genes from many species has

revealed that an important part of this regulation takes place at

the transcriptional level (Muchhal et al., 1996). In Arabidopsis

thaliana, nine sequences of high-affinity transporter homologs

have been identified. Most of these transporters exhibit a strong

induction of their transcripts within the first 12 h of phosphate

starvation conditions (Misson et al., 2005). A second level of

regulation has recently been found by a genetic screen that

identified PHOSPHATE TRANSPORTER TRAFFIC FACILITA-

TOR1 (PHF1) (González et al., 2005). This gene encodes a
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protein located in the endoplasmic reticulum (ER) that is required

for the correct targeting of the PHT1;1 transporter to the plasma

membrane. The phf1 mutation reduces Pi uptake by 80% in low

Pi when compared with a wild-type control (González et al.,

2005). In Pi-depleted medium, the effect of the pht1;1 pht1;4

double mutant on the two primary root high-affinity phosphate

transporters reduced the uptake by 40% (Shin et al., 2004). This

suggests that PHF1 is also required for the proper trafficking of

the other members of PHT1 family.

In this study, cellular biology experiments were performed to

determine if additional levels of regulation may affect PHT1. We

characterized PHT1;1 phosphorylation and intracellular target-

ing through the different endosomal compartments. Our results

identify posttranslational regulatory steps that regulate PHT1;1

accumulation at the plasma membrane and provide greater

details for the function of PHF1.

RESULTS

PHF1 Is Required for Efficient PHT1 Targeting

PHF1 has been shown to alter PHT1;1 targeting and is also

predicted to affect other PHT1 members (González et al., 2005).

To test this prediction, cyan or yellow fluorescent proteins (CFP

and YFP) were fused to two other principal PHT1 root trans-

porters: PHT1;2 and PHT1;4. Both fusion proteins gave similar

results; thus, we only report data for PHT1;2 here.

When PHT1;2-CFP is transiently expressed alone in epidermal

cells ofNicotiana benthamiana leaves, a weak labeling of plasma

membranes is observed (Figure 1A). Strikingly, only a low level of

PHT1;2-CFP expression produced this signal. Indeed, a three- to

fourfold increase in the amount of Agrobacterium tumefaciens

used for transient expression produced a CFP fluorescence

signal that was in addition detected in unexpected locations for

plasma membrane transporters, such as the cytoplasm (Figures

1D to 1F) or in the nucleus (despite the putative presence of

endogenous PHF1 protein). Under these last conditions, correct

localization of PHT1;2-CFP is restored when YFP-PHF1 is coex-

pressed (Figures 1G to 1L). This confirms previous data demon-

strating that fusion of green fluorescent protein (GFP) to the

PHF1 coding sequence results in a protein that is still functional

(González et al., 2005). PHT1;2 is distributed both into reticular

structures that colocalize with YFP-PHF1 (Figures 1G to 1L) and

into punctate moving structures, such as Golgi stacks that are

typical of post-ER compartments (Figures 1G and 1I, arrow-

heads) where YFP-PHF1 could not been observed. Moreover,

PHT1;2-CFP accumulated at the plasma membrane, confirming

that targeting is effective (Figures 1J to 1L).

As previously reported (González et al., 2005), the reticular

structures correspond to the ER compartment, as demonstrated

by the YFP-PHF1 fluorescence that colocalizes with the ER

KDEL-DsRed marker (Figures 1M to 1O).

Immunoblot analysis (see Supplemental Figure 1 online) con-

firmed that all markers were correctly expressed. Furthermore, it

revealed that in the absence of PHF1 overexpression, the pool of

accumulated PHT1;2 was strongly reduced. Together, these

data suggest that in the absence of an adequate amount of PHF1

protein, only a fraction of the PHT1;2 (or PHT1;4) produced is

properly targeted.

PHF1 Is Present Only in the ER Compartment

To investigate if PHF1 is also present in other subcellular

compartments, the Golgi-targeted marker ST-mRFP was intro-

gressed into an Arabidopsis PHF1-GFP–expressing line. No

colocalization could be detected between the two markers (see

Figure 1. PHF1 Facilitates PHT1;2-CFP Targeting through the ER Com-

partment.

Transient protein expression in N. benthamiana epidermal cells analyzed

by confocal microscopy 48 h after infiltration. Transient expression of

PHT1;2-CFP alone to a low (A) or high level (D) and together with YFP-

PHF1 ([G] to [L]). (G) to (I) show colocalization in the ER (arrowheads

indicate post-ER compartments). (J) to (L) show PHT1;2-CFP delivery to

plasma membrane at cell periphery. (M) to (O) show transient coex-

pression of YFP-PHF1 (J) with ER marker KDEL-DsRed (K). Bars = 10

mm, except in (J) to (L), where bars = 50 mm.
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Supplemental Figures 2A to 2C online). We tested putative

transient PHF1 recycling between ER and Golgi bodies by

treating roots that stably coexpress PHF1-GFP and ST-mRFP

with the trafficking inhibitor Brefeldin A (BFA). Upon BFA treat-

ment, the trans-Golgi network and early endosomal compart-

ments have been shown to accumulate in the core of big

subcellular structures referred to as BFA compartments (Geldner

et al., 2001), whereas Golgi markers tend to be found in the

periphery (Grebe et al., 2003; Dettmer et al., 2006). After BFA

treatment (2 h, 50 mM), PHF1-GFP could not be detected inside

BFA compartments or at their periphery (see Supplemental

Figures 2D to 2F online). This indicates that the fusion protein

was not exported from the ER and did not accumulate in later

compartments of the secretory pathway.

PHF1 IsNot Implicated inCOPII Recruitment toERExit Sites

Sequence comparison and structural analysis indicate that PHF1

is related to the yeast Sec12 protein. Sec12 is an ER resident

protein involved in the formation of COPII vesicles, a structure

involved in the export of newly synthesizedcargo proteins from the

ER to the Golgi apparatus in eukaryotic cells (for review, see

Russell and Stagg, 2010). This suggested to us that PHF1 could

be implicated in the packaging of PHT1 into COPII vesicles to

ensure ER export. This was investigated using theN. benthamiana

experimental model that is preferred for studies of ER-Golgi

transport, as described by daSilva et al. (2004). This approach

uses an Agrobacterium-mediated transient expression system in

N. benthamiana leaf epidermal cells. This system allowed us to

coexpress PHF1 and PHT1 fusion proteins along with various

markers involved inCOPII trafficking. The conditions selectedhere

promoted targeting of PHF1 and PHT1, identical to those de-

scribed in Arabidopsis (González et al., 2005), indicating that the

use of the N. benthamianamodel does not disturb the targeting of

these proteins.

Overexpression of Sec12 protein is known to inhibit the COPII-

dependent ER export of proteins (Hanton et al., 2007). We

observed this effect here with COPII-exported cargo (such as

ST), which displayed abnormal targeting and remained mostly in

the ERwhen coexpressed with Sec12-YFP (cf. Figure 2Awith 2D

to 2F). Coexpression of Sec12 with PHT1;2-CFP produced

similar results (see Supplemental Figure 3 online). In this case,

PHT1 targeting to the plasma membrane was impaired (see

Supplemental Figures 3D to 3I online), providing evidence that

PHT1 proteins are indeed exported from the ER in a COPII-

dependent manner. This observation confirms previous work

showing that the secretion of proteins exhibiting a diacidic export

motif in their C terminus (like PHT1) is predicted to be COPII-

dependent (Mikosch et al., 2006; Mikosch and Homann, 2009).

However, ST-CFP fluorescence was not modulated by the

expression of YFP-PHF1 (cf. Figure 2A with 2G to 2I), even

when testing various concentrations of YFP-PHF1 to rule out the

Figure 2. PHF1 Is Not Associated with COPII Component Recruitment to ERES.

Transient protein expression in N. benthamiana epidermal cells analyzed by confocal microscopy 48 h after infiltration. Transient expression of Golgi

marker ST-CFP alone ([A] to [C]) or together with Sec12-YFP ([D] to [F]) or YFP-PHF1 ([G] to [I]). Sec12-YFP overexpression induces ST-CFP retention

in ER. Bars = 10 mm.
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possibility of dose limiting effects (all results were similar to

Figures 2G to 2I).

This view is reinforced by additional experiments based on the

use of the ER export site (ERES) markers Sar1 and Sec24 fused

to YFP. Expression of the YFP-Sec24 marker results in cytosolic

fluorescence with additional bright punctate structures (see

Supplemental Figure 4B online). These structures correspond

to ERES, as revealed by colocalization of the fluorescence signal

associated with Sec 24 and ST-CFP (see Supplemental Figures

4D to 4F online). As previously observed, overexpression of

COPII-exported cargo, such as ST or ERD2, increased the

recruitment of Sec24 to ERES (Hanton et al., 2007). Here, we

show that the Sec24 cytosolic fluorescence is reduced and the

signal concentrates at the level of the punctate structures (cf.

Supplemental Figures 4B and 4E online). Coexpression of

PHT1;2-CFP instead of ST-CFP produced similar results, pro-

viding additional evidence that PHT1 proteins are indeed

exported in a COPII-dependant manner from the ER (see

Supplemental Figure 4H online). On the other hand, when YFP-

Sec24 and CFP-PHF1 were coexpressed, they did not colo-

calize, and no modification of YFP fluorescence pattern was

observed (see Supplemental Figures 4J to 4L online). Similarly, a

fusion of YFP with Sar1, another key component of COPII

machinery, was not observed to colocalize with PHF1 (see

Supplemental Figures 5A to 5F online); this is in contrast with

PHT1;2, which we found to colocalize with Sar1 (see Supple-

mental Figures 5G to 5L online).

Cumulatively, our results indicate that PHF1, despite its ho-

mology with SEC12 proteins, does not appear to be involved in

COPII recruitment. However, COPII-dependent vesicles do ap-

pear to be used during PHT1 trafficking.

PHF1 Accumulation in Arabidopsis Tissues Is

Modulated by the Level of Available Pi

PHF1 expression is induced in phosphate starvation conditions

(González et al., 2005). A transgenic Arabidopsis line expressing

PHF1-GFP under the control of its own promoter has been used

to investigate PHF1 spatial distribution in response to high or low

Pi supply. This is a functional construct, as demonstrated by the

successful complementation of the phf1mutant (González et al.,

2005). Under a nonlimiting phosphate condition, PHF1-GFP is

heterogeneously distributed along the root system (Figure 3A1).

The fluorescence of PHF1-GFP is mainly located in the central

tissues of primary (Figure 3A2) and secondary roots (Figure 3A3)

and is expressed at a very weak level in the outer cell layers

(epidermis and cortex). In Pi-starved seedlings, the accumulation

of PHF1-GFP is strongly modified. In addition to the central

layers, we observed robust fluorescence signal in external cell

layers, in particular in root hairs and connected cortex cells

(Figures 3B2 and 3B3). The signal also appeared more homo-

geneously distributed between the various roots of the plantlets

(Figure 3B1). Notably, PHF1-GFP accumulated in the root cap

(Figures 3A4 and 3B4) in both Pi supply conditions.

Phosphorylation of PHT1 Modulates ER Exit and Targeting

to the PlasmaMembrane

Phosphoproteomic studies of Arabidopsis plasma membrane

proteins (Nühse et al., 2004) indicate that at least two PHT1

transporters (PHT1;1 and PHT1;4) are phosphorylated (for

PHT1;1 modification affect Ser-520). Nevertheless, the role of

these modifications is not yet understood. We hypothesized that

Figure 3. PHF1 Accumulation Is Modulated by Phosphate Supply.

(A) and (B) Seedlings cultivated on medium containing 500 mM (A) or 0 mM (B) Pi.

(A1) and (B1) Whole root system fluorescence observed using a dissecting microscope.

(A2) to (A4) and (B2) to (B4) Cell wall stained with propidium iodide (20 mg/mL) and green (GFP) fluorescence observed by confocal laser scanning

microscopy. Sections are derived from Z-stack acquisitions.

(A2) and (B2) Primary root.

(A3) and (B3) Secondary root.

(A4) and (B4) Root tip.

Bars = 50 mm.
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these modifications could be involved in the regulation of PHT1

trafficking or activity.

To investigate a putative role of Ser-520 phosphorylation in

PHT1;1 subcellular trafficking, this residuewasmutated.We also

selected eight other putative phosphorylation sites located in the

cytoplasmic loops of PHT1;1 (Figure 4A) based on their conser-

vation among the PHT1 transporters and on phosphorylation

predictions (Muchhal et al., 1996; Smith et al., 1997). These Ser

and Thr residues were changed by site-directed mutagenesis to

Ala or Asp, mimicking the unphosphorylated and the phosphor-

ylated forms of the protein respectively. The wild-type and

mutated versions of PHT1;1 were fused to GFP at their C termini.

In Arabidopsis transformants, the cells expressing PHT1;1-GFP

and almost all the mutated versions showed a labeling pattern

consistent with a predominant localization of the fusion proteins

to the plasma membrane (Figures 4C and 4D). By contrast, the

Figure 4. Targeted Mutagenesis of Putative PHT1 Phosphorylation Sites Prevents Exit from the ER.

(A) Model of PHT1;1 showing potential phosphorylation sites on the cytoplasmic side of the membrane that were mutated to both Ala and Asp.

Cylinders represent the 12 predicted transmembrane regions. Ser and Thr residues mutated at potential phosphorylation sites are labeled with their

amino acid numbers. C, C terminus; N, N terminus.

(B) Sequence alignment of the C-terminal regions of Arabidopsis PHT1 transporters. Arrows indicate the residues of PHT1;1 that were mutated (at

potential phosphorylation sites). The putative ER exit site predicted for PHT1;1 is underlined.

(C) to (F) Representative confocal laser scanning micrographs of the fluorescence emitted by root cells of transgenic plants expressing PHT1;1-GFP

(C), PHT1;1-S514A-GFP (D), PHF1-GFP (E), and PHT1;1-S514D-GFP (F).

(G) Quantitative variation of the monophosphorylated C-terminal peptides of PHT1.1 [SLEELSGEAEV(pS)HDEK] and PHT1.4 [SLEEMSGENEDNEN(pS)

NNDSR] identified in proteins from root samples Pi-starved (left) or resupplied with phosphate during 2 h. Data show the mean and SD of biological

triplicates with technical replicates performed. The P value corresponding to Student’s t test of significant differences between conditions were 0.0326

for PHT1.1 and 0.0006 for PHT1.4.

[See online article for color version of this figure.]
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transgenic lines expressing PHT1;1-S514D-GFP presented an

intracellular reticular pattern (Figure 4F). The pronounced local-

ization around the nucleus and its fuzzy aspect throughout the

cell suggests that PHT1 accumulates in ER, as already shown for

PHT1;1-GFP fusion expressed in a phf1 mutant background

(González et al., 2005) or for ER PHF1 protein (Figure 4E).

We performed a phosphoproteomic analysis on roots of

Arabidopsis and compared plants grown on Pi-deficient soil

with plants resupplied with Pi for 2 h. This revealed that Ser

phosphorylation events located at the C terminus of PHT1;1

(Ser-520) and PHT1;4 (Ser-524) were significantly less frequent

for the plants grown on phosphate-depleted medium. These

results suggest a putative regulatory function associatedwith the

phosphorylation of this part of the protein (Figure 4G).

To investigate phosphorylation events on PHT1;1, mass spec-

trometry analysis was performed on cell suspensions. In these

cells, PHT1 is expressed at higher levels, allowing for the

detection of rare events. Indeed, an additional PHT1;1 phos-

phorylation site occurring in vivo on Ser-514 was identified (see

Supplemental Figure 6 online). Interestingly, we identified pep-

tides located at thePHT1;1C-end that exhibited phosphorylation

events restricted to either Ser-520 and Ser-514 together or to

Ser-520 alone. When pooling all spectra obtained from the

different peptide fractions and several independent cell cultures

data, the monophosphorylated form appears ;20 times more

frequently than the diphosphorylated form. The single phosphor-

ylation event of Ser-514 was never identified.

Altogether, these observations indicate serial phosphorylation

events of Ser residues 520 and 514 at the C-end of PHT1;1. The

latter very likely prevents PHT1;1 exit from ER and its proper

targeting to the plasma membrane.

Intracellular Localization of PHT1;1-GFP to

Sorting Endosomes

To investigate post-ER targeting of the PHT1;1 transporter, we

analyzed an Arabidopsis transgenic line that expresses a

PHT1;1-GFP construct under the control of a cauliflower mosaic

virus 35S promoter. This allowed overriding of the transcriptional

control that affects PHT1 during phosphate starvation. To by-

pass the limiting PHF1 level, all the observations were performed

at the root tip because in this region, PHF1 accumulates in-

dependently of Pi supply (Figures 3A4 and 3B4). In p35S:

PHT1;1-GFP lines, fluorescence mainly accumulates at the

plasma membrane but also in intracellular moving punctate

structures, independent of growth conditions (Figures 5A and

5G). In a phf1-1 background, these structures are no longer

visible, suggesting they are involved in post-ER trafficking.

We addressed the intracellular localization of PHT1;1-GFP with

transgenic lines combining Golgi marker ST-mRFP and PHT1;1-

GFP (Figures 5A to 5C). These observations revealed only partial

colocalization of both fusion proteins. However, after BFA treat-

ment (50 mM), both markers rapidly aggregated in BFA compart-

ments (Figures 5D to 5F). A close-up view (Figure 5F) reveals that

PHT1;1-GFP was preferentially located in the core of the BFA

compartment rather than at the periphery as was ST-mRFP.

Next, we investigated a putative link between PHT1;1-GFP

localization and endocytosis processes. We used FM4-64, a

specific tracer dye for endosomes (vesicles resulting from en-

docytosis). GFP and the FM4-64 marker colocalized, confirming

the presence of the phosphate transporters in endosomes

(Figures 5G to 5I). These compartments form a heterogenous

population including the trans-Golgi network, Golgi, and vac-

uoles. The inhibitor wortmannin (Wm), a covalent inhibitor of

phosphoinositide 3-kinases, allows the identification of sorting

endosomes, which are a distinct population of endosomes.

They are involved in the fine regulation (relocalization and/or

Figure 5. PHT1;1 in Arabidopsis Root Tips Is Localized to Sorting

Endosomes.

(A) to (F) Root tip cells coexpressing PHT1;1-GFP and Golgi marker

ST-mRFP in control plants ([A] to [C]) or in plants treated with 50 mMBFA

for 2 h ([D] to [F]).

(G) to (I) Root tip cells expressing PHT1;1-GFP were stained with the

endocytic tracer FM4-64. Observations were made 15 min after incuba-

tion.

(J) to (O) Root tip cells coexpressing PHT1;1-GFP and sorting endo-

somes marker SNX1-mRFP control ([J] to [L]) and 60 min after 33 mM

Wm treatment ([M] to [O]).

Bars = 5 mm.
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degradation) of several membrane proteins and are character-

ized by the presence of sortin nexin 1 (SNX1) (Geldner et al.,

2001; Jaillais et al., 2006). Most of the punctate structures

highlighted by PHT1;1-GFP colocalized with SNX1-mRFP (Fig-

ures 5J to 5L). Furthermore, Wm treatment (33 mM for 60 min)

induced alteration of endosomes containing SNX1-mRFP and

PHT1;1-GFP (Figures 5M to 5O). Strikingly, no differences in

PHT1;1-GFP localization or Wm sensitivity were observed be-

tween control or Pi-starved seedlings (see Supplemental Figure

7 online). A quantitative analysis of the colocalization between

PHT1 and SNX1 was performed using the measure of Pearson’s

coefficient (Bolte and Cordelières, 2006). This revealed a partial

colocalization between the two markers (Pearson’s coefficient

;0.5 for samples with or without Pi; see Supplemental Figure 7N

online). We validated this partial colocalization by Coste’s ap-

proach (Bolte and Cordelières, 2006). Randomized images gave

a Pearson’s coefficient close to 0 with a P value of 100%,

indicating a highly probable colocalization. The partial colocal-

ization between PHT1 and SNX1 is not surprising, as PHT1 is

present in various endocytic compartments, such as in the Golgi

(Figures 5A to 5C).

Analysis of lines expressing PHT1;1-GFP or PHT1;4-GFP under

control of their own promoters gave similar results (as illustrated in

Figures 5A to 5C), indicating genuine localization of PHT1 trans-

porters to sorting endosomes. Moreover, it suggests that this

localization can be extended to other members of PHT1 family.

Phosphate Starvation Stabilizes PHT1.1-GFP at the

PlasmaMembrane

The localization of PHT1;1-GFP to sorting endosomes, indepen-

dent of external Pi content, suggests either recycling to the plasma

membrane or routing of PHT1;1-GFP to lytic vacuoles for degra-

dation. Recycling ofmembraneproteins between endosomes and

the plasma membrane has been demonstrated for PIN1 using a

combination of BFA and the protein synthesis inhibitor cyclohex-

imide (CHX) (Geldner et al., 2001, 2004). We investigated whether

such a recycling process occurs during PHT1;1-GFP trafficking in

seedlings cultivated under Pi-sufficient or limiting conditions (Fig-

ures 6A and 6E).

For control seedlings, a 2-h CHX treatment induced a large

decrease in fluorescence signal at the plasmamembrane (Figure

6B). The addition of BFA for 2 h resulted in the aggregation of

PHT1;1-GFP fluorescence in BFA compartments (Figure 6C).

This signal results from endocytosed proteins because de novo

synthesis is blocked by CHX addition. Withdrawal of BFA for 2 h

induced a dramatic decrease in global cellular fluorescence and

no remobilization of PHT1;1-GFP (Figure 6D), indicating no

apparent recycling between endosomes and plasmamembrane.

Using the same experimental procedure, a PIN1-GFP positive

control shows plasma membrane recovery as previously pub-

lished (Geldner et al., 2001). On Pi-starved seedlings, a 2-h

treatment with CHX did not induce a visible decrease in plasma

membrane fluorescence (Figure 6F). After BFA treatment, fluores-

cence accumulated in BFA compartments (Figure 6G). Even if the

BFA effect is reversible after washouts, it should be noted that the

PHT1;1-GFP fluorescence signal present at the plasma mem-

brane remains strong (Figure 6H). These results suggest a greater

Figure 6. Phosphate-Induced Degradation of Plasma Membrane PHT1.

(A) to (M) Arabidopsis root tip cells coexpressing PHT1;1-GFP cultivated

on medium containing 500 mM ([A] to [D]) or 0 mM ([E] to [H]) Pi. Images

represent the following: prior to drug treatment T0 ([A] and [E]), 2 h after

CHX (50 mM) treatment ([B] and [F]), 30 min CHX (50 mM) pretreatment

and then 2 h CHX (50 mM) and BFA (50 mM) ([C] and [G]), and 30min CHX

(50 mM) pretreatment and then 2 h CHX (50 mM) and BFA (50 mM)

followed by 2 h CHX (50 mM) washout ([D] and [H]). Bars = 10 mm.

(I) Top graph shows fluorescence intensity (absolute values in arbitrary

units) at T0 and after 2 h of CHX treatment of seedlings cultivated under

various Pi concentrations. Bottom graph shows same data in relative

level of fluorescence. For each condition, two lateral roots for six plants

were observed. The fluorescence from 25 regions of interest for each

sample was quantified. The mean and SD from the 300 measurements

are indicated here for one of the three independent experiments

performed.

(J) to (M) Effect of concA treatment (0.5 mM, 3 h) on root tip cells

expressing PHT1;1-GFP grown in �P and +P medium ([L] and [M]) and

respective untreated control ([J] and [K]).

[See online article for color version of this figure.]
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stability of the phosphate transporter under the Pi-limiting condi-

tion. To test this hypothesis, fluorescence quantitative data were

obtained from CHX-treated roots to determine PHT1;1-GFP sta-

bility (Figure 6I). Plasma membrane PHT1;1-GFP fluorescence

following CHX treatment was measured from 300 regions of

interest on roots of seedlings (cultivated in 0, 10, 25, 50, 100, or

500 mMPimedia). For plants growing in Pi-limiting conditions, the

level of PHT1;1-GFP fluorescence at the plasma membrane

remained constant during the first 2 to 3 h of treatment, whereas

this signal rapidly decreased in a dose-dependent manner when

phosphate was present in the medium (Figure 6I). Comparison of

extreme conditions (0 versus 500 mM Pi) revealed a 50 to 65%

drop in fluorescence signal, depending on the experiment (Figure

6I; see Supplemental Figure 8 online). Time-course experiments

revealed that theoptimumobservation of this phenomenonoccurs

after 2 h of CHX treatments. Longer incubation promoted a slow

and continuous decrease of fluorescence signal, which affected

plants independently of Pi conditions (cf. 7-h CHX treatments in

Supplemental Figure 8 online).

This indicates the occurrence of a rapid degradation mecha-

nism that is specifically active in Pi-sufficient conditions. Putative

involvement of the proteasome or PHO2 (a ubiquitin conjugase-

related protein involved in the negative regulation of shoot Pi

levels; Aung et al., 2006; Bari et al., 2006) in this mechanism was

tested here using MG-132 (a proteasome inhibitor) or a pho2-1

mutant. Neither had an impact on this degradation mechanism

(see Supplemental Figure 9 online). The mutagenized forms of

PHT1;1 described above (mimicking phosphorylation or dephos-

phorylation) were also subjected to CHX treatment to test the

putative role of phosphorylation in these degradation process.

Thesemutants behaved like the native PHT1;1 control (Figures 6B

and 6F), suggesting that the regulatory mechanism identified

above acts independently of these modifications. We did not test

PHT1;1 S514D because it remains in the ER.

It has been recently shown for boron (Takano et al., 2005) and

the PIN2 auxin efflux transporter (Kleine-Vehn et al., 2008) that

lytic vacuolar sorting and degradation can follow protein endo-

cytosis. This phenomenon was revealed using concanamycin A

(concA) or dark treatments (Tamura et al., 2003). The effect of a

3-h treatment with 0.5 mM concA was tested using root tips of

7-d-old seedlings cultivated in Pi-sufficient or -limiting condi-

tions. Accumulation of fluorescence was specifically observed

in large vacuolated structures of nonphosphate starved roots

(Figures 6L and 6M). Under these conditions, this indicates that

PHT1 transporters are targeted to the vacuole for degradation,

after removal from the plasma membrane. The various muta-

genized forms of PHT1;1 (mimicking phosphorylated or unphos-

phorylated forms of Ser-509, Ser-514, and Ser-520) were

assayed with concA treatment in Pi-sufficient conditions. All

lines behaved like the wild-type control (Figure 6M), with the

exception of PHT1;1-S514-GFP, which remains trapped in the

ER (see Figure 4F). This suggests that the phosphorylation

events occurring in vivo and identified in the C terminus do not

play any additional role during these degradation processes.

Finally, we compared the internalization kinetic of the endocytic

lipid dye FM4-64 from the plasmamembrane to the tonoplast, and

found revealed no difference between the seedlings cultivated in

Pi-sufficient or in Pi-limiting conditions (Supplemental Figure 10

online). This result suggests that there is no general stimulation of

endocytosis in the low Pi condition. Consequently, this regulation

appears quite specific to PHT1 transporters.

DISCUSSION

Plasma membrane proteins are initially targeted to the ER, after

which they require various trafficking steps to reach their final

destination. A growing body of evidence indicates that the traf-

ficking of plasma membrane proteins is subject to regulation. In

this study, we examined the regulatory events accompanying

intracellular trafficking of PHT1 family members. Our results con-

firm the importance of PHF1 to the ER exit of PHT1 and other

members of this family and place its action upstream of COPII

vesicle formation. In addition, we found that phosphorylation

mimicsof PHT1modulate its exit from theERand thatdegradation

of plasma membrane PHT1 in the presence of phosphate occurs

through endocytosis and its subsequent routing to lytic vacuoles.

PHT1 in the ER: Importance of PHF1

One aspect of the study reported here has been a detailed cell

biological analysis of PHF1 localization and function regarding

the ER exit of different members of the PHT1 family. In particular,

we provide evidence confirming that PHF1 affects not only

PHT1;1 exit from the ER as previously shown (González et al.,

2005), but also the exit of other PHT1 familymembers. According

to the pPHF1:PHF1-GFP construct, accumulation of PHF1 in the

root localizes predominantly to the root tip and the central

cylinder (in all Pi conditions) and is induced by Pi starvation in

the more external root layers, such as epidermis and cortex. This

pattern overlaps with the expression profile of all the various

PHT1 transporters expressed in the roots (Karthikeyan et al.,

2002; Mudge et al., 2002). In addition, we demonstrate that the

other main members of the PHT1 family expressed in the root,

such as PHT1;2 (Figure 1), also required PHF1 for efficient

targeting to the plasma membrane.

The initial characterization ofPHF1demonstrated its localization

to the ER (González et al., 2005). In this study, the putative

presence of PHF1 in other compartments of the secretory path-

way was investigated in detail, using cellular markers and BFA

treatment.Our results indicate thatPHF1 is restricted to the ERbut

is not implicated in recruitment of COPII core components at the

ERES.Bycontrast, PHT1proteinsuse theseERES to leave theER.

Therefore, despite the structural similarity with the yeast Sec12p

protein, we show that PHF1 has acquired a distinct and specific

function in plants, as previously suggested (González et al., 2005),

which acts upstreamofCOPII formation. A role for this could be as

a cochaperone, allowing for proper folding of the Pi transporter.

Such a mechanism has been identified in yeast, where pho86

mutation leads to ER retention of PHO84 (PHT1 homolog). Previ-

ouswork has shown that the pho86mutation induces aggregation

of the yeast PHT1 homolog PHO84 (Kota and Ljungdahl, 2005),

suggesting that Pho86p acts as a cochaperone essential for

proper folding of the transporters. The similarity in phenotypes

between the Arabidopsis phf1 and the yeast pho86 mutations

suggests thatPHF1might playa similar function. This view is in line
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with the finding that PHT1-GFP accumulation is reduced in phf1

(González et al., 2005) and by the recent identification (using the

split ubiquitin system) of a direct interaction between PHF1 and

PHT1 proteins (T.J. Chiou, personal communication).

Phosphorylation Mimics of PHT1 Modulate Its Exit from

the ER

Protein phosphorylation is a well-known type of posttranslational

modification that is involved in the regulation of numerous cellular

processes. Besides modulating protein activity, an important role

of protein phosphorylation is to regulate protein targeting. For

example, the Arabidopsis nitrate transporter NRT1.1 (Martı́n et al.,

2008) and the aquaporin PIP2;1 (Prak et al., 2008) both require

phosphorylation to reach the plasma membrane.

Both this analysis and previous publications (Nühse et al.,

2004; Hem et al., 2007) identified phosphorylation in vivo in the

C-terminal region of PHT1;1 (Ser-514 and Ser-520) and PHT1;4

(Ser-524). Interestingly, several of these phosphorylations are

modulated by phosphate supply, suggesting a conserved reg-

ulatory role for this part of the protein. In addition, phosphopro-

teomics data on cell cultures identified phosphorylations of Ser

residues present in theC-terminal region of PHT1;5, PHT1;7, and

PHT1;9, (M. Rossignol, personal communication). This provides

additional data suggesting that phosphorylation of the C-end of

PHT1 is used by plants as a conserved step to regulate plasma

membrane targeting.

Our experiments on PHT1.1 identified in vivo phosphorylation

of Ser-520 alone or associated with phosphorylation of Ser-514.

Another case of multiple phosphorylation has already been

identified in the C-terminal tail of Arabidopsis PIP2;1 aquaporins.

They are involved in the subcellular trafficking of PIP2;1 toward

the plasma membrane (Prak et al., 2008). Phosphorylation mod-

ulates the trafficking of PHT1 and PIP2;1, and in both cases only

one of the identified phosphorylated Ser residues modulates

the targeting (Ser-514 for PHT1; Ser-283 for PIP2;1). However,

phosphorylation has opposing effects on these proteins:

whereas phosphorylation of the aquaporin is required for its

proper allocation, the phosphorylation of PHT1;1 most probably

prevents it from reaching its final destination. The reduction of

PHT1;1 present at the plasma membrane is correlated with a

nonlimiting Pi presence. Thus, it makes sense that a regulatory

kinase involved in this process could respond to the level of ion

present in the cells. This kinase probably phosphorylates various

Ser residues present at the C-end (as proposed for AtPIP2;1

proteins). The regulatory phosphorylation event taking place in

vivo on Ser-514 probably occurs just before the degradation of

PHT1;1. This could explain why this particular phosphorylation is

poorly detected by phosphoproteomic analysis. This is why its

identification is facilitated by the use of materials, such as cell

suspensions, that can accumulate high levels of PHT1. Interest-

ingly, the PHT1 protein alignment (Figure 4B) revealed the

presence of a putative conserved ER export site (D/E-X-D/E) in

the C-terminal region of the proteins, close to the phosphory-

lation sites. This motif in position 516 to 519 is conserved in all

PHT1, except for PHT1;8 and PHT1;9 (for which multiple ER

export site locations could be predicted due to the presence of

more acidic amino acids in the C tails). We hypothesize that the

introduction of an additional negative charge adjacent to the ER

export site (by mutagenesis or phosphorylation) affects its ac-

tivity. This could explain the retention of the S514D PHT1;1

protein in the ER. We thereby propose that this regulation could

act by altering the recognition process of the ER export motif.

However, since phosphorylation mimics on Ser-514 are all or

nothing experiments promoting a retention of the PHT1;1-GFP

fusion at the ER, it was not possible to use this approach to

investigate whether this phosphorylation could also play a reg-

ulatory role at the plasma membrane level.

Specific Degradation of PlasmaMembrane PHT1 in the

Presence of Phosphate

In this study, we identified a mechanism that regulates PHT1;1

accumulation in the plasma membrane. When phosphate is

supplied to a Pi-starved plant, the accumulation of PHT1;1

transporters in the plasma membrane rapidly decreases. This

reveals the existence of a degradation process that reduces the

pool of PHT1 transporters when phosphate is present in excess

(Figure 6). Similar mechanisms have been identified for different

types of plasma membrane proteins in yeast, plants, and ani-

mals. This involves endocytosis and subsequent degradation in

lytic vacuoles and lysosome compartments, as shown here for

PHT1. Interestingly, the colocalization of PHT1;1 with SNX1

demonstrates its presence in the sorting endosome. Such com-

partments, only recently identified in plants (Jaillais et al., 2006),

have been associated with various functions of membrane

proteins. This includes postendocytic and secretory cargo traf-

ficking (i.e., the recycling of brassinosteroid receptor BRI1 to the

plasmamembrane or targeting of the boron transporter BOR1 for

degradation; Jaillais et al., 2008) or repolarization (auxin trans-

porter PIN1 during secondary root organogenesis; Jaillais et al.,

2007). In Arabidopsis root tips, phosphate transporters do not

appear to be polarized at the plasma membrane. Therefore, the

presence of PHT1;1-GFP in sorting endosomes is most likely

associated with recycling to the plasma membrane and/or

routing to lytic vacuoles for degradation. This view is confirmed

by the accumulation of endocytosed PHT1;1-GFP in BFA-

induced compartments in both growing conditions (Figure 5).

This suggests a continuous internalization of PHT1 from the

plasma membrane to the endosomes for subsequent recycling

(in low Pi) or degradation in lytic vacuoles (in high Pi). Additional

experiments performed with FM64 dye marker confirmed that

endocytocis was not modulated by the level of Pi supply

(see Supplemental Figure 10 online). Similar mechanisms have

been described for auxin transporters (AUX and PIN), both of

which are subjected to continuous recycling between the plasma

membrane and endocytic compartments (Geldner et al., 2003).

Aside from its recycling, PHT1;1 also accumulated in the vacuole

of plants grown in the presence of high Pi (Figure 6M). This has

been well characterized in yeast, where rapid internalization

and vacuolar degradation of the high-affinity phosphate trans-

porter Pho84, a PHT1 homolog, are observed after addition of

Pi (Lagerstedt et al., 2002; Persson et al., 2003). Similar features

have been established for the Arabidopsis boron transporter

(BOR1), depending on the availability of its own substrate

(Takano et al., 2005). Such processes likely aim to avoid the
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cellular toxicity associated with high internal concentrations of

ions such as boron or Pi.

A similar endocytosis mechanism that is followed by vacuolar

breakdown has been identified in yeast for the PHT1 homolog

PHO84 (Lundh et al., 2009). Interestingly, despite the high

conservation between plant and yeast Pi transporters, the se-

quence identified in the central loop of PHO84 (amino acids 304

to 327), which is required for this regulation, appears to be

deleted in all PHT1 members. As in the case of ER exit, which

depends on unrelated plant (PHF1) and yeast (PHO86) cofactors,

it appears that plant and yeast PHT1 transporters have evolved

different mechanisms to regulate degradation of plasma mem-

brane PHT1 in the presence of phosphate. The basis of this

mechanism remains to be identified in plants.

Model of PHT1 Regulations

In Figure 7, we present a model that summarizes the different

levels of regulation that affect PHT1. The first regulatory level

established by previous analyses is transcriptional control (Fig-

ure 7, step 1;Muchhal andRaghothama, 1999; Karthikeyan et al.,

2002; Mudge et al., 2002; Misson et al., 2005; Thibaud et al.,

2010). It regulates quantitative and spatial distribution of PHT1 in

plant tissues in response to environmental modifications. The

main known abiotic factor affecting PHT1 expression is the lack

of phosphate (Figure 7, step 1). It triggers an important induction

in the majority of PHT1 genes within a few hours (Karthikeyan

et al., 2002; Misson et al., 2005).

All other steps of regulation appear to be acting posttransla-

tionally. Given the very high homologies (45 to 98% amino acid

identity; 58 to 99.8% similarity) that exist between PHT1;1 and

the eight other members of the PHT1 family (Mudge et al., 2002),

we hypothesize that most (if not all) posttranslational regulatory

events identified here are conserved. It should be noted that

most of the Pi transporters are tightly regulated at the transcrip-

tional level and are therefore present in very limited amount when

abundant Pi is present in the medium. Nevertheless, some

members of the PHT1 family, such as PHT1;1 (and probably

also PHT1;2), remain transcribed at a significant basal level in Pi-

sufficient conditions (Muchhal et al., 1996; Karthikeyan et al.,

2002). Therefore, the regulations identified in this work may

provide a posttranscriptional control particularly relevant to the

fine-tuning of these specific PHT1 members.

The first posttranslational regulatory level involves the PHF1

protein (Figure 7, step 2). PHF1 is required to facilitate PHT1

transit through the ER, and we suggest that it acts as a PHT1-

specific chaperone. Another level of regulation was also identi-

fied in the ER (Figure 7, step 3), which concerns regulatory

phosphorylation of particular Ser residues located in theC-end of

PHT1. This is illustrated here by the phosphorylation of Ser-514,

which prevents ER exit of the PHT1;1 transporters. We propose

that phosphorylation of Ser-514 impairs the recognition of the

closely linked ER export motif of PHT1;1, thus preventing its exit

from the ER when the internal level of Pi is high.

The last level identified in this study (Figure 7, step 4) is the

downregulation by Pi levels of PHT1 amount at the plasma

membrane. It occurs through endocytosis followed by routing to

degradation at lytic vacuoles. A similar regulatory event is

observed in yeast but appears to rely on a different mechanism

(Lundh et al., 2009).

Such complexity illustrates the capacity for plants to tightly

regulate the level of ion transporters (for recent review on other

Arabidopsis mineral transporters, see Fuji et al., 2009).

METHODS

Plant Materials and Growth Conditions

Seedlings were grown vertically onMurashige and Skoogmediumdiluted

10-fold in Petri dishes supplemented with a Pi source of either 500 mM

(+P) or 5mM (2P) NaH2PO4, as previously described (Misson et al., 2004).

Nicotiana benthamiana was cultivated in growth chambers as described

(Bayle et al., 2008). For all molecular and biochemical analyses, Arabi-

dopsis thaliana plants were grown in a culture chamber under a 16-h-

light/8-h-dark regime (248C/218C) in vertical plates.

Figure 7. Multiple Regulatory Events Control PHT1 Trafficking.

Four different levels of control regulate PHT1 accumulation. A first one takes place at the transcriptional level (1), the second one involves PHF1

accumulation in the ER (2), the third one involves specific phosphorylation at the C terminus of PHT1 impairing PHT1 export from the ER (3), and the

fourth one involves a recycling/degradation process at the level of plasma membrane (PM; 4). All these steps appear to be modulated by the Pi status of

the plant. TGN, trans-Golgi network.

[See online article for color version of this figure.]
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For phosphoproteomics experiments, Arabidopsis (ecotype Columbia-0

[Col-0]) plants and cell suspension were used and grown as described

(Hem et al., 2007; Gerbeau et al., 2002, respectively). Eighteen-day-old

plants were starved by transfer to amedium depleted of phosphate for 7 d.

Phosphate was resupplied by transferring starved plants to the complete

medium during 2 h.

Various Arabidopsis transgenic lines expressing different cellular

markers were used: SNX1:SNX1-mRFP (Jaillais et al., 2007), 35S:

PHT1;1-GFP, pPHF1:PHF1-GFP (González et al., 2005), and ST-mRFP,

which was kindly provided by Tomohiro Uemura (University of Tokyo).

pVHK18-en6 ST-CFP (Brandizzi et al., 2002), pVHK18-en6 Sar1-YFP,

and pVHK18 YFP-Sec24 (Hanton et al., 2007) plasmids were kindly

provided by Federica Brandizzi (Michigan State University).

pVHK18 Sec12-YFP (daSilva et al., 2004) was kindly provided by

Jurgen Denecke (University of Leeds)

Constructs and Transient Plant Transformation

Coding sequences for PHF1 and PHT1;2 were amplified from total Col-0

cDNA, cloned into pENTR/D-TOPO (Invitrogen), and recombined into

pXCSG-CFP and pXCSG-YFP or pXCS CFP-GW and pXCS YFP-GW

(Feys et al., 2005). For cDNA amplification, the following primers were

used: PHF1, cDNA forward 59-CACCATGGAGATTGAAGAAGCGA-

GTCGTG-39 and reverse 59-CCTATAGGTCCAAGTTCCACCTAC-39 for

N-ter fusion or 59-TAGGTACCAAGTTCCACCTAC-39 for C-ter fusion;

PHT1;2, cDNA forward 59-CACCATGGCCGAACAACAACTAGGAGTGC-39

and reverse 59-TTATTTCTCGTCATGGCTAACCTCAGCC-39 for N-ter

fusion or 59-TTTCTC GTCATGGCTAACCTCAGCC-39 for C-ter fusion.

Transient protein expression in N. benthamiana was performed as

previously described (Noël et al., 2007).

Site-Directed Mutagenesis and Expression in Transgenic Plants

Mutagenesis of potential PHT1;1 phosphorylation siteswas performed by

performing PCR on a cDNA of Pht1;1 cloned into a pENTR vector using

the pENTR Directional TOPO Cloning kit (Invitrogen). The mutagenic

primers used to generate mutations at each selected site are given in

Supplemental Table 1 online. PCR-amplified plasmids were treated with

DpnI to select the mutated forms and then used to transform Escherichia

coli strain DH10B. The presence of each mutation was checked by DNA

sequencing (Gexbyweb). The PHT1;1 sequences were placed under the

control of a cauliflowermosaic virus 35Spromoter and fused toGFP in the

C-terminal position by cloning to the pGWB5 vector (Nakagawa et al.,

2007) using the Gateway System (Invitrogen). The constructs were then

transferred into Agrobacterium tumefaciens strain GV3101 by electro-

poration. The bacterial strains were used for transformation of Arabidop-

sis Col-0 by the floral dip method (Harrison et al., 2006). To select

transformed plants, seeds were surface sterilized and germinated in a

Murashige and Skoog medium complemented with 0.05 g/L hygromycin.

At least four independent lines were obtained for each construct.

The roots and shoots of transgenic lines expressing PHT1;1-GFP fusion

and the pPHF1:PHF1-GFP line (González et al., 2005) were observed by

confocalmicroscopy. Formutagenesis experiments, two independent lines

for each construct were analyzed. Based on the phenotype identified for

transformants harboring PHT1;1-S514A-GFP or PHT1;1-S514D-GFP con-

structs, we extended analysis to four independent lines.

Phosphoproteomic Analysis

Membrane fractions were obtained as previously described (Hem et al.,

2007), except for root membranes in which microsome fractions were

stripped for soluble proteins before resuspension in Laemmli buffer and

subsequent trypsin digestion (Wiśniewski et al., 2009).

Phosphopeptides were purified using a combination of ion exchange

(SAX or SCX) and TiO2 microchromatography steps adapted from Hem

et al. (2007) and Trinidad et al. (2006), respectively. Peptides were

analyzed on a nanoflow liquid chromatography–tandem mass spectrom-

eter (Ion Trap HCT or Q-TOF MaXis; Bruker Daltonics). Mass spectrom-

etry data were identified using Mascot version 2.2.04 (Matrix Science)

against an Arabidopsis database (TAIR9, version pep_20090619). For

Mascot search, up to one missed cleavage, carbamidomethylation as

fixed modification, and phosphorylation (ST) or (Y) as variable modifica-

tions were allowed. For quantitative analysis, biological triplicates and

technical replicates were performed. Label-free liquid chromatography–

mass spectrometry quantification of starved and phosphate-resupplied

samples, including statistical analysis (Student’s t test), was made using

the ProteinScape version 2.1 software (Bruker Daltonics).

Confocal Imaging

Transient intracellular fluorescence was observed by confocal laser

scanning microscopy using a Leica SP2 AOBS inverted confocal micro-

scope (Leica Microsystems) equipped with argon ion (458-, 476-, 488-,

496-, and 514-nm laser lines) and He-Ne (561-nm laser line) lasers. A363

HCX PLAN-APO Water immersible objective lens (numerical aperture =

1.2; ref. 506212; Leica, Germany) was used for imaging. GFP, FM4-64,

and propidium iodide were excited by the 488-nm argon laser line, CFP

using the 458-nm line, and YFP using the 514-nm line. mRFP was excited

using a 561-nm He-Ne laser. Fluorescence was detected using photo-

multiplier tube settings as follows: CFP (463 to 505 nm), GFP (500 to 550

nm), YFP (520 to 560 nm), mRFP (570 to 620 nm), and FM4-64 and

propidium iodide (620 to 680 nm). For colocalization experiments, the

sequential mode was used to avoid emission spectra overlapping.

For quantification experiments, 5 to 10 plantlets were observed per

condition. Fluorescence from25 regions of interests on two lateral roots per

plant was quantified using ImageJ software (http://rsbweb.nih.gov/ij/).

Quantitative Analysis of Colocalization between PHT1-GFP

and SNX1-mRFP

Confocal images were analyzed with the ImageJ software using the

JACoP plugin and following the Coste’s approach (Bolte and Cordelières,

2006). The Pearson’s coefficient was calculated based on the analysis of

350 root tip cells from 20 plants per condition. To efficiently quantify

intracellular colocalization, masks over plasma membrane fluorescence

were manually added as previously described (French et al., 2008).

Chemical Treatments

BFA (50 mM; Sigma-Aldrich), Wortmannin (20 mM; Sigma-Aldrich),

concA (100 mM; Sigma-Aldrich), and MG-132 (50 mM; Calbiochem)

stock solutions were prepared in DMSO and used at 50, 33, 0.5, and 50

mM, respectively, in liquid +P or –P medium according to the experiment.

For control experiments, a 0.5% DMSO solution was used. CHX (50 mM;

Sigma-Aldrich) stock solution was prepared in water and used at 50 mM

for experiments. Various drug effects were assayed on 9-d-old plantlets.

For FM4-64 staining, roots were incubated with 5 mM FM4-64 (Red

synaptracer 3.2; Interchim) for 10 min on ice, washed twice with +P or –P

liquid medium, and observed at different incubation times. The cell wall

was stained with propidium iodide (20 mg/mL).

Immunoblot Analysis

Total protein extract fromN. benthamiana leaves were subjected to SDS-

PAGE and transferred to nitrocellulose as described (Noël et al., 2007).

Protein gel blots were probed with monoclonal anti-GFP antibody

(Roche) according to the manufacturer’s instructions.
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Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

initiative under the following accession numbers: PHF1, At3g52190;

PHT1;1, At5g43350; PHT1;2, At5g43370; PHT1;3, At5g43360; PHT1;4,

At2g38940; PHT1;5, At2g32830; PHT1;6, At5g43340; PHT1;7,

At3g54700; PHT1;8, At1g20860; PHT1;9, At1g76430; SNX1,

At5g06140; SEC24, At3g07100; and SEC12, At2g01470.
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