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The response of shoots to phosphate (Pi) deficiency implicates long-distance communication between roots and shoots, but the
participating components are poorly understood. We have studied the topology of the Arabidopsis (Arabidopsis thaliana)
PHOSPHATE1 (PHO1) Pi exporter and defined the functions of its different domains in Pi homeostasis and signaling. The
results indicate that the amino and carboxyl termini of PHO1 are both oriented toward the cytosol and that the protein spans the
membrane twice in the EXS domain, resulting in a total of six transmembrane a-helices. Using transient expression in Nicotiana
benthamiana leaf, we demonstrated that the EXS domain of PHO1 is essential for Pi export activity and proper localization to the
Golgi and trans-Golgi network, although the EXS domain by itself cannot mediate Pi export. In contrast, removal of the amino-
terminal hydrophilic SPX domain does not affect the Pi export capacity of the truncated PHO1 in N. benthamiana. While the
Arabidopsis pho1 mutant has low shoot Pi and shows all the hallmarks associated with Pi deficiency, including poor shoot
growth and overexpression of numerous Pi deficiency-responsive genes, expression of only the EXS domain of PHO1 in the roots
of the pho1 mutant results in a remarkable improvement of shoot growth despite low shoot Pi. Transcriptomic analysis of pho1
expressing the EXS domain indicates an attenuation of the Pi signaling cascade and the up-regulation of genes involved in cell
wall synthesis and the synthesis or response to several phytohormones in leaves as well as an altered expression of genes
responsive to abscisic acid in roots.

Phosphate (Pi) homeostasis in complex multicellular
organisms is dependent on a range of transporters in-
volved in both Pi import into cells as well as Pi export to

the extracellular space. In roots, Pi export to the apo-
plast in the stele is essential for the transfer of Pi from
roots to shoots via xylem vessels (Poirier and Bucher,
2002). Pi export is also essential for the transfer of Pi
from the mycorrhizal arbuscules to the root cells
(Bonfante and Genre, 2010) and to tissues that are not
symplastically connected to their neighbors, such as the
developing embryos and pollen grains (Stadler et al.,
2005).

Arabidopsis (Arabidopsis thaliana) PHOSPHATE1
(PHO1) is the prototypical eukaryotic Pi exporter.
PHO1 is primarily expressed in the root stelar cells,
where it acts to load Pi into the xylem apoplastic space
(Poirier et al., 1991; Hamburger et al., 2002). Arabi-
dopsis and rice (Oryza sativa) pho1mutants are defective
in the transfer of Pi from roots to shoots, leading to Pi-
deficient shoots (Poirier et al., 1991; Secco et al., 2010).
Expression of PHO1 in heterologous plant tissues, such
as leaf mesophyll cells, leads to specific Pi export to the
apoplast (Arpat et al., 2012). Surprisingly, PHO1 is lo-
calized to the Golgi and the trans-Golgi network (TGN),
raising interesting questions regarding how PHO1
could mediate Pi export (Arpat et al., 2012; Liu et al.,
2012). It is possible that Pi export is mediated by a small
fraction of PHO1 protein localized to the plasma
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membrane, as for the IRT1 iron transporter (Barberon
et al., 2011). Alternatively, PHO1 could mediate Pi ex-
port through the loading of Pi into endosomes, fol-
lowed by the release of Pi to the extracellular space via
exocytosis (Arpat et al., 2012). The pho1 null mutants
have small rosettes and show the hallmarks of Pi defi-
ciency, including anthocyanin accumulation and the
overexpression of a number of genes associated with Pi
deficiency. In contrast, knockdown of PHO1 via gene
silencing led to plants that had reduced shoot Pi content
but maintained normal shoot growth and had an at-
tenuated transcriptional response to Pi deficiency
(Rouached et al., 2011). These results indicated a role for
PHO1 in mediating the response of plants to Pi defi-
ciency.

PHO1 homologs are present in all land plants, in-
cluding lycophytes, bryophytes, and gymnosperms
(Wang et al., 2008; He et al., 2013). PHO1 homologs are
also present in fungi and animals, including mammals.
The mammalian PHO1 homolog, named XPR1, was
initially identified as a protein acting as a cell surface
receptor for retroviruses (Battini et al., 1999; Yang et al.,
1999). Heterologous expression of XPR1 either in
Nicotiana benthamiana or in mammalian cultured cells
showed that it also acts as a Pi exporter (Giovannini
et al., 2013; Wege and Poirier, 2014). PHO1 proteins are
composed of three distinct regions (Wang et al., 2004).
The N-terminal half of the protein is hydrophilic and
composed of a tripartite SPX domain. SPX domains are
found in a variety of evolutionarily unrelated proteins
implicated in Pi metabolism (Secco et al., 2012). In
fungi, SPX-containing proteins include PHO81 and
PHO87, acting in Pi sensing and transport, and VTC4,
involved in polyphosphate synthesis (Wykoff and
O’Shea, 2001; Hothorn et al., 2009). In addition to
PHO1, plants have a number of SPX-containing proteins,
including NLA1, a protein involved in ubiquitination
of the PHT1 Pi transporter (Kant et al., 2011; Lin et al.,
2013), and the SPX1, SPX2, and SPX4 proteins that bind
to and modulate the activity of PHR1, the primary
transcription factor mediating the response to Pi defi-
ciency in plants (Lv et al., 2014; Puga et al., 2014; Wang
et al., 2014). Following the SPX domain, PHO1 has a
series of putative transmembrane a-helices that are
partly included in the C-terminal EXS domain. EXS is
named for a homologous region found in the two yeast
(Saccharomyces cerevisiae) proteins ERD1 and SYG1 and
the mammalian XPR1 (Wang et al., 2004). No function
has yet been assigned to the EXS domain.

In this work, the topology of Arabidopsis PHO1 was
first studied using the techniques of bimolecular fluo-
rescence complementation (BiFC) and redox-sensitive
GFP (roGFP2) as reporters for membrane protein ori-
entation. The role of each PHO1 domain in the locali-
zation and activity of PHO1 was studied through the
expression of various combinations of PHO1 domains,
both transiently in N. benthamiana and stably in trans-
genic pho1 mutants. The results show that the EXS do-
main is crucial for the localization and Pi export activity
of PHO1. Furthermore, expression of only the EXS

domain in roots of the pho1 mutant resulted in the
stimulation of shoot growth and the attenuation of the
Pi deficiency signaling cascade, revealing an important
role for the EXS domain in modulating the Pi deficiency
response via a long-distance root-to-shoot signal.

RESULTS

Topology of PHO1

Analysis of PHO1 using algorithms available online
on TOPCONS (http://topcons.cbr.su.se/; Bernsel
et al., 2009) and ARAMEMNON (http://aramemnon.
botanik.uni-koeln.de/; Schwacke et al., 2003) revealed
numerous potential transmembrane-spanning a-helices
in the C-terminal half of the protein (Fig. 1). While
there is broad agreement between all prediction pro-
grams for the localization of the first four trans-
membrane a-helices, predictions for the number and
position of further transmembrane a-helices in the EXS
domain of PHO1 are highly variable, ranging between
zero and six. This leads to uncertainties regarding
whether the C-terminal end of PHO1 is on the same or
the opposite side compared with the N terminus (Fig. 1;
Supplemental Fig. S1). In our analysis, PHO1 has thus
been partitioned into three main regions, namely the
hydrophilic region containing the SPX domain, the
hydrophobic region harboring the first four trans-
membrane a-helices (4TM), and the following hydro-
phobic region harboring the EXS domain (Fig. 1A). We
concentrated our effort to study the topology of the
EXS domain, while investigation of the N-terminal
domain was limited to determining whether the
hydrophilic SPX domain was in the cytosol or the
Golgi/TGN lumen.

For localization of the SPX domain, we used a
method based on BiFC in transiently transformed
N. benthamiana leaves that is adapted for membrane
proteins located in the endoplasmic reticulum (ER)/
Golgi (Zamyatnin et al., 2006; Sparkes et al., 2010).
This method is based on the targeted expression, using
a strong cauliflower mosaic virus 35S promoter, of a
free half of the yellow fluorescent protein (YFP) that is
either localized in the cytosol and nucleus or directed
into the lumen of the ER via a specific recognition se-
quence. The other half of YFP is then fused to the pro-
tein of interest, and reconstitution of YFP fluorescence is
possible only if the two YFP halves are expressed on the
same side of the membrane (i.e. the cytosolic or luminal
side of the ER/Golgi). The C-terminal half of the yellow
fluorescent protein (YC) was fused to the N terminus of
full-length PHO1 (YC-PHO1) or a truncated version
without the SPX domain but containing all potential
transmembrane a-helices (YC-4TMEXS; see purple
stars in Fig. 1). For both constructs, we could observe a
punctate fluorescent signal when coexpressed with a
cytosolic N-terminal half of YFP (YN-cyto), but no
punctate fluorescence was observed when coexpressed
with an N-terminal half of YFP localized in the ER/
Golgi lumen (YN-lumen; Fig. 2; Supplemental Fig. S2).

386 Plant Physiol. Vol. 170, 2016

Wege et al.

http://topcons.cbr.su.se/
http://aramemnon.botanik.uni-koeln.de/
http://aramemnon.botanik.uni-koeln.de/
http://www.plantphysiol.org/cgi/content/full/pp.15.00975/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00975/DC1


The punctate pattern observed in the coexpression with
YN-cyto is in agreement with the localization of PHO1
in the Golgi/TGN (Arpat et al., 2012). Constructs
encoding for the cytosolic or luminal ER/Golgi YN
and YC are well expressed and give a strong fluores-
cent signal when expressed in the same compartment,
confirming that they reassemble correctly in our ex-
perimental conditions (Fig. 2; Supplemental Fig. S2).
These results show that the SPX domain of PHO1 is lo-
calized in the cytosol and that the first transmembrane-
spanning a-helix enters the membrane from the cytosolic
side.
To determine the topology of the EXS domain, we

used a method relying on a redox-sensitive GFP named
roGFP2 (Brach et al., 2009). This method is based on the
different redox potentials of the cytosol and the lumen

of the ER and Golgi, leading to a predominantly re-
duced form of roGFP2 in the cytosol and an oxidized
form in the ER/Golgi lumen. These two states of
roGFP2 have different excitation properties enabling
ratiometric measurements. The ratios of emission gen-
erated by excitation at 405 and 488 nm, respectively,
define if the roGFP2 is localized in the ER/Golgi lumen
or in the cytosol (Brach et al., 2009). This technique was
successfully used to determine the topology of Arabi-
dopsis membrane proteins in N. benthamiana cells such
as the K/HDEL receptor ERD2 (Brach et al., 2009), the
ER-associated proteins KMS1 and KMS2 (Wang et al.,
2011), a splice variant of YUCCA4 involved in auxin
biosynthesis (Kriechbaumer et al., 2012), and five dis-
tinct reticulons (Sparkes et al., 2010). roGFP2 was fused
to the C terminus of full-length PHO1 and of different

Figure 1. Topology of the PHO1 protein. A, Predicted topologies according to TOPCONS (http://topcons.cbr.su.se/). Red and
blue lines indicate inside and outside, respectively, while boxes indicate transmembrane regions. B, Selected predicted topol-
ogies according to ARAMEMNON (http://aramemnon.botanik.uni-koeln.de/). The intensity of the red color in boxes reflects the
level of hydrophobicity of the putative transmembrane domains predicted by each program. Similarly, the intensity of the black
color reflects the score value for a transmembrane domain in the consensus prediction. For complete predictions according to
ARAMEMNON, see Supplemental Figure S1. Positions of N- and C-terminal truncations are indicated as purple and green stars,
respectively, and the corresponding names of the truncations and amino acids are indicated in boxes below each star in B.
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C-terminal truncations of PHO1, and all constructs
were transiently expressed in N. benthamiana. The
truncations were placed between potential transmem-
brane segments according to the topology predictions
of TOPCONS and ARAMEMNON. The truncations are
named according to their new C termini (see also
green stars in Fig. 1): SPX4TM (amino acids 1–559-
roGFP2), EXSstart1 (amino acids 1–583-roGFP2),
EXSstart2 (amino acids 1–593-roGFP2), EXSstart3
(amino acids 1–619-roGFP2), EXS1 (amino acids
1–640-roGFP2), EXS2 (amino acids 1–685-roGFP2),
and EXS3 (amino acids 1–722-roGFP2) as well as full-
length PHO1 (amino acids 1–781-roGFP2; Fig. 1,
green stars). The fusion proteins were transiently
expressed in N. benthamiana leaves via Agrobacterium
tumefaciens infiltration. The 405:488 ratios obtained
with leaf pieces incubated in water were compared
with the control ratios obtained with pieces of the
same leaf incubated in a solution containing either
hydrogen peroxide (H2O2) or dithiothreitol (DTT) to
obtain fully oxidized or reduced roGFP2, respec-
tively. Two exemplary false-color image sets for the
truncated PHO1-roGFP2 fusions, EXSstart2 and
EXSstart3, where the C-terminal roGFP2 is oriented
to the cytosol and the ER/Golgi lumen, respectively,
are shown in Figure 3A. The full set of measurements
obtained for all constructs is shown in Figure 3B.
The results show that the C terminus of full-length
PHO1 is localized toward the cytosol as well as the
C termini of the truncations SPXTM4, EXSstart1,
EXSstart2, EXS1, EXS2, and EXS3, while only the C ter-
minus of truncation EXSstart3 is localized toward the
lumen. Together, these results obtained with BiFC and
roGFP2 reveal that theN andC termini of PHO1 are both
oriented toward the cytosol and suggest that the protein
spans the membrane twice in the EXS domain, resulting
in a total of six transmembrane a-helices (Fig. 3C).

Distinct Domains of PHO1 Are Responsible for
Subcellular Localization and Pi Export

In order to study the contribution of the PHO1 do-
mains to its subcellular localization, various trunca-
tions of PHO1 were fused to GFP or red fluorescent
protein (RFP). Transient expression of fusion proteins
in N. benthamiana leaves was used as the preferred
experimental system, since colocalization of PHO1-
GFP with subcellular markers in Arabidopsis roots
has proven to be inadequate due to the combination of
poor resolution and weak expression of fluorescent
marker proteins in root xylem parenchyma cells
(Arpat et al., 2012). Furthermore, expression of either
the Arabidopsis PHO1 or its human homolog XPR1 in
N. benthamiana has previously been shown to mediate
specific Pi export, revealing that N. benthamiana leaf is
an appropriate tissue in which to assess PHO1 Pi ex-
port activity (Arpat et al., 2012; Wege and Poirier,
2014).

We first verified that a full-length PHO1-RFP fusion
is localized to the same organelles as the previously
studied PHO1-GFP fusion (i.e. in the Golgi and TGN;
Arpat et al., 2012; Fig. 4A). Afterward, we investigated
the localization of four different truncations of PHO1.
We found that signals of two truncations, 4TMEXS-GFP
(amino acids 351–781) and EXS-RFP (amino acids 593–
781), colocalize with full-length PHO1-GFP or PHO1-
RFP signal and, therefore, are localized in the Golgi and
TGN (Fig. 4, B and C). This result indicates that neither
the SPX domain nor the first four transmembrane he-
lices are required for Golgi and TGN targeting. A GFP
fusion construct composed of the SPX and 4TM regions
(amino acids 1–592, SPX4TM-GFP or GFP-SPX4TM) but
lacking the C-terminal EXS domain did not colocalize
with PHO1-RFP (Fig. 4D) but rather with the ER
marker ER-rk-mCherry (Fig. 4E; Nelson et al., 2007).
Together, these results show that the EXS domain is
necessary for PHO1 localization to the Golgi and TGN.

Figure 2. Investigation of PHO1 topology using BiFC
in N. benthamiana. Confocal images show BiFC YFP
signal in yellow and chloroplast chlorophyll auto-
fluorescence in magenta. The C-terminal half of YFP
was fused to theN terminus of either full-length PHO1
(YC-PHO1; left column) or the 4TMEXS truncation
(YC-4TMEXS; middle column) and coexpressed with
either the free N-terminal half of YFP expressed in the
cytosol (YN-cyto; top row) or the ER/Golgi lumen (YN-
lumen; bottom row). BiFC signal is obtained when
either YC-PHO1 or YC-4TMEXS is coexpressed with
YN-cyto but not with YN-lumen. As controls, cyto-
solic and nuclear BiFC signal is obtained when YN-
cyto is coexpressed with YC-cyto (top right) and an ER
BiFC signal is obtained when YN-lumen and YC-
lumen are coexpressed in the ER lumen (bottom
right). Bars = 10 mm.
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Expression of only the SPX domain (amino acids 1–350,
SPX-GFP or GFP-SPX) did not colocalize with PHO1-
GFP (Fig. 5A) but was found in the nucleus, with a
partially diffused nuclear signal and an apparent asso-
ciation with nuclear pores (Fig. 5B). To exclude the
possibility that the nuclear localization of the SPX do-
main (estimated size of SPX-GFP was approximately 57
kD) was simply the result of diffusion, we expressed a
triple GFP-tagged SPX (SPX-3xGFP) and confirmed its
localization to the nucleus (Fig. 5, C and D). With a mass
of approximately 120 kD, SPX-3xGFP is significantly
larger than the size-exclusion limit of 40 kD for passive

diffusion of proteins into the nucleus (Suntharalingam
and Wente, 2003).

We next tested the capacity of the various trun-
cated versions of PHO1 transiently expressed in
N. benthamiana to mediate Pi export. Only expression
of the 4TMEXS-GFP protein, composed of the full
transmembrane part, led to specific Pi export at a
level comparable to full-length PHO1-GFP (Fig. 6).
Expression of all other truncations, including EXS-
GFP, which has the same subcellular localization
as full-length PHO1-GFP, did not lead to Pi export
(Fig. 6).

Figure 3. Investigation of the topology
of the PHO1 EXS domain using roGFP2
inN. benthamiana. roGFP2was fused to
the C terminus of either full-length
PHO1 or different PHO1 truncations. A,
Example of two false-color image sets
for the constructs EXSstart2-roGFP2 and
EXSstart3-roGFP2 expressed transiently
in leaf of N. benthamiana treated with
water, DTT, or H2O2. B, Ratios for all
PHO1-roGFP2 constructs (green) are
compared separately with their respec-
tive DTT (blue) and H2O2 (red) controls.
Error bars represent SD (n = 11–32). As-
terisks represent statistically significant
differences compared with the corre-
sponding water control (ANOVA, P ,
0.01). C, Model of PHO1 topology
according to BiFC and roGFP2 datawith
both termini localized in the cytosol and
a total of six transmembrane-spanning
segments. The SPX domain is displayed
in purple, 4TM in orange, the trans-
membrane part of the EXS domain in
red, N-terminal truncations as purple
stars, C-terminal truncations as green
stars, and the lumen-localized trunca-
tion EXSstart3 in the box.
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Expression of EXS in Roots of pho1 Is Sufficient to
Complement Shoot Growth But Not Pi Content

The Arabidopsis pho1 mutant was stably trans-
formed with all truncation constructs C-terminally
tagged with GFP and expressed under the control of
the PHO1 promoter, enabling expression into the root
vascular cylinder (Hamburger et al., 2002; Arpat et al.,
2012; Liu et al., 2012). We previously showed that the
expression of full-length PHO1-GFP complemented the

pho1 phenotype and led to wild-type shoot growth,
seed yield, and shoot Pi content (Arpat et al., 2012). We
first verified the subcellular localization of the fusion
proteins in the root vascular cylinder. PHO1-GFP gave
a punctate pattern expected for Golgi/TGN localization
(Arpat et al., 2012; Fig. 7A). SPX-GFP gave a diffuse
signal in the nucleus, and no association with the
nuclear pores could be detected (Fig. 7B). 4TMEXS-
GFP and EXS-GFP were both localized to punctate

Figure 4. Subcellular localization of full-
length and truncated PHO1 constructs transiently
expressed in N. benthamiana epidermal cells.
Fluorescent protein signal is shown in green in
the left column, in magenta in the middle col-
umn, and signal overlay in white in the right
column. A, Colocalization of PHO1-GFP (green)
and PHO1-RFP (magenta) to the Golgi/TGN. B,
Colocalization of 4TMEXS-GFP (green) and
PHO1-RFP (magenta) to the Golgi/TGN. C,
Colocalization of EXS-RFP (green) and PHO1-
GFP (magenta) to theGolgi/TGN.D,Absence of
colocalization of the ER GFP-SPX4TM (green)
and Golgi/TGN PHO1-RFP (magenta). E,
Colocalization of SPX4TM-GFP (green) and
the ER-marker ER-rk-mCherry (magenta) to
the ER. Bars = 10 mm.
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structures similar to full-length PHO1-GFP, again likely
representing Golgi/TGN (Fig. 7, C and D). Lines
expressing EXS-GFP showed an additional weak fluo-
rescent signal in the vacuole, possibly due to degrada-
tion (Fig. 7D). No stably transformed Arabidopsis line
expressing SPX4TM-GFP could be obtained, although
transient expression experiments showed that this
protein was stable in N. benthamiana cells (Fig. 4D).
Expression of the various truncated PHO1-GFP

constructs in the pho1 background led to strikingly
different phenotypes (Fig. 7E). Expression of 4TMEXS-
GFPwas deleterious to plant growth, giving plants that
weremuch smaller than pho1, while the shoot Pi content
was intermediate between pho1 and wild-type plants
(Fig. 7, E–G). Plants expressing SPX-GFP were compa-
rable to pho1 for both shoot fresh weight and Pi content
(Fig. 7, E–G). Expression of EXS-GFP in the pho1 back-
ground led to a remarkable improvement of shoot
growth despite the maintenance of low shoot Pi

comparable to pho1 (Fig. 7, E–G). The phenotypes of
these plants were comparable to the previously de-
scribed transgenic lines B1 and B3 that underexpress
PHO1 via gene silencing, leading to reduced Pi transfer
from roots to shoots, low shoot Pi, but the maintenance
of wild-type-like shoot growth (Rouached et al., 2011).
Thus, the expression of EXS-GFP in a pho1 null mutant
background led to an uncoupling of shoot Pi deficiency
from its major effect on growth.

The pho1-4 mutant allele used in this study has a
point mutation at the 59 splice junction of the 12th in-
tron, abolishing splicing of this intron (Hamburger
et al., 2002). If translated, such amutatedmRNAwould
produce a protein smaller than 17 kD and missing the
last transmembrane domain in the EXS domain, which
could potentially associate with an EXS-GFP protein,
leading to intermolecular complementation. However,
western-blot analysis of roots of the pho1-4 mutant and
lines EXS32 and EXS34 expressing EXS-GFP did not

Figure 5. Subcellular localization of the SPX
domain of PHO1 transiently expressed in
N. benthamiana epidermal cells. GFP signal is
shown in green in the left column, RFP or
mCherry signal in magenta in the middle col-
umn, and signal overlay in white in the right
column. A, Coexpression of GFP-SPX with the
full-length PHO1-RFP. B, Coexpression of SPX-
GFP and free RFP. Chloroplast chlorophyll
autofluorescence appears as the strongest ma-
genta signal. C,Coexpression of SPX-3xGFPand
the nuclear marker H2B-RFP. D, Coexpression
of SPX-3xGFPand the ER-marker ER-rk-mCherry.
Bars = 10 mm.
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reveal a detectable level of a truncated PHO1 protein in
these lines (Fig. 7H), making intermolecular comple-
mentation unlikely.

While the PHO1 promoter is predominantly active in
the root vascular cylinder, PHO1 expression is also
expressed in shoots and guard cells (Hamburger et al.,
2002; Zimmerli et al., 2012). Grafting experiments were
thus performed to determine whether EXS-GFP ex-
pression in roots or shoots is responsible for the growth
improvement of the pho1 mutant. Shoots of Col-0 and
pho1 grafted onto roots of pho1 expressing EXS-GFP
developed rosettes that were comparable in size to the
self-grafted Col-0 or self-grafted EXS-GFP plants while
retaining a low shoot Pi comparable to the pho1mutant
(Fig. 8). In contrast, shoots of pho1 plants expressing
EXS-GFP grafted onto roots of pho1 developed rosettes
that were comparable to self-grafted pho1 and also
contained low shoot Pi (Fig. 8). These results demon-
strate that the expression of EXS-GFP in roots of pho1 is
sufficient to uncouple the reduction in shoot growth
from low shoot Pi.

Effect of the Expression of PHO1 Domains on the Pi
Deficiency Transcriptome

To gain an in-depth analysis of the effects of EXS-GFP
on the plant transcriptome, the expression profiles of
roots and shoots of pho1 complemented with a full-
length PHO1-GFP construct (PHO1-C) and two inde-
pendent pho1 lines expressing EXS-GFPwere compared
with the pho1mutant using RNA sequencing (RNAseq).
While the EXS32 and EXS34 lines showed overall sim-
ilar shoot phenotype and shoot Pi content (Fig. 7, E–G),
the expression level of the EXS-GFP gene construct in

these lines is significantly different in both shoots and
roots (Supplemental Fig. S3). While such variation in
expression may result in greater divergence in the
overall transcriptomic profile, it is expected that
changes in gene expression that are shared between the
EXS32 and EXS34 lines are of most significance in un-
derstanding the link between EXS expression and shoot
growth. Between 22 and 34million reads were obtained
for each tissue/genotype combination and aligned to
The Arabidopsis Information Resource (TAIR) 10 ge-
nome. Genes with at least a 2-fold change increase (or
decrease) compared with pho1 in any one of the three
comparisons (PHO1-C versus pho1, EXS32 versus pho1,
and EXS34 versus pho1) were selected and classified
with Venn diagrams according to their statistical sig-
nificance in the three comparisons (false discovery rate
[FDR] , 0.05; Fig. 9). The largest number of genes
showing differential expression was found in shoots. A
total of 278 genes were found to be significantly down-
regulated in the two EXS-GFP lines compared with the
parental pho1, and of those, approximately 65% (182
genes) were also down-regulated in pho1 com-
plemented with PHO1-GFP (Fig. 9A; Supplemental
Table S1). Analysis of the 25 most down-regulated
genes in leaves of both EXS-GFP lines showed that
the majority (greater than 80%) have previously been
found in transcriptomic studies to be up-regulated in
shoots of Pi-deficient plants (Hammond et al., 2003;
Misson et al., 2005; Morcuende et al., 2007; Müller et al.,
2007; Woo et al., 2012). They include genes encoding
purple acid phosphatases, the SPX-containing proteins
SPX1 and SPX3, the RNase RNS1, and the monoga-
lactosyldiacylglycerol synthase MGD3. These results
indicate that shoots of pho1 plants expressing EXS-GFP
show an attenuation in the expression of several genes
typically up-regulated by Pi deficiency in shoots.
Shoots of the two EXS-GFP lines have 95 genes that are
commonly up-regulated compared with the parental
pho1 line, with 42 of them being also up-regulated
in pho1 complemented with PHO1-GFP (Fig. 9B;
Supplemental Table S2). Analysis of the 25 most up-
regulated genes in leaves of both EXS-GFP lines
showed that none have been reliably associated with Pi
deficiency in previous transcriptomic studies. Interest-
ingly, there is an overrepresentation of genes involved
in carbohydrate/cell wall synthesis (16%) or aspects of
phytohormone (cytokinin, auxin, and brassinosteroids)
synthesis or response (20%).

In comparison with shoots, many fewer genes were
differentially expressed in the roots of the EXS-GFP
lines. Thus, only 14 genes were commonly down-
regulated in roots of the two EXS-GFP lines (Fig. 9C;
Supplemental Table S3). Of those, four genes were
consistently found in previous transcriptomic stud-
ies to be up-regulated under Pi deficiency, namely
the PHO1 homolog PHO1;H1, At1g58340 encoding a
multidrug and toxic compound extrusion (MATE)
transporter, At1g01190 encoding a cytochrome P450,
and At1g19960 encoding an unknown protein. Sim-
ilarly, only eight genes were commonly up-regulated

Figure 6. Measurement of Pi and nitrate export mediated by PHO1 and
PHO1 truncations. PHO1 constructs were transiently expressed in
N. benthamiana leaf discs, and the amount of Pi and nitrate exported to
the apoplast was measured. As controls, Pi and nitrate export was
measured in leaf discs expressing either GFP or not infiltrated (none).
Errors bars represent SD (n = 12). Asterisks represent statistically signif-
icant differences compared with the PHO1-GFP control for each ion
tested (ANOVA, P , 0.01).
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in roots of the two EXS-GFP lines, and only the gene
encoding a phosphodiesterase (At5g41080) was pre-
viously associated with Pi deficiency (Fig. 9D;
Supplemental Table S4).
A selected set of genes that are responsive to Pi de-

ficiency and/or participate in the Pi signaling response
was subsequently analyzed by quantitative reverse
transcription (Q-RT)-PCR in shoots of plants expressing
SPX-GFP and 4TMEXS-GFP in the pho1 background.

Transgenic lines expressing SPX-GFP showed no or
only small differences in the expression of the IPS1,
MGD3, SPX1, PHO1;H1 (the closest homolog to PHO1),
PHT1;4, or PHO2 genes in the shoots compared with
the untransformed pho1 mutant or pho1 transformed
with an empty vector (Fig. 10). In contrast, the expres-
sion of 4TMEXS-GFP in pho1 resulted in a strong de-
crease in the expression of IPS1, MGD3, SPX1, and
PHO1;H1 and a weaker decrease in the expression of

Figure 7. Phenotypes of pho1-4 stably transformed with truncated PHO1-GFP constructs. A to D, Localization of GFP fluores-
cence from the expression of full-length PHO1-GFPand truncated PHO1-GFP constructs in the root vascular cylinder of pho1-4
plants. Confocal and transmission light images are superimposed. Bars = 20 mm. E, Phenotypes of two independent lines of each
PHO1 truncation construct transformed in pho1-4 comparedwith Columbia-0 (Col-0), pho1-4, empty vector control (EVC) in the
pho1-4 background, pho1-4 complemented with the full-length PHO1-GFP line (compl.), and the two PHO1 knockdown lines
B1 and B3 described previously (Rouached et al., 2011). Plants were grown for 7 d in vitro on plates for confocal imaging and for
an additional 25 d in pots for other experiments. F and G, Pi content (F) and fresh weight (FW; G) of the shoots shown in E. Error
bars represent SD (n = 10). For all histograms, columns with different letters are significantly different (ANOVA with the Tukey-
Kramer test, P, 0.01). H,Western-blot analysis of protein extracts of roots from thewild-type Col-0 control, pho1-4, and the lines
EXS32 and EXS34 expressing EXS-GFP in the pho1-4 background. Arrows and numbers on the left indicatemolecular mass in kD.
The bottom gel shows an unspecific band used as a loading control.
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PHT1;4, while PHO2 expression increased slightly to
reach the wild-type level.

DISCUSSION

Analysis of PHO1 topology using BiFC and roGFP2
revealed that PHO1 has both termini localized toward
the cytosol and suggests that the EXS domain con-
tains two transmembrane-spanning segments and a
significantly large (approximately 140 amino acids)
C-terminal tail. Such an extension could potentially
interact with other cytosolic proteins and provide im-
portant information on the role of the EXS domain.
Apart from PHO1 family members, an EXS domain is
found in the yeast ERD1, a protein sharing the topo-
logical features of the C-terminal half of PHO1, namely
the presence of several transmembrane a-helices fol-
lowed by the EXS domain (Hardwick et al., 1990). Yeast
ERD1 was found in proteomic studies to interact with
the yeast ER protein retention receptor ERD2 (Miller
et al., 2005). Although the function of ERD1 is
unknown, its mutation in yeast leads to a defect in
Golgi-to-ER protein recycling, suggesting that ERD1 is
located in the Golgi and/or ER (Hardwick et al., 1990).
ERD1 does not contain other domains apart from EXS.
The Arabidopsis genome has two ERD1 homologs,
namely At2g32295 and At5g35730, and the latter
protein was found in the Golgi in a proteomic study
(Parsons et al., 2012).

The EXS domain of PHO1 was found to have sev-
eral functions. First, it is essential for Pi efflux out of
cells. Expression of the SPX4TM truncated protein,
lacking the critical EXS domain, does not lead to Pi
efflux, either due to its retention in the ER or because
the SPX4TM protein is unable to transport Pi. When
expressed by itself, the EXS domain of PHO1 was
localized at the Golgi/TGN. Together, these data
show that the EXS domain of PHO1 contains essential
information for the proper localization of PHO1 at the
Golgi/TGN, a function that is consistent with the
Golgi localization of the EXS-containing protein
ERD1 and its plant homologs (Hardwick et al., 1990;
Parsons et al., 2012).

Although expression of the EXS domain of PHO1
alone does not mediate Pi export, the expression of EXS
in the pho1 background resulted in a significant im-
provement of shoot growth despite the maintenance of
low shoot Pi content. Such uncoupling between low
shoot Pi and robust shoot growth has previously only
been found in plants that express low levels of PHO1
due to gene silencing (Rouached et al., 2010). A grafting
experiment performed in our work shows that the ex-
pression of EXS in pho1 roots is sufficient to achieve
growth improvement of the Pi-deficient shoot. In the
absence of evidence that the pho1-4 mutant produces
any truncated protein that could associate with EXS-
GFP, our data support the hypothesis that roots gen-
erate a long-distance signal traveling to the shoot to
influence growth and that the EXS domain of PHO1
participates in the generation of this long-distance
signal.

Improved shoot growth of the pho1 mutant express-
ing the EXS domain was associated with reduced ex-
pression of a large set of genes typically associated with
Pi deficiency in shoots. This included genes encoding
enzymes involved in phosphorus scavenging and
recycling (e.g. the purple acid phosphatases PAP5 and
PAP25 and the RNase RNS1), lipid modification (the
monogalactosyldiacylglycerol synthase MGD3 and the
glycerophosphodiester phosphadiesterase GDPD6),
and the Pi signaling cascade (SPX1 and SPX3). Such an
expression pattern indicates an attenuation of the signal
transduction cascade associated with the response to Pi
deficiency (Hammond et al., 2003; Misson et al., 2005;
Morcuende et al., 2007; Müller et al., 2007; Woo et al.,
2012). While the leaf Pi concentration in the EXS lines is
similar to the parental pho1-4, it is possible that the
overall phosphorus status of the EXS plants is im-
proved through changes in the organic phosphorus
fraction. Such a change in organic phosphorus may
thus influence the expression profile in shoots of the
EXS lines. Improved growth was also associated with
the increased expression in shoots of a smaller number
of genes, with the set of most expressed genes being
enriched in genes involved in cell wall biosynthesis (i.e.
the glycosyl hydrolase XYL2, the b-xylosidase BXL3,
the xyloglucan endotransglucosylase XTH17, and the

Figure 8. Hypocotyl grafts between wild-
type Col-0, pho1-4, and pho1-4 plants
expressing the EXS domain. For each graft,
the numerator and denominator indicate
the genotype of the shoot and root, re-
spectively. General appearance (A) and Pi
content (B) are shown for shoots of plants
grown for 24 d in soil. Error bars represent
SD (n = 3–5). For all histograms, columns
with different letters are significantly dif-
ferent (ANOVAwith the Tukey-Kramer test,
P , 0.01). FW, Fresh weight.
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extensin LRX2) and phytohormone synthesis or per-
ception, including auxin (the indole-3-acetic acid IAA6),
cytokinin (the response regulator ARR15), and brassi-
nosteroids (brassinosteroid-6-oxidase 2 [CYP85A2] and

transcription factors TCP1 and PRE1). Interestingly, the
majority of these genes have not been associated pre-
viously with the Pi deficiency response. They may thus
more directly reveal the pathways affected by the EXS

Figure 9. Venn diagrams repre-
senting the overlap in gene ex-
pression profiles in pho1-4 plants
expressing the EXS domain. Gene
expression in the roots and leaves
of the pho1-4 mutant was com-
pared with two independent lines
of pho1-4 transformed with the
EXS-GFP constructs (lines EXS32
and EXS34) and a pho1-4 line
complementedwith the full-length
PHO1-GFP construct (PHO1-C).
Plants were grown for 25 d in pots,
and RNAwas extracted from roots
and leaves and used for RNAseq
analysis. Only genes showing a
2-fold or higher differential ex-
pression (FDR, 0.05) are shown.
Normalized expression values of
the genes common to the EXS32
and EXS34 lines are displayed in
heat maps. For the leaves, only
the 25 most affected genes are
shown.
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domain of PHO1 independently from the Pi status.
Cytokinin is known to repress the expression of nu-
merous Pi deficiency-induced genes (Kuiper et al.,
1998; Franco-Zorrilla et al., 2002). However, split-root
experiments previously argued against a role for cyto-
kinin in the long-distance Pi signaling cascade (Franco-
Zorrilla et al., 2005). Auxin and brassinosteroids also
influence the architecture of roots in response to Pi
deficiency, but neither hormone has been implicated in
the Pi deficiency long-distance signaling (Pérez-Torres
et al., 2008; Singh et al., 2014). Our results here suggest
that the root-to-shoot long-distance signal, influenced
by the expression of the EXS domain, may indeed in-
volve the combined action of several phytohormones
and that the stimulation of shoot growthmay be closely
associated with remodeling of the cell wall.

In contrast to shoots, few genes were commonly up-
or down-regulated in roots of pho1 lines expressing EXS
relative to the parental pho1. It is possible that the ex-
pression of the EXS-GFP domain in roots influences
shoot growth via changes in proteins or metabolites

transported from roots to shoots that are not reflected at
the level of the root gene expression profile. Alterna-
tively, it is possible that an alteration of a shoot-to-root
signal in the EXS lines leads to changes in root transcript
(Lin et al., 2014). Nevertheless, a few interesting ob-
servations can be made from inspection of the root
transcriptome. A few genes that are down-regulated in
the roots of EXS-expressing lines are typically up-
regulated by Pi deficiency, such as PHO1;H1, encod-
ing the closest homolog of PHO1, as well as At1G01190
(cytochrome P450), At1g58340 (Golgi-localized MATE
transporter), and At1g19960 (unknown protein;
Hammond et al., 2003; Misson et al., 2005; Morcuende
et al., 2007; Müller et al., 2007; Woo et al., 2012). These
results may indicate that the suppression of the Pi de-
ficiency response observed in the shoot may also in-
fluence the expression of some genes in the roots.
Analysis of differentially regulated genes using Gen-
evestigator (www.genevestigator.com) reveals that
genes down-regulated in roots by EXS expression are
enriched for genes that are down-regulated during seed

Figure 10. Expression of Pi deficiency
marker genes in rosettes of pho1-4
stably transformed with truncated PHO1-
GFP constructs. Two independent lines of
pho1-4 transformed with either SPX-GFP
or 4TMEXS-GFP were compared with
wild-typeCol-0,pho1-4,pho1-4 transformed
with an empty binary vector (EVC), and
pho1-4 complemented with the full-
length PHO1-GFP construct (PHO1-C).
Plants were grown for 25 d in pots, RNA
was extracted from whole rosettes, and
the expression of genes was quantified
by Q-RT-PCR. The expression levels are
expressed relative to Col-0, which was
set at a value of 1. Error bars represent SD
(n = 6). For all histograms, columns with
different letters are significantly different
(ANOVAwith the Tukey-Kramer test, P,
0.01).
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germination but up-regulated by treatments impli-
cating abscisic acid (ABA), including salt, heat, cold,
or drought stress (At4g13190, protein kinase;
At2g18050, histone H1; At5g05410, DREB2A transcrip-
tion factor; At3g22740, homo-Cys-S-methyltransferase;
and At4g36040, chaperone DnaJ family). Conversely,
genes up-regulated in roots by EXS expression are
enriched for genes that are up-regulated during
seed germination and negatively regulated by
salt, heat, cold, drought, or ABA treatment (At2g37180,
aquaporin RD28; At1g61580, ribosomal protein RPL3B;
At4g05180, PSII subunit; and At5g44130, fascillin-like
arabinogalactan). Although some Pi-responsive genes
have been linked previously to ABA and water stress
(Woo et al., 2012), the group of genes associated with
ABA found in this study are not or are only weakly
regulated by Pi deficiency. Together, these results in-
dicate that expression of the EXS domain attenuates the
signaling cascades associated with ABA. Such coordi-
nation may implicate the DREB2A transcription factor
known to control the expression of numerous genes
involved in heat and water stress (Sakuma et al., 2006a,
2006b). Of interest is that both At1g583340, encoding a
MATE efflux protein, and At5g44130, encoding a
fascillin-like arabinogalactan, are localized to the Golgi
and, thus, more directly respond to changes occurring
in this compartment by EXS expression (Parsons et al.,
2012; Seo et al., 2012).
The SPX domain of PHO1 was not essential for Pi

export activity, as the expression of 4TMEXS in
N. benthamiana leaves mediated Pi export. This is in
accordance with the recent finding that the SPX domain
of the mammalian PHO1 homolog XPR1 is also not
required for Pi export (Giovannini et al., 2013; Wege
and Poirier, 2014). However, expression of the SPX-
truncated 4TMEXS protein was unable to complement
the pho1 mutant and even strongly exacerbated the re-
duction in shoot growth. Despite the drastic effect of
4TMEXS expression on shoot growth, expression of the
Pi-deficient genes IPS1, MGD3, SPX1, PHO1;H1, and
PHT1;4were all down-regulated. This may be the result
of slightly higher shoot Pi content and/or the presence
of the EXS domain in the truncated protein. Although
the mechanisms implicated in the phenotype of the
plants expressing 4TMEXS are unknown, the results
suggest an important role for the SPX domain of PHO1
in Arabidopsis. The Arabidopsis genome contains four
genes encoding proteins with only an SPX domain,
named AtSPX1 to AtSPX4 (Wang et al., 2004). Among
them,AtSPX1,AtSPX2, andAtSPX3 are all strongly up-
regulated under Pi deficiency (Duan et al., 2008).
AtSPX1 and AtSPX2 proteins are nucleus localized and
have recently been shown to bind the PHR1 transcrip-
tion factor in a Pi-dependent manner, resulting in the
disruption of PHR1 binding to its DNA target sequence
(Puga et al., 2014). Similar results have also been
obtained for the rice OsPHR2 ortholog (Wang et al.,
2014). These data suggest that the SPX domain may
bind Pi and act as a Pi sensor. It is thus attractive to
speculate that the SPX domain of PHO1 may also act as

a Pi sensor and modulate either the activity of PHO1 as
a Pi exporter in the root stele or as a component of the Pi
deficiency signal transduction pathway (Rouached
et al., 2011). Transient expression of PHO1 protein do-
mains in N. benthamiana leaves is a good system in
which to monitor the Pi export function of PHO1; yet,
not unexpectedly, it is not suited to reveal more subtle
roles in the regulation of PHO1 activity in root cells that
may affect more global Pi homeostasis and growth,
such as potential interactions with other proteins.

Expression of only the SPX domain of PHO1 led to
nuclear localization of the protein in both N. ben-
thamiana and Arabidopsis roots, with an additional
association with nuclear pores in N. benthamiana. Ex-
pression of only the SPX domain in the pho1mutant did
not result in any substantial change in the shoot Pi
content, shoot growth, or the level of expression of the
Pi-responsive genes in shoot. It is thus unclear at this
point if expression of the SPX domain in the nucleus has
any biological significance in the context of the mode
of action of PHO1 in Pi homeostasis. Generation of
nuclear proteins acting on gene transcription from
the cleavage of a hydrophilic portion of membrane-
bound transporters has been described previously
(Gomez-Ospina et al., 2006). However, there is cur-
rently no evidence that such a mechanism could
apply to PHO1.

Adaptation of plants to Pi deficiency is known to
involve both local and long-distance signaling (Chiou
and Lin, 2011; Zhang et al., 2014). Local signaling typ-
ically affects root system architecture and its response
to local Pi supply, such as the reduction of primary root
growth by low external Pi at the root tip (López-Bucio
et al., 2003; Svistoonoff et al., 2007). In contrast, split-
root experiments have shown that long-distance sig-
naling is involved in numerous plant adaptations to Pi
deficiency, including the activation of genes involved
in Pi uptake, lipid metabolism, and ion transport
(Burleigh and Harrison, 1999; Franco-Zorrilla et al.,
2005; Thibaud et al., 2010). Shoot-to-root movement of
the microRNA mir399 via the phloem was shown to
participate in Pi signaling by regulating the ubiquitin-
conjugating E2 enzyme PHO2 (Lin et al., 2008; Pant
et al., 2008). Yet, components of the root-to-shoot sig-
naling pathway have remained largely elusive but
could include proteins, metabolites, hormones, and
even RNAs (Thieme et al., 2015). While pho1 mutants
are plants with typical shoot phenotypes associated
with Pi deficiency, such as reduced shoot growth, an-
thocyanin accumulation, and induced expression of
numerous Pi deficiency-associated genes, reduced ex-
pression of PHO1 by silencing leads to an uncoupling of
Pi deficiency from these effects on shoots (Rouached
et al., 2010). This work highlights an important role of
the EXS domain of PHO1 in a root-to-shoot signaling
pathway linking Pi deficiency with the shoot Pi defi-
ciency syndrome that includes reduced shoot growth.
Transcriptome analysis of EXS-expressing pho1 plants
provides a number of new avenues to further explore
the Pi deficiency root-to-shoot signaling pathway.
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MATERIALS AND METHODS

Cloning

GenomicDNAof full-lengthPHO1 (At3g23430) andPHO1 truncations (amino
acids as indicated in Fig. 1B) were first cloned into the Gateway entry vectors
pDONR207 or pENTR2B (Invitrogen) and then transferred into the binary plant
expression vectors pMDC43, pMDC83, pMDC7, pMDC132, modified p*7WG2,
pYFN43, pYFC43, and pSS01 (Karimi et al., 2002; Curtis and Grossniklaus, 2003;
Brach et al., 2009; Zimmerli et al., 2012; Wege and Poirier, 2014).

Plant Growth, Transformation, and Grafting

Arabidopsis (Arabidopsis thaliana) and Nicotiana benthamiana plants were
grown as described previously (Arpat et al., 2012). Arabidopsis Col-0 ecotype
was used as the wild type and the pho1-4 allele as the pho1 knockout mutant
(Hamburger et al., 2002). For transient expression, N. benthamiana plants were
grown and infiltrated with Agrobacterium tumefaciens transformed with binary
plasmids as described previously (Arpat et al., 2012). The floral dipmethodwas
used for stable Arabidopsis transformation (Clough and Bent, 1998). A modi-
fied pMDC132 binary vector, in which the cauliflower mosaic virus 35S pro-
moter was replaced with a 2-kb PHO1 promoter, was used for the expression of
all PHO1 constructs in the pho1-4 background (Zimmerli et al., 2012). Trans-
formed plant lines were grown 6 d in vitro on one-half-strength Murashige and
Skoog medium, 1% (w/v) Suc, and 0.8% (w/v) agar in continuous light, then
transferred to pots and grown for 25 d in pots in long-day conditions with 16 h
of light at 21°C and 8 h of dark at 20°C. Grafting experiments were performed as
described previously (Zimmerli et al., 2012) with the following minor modifi-
cations (Marsch-Martínez et al., 2013). Plants for grafts were grown in vitro on
one-half-strength Murashige and Skoog medium, 0.5% (w/v) Suc, and 0.8%
(w/v) agar for 5 d in short-day conditions with 8 h of light and 16 h of dark at
26°C. During the grafting procedure, silicon tubes were used to strengthen
grafts. After grafting, plants were incubated for an additional 5 d on one-half-
strength Murashige and Skoog medium and 0.5% (w/v) Suc in short days at
26°C, then transferred to 8 h of light at 21°C and 16 h of dark at 20°C in vitro for
an additional 5 d before being transferred to pots and continued to be grown
under the same conditions. For RNAseq experiments, plants were grown in Oil
Dri US special granulates (http://www.oildri.com/) that were fertilized weekly
with a commercial fertilizer (Wuxal; Maag; http://www.maag-garden.ch).
Plants were grown in a phytotron with long-day conditions with 16 h of light at
21°C and 8 h of dark at 20°C.

Western-Blot Analysis

To analyze the PHO1 expression level in roots by western blot, plants were
first grownon agar-solidifiedplates and then shifted towide-mouth Erlenmeyer
flasks containing 15 to 20 mL of one-half-strength Murashige and Skoog liquid
medium and 1% (w/v) Suc to produce large amounts of roots from intact plants.
Proteins were extracted from homogenized 25-d-old roots at 4°C in extraction
buffer containing 10 mM Pi buffer, pH 7.4, 300 mM Suc, 150 mM NaCl, 5 mM

EDTA, 5 mM EGTA, 1 mM DTT, 20 mM NaF, and 13 protease inhibitor (Roche
EDTA-free complete mini tablet) and sonicated for 10 min in an ice-cold water
bath. Fifty micrograms of protein was separated by SDS-PAGE and transferred
to an Amersham Hybond-P polyvinylidene difluoride membrane (GE
Healthcare). The rabbit polyclonal antibody to PHO1 (Liu et al., 2012) and goat
anti-rabbit IgG-horseradish peroxidase (Santa Cruz Biotechnology) were used
along with the Western Bright Sirius horseradish peroxidase substrate
(Advansta). Signal intensity was measured using a GE Healthcare ImageQuant
RT ECL Imager.

RNAseq Analysis

RNAseq libraries were prepared using 500 ng of total RNA and the Illumina
TruSeq Stranded mRNA reagents on a Caliper Sciclone liquid-handling robot
(PerkinElmer) using a Caliper-developed automated script. Cluster generation
was performedwith the resulting libraries using the Illumina TruSeq PECluster
Kit version 3 reagents and sequenced on the Illumina HiSeq 2500 using TruSeq
SBS Kit version 3 reagents. Sequencing data were processed using the Illumina
Pipeline Software version 1.82.

Purity-filtered reads were adapters and quality trimmed with Cutadapt
(version 1.2.1; Martin, 2011) and filtered for low complexity with Prinseq
(version 0.20.3; Schmieder and Edwards, 2011). Reads were aligned against the

Arabidopsis genome TAIR 10 using TopHat2 (version 2.0.9; Kim et al., 2013).
The number of read counts per gene locus was summarized with htseq-count
(version 0.5.4p3; Anders et al., 2015) using TAIR 10 gene annotation. Gene
count tables were imported in R (version 3.1.1) for normalization (package
edgeR, method TMM; Robinson and Oshlack, 2010) and transformation
(package limma, method voom; Law et al., 2014). Leaf and root data were
processed separately. Genes with at least one count per million in one sample
were kept for further analysis (18,780 in leaves and 19,967 in roots). limma was
used to fit a linear model to the expression data with the four conditions as
factors (Smyth, 2004). The comparisons PHO1-C versus pho1, EXS32 versus
pho1, and EXS34 versus pho1 were extracted using contrast matrices. P value
adjustment for multiple testing with the Benjamini and Hochberg method to
control the FDR were performed separately for up- and down-regulated genes
after having selected genes with at least a 2-fold change increase (or decrease) in
any one of the three comparisons. RNAseq data are deposited at the Gene
Expression Omnibus (GSE73067).

RNA Preparation and Q-RT-PCR

Plant material was immediately frozen in liquid nitrogen. The samples were
then ground using a mortar and pestle, and the powder was used to extract the
RNA using the RNeasy Plant Mini Kit (Qiagen). Samples were treated with
DNase on columns during RNA extraction using the RNase-free DNase kit
(Qiagen). For gene expression by Q-RT-PCR, 500 ng of RNA per sample was
used for reverse transcription using SuperScript II reverse transcriptase
(Invitrogen). Q-RT-PCR was performed using SYBER Select Master Mix
(Invitrogen) and the Stratagene Mx3005p qPCR system.

Pi and Nitrate Export

For the determination of Pi and nitrate content in plant tissues, the cellular
content of cells was first released into distilled water by repeated freeze/thaw
cycles followed by incubation at 80°C for 30 min. Pi concentration in the solu-
tion was then quantified by the molybdate assay (Ames, 1966). Nitrate was
quantified by first converting nitrate to nitrite using commercial nitrate re-
ductase from Aspergillus niger (Sigma) followed by nitrite quantification using
sulfanilamide as described previously (Barthes et al., 1995).

Confocal Microscopy

Subcellular localization of GFP and RFP fusion constructs and BiFC exper-
iments in Arabidopsis roots and N. benthamiana leaf epidermal cells were per-
formed using a Zeiss LSM 700 confocal microscope with an Apochromat 633
water-immersion differential interference contrast objective with a numerical
aperture of 1.2. Analysis of roGFP2 was performed using a Zeiss LSM780
confocal microscope with a 403 1.2 numerical aperture C-Apochromat water-
immersion lens. Images were collected in multitrack mode with line switching
between 488 and 405 nm illumination.

The roGFP fluorescence was collected in the 505- to 530-nm emission band,
and data analysis was done as described previously (Brach et al., 2009).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Prediction of PHO1 topology as obtained from
ARAMEMNON

Supplemental Figure S2. Investigation of PHO1 topology using BiFC in
N. benthamiana.

Supplemental Figure S3. Expression of the EXS-GFP construct in the
EXS32 and EXS34 lines.

Supplemental Table S1. List of genes with a significant decrease (FDR ,
0.05) and 2-fold or higher change in leaves compared with pho1-4 in any
one of the three comparisons.

Supplemental Table S2. List of genes with a significant increase (FDR ,
0.05) and 2-fold or higher change in leaves compared with pho1-4 in any
one of the three comparisons.

Supplemental Table S3. List of genes with a significant decrease (FDR ,
0.05) and 2-fold or higher change in roots compared with pho1-4 in any
one of the three comparisons.
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Supplemental Table S4. List of genes with a significant increase (FDR ,
0.05) and 2-fold or higher change in roots compared with pho1-4 in any
one of the three comparisons.
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