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SUMMARY

Inorganic phosphate (Pi) homeostasis is essential for plant growth and depends on the transport of Pi

across cells. In Arabidopsis thaliana, PHOSPHATE 1 (PHO1) is present in the root pericycle and xylem paren-

chyma where it exports Pi into the xylem apoplast for its transfer to shoots. PHO1 consists of a cytosolic

SPX domain followed by membrane-spanning a-helices and ends with the EXS domain, which participates

in the steady-state localization of PHO1 to the Golgi and trans-Golgi network (TGN). However, PHO1 exports

Pi across the plasma membrane (PM), making its localization difficult to reconcile with its function. To

investigate whether PHO1 transiently associates with the PM, we inhibited clathrin-mediated endocytosis

(CME) by overexpressing AUXILIN-LIKE 2 or HUB1. Inhibiting CME resulted in PHO1 re-localization from the

Golgi/TGN to the PM when PHO1 was expressed in Arabidopsis root pericycle or epidermis or Nicotiana

benthamiana leaf epidermal cells. A fusion protein between the PHO1 EXS region and GFP was stabilized at

the PM by CME inhibition, indicating that the EXS domain plays an important role in sorting PHO1 to/from

the PM. PHO1 internalization from the PM occurred independently of AP2 and was not influenced by Pi defi-

ciency, the ubiquitin-conjugating E2 PHO2, or the potential ubiquitination of cytosolic lysines in the EXS

domain. PM-stabilized PHO1 showed reduced root-to-shoot Pi export activity, indicating that CME of PHO1

may be important for its optimal Pi export activity and plant Pi homeostasis.
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INTRODUCTION

Plants import mineral nutrients from the soil that are crucial

for their growth and development. The acquisition of differ-

ent ions by roots and their translocation to aerial tissues is a

critical aspect of plant ion homeostasis. Of the 13 mineral

nutrients required by plants, phosphorus (P) is one of the

main elements limiting growth and productivity (Poirier

et al., 2022). Plants acquire P in the form of inorganic ortho-

phosphate (Pi) and function as a structural element in nucleic

acids and phospholipids, in energy metabolism as well as in

the regulation of enzymes and signaling pathways. Pi limita-

tion induces broad changes in gene expression and protein

accumulation, leading to different developmental and meta-

bolic acclimatory responses to improve Pi acquisition, stor-

age, and remobilization (Dissanayaka et al., 2021; Guti�errez-

Alan�ıs et al., 2018; Zhang et al., 2014).

The uptake of Pi into roots and its export to vascular

tissues are essential for Pi homeostasis. Following its

acquisition by the root system via PHOSPHATE TRANS-

PORTER 1 (PHT1) H+-Pi co-transporters (Nussaume et al.,

2011), Pi is loaded into xylem vessels by PHOSPHATE 1

(PHO1) for its root-to-shoot transfer (Poirier et al., 1991;

Hamburger et al., 2002). Arabidopsis (Arabidopsis thaliana)

PHO1 is expressed in the root pericycle and xylem paren-

chyma cells (Arpat et al., 2012; Hamburger et al., 2002).

PHO1 expression in ectopic plant tissues, such as leaf

mesophyll cells, leads to the rapid and specific export of Pi

to the apoplast (Arpat et al., 2012; Wege et al., 2016). Fur-

ther support for the activity of PHO1 as a Pi exporter was

obtained by the heterologous expression of rice (Oryza

sativa) PHO1 orthologs in both mammalian cell cultures

and Xenopus laevis oocytes (Ma et al., 2021). The Arabi-

dopsis pho1 mutant is defective in Pi translocation from

roots to shoots and displays pleiotropic phenotypes

expected for Pi deficiency, such as reduced shoot and root

biomass and greater anthocyanin accumulation (Poirier

et al., 1991). PHO1 has also been implicated in the transfer

of Pi from maternal tissues to the embryo in both rice and

Arabidopsis (Ma et al., 2021; Vogiatzaki et al., 2017). PHO1

orthologs in barrel clover (Medicago truncatula) mediate Pi

transfer from infected nodule cells to nitrogen-fixing bacte-

roids (Nguyen et al., 2020).
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PHO1 is composed of an N-terminal hydrophilic tripar-

tite SPX (SYG1/Pho81/XPR1) domain that binds inositol

pyrophosphate, an important mediator of Pi sensing and

signaling (Jung et al., 2018; Wild et al., 2016), followed by

four transmembrane-spanning a-helices (4TM) and a

hydrophobic C-terminal EXS (ERD1/XPR1/SYG1) domain

(Wege et al., 2016). PHO1 is primarily localized to the Golgi

and partially to the trans-Golgi network (TGN) at steady-

state levels in root pericycle cells as shown by the expres-

sion of a complementing PHO1-GFP fusion construct in the

pho1 mutant (Arpat et al., 2012; Liu et al., 2012). The same

Golgi and TGN localization of PHO1 is observed when

PHO1-GFP is transiently expressed in Nicotiana benthami-

ana leaf epidermal cells and mediates specific Pi export

(Arpat et al., 2012). These observations are in contrast to

other transporters expressed in the root pericycle and

involved in root-to-shoot ion transfer, such as REQUIRES

HIGH BORON 1 (BOR1, for boron [B�]; Takano et al., 2002;

Takano et al., 2005), NITRATE TRANSPORTER 1.5 (NRT1.5,

for nitrate [NO3
�], Lin et al., 2008), NRT1/PTR FAMILY 2.4

(NPF2.4, for chloride ions [Cl�]; Li et al., 2016) and AMMO-

NIUM TRANSPORTER 2;1 (AMT2;1, for ammonium ions

[NH4
+]; Giehl et al., 2017), which localize to the plasma

membrane (PM). The Golgi/TGN localization of PHO1

raises the question of how it mediates Pi export across the

PM. As suggested by Arpat et al., 2012, one possibility is

that only a minor fraction of PHO1 localizes to the PM to

mediate Pi export. This situation would be analogous

to that seen for the iron transporter IRON-REGULATED

TRANSPORTER 1 (IRT1), which localizes to the TGN and

early endosomes (EE) in root hair cells at steady-state

levels and functions in the uptake of reduced (ferrous) iron

from the extracellular space (Barberon et al., 2011). IRT1

was observed at the PM only when its recycling from the

PM via endocytosis was inhibited by treatment with

the drug tyrphostin A23 or by blocking monoubiquitina-

tion. However, such stabilization of IRT1 at the PM resulted

in severe growth defects and oxidative stress due to metal

toxicity (Barberon et al., 2011). An alternative hypothesis is

that PHO1 mediates Pi export by loading Pi into Golgi-

derived vesicles, followed by the release of Pi into the

extracellular space through exocytosis (Arpat et al., 2012).

Among the endocytic pathways described to date,

clathrin-mediated endocytosis (CME) is the most common

pathway in plants (Dhonukshe et al., 2007). CME modulates

the abundance of many transporters at the PM, such as

IRT1, the NH4
+ transporter AMT1;3, the aquaporin PLASMA

MEMBRANE INTRINSIC PROTEIN 2;1 (PIP2;1), the Pi trans-

porter PHT1;1 and the manganese (Mn+2) transporter NATU-

RAL RESISTANCE-ASSOCIATED MACROPHAGE PROTEIN 1

(NRAMP1), among others (Barberon et al., 2011, 2014; Cas-

taings et al., 2021; Li et al., 2011; Wang et al., 2013). CME

requires an array of proteins, including heavy-chain and

light-chain clathrins, together with adaptor and accessory

proteins (Aniento et al., 2022; McMahon & Boucrot, 2011;

Paez Valencia et al., 2016; Rodriguez-Furlan et al., 2019). In

plants, the classical hetero-tetrameric ADAPTOR PROTEIN 2

(AP2) complex functions as a clathrin adaptor for CME and

is implicated in the recognition of select PM cargoes des-

tined for CME via Tyr-based motifs (Bashline et al., 2013; Di

Rubbo et al., 2013; Kim et al., 2013; Yamaoka et al., 2013;

Yoshinari et al., 2019). The AP2 complex consists of two

large subunits (a2 and b2 or AP2A and AP2B), one medium

subunit (l2 or AP2M), and one small subunit (r2 or AP2S)

(Collins et al., 2002).

In recent years, ubiquitination has emerged as a dis-

tinct signal recognized by the CME machinery to remove

PM-localized plant proteins from the cell surface (Dubeaux

& Vert, 2017; Ivanov & Vert, 2021). For instance, the ubiqui-

tination of IRT1 and the Pi transporter PHT1;1 induces their

internalization via CME (Barberon et al., 2011; Lin

et al., 2013; Shin et al., 2013). Moreover, the TPLATE com-

plex and TARGET OF MYB 1-LIKE (TOL) proteins have been

shown to participate in the internalization of ubiquitinated

plasma membrane cargos (Grones et al., 2022; Korbei

et al., 2013; Moulinier-Anzola et al., 2020).

In this study, we addressed the role of CME in PHO1

localization using genetic strategies that block CME at the

PM. We observed that PHO1 reaches the PM and

undergoes constitutive cycling to internal vesicular com-

partments. We also show that the internalization of PHO1

by CME occurs independently of AP2. Stabilization of

PHO1 at the PM in Arabidopsis was associated with

reduced Pi export from the root to the shoot. Taken

together, our findings provide evidence for the dynamic

trafficking of PHO1 to and from the PM and suggest that

this cycling is important for maintaining Pi homeostasis.

RESULTS

PHO1 is internalized from the PM via CME

To investigate whether PHO1 transits at the PM, we inter-

fered with CME using a transient expression system in N.

benthamiana. Overexpressing AUXILIN-LIKE 2 inhibits CME

by preventing the recruitment of clathrin to endocytic pits.

This effect appears to be specific to the PM pool of clathrin

without affecting the clathrin coating of other endosomal

compartments (Adamowski et al., 2018). Accordingly, we

co-expressed a PHO1-GFP (green fluorescent protein) con-

struct along with a construct encoding either the Golgi

marker MAN1 (a-1,2-MANNOSIDASE I)-mCherry, the TGN

marker VTI12 (VESICAL TRANSPORT V-SNARE 12)-mCherry

or a PM-localized RFP (red fluorescent protein)-AUXILIN-

LIKE 2 in N. benthamiana leaf epidermal cells using sepa-

rate binary vectors. As previously reported (Arpat

et al., 2012), we observed a high level of co-localization for

PHO1-GFP and the Golgi marker in larger fluorescent bodies

and a lower level of co-localization between PHO1-GFP and
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the TGN marker in the smaller and more mobile fluorescent

bodies (Figure 1a,b). The transient expression of AUXILIN-

LIKE 2 led to the co-localization of PHO1-GFP with RFP-AUX-

ILIN-LIKE 2 at the PM (Figure 1c; Figure S1). To ensure that

the observed effect of AUXILIN-LIKE 2 expression on PHO1

re-localization to the PM was specific, we examined the

effect of transient AUXILIN-LIKE 2 expression on the locali-

zation of two other membrane-associated Golgi proteins,

namely MAN1 (Nelson et al., 2007) and the phosphate trans-

porter PHT4;6 (Cubero et al., 2009; Guo et al., 2008; Li

et al., 2020). AUXILIN-LIKE 2 expression did not shift the

localization of these two Golgi membrane proteins towards

the PM (Figure 1e,f; Figure S2).

Overexpressing a construct encoding the C-terminal

part of CLATHRIN HEAVY CHAIN1 (called HUB1) has a

dominant-negative effect on CME due to the binding of

HUB1 to and out-titrating the clathrin light chains (CLCs)

(Dhonukshe et al., 2007; Kitakura et al., 2011; Liu et al.,

1995). To further assess the contribution of CME to

PHO1 localization, we transiently co-expressed PHO1-GFP

with RFP-HUB1 in N. benthamiana leaves. As shown in

Figure 1d, PHO1-GFP localized at the PM when its encod-

ing construct was co-expressed with RFP-HUB1. Together,

these results reveal that PHO1 localizes to the PM in

N. benthamiana leaves when CME is inhibited.

Overexpressing AUXILIN-LIKE 2 in Arabidopsis stabilizes

PHO1 at the PM of root pericycle cells

To study the effect of inhibiting CME on the subcellular

localization of Arabidopsis PHO1 in the root pericycle, we

introduced the XVE>>AUXILIN-LIKE 2 transgene from a

previously characterized estradiol-inducible XVE>>-
AUXILIN-LIKE 2 overexpressing line (Adamowski et al.,

2018) into a pho1-2 line complemented with a pPHO1:-

PHO1-YFP construct (hereafter referred to as line pPHO1:-

PHO1-YFPcompl.) to generate the pPHO1:PHO1-YFPcompl.

XVE>>AUXILIN-LIKE 2 line. In seedlings not expressing

AUXILIN-LIKE 2 (i.e., without estradiol treatment, DMSO

mock control), PHO1-YFP showed a punctate pattern corre-

sponding to the Golgi/TGN and some diffuse fluorescent

signal likely representing protein degradation, with no sig-

nal visible at the PM (Figure 2a, upper panel). By contrast,

upon estradiol induction, we observed a decrease in the

PHO1-YFP punctate pattern and a significant increase in

the PHO1-YFP signal at the PM that co-localized with the

PM marker tdTomato-RCI2A (RARE-COLD-INDUCIBLE 2A)

(Zhou et al., 2020; Figure 2a, lower panel). Confocal cross-

section images along with intensity line plots (Figure 2b,c)

showed a shift of PHO1-YFP from the endomembranes to

co-localization with the PM marker tdTomato-RCI2A in

root pericycle cells upon AUXILIN-LIKE 2 induction. We

confirmed the overexpression of AUXILIN-LIKE 2 in

these lines after estradiol induction by RT-qPCR analysis

(Figure S3).

To evaluate if PHO1 could be stabilized at the PM

when accumulating in a cell type other than root

pericycle cells, we transformed Arabidopsis Col-0 and the

XVE>>AUXILIN-LIKE 2 overexpressing line with a construct

encoding PHO1 fused to the fluorescent protein Dendra2 at

its C-terminus under the control of an estradiol-inducible

trichoblast-specific WEREWOLF promoter (pWER>>XVE:-
PHO1-Dendra2) (Lee & Schiefelbein, 1999; Siligato et al.,

2016). In the presence of estradiol, we detected punctate-

like structures in the epidermis of pWER>>XVE:PHO1-

Dendra2 cells that resembled native PHO1 localization in

the root pericycle (Figure 2d, upper panel). The large

PHO1-Dendra2 punctate structures co-localized well with

the mCherry-GOT1 (GOLGI TRANSPORT 1) Golgi marker

(Wave18R; Geldner et al., 2009), while smaller structures

showed partial co-localization with the TGN marker

mCherry-VTI12 (Wave13R; Geldner et al., 2009)

(Figure S4a; Arpat et al., 2012). However, upon co-

induction of AUXILIN-LIKE 2 overexpression in the

AUXILIN-LIKE 2 dominant-negative line background, we

observed accumulation of PHO1-Dendra2 at the PM

(Figure 2d, lower panel). We did not observe any fluores-

cent signal in these lines after mock (DMSO) treatment

(Figure S4b). These results suggest that PHO1 can cycle

between the PM and Golgi/TGN in root cells other than the

pericycle and that this dynamic localization is controlled by

endocytosis via a CME pathway.

Stabilization of PHO1 at the PM leads to reduced 33Pi

translocation from root to shoot

We investigated the effects of PM stabilization of PHO1 on

its root-to-shoot Pi transfer function by analyzing the trans-

location of radiolabeled 33Pi in the shoots of pPHO1:PHO1-

YFPcompl. XVE>>AUXILIN-LIKE 2. Since the repression of

CME in this line is not limited to the root pericycle, we first

examined the effects of AUXILIN-LIKE 2 overexpression on

the uptake of 33Pi from the medium to examine its possible

influence on root Pi import. To this end, we transferred

pPHO1:PHO1-YFPcompl. XVE>>AUXILIN-LIKE 2 and control

(pho1-2 XVE>>AUXILIN-LIKE 2, Col-0 and pho1-2) plants

grown for 6 days on medium containing 0.625 lM Pi to the

same medium supplemented with estradiol for AUXILIN-

LIKE 2 induction or DMSO (mock control). Following 16 h of

treatment, we exposed the roots to medium containing

10 lM Pi and 3 lCi 33Pi with or without estradiol and calcu-

lated the total amount of 33Pi acquired by the root by mea-

suring the radioactivity present in the whole seedlings

(shoot and root) per root mg fresh weight. Pi uptake by the

root system decreased in response to the induction of

AUXILIN-LIKE 2 expression compared to the DMSO control

(Figure 3a). To circumvent this situation, we increased the

amounts of Pi and 33Pi 10-fold only for estradiol-treated

seedlings. Under these conditions, whereas both Col-0 and

pho1-2 seedlings showed increased 33Pi uptake from
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medium containing estradiol, the amount of 33Pi acquired in

the XVE>>AUXILIN-LIKE 2 lines treated with estradiol

matched that of the DMSO mock treatment (Figure 3b).

We, therefore, used these conditions to evaluate the

long-distance root-to-shoot transfer of Pi. We calculated the

root-to-shoot transfer capacity of seedlings as the ratio of
33Pi transferred to the shoot relative to the total amount of
33Pi acquired by the seedlings via their roots. We observed

Figure 1. Overexpressing AUXILIN-LIKE 2 or HUB1 stabilizes PHO1-GFP at the plasma membrane in N. benthamiana. (a, b) Subcellular co-localization of full-

length PHO1-GFP with markers for (a) the Golgi (MAN1-mCherry) or (b) TGN (VTI12-mCherry) in N. benthamiana epidermal cells. (c, d) Co-expression of PHO1-

GFP with (c) RFP-AUXILIN-LIKE 2 and (d) RFP-HUB1. (e, f) MAN1-GFP and PHT4;6-GFP (f) remain localized to the Golgi in cells co-expressing RFP-AUXILIN-LIKE

2. White arrowheads in b indicate partial co-localization of PHO1 with the TGN marker. R, Pearson’s correlation coefficient of co-localization. Scale bars, 10 lm.

Figure 2. PHO1 internalization at the plasma membrane is regulated by CME. (a–c) A pPHO1:PHO1-YFPcompl. line was crossed to an estradiol-inducible

XVE>>AUXILIN-LIKE 2 line. (a) Confocal image showing the stabilization of PHO1-YFP at the plasma membrane (PM) following AUXILIN-LIKE2 overexpression

in the root of a 6-day-old Arabidopsis seedling treated with estradiol (lower panels). Mock (DMSO) treatment had no effect on PHO1 localization (upper panels).

(b) Cross-section of a DMSO-treated Arabidopsis root showing punctate-like structures of PHO1-YFP (upper panel) and PM localization at the pericycle in

estradiol-treated roots (lower panels). Co, cortex; En, endodermis; Ep, epidermis; Pe, pericycle. (c) Line plot showing the corresponding fluorescence intensity of

PHO1-YFP and RCI2A td-tomato (PM marker) in Arabidopsis roots. The signal intensity of DMSO-treated roots is shown in the upper panel and estradiol-treated

roots in the lower panel. Fluorescence intensity is drawn from the vertical yellow lines shown in (a), right panels. (d) Subcellular localization of PHO1-Dendra2

encoded by a construct driving expression from an inducible epidermis-specific promoter (pWER:XVE) with (lower panels) or without (upper panels) AUXILIN-

LIKE 2 overexpression. In d, FM4-64 was used to define the PM of the epidermis. Scale bars, 20 lm.
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a ~67% drop in the export of 33Pi from roots to shoots in

estradiol-induced pPHO1:PHO1-YFPcompl. XVE>>AUXILIN-

LIKE 2 seedlings compared to the non-induced DMSO-

treated controls (Figure 3c). The export of 33Pi from roots to

shoots in seedlings where AUXILIN-LIKE 2 was induced in

the pho1-2 mutant background also decreased to a similar

extent (~54%). By contrast, we observed no reduction in

root-to-shoot 33Pi transfer in estradiol-treated Col-0 or pho1-

2 seedlings compared to their respective mock controls

(Figure 3c). These results indicate that induction of

AUXILIN-LIKE 2 negatively impacts root-to-shoot Pi transfer

independently from its effect on root Pi uptake.

Although the export of Pi into the root xylem is pri-

marily mediated by PHO1, its closest homolog PHO1;H1

also contributes to Pi loading to the xylem (Stefanovic

et al., 2007). Hence, to determine whether the reduced Pi

transfer from roots to shoots in pho1-2 is potentially asso-

ciated with the localization of PHO1;H1 at the PM due to

AUXILIN-LIKE 2-mediated CME inhibition, we generated

lines expressing PHO1;H1-GFP under the control of the

PHO1 promoter in the pho1-2 XVE>>AUXILIN-LIKE

2-mCherry background. Confocal microscopy showed that

under mock treatment, PHO1;H1-GFP localizes to

punctate-like structures, with a diffuse fluorescent signal

likely representing protein degradation, with no signal at

the PM visible in the root vasculature, similar to PHO1-YFP

(Figure S5, left panel). By contrast, we observed a change

in the localization of PHO1;H1-GFP to the PM when we

induced AUXILIN-LIKE 2 overexpression by the addition of

estradiol (Figure S5, right panel).

CME of PHO1 occurs independently of AP2

The clathrin-dependent internalization of PHO1 from the

PM prompted us to study the role of the AP2 complex in

PHO1 endocytosis. Since the Arabidopsis ap2m-1 mutant

lacking the l subunit of AP2 shows defects in endocytosis

(Bashline et al., 2013), we examined the subcellular locali-

zation of PHO1-GFP in the ap2m-1 background harboring a
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Figure 3. PHO1 stabilization at the PM affects Pi export from root to shoot. Col-0, pho1-2, pho1-2 XVE>>AUXILIN-LIKE 2 and pPHO1:PHO1-YFPcompl. XVE>>AUX-

ILIN-LIKE 2 were grown on agar-solidified half-strength Murashige and Skoog medium (0.625 mM Pi) for 6 days before being transfered to plates containing the

same medium supplemented with either 5 lM estradiol or 0.05% (v/v) DMSO (mock) for 16 h. The roots were subsequently immersed in liquid MS medium con-

taining 33Pi and Pi for 1 h before quantification of 33Pi uptake and Pi transfer from roots to shoots. (a, b) Measurement of 33Pi import into the roots of seedlings

on medium containing (a) 3 lCi 33Pi and 10 lM Pi with DMSO (black bars) or estradiol (gray bars) and (b) 3 lCi 33Pi and 10 lM with DMSO (black bars) or 30 lCi
33Pi and 100 lM Pi with estradiol (gray bars). (c) Measurement of 33Pi export from root to shoot in seedlings treated with 3 lCi 33Pi and 10 lM Pi with DMSO

(black bars) or 30 lCi 33Pi and 100 lM Pi with estradiol (gray bars). Data are means � standard deviation (n = 3, 10–12 plants were pooled for each biological

replicate). Significant differences relative to the corresponding DMSO controls are indicated (**P < 0.01, *P < 0.05; Student’s t-test).

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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pPHO1:PHO1-GFP transgene. We did not observe any

change in PHO1-GFP localization in the vasculature of

ap2m-1 (Figure 4a). The ap2m-1 mutant has longer primary

roots and defects in internalization of the endocytic tracer

dye FM4-64 compared to the wild type (Bashline

et al., 2013, 2015); we observed the same features in ap2m-

Figure 4. CME of PHO1 occurs independently of AP2. (a) Subcellular localization of PHO1-GFP in the roots of ap2m-1. (b) Measurement of root length in 7-day-

old pPHO1:PHO1-GFPcompl., ap2m-1 and ap2m-1 pPHO1:PHO1-GFP seedlings. ANOVA ****P < 0.0001, n = 50–70 roots per genotype. (c) Imaging of FM4-64

puncta in the epidermal root cells of pPHO1:PHO1-GFPcompl., ap2m-1 and ap2m-1 pPHO1:PHO1-GFP seedlings. (d) Quantification of the ratio of intracellular-to-

PM FM4-64 signal intensity normalized to that of the pPHO1:PHO1-GFPcompl. control. ANOVA ****P < 0.0001, n = 10–15 (�8 cells) roots per genotype. (e) Locali-

zation of PHO1-YFP after mock (DMSO) or estradiol induction of AP2MDC expression (5 lM estradiol for 2 days). Propidium iodide staining (magenta) was used

to define cell boundaries. (f) RT-qPCR analysis of AP2M expression in pPHO1:PHO1-YFPcompl. XVE>>AP2MDC seedlings following induction with 5 lM estradiol

for 2 days. Relative expression level after mock treatment (DMSO only) was set to 1. Student’s t-test, **P < 0.01, n = 3 biological replicates. (g) Root length of

pPHO1:PHO1-YFPcompl. and pPHO1:PHO1-YFPcompl. XVE>>AP2MDC seedlings treated with estradiol or with an equivalent volume of DMSO (mock). Arabidopsis

seeds were incubated for 7 days on inductive medium (5 lM estradiol). ANOVA ****P < 0.0001, n = 30–40 roots per genotype. Confocal images (h) and quantifi-

cation (i) of cytosolic-to-PM ratios of FM4-64 internalization in the genotypes mentioned in (g). ANOVA ****P < 0.0001, n = 10–13 (�8 cells) roots per genotype.

Data are means � SD. Scale bars, 20 lm.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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1 carrying pPHO1:PHO1-GFP compared to the pPHO1:-

PHO1-GFPcompl. control (pho1-2 complemented with the

same pPHO1:PHO1-GFP construct) (Figure 4b–d).
To independently examine the role of AP2 in PHO1

localization, we genetically interfered with AP2 function by

overexpressing the dominant-negative AP2MDC construct,

where the AP2M C-terminal end responsible for cargo bind-

ing is deleted, in the pPHO1:PHO1-YFPcompl. genetic back-

ground (Bashline et al., 2013; Di Rubbo et al., 2013; Kim

et al., 2013; Yamaoka et al., 2013). Upon induction of

AP2MDC expression, we did not detect any change in

PHO1-YFP localization compared to the noninduced

DMSO control (Figure 4e). RT-qPCR analysis showed that

AP2MDC is overexpressed 100-fold in seedlings treated with

estradiol compared to mock treatment (Figure 4f). We also

observed the decrease in root length and internalization of

FM4-64 fluorescent puncta previously associated with the

expression of AP2MDC (Di Rubbo et al., 2013) in the pPHO1:-

PHO1-YFPcompl. XVE>>AP2MΔC line upon induction with

estradiol relative to the DMSO control (Figure 4g–i). Alto-
gether, these results indicate that the internalization of

PHO1 via CME occurs independently of AP2.

PHO2 and the plant Pi status do not influence PHO1

localization

Pi availability affects PHO1 expression at both the tran-

scriptional level and via ubiquitin-mediated degradation

(Hamburger et al., 2002; Liu et al., 2012). We thus investi-

gated if PHO1 localization is modulated by the plant Pi sta-

tus by examining the localization of PHO1-YFP in the roots

of seedlings grown for 6 days on Pi-sufficient or Pi-

deficient medium. Confocal microscopy did not reveal a

change in the localization of PHO1-YFP in roots under Pi-

deficient conditions relative to Pi-sufficient conditions

(Figure S6), suggesting that the dynamic cycling of PHO1

between the Golgi/TGN and PM does not depend on the

availability of Pi in the medium.

PHO2 encodes a ubiquitin-conjugating E2 enzyme that

ubiquitinates PHO1, leading to its degradation (Liu et al.,

2012). To determine if PHO2 influences the localization

of PHO1, we transformed the pho2 mutant with the

proPHO1:PHO1-YFP construct and examined the localiza-

tion of the encoded fusion protein by confocal microscopy.

The punctate pattern associated with the Golgi/TGN locali-

zation of PHO1 in the pho2 mutant background was similar

to that seen in the pho1-2 mutant, with no fluorescent sig-

nal associated with the PM (Figure 5a).

The effect of the EXS domain of PHO1 on PM localization

is not dependent on ubiquitination

Previous studies on the structure of PHO1 showed that

removing its C-terminal EXS domain resulted in the locali-

zation of the PHO1 truncated protein to the ER, while a

fusion protein consisting of only the EXS domain of PHO1

fused to RFP resulted in co-localization with full-length

PHO1-GFP to the Golgi/TGN (Wege et al., 2016). These

findings highlight the important role of the EXS domain

in the Golgi/TGN localization of PHO1. To investigate if the

C-terminal EXS domain of PHO1 functions in its PM locali-

zation, we crossed the pPHO1:EXS-GFP line (producing

only the EXS domain of PHO1 fused to GFP) with the

XVE>>AUXILIN-LIKE 2 line. Upon AUXILIN-LIKE 2 overex-

pression by estradiol treatment, we observed stabilization

of EXS-GFP at the PM in the pericycle compared to the

DMSO control (Figure 5b). These results suggest that the

C-terminal EXS domain of PHO1 functions in PHO1 traffick-

ing to the PM.

The PHO2-mediated degradation of PHO1 implicates

the ubiquitination of the N-terminal half of PHO1 harboring

the SPX domain (Liu et al., 2012). Considering that PHO1

localization is not affected in the pho2 mutant, in addition

to our observation that the EXS domain of PHO1 was stabi-

lized to the PM in response to AUXILIN-LIKE 2 overexpres-

sion, we examined whether lysine residues in the EXS

domain and the preceding four transmembrane regions

(4TM domain) could be ubiquitination sites involved in the

localization of PHO1 to the PM. Based on the previously

described topology of PHO1 (Wege et al., 2016), we gener-

ated two PHO1 variants whose lysine residues facing the

cytosol in the 4TM domain or EXS domain were changed

to arginine residues. These variants contained mutations

in three lysine residues in the 4TM region (K450R, K540R,

and K548R) designated as TM K ? R, and seven lysine res-

idues (K583R, K591R, K677R, K685R, K687R, K700R, and

K769R) in the EXS denoted as EXS K ? R (Figure 6a;

Figure S7). The K ? R mutations in either the 4TM or EXS

domain did not change the localization or function of

PHO1 when we transiently expressed the encoding con-

structs in N. benthamiana leaves, as the variant proteins

co-localized with Golgi and TGN markers (Figure 6b), and

these lines showed greater Pi export to the apoplast com-

pared to the empty vector control (Figure 6c). None of the

PHO1 variants or controls showed any change in the level

of nitrate exported to the medium, indicating that PHO1

specifically exports Pi.

Finally, we introduced GFP fusion constructs of these

two TM K ? R and EXS K ? R PHO1 variants under the

control of the PHO1 promoter in the pho1-2 mutant back-

ground to evaluate the effects of potential ubiquitination

on the localization and Pi root-to-shoot transport activity of

PHO1. Expressing the constructs encoding GFP fusions of

both variants in the pho1-2 background complemented the

reduced shoot growth and low shoot Pi phenotypes of the

pho1-2 mutant to levels comparable to Col-0 and pPHO1:-

PHO1-GFPcompl. (Figure 7a,b). Both TM K ? R and EXS

K ? R PHO1-GFP variants localized to punctate-like struc-

tures in the pericycle, similar to wild-type PHO1-GFP,

which is indicative of Golgi/TGN localization (Figure 7c).

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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These results indicate that the ubiquitination of these

lysine residues is not likely to be involved in regulating the

localization of PHO1 to the PM.

DISCUSSION

Active internalization of PM-localized transporters via

endocytosis has emerged as a powerful strategy to regu-

late ion homeostasis (Fuji et al., 2009; Ivanov & Vert, 2021;

Zelazny & Vert, 2014). Here we demonstrated that endocy-

tosis regulates the localization of the Pi exporter PHO1,

since its PM localization only became apparent when

we genetically impaired CME by overexpressing either

AUXILIN-LIKE 2 or HUB1. Importantly, localization of two

other membrane-associated Golgi proteins, namely MAN1

and PHT4;6, was not modified by the overexpression of

AUXILIN-LIKE 2. CME thus plays an important and specific

role in the trafficking of PHO1 between the Golgi/TGN and

the PM. This mechanism was not cell-type specific, as we

not only observed the shift in the subcellular localization of

Arabidopsis PHO1 mediated by CME impairment in root

pericycle cells (the endogenous expression domain of

PHO1 in roots) but also when we ectopically expressed

PHO1 in root epidermal cells and in N. benthamiana leaf

epidermal cells. CME-mediated transporter internalization

can be triggered by the abundance of the transporter sub-

strate in the surrounding medium, representing a mecha-

nism to regulate ion flux. Such CME-mediated

internalization has been demonstrated for the plant trans-

porters BOR1 by boron, NRAMP1 by manganese, and

AMT1;3 by ammonium (Castaings et al., 2021; Takano

et al., 2002; Wang et al., 2013). Internalization of the PM-

localized H+-Pi co-transporter PHT1;1 into endosomes for

Figure 5. The EXS domain of PHO1 is involved in its trafficking from the Golgi/TGN to the plasma membrane. (a) Confocal microscopy of the localization

of full-length PHO1-YFP in the pho1-2 and pho2 mutant backgrounds. A schematic diagram of PHO1-YFP (N-terminal SPX followed by four transmembrane

a-helices [4TM] and ending with the EXS domain which includes the last two transmembrane a-helices) is shown on the left. Images show the overlay of

GFP (green) and propidium iodide (magenta) fluorescence defining the cell wall boundaries. (b) Imaging of EXS-GFP in the roots of 6-day-old seedlings of

the estradiol-inducible AUXILIN-LIKE 2 overexpressor line treated with DMSO or estradiol for 16 h. All plants were grown in medium containing 0.625 lM
Pi. Scale bars, 20 lm.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 116, 1477–1491
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subsequent degradation to the lytic vacuole occurs at high

Pi in a process implicating the participation of ALIX, a cyto-

solic protein interacting with multivesicular bodies (MVBs)

(Bayle et al., 2011; Cardona-L�opez et al., 2015). By contrast,

we did not detect a shift in PHO1 localization to the PM in

pericycle cells of roots grown in either low- or high-Pi

medium. CME-mediated internalization of PHO1 from the

PM thus appears to be constitutive, at least under the con-

ditions tested here.

Most key components of the CME machinery are con-

served among plants, fungi, and animals (Baisa et al., 2013;

Chen et al., 2011; Paez Valencia et al., 2016). The AP2M sub-

unit of the AP2 complex has been implicated in the recogni-

tion of PM-localized protein cargoes destined for

internalization (Bashline et al., 2013; Di Rubbo et al., 2013;

Fan et al., 2013; Kim et al., 2013). The absence of PM locali-

zation for PHO1 in the dominant negative AP2MDC overex-

pressing line and the ap2m-1mutant suggests the existence

of an AP2-independent CME pathway for PHO1 internaliza-

tion. AP2 is dispensable for plant endocytosis, as Arabidop-

sis mutants defective in single AP2 subunits remain viable

(Bashline et al., 2013; Fan et al., 2013; Kim et al., 2013;

Yamaoka et al., 2013). Mutations in the TPLATE complex

(TPC) subunits are lethal, suggesting that this complex is

an adaptor essential for CME (Gadeyne et al., 2014; Van

Damme et al., 2007). Furthermore, one of the large subunits

of the TPLATE complex has recently been shown to partici-

pate in the internalization of ubiquitinated plasma mem-

brane cargo (Grones et al., 2022). Since the internalization

of PHO1 appears to occur independently of the AP2 com-

plex, it would be interesting to assess whether the TPC con-

tributes to its internalization.

The C-terminal transmembrane region of PHO1, com-

prising the 4TM and EXS domains, was shown to be nec-

essary and sufficient to mediate Pi export when transiently

expressed in N. benthamiana (Wege et al., 2016).

Figure 6. PHO1 TM K ? R and EXS K ? R mutants localize to the Golgi/TGN and export Pi into the extracellular space in N. benthamiana epidermal cells.

(a) Topological model of Arabidopsis PHO1 showing the lysine residues (★) selected for mutagenesis. Two constructs encoding mutated PHO1-GFP were gener-

ated, one with three lysine-to-arginine mutations in the TM domain (TM K ? R, ★ in yellow) and one with seven lysine-to-arginine mutations in the EXS domain

(EXS K ? R, ★ in magenta). (b) Subcellular localization of PHO1 mutants transiently expressed in N. benthamiana. Co-localization of TM K ? R PHO1-GFP

(i and ii) and EXS K ? R PHO1-GFP (iii and iv) to the Golgi/TGN with Golgi (MAN1-mCherry, i and iii) or TGN (VTI12-mCherry, ii and iv) markers. White arrow-

heads point to partial co-localization of PHO1 mutants with the TGN marker. R (Pearson’s correlation coefficient) values for co-localization are reported in each

merged image. (c) Measurement of Pi and NO3
� exported by PHO1 TM and EXS mutants transiently expressed in N. benthamiana leaf discs. The amounts of Pi

and NO3
� exported to the apoplast were measured after 5 h of incubation. Pi and NO3

� export was measured in leaf discs expressing GFP or non-infiltrated

(NC) leaf discs as a control. Data are means � SD, n = 5, 4–5 discs were pooled for each biological replicate. Asterisks represent statistically significant differ-

ences compared to the empty vector control, ANOVA; ****P < 0.0001; **P < 0.01. Scale bars, 10 lm.

� 2023 The Authors.
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Furthermore, the EXS region was shown to be essential

for the proper localization of PHO1 at the Golgi/TGN,

and an EXS-RFP fusion protein co-localized with PHO1

(Wege et al., 2016). In the present study, we showed that

inhibiting CME in seedling expressing an EXS-GFP fusion

construct in the root pericycle also led to a shift of the

fusion protein from the Golgi/TGN to the PM. Together,

these results highlight the key role of the EXS domain

of PHO1 in its localization and retrieval from the PM

by CME.

Ubiquitination can trigger the internalization of trans-

porters from the PM via CME. This observation was dem-

onstrated by the ubiquitination of two lysine residues of

IRT1 facing the cytosol (K154 and K179) by the E3 ubiquitin

ligase IRT1 DEGRADATION FACTOR 1 (IDF1) (Barberon

et al., 2011; Shin et al., 2013) and the action of the E3 ubi-

quitin ligase NITROGEN LIMITATION ADAPTATION (NLA)

on PHT1 Pi importers (Lin et al., 2013). However, in the pre-

sent study, mutating all the cytosol-facing lysine residues

present in the 4TM or EXS region of PHO1 to arginine

resulted in PHO1 variants still capable of complementing

the pho1 mutant. Moreover, these variant PHO1 proteins

showed no shift in localization from the Golgi/TGN to the

PM in transient expression assays in N. benthamiana

leaves or in root pericycle cells.

Beyond endocytosis, ubiquitination is also involved in

controlling the levels of transporters via sorting to MVBs

and lytic vacuoles. Ubiquitination of the N-terminal half of

PHO1 (containing the SPX domain) by the ubiquitin-

conjugating E2 enzyme PHO2 led to increased degradation

of PHO1 via its targeting to MVBs (Liu et al., 2012). As a

result, the pho2 mutant shows high PHO1 abundance and

exhibits constitutively active Pi starvation phenotypes,

leading to excessive shoot Pi content and reduced growth

(Aung et al., 2006; Bari et al., 2006). The identities of the

lysine residues ubiquitinated in the SPX domain of PHO1

by PHO2 are unknown. However, our results indicate that

the localization of PHO1 between the PM and Golgi/TGN is

not affected in the pho2 mutant, indicating that PHO2-

mediated ubiquitination does not contribute to the CME

of PHO1.

Stabilizing IRT1 at the PM by blocking ubiquitination

resulted in an enhanced metal-importing activity of IRT1,

leading to oxidative damage and strongly limited plant

growth associated with the excessive accumulation of Fe

and Mn+2 (Barberon et al., 2011, 2014). These results

Figure 7. The potential ubiquitination sites in the cytosolic regions of PHO1 4TM and EXS do not control its internalization from the plasma membrane. (a) Phe-

notypes of plants transformed with constructs encoding each PHO1 K ? R mutant in pho1-2 compared to wild type (Col-0), pho1-2, and pPHO1:PHO1-GFPcompl.

Plants were grown in pots for 32 days. Scale bar, 5 cm. (b) Pi contents of shoots from the lines mentioned in (a). Data are means � SD, n = 5–7. For all histo-
grams, different lowercase letters indicate significant differences, as determined by ANOVA with a Tukey Kramer test, P < 0.05. (c) GFP fluorescence in the root

pericycles of pho1-2 seedlings expressing full-length PHO1-GFP, TM K ? R or EXS K ? R mutant-GFP constructs. Images show the overlay of GFP (green) and

propidium iodide (magenta) fluorescence defining the cell wall boundaries. Scale bars, 20 lm.

� 2023 The Authors.
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highlight the important role of IRT1 endocytosis in metal-

importing activity, which is required for optimal metal

homeostasis and plant survival. In an analogous manner,

constitutive endocytosis can be seen as a way to prevent

uncontrolled Pi export activity by PHO1. Overexpression of

PHO1 in leaves was previously shown to lead to the accu-

mulation of very high levels of Pi in leaf xylem exudates,

uncontrolled export of Pi into the leaf apoplastic space,

and very poor growth, likely resulting from the metabolic

costs of maintaining a futile cycle of Pi import and export

(Stefanovic et al., 2011). In this context, it is surprising that

the transient stabilization of PHO1 at the PM of the root

pericycle via AUXILIN-LIKE 2 induction led to a decrease in

PHO1-mediated Pi export activity instead of an increase,

which would be expected if the Pi export activity of PHO1

was mediated by a PM-localized protein. This impaired

export activity might be associated with the lack of a part-

ner protein or a posttranslational modification that would

be required for PHO1 to be functionally active. Alterna-

tively, this lower Pi export activity may be due to the

absence of lateral polarity of the PM-stabilized PHO1. Sev-

eral ion transporters have been shown to exhibit lateral

polarity in root cells, which may be associated with more

efficient radial transfer of ions across the root for vascular

ion loading (Barberon & Geldner, 2014). Although the rea-

son behind the lower Pi export activity of PM-stabilized

PHO1 is currently unclear, these findings support a role for

PHO1 internalization from the PM for its optimal activity in

Pi transfer from root to shoot.

An attractive hypothesis for PHO1 Pi export activity is

that this protein loads cytosolic Pi into Golgi-derived vesi-

cles using both a differential Pi gradient and a charge gradi-

ent (generated by the vacuolar ATPase) as driving forces. Pi

unloading to the apoplastic space would then occur through

exocytosis to be followed by the rapid recycling of PHO1

from the PM by endocytosis and endosomal trafficking

(Arpat et al., 2012). The spatial orientation of PHO1 (SPX

and C-terminal end facing the cytosol; Wege et al., 2016)

and driving forces mediating Pi export out of the cytosol

would be similar whether PHO1 was localized at the PM,

Golgi, or Golgi-derived vesicles. However, the vesicular

hypothesis would explain the presence of a large fraction of

PHO1 in the Golgi/TGN and its near absence at the PM, even

under Pi-deficient conditions. The observed decrease in Pi

export activity of PM-stabilized PHO1 may be explained by a

reduction in the number of recycled endosomes available to

participate in further rounds of vesicular Pi loading and

export. Such a secretory pathway-mediated mechanism

was previously proposed to explain how the trans-Golgi-

localized Mn+2 transporter METAL TOLERANCE PROTEIN 11

(MTP11) could be associated with elevated intracellular

levels of Mn+2 in the mtp11 mutant and increased tolerance

to excess Mn+2 in plants overexpressing MTP11 (Delhaize

et al., 2007; Peiter et al., 2007). Support for such a synaptic-

like transport pathway in plants was recently described for

the export of nicotianamine in vascular tissues via the

NAET1/2 transporters (Chao et al., 2021). Whether PHO1

might export Pi via a similar synaptic-like pathway deserves

further analysis.

MATERIALS AND METHODS

Plant materials and growth conditions

All Arabidopsis thaliana plants used in this study, including
mutants and transgenic plants, were in the Columbia (Col-0) back-
ground. For the in vitro experiments, seeds were surface sterilized
by chlorine gas and transferred to the square plates containing
half-strength Murashige and Skoog (MS) salts (Duchefa M0255),
1% (w/v) sucrose, and 1% (w/v) agar in continuous light for
6 days. Seedlings were either used for confocal microscopy or
transferred to soil and grown in long-day conditions (16 h of light
and 8 h of dark at 20°C) for at least 25 days for phenotypic analy-
sis and/or quantification of Pi content. For the Pi-deficient
medium, MS salts without Pi (Caisson Labs, MSP11) were used. Pi
buffer pH 5.7 (93.5% KH2PO4 and 6.5% K2HPO4) was added to
obtain different Pi concentrations.

T-DNA insertion line ap2m-1 (SALK_083693) (Fan et al., 2013;
Kim et al., 2013; Yamaoka et al., 2013) was obtained from the Not-
tingham Arabidopsis Stock Centre. Previously published trans-
genic lines Col-0 XVE>>AUXILIN-LIKE2 (Adamowski et al., 2018),
pho1-4 pPHO1::EXS-mGFP (Wege et al., 2016), pho1-2 pPHO1::-
PHO1-mGFP (pPHO1:PHO1-GFPcompl.) (Wege et al., 2016), pho1-2
pPHO1::PHO1-YFP (pPHO1:PHO1-YFPcompl.) (Liu et al., 2012) and
Wave marker line 13 and 18 (Geldner et al., 2009) were used for
generating the crosses. Floral dip method was used for the gener-
ation of stable Arabidopsis transgenics (Clough & Bent, 1998). The
constructs XVE>>AP2MDC (Di Rubbo et al., 2013), WT pPHO1::
PHO1-mGFP, and mutated PHO1-GFP constructs were trans-
formed into the line pPHO1:PHO1-YFPcompl., pho2 (Aung et al.,
2006) and pho1-2 (Hamburger et al., 2002) backgrounds,
respectively.

Generation of constructs

PHO1 constructs with mutations at selected lysine residue in the
4TM and EXS domains were synthesized by GenScript (genscript.
com). Genomic sequences of WT and mutated PHO1 as well as
the coding sequence of C-HUB1 (Robert et al., 2010) were ampli-
fied and inserted into pENTR2B (Invitrogen) entry vector either by
In-Fusion or Golden gateway strategy before being cloned into the
binary plant expression vector pB7m34GW (Karimi et al., 2007)
(modified with promoter WEREWOLF in the first and C-terminal
Dendra2 fusion in the third position), pMDC32 (GFP C-fusion with
the original 2X35S promoter or modified Arabidopsis PHO1 native
promoter) (Curtis & Grossniklaus, 2003) and pK7WGR2 (RFP N-
fusion with the CaMV 35S promoter) respectively by LR reaction
(Invitrogen). The Man1-RFP (Golgi) and VTI12-mCherry (TGN)
markers were previously described (Geldner et al., 2009; Nelson
et al., 2007). The constructs were introduced into Agrobacterium
tumefaciens pGV3101 and used for stable transformation in Arabi-
dopsis by floral dipping (Clough & Bent, 1998) or transient expres-
sion in Nicotiana benthamiana (Arpat et al., 2012).

N. benthamiana infiltration and Pi export assay

Leaves of 4- to 5-week-old N. benthamiana plants were used
for infiltration with A. tumefaciens. An overnight culture of
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A. tumefaciens carrying constructs grown at 28°C was pelleted
and resuspended in infiltration buffer containing 10 mM MgCl2,
10 mM MES-KOH (pH 5.6), and 150 lM acetosyringone at a final
OD600 = 0.4 to 0.6. The cultures were incubated further for 1–2 h at
28°C on a shaker incubator. P19 expressed from a distinct binary
vector was used to inhibit the silencing of the transgene. For co-
infiltration, the A. tumefaciens strain carrying two constructs was
mixed in an equal amount along with P19. Two days post-
infiltration, leaves were cut randomly into 1-cm-diameter discs
and taken either for confocal imaging or soaked in the buffer con-
taining 5 mM glucose, 10 mM MES-KOH (pH 5.6), 1 mM KCl,
0.5 mM CaCl2, 0.5 mM MgSO4, and 0.01% Triton X-100 for Pi and
NO3

� export assay. Pi and NO3
� released in the buffer were mea-

sured by the molybdate assay (Ames, 1966) and NO3
� reductase

assay (Barthes et al., 1995), respectively.

Pi content, 33Pi import and 33Pi root-to-shoot translocation

assay in Arabidopsis

Pi levels in the shoot of soil-grown 4- to 5-week-old
Arabidopsis were measured by releasing the cellular Pi content
into the water by repeated freezing and thawing. Pi concentration
was then quantified by molybdate assay using a standard curve.

To measure the uptake and transfer of 33Pi from root to
shoot, plants were first grown for 6 days on ½ MS medium con-
taining 0.625 lM Pi. On day 7, plants were transferred to the same
medium supplemented with 5 lM estradiol (dissolved in DMSO)
or 0.05% (v/v) DMSO (mock control). Following 16 h of treatment,
roots were incubated in liquid ½ MS with different concentrations
of Pi and 33Pi, ensuring that shoots do not touch the media. After
1 h, roots and shoots were separated, washed with ice-cold water
and liquid ½ MS (1 mM Pi), blotted, and weighed before placing
them in a scintillation vial with 10% SDS (w/v) for an hour at 55°C.
Radioactivity in the tissue was measured using Ultima Gold scin-
tillation liquid and the Perkin Elmer tri-carb 2800TF scintillation
counter. Uptake rate was calculated as the total amount of radio-
activity present in both roots and shoots divided by the weight of
the roots. The percentage of transfer of Pi from roots to shoots
was calculated as [shoot 33P/(shoot 33P + root 33P)] 9 100. No del-
eterious effects of estradiol treatment on root growth could be
observed.

Chemical treatment

Five to six-day-old seedlings were transferred to ½ MS plates con-
taining 5 lM estradiol or solvent (0.05% DMSO) for 16–20 h for
transgene induction. For FM4-64 uptake experiments, seedlings
were incubated in liquid ½ MS medium supplemented with 2 lM
FM4-64 dye (Thermo Fisher) for 8 min in the dark and on ice.
Excess dye was washed off and the seedlings were mounted in ½
MS medium on microscopy slides at room temperature for
imaging and internalization measurement. Propidium iodide
(Sigma-Aldrich) was diluted 100 times in ½ MS medium with
1% (w/v) sucrose and roots were stained for 2 min before confocal
laser scanning microscopy (CLSM) imaging.

Confocal microscopy and quantification

CLSM images of Arabidopsis roots and N. benthamiana leaves for
subcellular localization were taken with a Leica Stellaris, a Zeiss
LSM700, or a Zeiss LSM880 confocal microscope. FM4-64 internal-
ization was quantified using the ImageJ software. The ratio
between the difference of the average cytosolic fluorescence
intensity and the mean cytosolic background intensity (back-
ground subtracted cytosolic) and the mean plasma membrane

intensity was calculated. The average internalization ratio of each
line was then normalized against the average internalization ratio
of respective controls. Quantification of colocalization was con-
ducted using the Fiji plugin JACoP (Bolte & Cordeli�eres, 2006), in
which Mander’s coefficient and Pearson correlation coefficient
were analyzed. Pearson correlation coefficient was calculated from
a single CLSM image in the figure unless stated otherwise. Images
were adjusted for color and contrast using ImageJ/Fiji software.
Statistical analysis was done in Prism 9 (GraphPad Software, San
Diego, CA, USA).

Quantitative RT-PCR

Total RNA from 7-day-old seedlings induced with 5 lM estradiol
or DMSO control for 20 h was extracted using ReliaPrepTM RNA
Miniprep Systems (Promega) according to manufacturer’s instruc-
tions. Two micrograms of RNA was reverse-transcribed using M-
MLV Reverse Transcriptase (M3681, Promega) and oligo d(T)15
according to the manufacturer’s instructions. qRT-PCR was per-
formed using SYBR Select Master Mix (4 472 908, Applied Biosys-
tems) with primer pairs specific to genes of interest and EF1A
(At1g07940) used for data normalization. Relative gene expression
was calculated with the 2�DDCT method (Livak & Schmittgen, 2001).
Primer sequences are listed in Table S1.
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Figure S1. Correlation coefficients between PHO1-GFP and RFP-
AUXILIN-LIKE 2 expressed in N. benthamiana epidermal cells.

Figure S2. Localization of the Golgi proteins MAN1 and PHT4;6 is
not modified by AUXILIN-LIKE 2 overexpression.

Figure S3. Quantitative RT-PCR of AUXILIN-LIKE 2.

Figure S4. PHO1 localizes to Golgi and TGN in the epidermal cells
of Arabidopsis roots.

Figure S5. Over-expression of AUXILIN-LIKE 2 stabilizes the PHO1
homolog PHO1;H1 at the PM.
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Figure S6. Subcellular localization of PHO1-YFP in roots grown
under Pi-sufficient and Pi-deficient conditions

Figure S7. Arabidopsis PHO1 protein sequence with localization of
mutated lysines.

Table S1. List of primers used in this study.
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