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Inorganic phosphate (Pi) is present in most soils at suboptimal concentrations, strongly limiting plant development. Plants have the ability
to sense and adapt to the surrounding ionic environment, and several genes involved in the response to Pi starvation have been
identified. However, a global understanding of the regulatory mechanisms involved in this process is still elusive. Here, we have
initiated a chemical genetics approach and isolated compounds that inhibit the response to Pi starvation in Arabidopsis (Arabidopsis
thaliana). Molecules were screened for their ability to inhibit the expression of a Pi starvation marker gene (the high-affinity Pi transporter
PHT1;4). A drug family named Phosphatin (PTN; Pi starvation inhibitor), whose members act as partial suppressors of Pi starvation
responses, was thus identified. PTN addition also reduced various traits of Pi starvation, such as phospholipid/glycolipid conversion,
and the accumulation of starch and anthocyanins. A transcriptomic assay revealed a broad impact of PTN on the expression of many
genes regulated by low Pi availability. Despite the reduced amount of Pi transporters and resulting reduced Pi uptake capacity, no
reduction of Pi content was observed. In addition, PTN improved plant growth; this reveals that the developmental restrictions induced
by Pi starvation are not a consequence of metabolic limitation but a result of genetic regulation. This highlights the existence of signal

transduction pathway(s) that limit plant development under the Pi starvation condition.
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Inorganic phosphate (Pi) is a crucial plant macro-
nutrient. In most soils, this element is present in lim-
iting amounts. Several factors contribute to restrict its
availability to plants: assimilation by microbes and
poor mobility due to its strong interaction with many
cations (Shen et al.,, 2011). As a consequence, Pi dis-
tribution is very heterogeneous in soils and can thus be
considered one of the least available plant macronu-
trients (Raghothama, 1999). To cope with this situa-
tion, plants have developed various mechanisms to
improve Pi recovery and reduce its consumption.

Pi starvation limits plants development and mod-
ifies their architecture. Pi starvation also leads to the
reduction of primary root development and to an in-
crease in lateral roots development (Linkohr et al.,
2002; Lépez-Bucio et al., 2002; Ticconi and Abel, 2004a;
Reymond et al., 2006; Sanchez-Calderén et al., 2006;
Svistoonoff et al., 2007). This, in turn, promotes an
increase in the root-to-shoot ratio due to modifications
of the root architecture that favor exploring superficial
soil layers, e.g., the soil layers that contain more Pi (for
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recent review, see Abel, 2011; Péret et al., 2011).
Several of the genes and quantitative trait loci that
control these modifications have been characterized
in Arabidopsis (Arabidopsis thaliana), including low Pi
rootl (Reymond et al., 2006; Svistoonoff et al., 2007), Pi
deficiency response2 (PDR2; Ticconi et al., 2004b), and
Low phosphorus insensitive (LPI; Sanchez-Calderén
et al., 2006). This phenomenon appears to be mainly
locally regulated by the external Pi concentration (Drew,
1975; Linkohr et al., 2002; Svistoonoff et al., 2007;
Thibaud et al., 2010).

Systemic regulation also occurs (Thibaud et al., 2010)
and affects metabolic adaptations that result from
Pi starvation, such as the secretion of phosphatases
(Duff et al., 1994; Tran et al., 2010a, 2010b), organic
acids (Narang et al., 2000), or ribonucleases to solubilize
soil-associated Pi (either located in the organic Pi pool
or chelated by cations; Misson et al., 2005). Pi starvation
also triggers many metabolic changes in planta to con-
serve and recycle Pi, such as the remobilization of
membrane phospholipids (Andersson et al., 2003, 2005;
Jouhet et al., 2004; Nussaume et al., 2011b; Nakamura,
2013). The conservation of ATP through the use of
alternative enzymatic reactions within the glycolytic
and respiratory pathways has also been suggested
(Misson et al., 2005).

Due to their diversity, these metabolic modifications
can be expected to be controlled by several elements.
In particular, genetic screens have identified Myb tran-
scription factors from the Phosphate Starvation Responsel
(PHR1) family, which are major regulators of all of these
responses (Rubio et al., 2001; Bustos et al., 2010; Thibaud
et al., 2010). Although several key genes involved in this
regulatory cascade have been identified (Chiou and Lin,
2011), a clearer global view of these processes is still
required.

Part of the developmental limitation phenotype ob-
served during Pi starvation results from genetic control,
and not only from metabolic limitation as previously
assumed (Svistoonoff et al., 2007). This hypothesis is
supported by the phenotype of mutants that disconnect
the external Pi concentration from root growth (Ipr1, Ipi,
and pdr2; for review, see Abel, 2011; Péret et al., 2011)
or the internal Pi concentration from shoot growth (such
as the Phosphatel [PHO1] underexpressor; Rouached
et al., 2011). Nevertheless, the molecular mechanisms
of this control remain largely unknown.

In this study, a chemical genetic approach was used
to improve our knowledge on this pathway. A chemical
screen for regulators of PHT1;4, expression, a high-
affinity Pi transporter used as an early marker of Pi
starvation (Karthikeyan et al., 2002; Misson et al., 2004;
Hirsch et al., 2011) identified a small family of com-
pounds that were called Phosphatins (PTNs; Pi starva-
tion inhibitor). PTN molecules were shown to alleviate
numerous Pi starvation responses and provide a mea-
sure of the importance of genetic versus metabolic
impacts of Pi starvation. Moreover, due to the general
impact of PTN on both morphological and biochem-
ical traits associated with Pi starvation, this work

1480

reveals putative links between local and systemic
regulation.

RESULTS

Identification of Molecules That Inhibit the
Low-Pi-Induced PHT1;4 Gene

The commercially available Library of Active Com-
pounds on Arabidopsis (University of California, Riv-
erside) containing 3,580 biologically active compounds
(Zhao et al., 2007) was screened at 25 um to identify
drugs inhibiting the expression of PHT1;4, a gene
strongly induced by Pi starvation (for a recent review,
see Nussaume et al., 2011a). The GeneTrap line used
for the screen, pht1;4-1, contains a GUS transcriptional
fusion with the endogenous PHT1;4 gene, which allows
monitoring of its expression (Misson et al., 2004; Hirsch
et al., 2011). For the screen, seedlings were grown on
Pi-rich medium (+Pi, 500 um) for the first 5 d. Following
this, seedlings were transferred on to Pi-limiting me-
dium (-Pi, 15 um) with or without the compounds for
an additional 5 d. GUS staining was subsequently
performed to monitor the expression of PHT1.4.

This screen identified 21 compounds that partially
or totally inhibited PHT1;4:GUS expression. In most
cases, the reduced expression of the marker was due
to the presumably toxic effects of the drugs (assessed
by the growth arrest of the plantlets). Two compounds
were screened in which the reduced expression of the
reporter gene was not accompanied by toxicity (see
below), and these were selected for further study.
These compounds are commercially available from the
Maybridge library (MWP00917 and KM03772) and
were respectively named Phosphatinl (PTN1) and

-Pi+PTN1

A +Pi -Pi

PTN1 =

cl o/ \o c

Figure 1. ldentification of drugs altering PHT1;4 expression. A, Screen
used to identify PTN molecules. GUS staining of phti;4-1 plantlets ger-
minated and grown 5 d on +Pi (500 um) and transferred for 5 d on +Pi, —Pi
(15 um), or —Pi plus PTNT (25 um). B, Chemical structure of PTN1.
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PTN2 (Fig. 1; Supplemental Table S1). Both of these
compounds, when assayed with PHT1;4 expression,
acted in a dose-dependent manner. PTN1 was observed
to be twice as potent as PTN2 (Supplemental Fig. S1A).
Interestingly, the IC;, (defined as one-half of the maxi-
mal inhibitory concentration of a substance reducing
PHT1;4 Pi starvation marker expression) of PTN1 was
similar to that of PTN2 (Supplemental Table S1). This
can be explained by a maximum effect of PTN2, which
turned to be 50% reduced when compared with PTN1
maximal impact (Supplemental Fig. S1B). Although
PTN reduced PHT1;4 expression, it stimulated root
growth of plantlets in Pi-deficient medium. But maximal
PTN effects on both phenotypes were observed with
similar concentrations of drugs (Supplemental Fig. S1,
A and B).

Importance of the 4-Chlorothiophenol Motif to the
Drug Effect

Several commercially available structural analogs of
PTN1 were tested to narrow down the active chemical
motif present in the structure of this compound. Both
PTN1 and PTN2 exhibit a common structure composed
of a benzene aromatic ring with sulfur and chlorine
residues in para positions (Supplemental Table S1).
The 4-chlorothiophenol compound (named PTN3
here) was therefore assayed (Supplemental Table S1).
Three other compounds including this motif were also
examined, and their characteristics are summarized in
Supplemental Table S1. All of these compounds have a
low M,, smaller than 500 g mol™. Each compound also
respects Lipinski’s rule of five, which can be used to
determine whether a substance is a drug (Lipinski,
2004; Supplemental Table S1). PTN3 and PTIN4 repressed
PHT1;4 expression, although they require different con-
centrations (100 and 10 um, respectively) to promote
effects similar to those observed with PTN1 and PTN2
application (data not shown). PTN4 contains two
4-chlorothiophenol motifs, just like PTN1. This could
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explain why PTN4 was observed to be active at a
lower concentration. The ICy, of these compounds
provides an indication of their gradual efficiency
(Supplemental Table S1). Altogether, this analysis
revealed that 4-chlorothiophenol is the minimal active
motif. The importance of the sulfur environment is also
underscored by PTN5 and PTN6, which are inactive
and in which the S residue links to a methyl or oxygen
group (Supplemental Table S1). PTN1 (the first iden-
tified compound) and PTN4 (commercially available)
both triggered significant effects on plant growth.
Therefore, both PTN1 and PTN4 were selected for the
remainder of this study. It can be noticed that maximal
impact of all active drugs (PTN1-PTN4) measured by
length of primary root with optimal drug addition was
highly significant; a similar higher effect was obtained
with PTN1 and PTN3, whereas a 40% to 50% milder
phenotype was observed with PTN4 and PTN2 (data
not shown).

PTN Alters the Pi Transporter Regulations Triggered by
Pi Starvation

The reduced level of PHT1;4 expression with PTN1
as assayed by the GUS reporter was confirmed by
quantitative PCR (qPCR) experiments (Fig. 2A) and by
global transcriptomic analysis (Supplemental Table S2).
We next investigated the impact of PTN1 on the ex-
pression of several additional PHT1 genes. As shown in
Figure 2A, PTNI1 strongly reduced the impact of Pi
starvation on the induction level of all transcripts tested
(by at least 50%)).

The characterization of Pi uptake capacity was then
investigated by measuring total Pi influx to evaluate
putative impact of these transcriptional regulations
resulting from PTN addition. Consistent with PHT1
transporters being induced by Pi starvation (Misson
et al.,, 2005; Kanno et al., 2012), a higher Pi influx ca-
pacity was observed in Pi-starved seedlings (compare
-Pi with +Pi in Fig. 2B). Interestingly, PTN1 reduced
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Figure 2. PTN1 modulates Pi uptake. A, Impact of PTN1 treatment (40 um) on various PHT1 transcript levels. Measurements are
from gPCR experiments on root mRNA. B, Uptake experiments performed with different Pi concentrations. C, Impact of PTN1
on total phosphorus content. Measurements were performed using ICP assays. Asterisks represent significant difference between
—Pi and —Pi plus PTN1 40 um (Student’s ¢ test, P < 0.01). Seven-day-old (A and B) or 10-d-old (C) plantlets were used. White
bars indicate —Pi, black bars indicate —Pi plus PTN1, and gray bars indicate +Pi. [See online article for color version of this

figure.]
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the Pi uptake by 25% in -Pi, highlighting a putative
impact of the observed transcriptomic modifications in
term of PHT1 transporter net activity. To investigate
further PTN impact on the PHT1 family, we measured
the V., and the K, associated with Pi uptake to access
the affinity and the maximum transport rate of Pi
transport (Fig. 2C; Table I). The kinetics of low- and
high-affinity Pi transport systems were characterized
(for review, see Nussaume et al., 2011b). Neither PTN1
(nor PTN4) drugs modified both transport systems,
which were still present in treated plants (similar K,
value; Table I). Only the V. appeared affected by the
drug treatments. This indicated that reduction of Pi
uptake observed after PTN addition resulted from a
decrease of Pi transporter amount per root length and
not from the modification of affinity.

Surprisingly, seedlings treated with PTN1 contained
significantly higher amounts of phosphorus than the
untreated —Pi control (Fig. 2C), although this is much
less than the amount accumulated in the +Pi control.

We tested whether PTN1 affects acid phosphatase
(PAP) secretion, as this could explain its increased
phosphorus content through mobilization of any or-
ganic Pi present in the growth medium. However,
PTN treatment only slightly increased the phosphatase
activity (Supplemental Fig. S1C), suggesting phos-
phatases are not involved in the process.

PTN1 Reduces the Gene Expression Response to
Pi Starvation

PTN1 reduced the transcription of all high-affinity
PHT1 transporters tested, indicating that PTN1 effect
is not restricted to the PHT1;4 marker used for the
screening. To more broadly investigate PTN1 action,
a transcriptional analysis of the global Arabidopsis
genome was performed using the Complete Arabi-
dopsis Transcriptome Microarray arrays (http://
www.catma.org/; Unité de Recherche en Genomique
Végétale). We compared transcript expression in roots
of 14-d-old plantlets grown in -Pi, -Pi plus PTN1,
or +Pi (Supplemental Table S2). Firstly, this approach
confirmed the reduced level of PHT1 gene expression.
Global analysis showed that when compared with the
—-Pi condition, the +Pi condition modulated the ex-
pression of 1,062 genes: 783 were repressed and 279

Table 1. Effect of PTNT and PTN4 on Pi absorption is similar in a wide
range of Pi concentration

Plants were grown for 5 d in complete medium (full) then transferred
for 5 d in low Pi with or without (Control) drugs (at optimal concen-
tration). Pi influx was measured during 2 h in **P supplemented with 5,
25, 50, 100, 500, and 1,000 um Pi for the measure of V., and K. At
least 10 plants were used for each point.

Control PTN1 PTN4
% K V K V K

max m max m max m

High affinity  0.14 9.4 0.12 133 0.09 8.2
Low affinity ~ 0.37 1043 0.27 91.6 0.3 108.6

Transporter

1482

significantly induced (Fig. 3). By contrast, PTN1 modu-
lated 2,667 genes: 1,001 were induced and 1,666 re-
pressed (based on statistical analysis, Bonferroni test
<0.05, with a greater than 2-fold change; Supplemental
Table S2; Fig. 3). Interestingly, many of the genes whose
expression was modulated by +Pi are also modified in
a similar way by PTN1 in the —Pi condition (with 40.3%
of transcripts repressed and 41.2% of transcripts in-
duced; Fig. 3B). Conversely, very few genes (approxi-
mately 4%) were significantly deregulated by PTN1
when compared with the +Pi treatment (Fig. 3B).
These results were confirmed by reverse transcription
(RT)-gqPCR experiments, using a few selected genes
that are transcriptionally regulated by Pi starvation
(Supplemental Fig. S52). This transcriptomic result
indicates that PTN1 mimics the addition of Pi in the
growth medium.

Our transcriptomic analysis was refined by examin-
ing whether PTN1 modulated the expression of partic-
ular classes of genes, as defined by Thibaud et al. (2010),
according to their local or long-distance regulation by
Pi. Among the systemic genes that were repressed or
induced by Pi in our conditions, respectively 65% and
55% were similarly regulated by PTN1, thus mimicking
a limited Pi supply (Supplemental Table S3). Many of
these genes have a predicted function in the recycling,
recovery, or transport of Pi (Supplemental Table S3).
Among the local genes that were repressed by Pi, 45%
were also repressed by PTN1. The predicted functions
of these genes are related to transcription, metal ho-
meostasis, hormones, stress responses, or development
(Thibaud et al., 2010).

Altogether, this analysis revealed that PTN1 mimics
many of the effects of Pi supply on the transcriptomic
regulation of different metabolic pathways; further-
more, there was no bias toward local or long-distance
regulation of Pi starvation. To further investigate
the effects of PTN on well-known Pi starvation fea-
tures, we next performed more detailed physiological
experiments.

PTN Affects Multiple Systemic Responses Triggered by
Pi Starvation

Pi deficiency stimulates Pi import mechanisms
(mainly through the regulation of the high-affinity
PHT1 Pi transporters). Pi deficiency also triggers ma-
jor remodelling of phospholipids (an important pool of
organic Pi for plant), the accumulation of starch (to
store excess carbon), and anthocyanin.

The conversion of phospholipids to galactolipids and
sulfolipids is a main feature of the response triggered by
Pi starvation (Dérmann and Benning, 2002; Nakamura
et al.,, 2009; Moellering and Benning, 2011; Nussaume
et al., 2011b). This lipid conversion relies on several en-
zymes such as sulfoquinovosyldiacylglycerol2 (SQD2),
SQD1, galactosyl-1,2-diacylglycerol2 (MGD2), MGD3,
digalactosyl-diacylglycerol2 (DGD2), and phospholipase
DZ2 (PLDz2), whose gene expression is induced during

Plant Physiol. Vol. 166, 2014
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A Genes regulated by Pi availability fg
Log ratio 1
+Pi/-Pi

0
. -1

Log ratio 15

-Pi+PTN1/-Pi P

B

1666 genes repressed by PTN1

1001 genes induced by PTN1

783 genes repressed +Pi/-Pi

316 (40.3%)

30 (3.8%)

279 genes induced +Pi/-Pi

11 (3.9%)

115 (41.2%)

Figure 3. PTN1 reduces the transcriptional regulation that occurs during Pi starvation. A and B, Comparison of PTN1 treatment
or Pi supply on global transcriptomic analysis. For this analysis, 14-d-old wild-type root samples of plants grown on —Pi, —Pi plus
PTN1 (40 um), or +Pi were used. Data are expressed as ratio values between +Pi and —Pi or —Pi plus PTN1 and —Pi, respectively.
A, Relative expression of genes induced and repressed by +Pi versus the —Pi plus PTN1 condition. B, Number of genes regulated
by Pi and PTN1 addition and the percentage of genes regulated by +Pi as well as PTN1. Selected genes exhibited at least a
2-fold change difference with —Pi control, based on statistical analysis (Bonferroni test, P < 0.05).

Pi starvation (Dormann and Benning, 2002; Nakamura
et al., 2009; Moellering and Benning, 2011). Consistent
with these results, our global transcriptomic analysis
reveals that PTN modulates the expression of most of
these genes (Supplemental Table S3). This result was
confirmed by RT-qPCR analysis, indicating that PTN1
represses the expression of all tested genes in low Pi
(SQD2, MGD3, PLDz2, SQD1, and MGD2; Fig. 4A). We
then examined whether any of these transcriptional

expression level standard deviation

modifications affect lipid composition in seedlings.
Figure 4B illustrates that the partitioning between
phospholipids and glycolipids (galactolipids and sul-
folipids) in Pi-rich and Pi-starved seedlings was
19%:81% and 46%:54%, respectively. When seedlings
were grown on a —Pi medium containing PTN1, this
ratio (25%:75%) was in between the two controls, in-
dicating that PTN1 significantly reduced the effect of
Pi starvation on the relative abundance of glycolipids.

Figure 4. PTN1 reduces metabolic stress

A -Pi -Pi+ PTN1 +Pi -Pi -Pi+ PTN1 +Pi during Pi starvation. A, Transcript level
SQD2 51858.70 24182.69 4008.91 10933.02 1931.39 1758.30 measurements (by qPCR) of genes in-
MGD3  16582.81 10059.99 220131 809.49 879.65 1289.25 volved in lipid synthesis for plants grown
PLDz2  5632.82 3939.01 1274.92 1131.40 245.85 490.82 on —Pi, —Pi plus PTNT (40 pm), or +Pi for
sQD1 467164 2635.64 429.47 333.63 186.40 151.18 14 d. B, Proportion of phospholipids
MGD2  185.36 76.17 2213 9.64 5.92 7.63 (white) and glycolipids (gray) for plants
grown on —Pi, —Pi plus PTNT, or +Pi me-

C dia. Asterisks represent significant differ-

ences between —Pi and —Pi plus PTN1

(40 um; Student’s ttest, P =< 0.01). C, Lipid

45.00 - composition of wild-type plants grown on

2 4000 - low Pi (white bars), low Pi plus PTN1 (dark

% 35.00 - e gray bars), or high Pi (light gray bars). Total

8 30.00 - lipids were extracted from the aer.ial part

2 2500 - of 10-d-old plants. D, Anbthochyamn con-

= 2000 4 tent for plants grown on —Pi, —Pi plus PTN1

o [ (40 um), or +Pi. E, Starch content revealed

E 15.00 ' by staining of shoots with Lugol. FW, Fresh

B 1900 weight; DPG, diphosphatidylglycerol; PC,

3 phosphatidylethanolamine; PE, phos-

£~ 14,
R
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As shown in Figure 4C, -Pi seedlings contained
much less PC and PE than +Pi seedlings, and PTN1
partially reversed the effect of —Pi. Conversely, PTN1
reduced DGDG content by 27% compared with its
level in Pi-starved plants, although +Pi resulted in a
much greater reduction in DGDG content (Fig. 4C).
This biochemical analysis demonstrates that PTN1
diminishes the conversion of phospholipids to glyco-
lipids in Pi-starved plants, in accordance with the ef-
fect on gene expression.

PTN1 also strongly reduced the accumulation of
anthocyanins and starch (Fig. 4, D and E). The amount
of anthocyanin accumulated in PTN1-treated plants is
reduced by approximately 60% when compared with
—Pi plants (Fig. 4D). The starch accumulation was also
severely attenuated by PTN1 addition, as determined
by Lugol staining (Fig. 4E).

Altogether, these results indicate that PTN1 and
PTN2 significantly reduce several typical plant re-
sponses to Pi starvation. To confirm the specificity of
the drug, we tested its impact on the two other mac-
ronutrients for plants (potassium or nitrate). Plants
growing under potassium or nitrate starvation also
exhibited reduction of their biomass when compared
with plants grown with optimal nutrients. Supplemental
Figure S3A presents one of the assays conducted with
various levels of nitrogen or potassium; they all indicate
that PTN1 or PTN4 do not modulate this response.
Such results reinforce the transcriptomic data, which
did not reveal any impact of PTN drugs on markers of
potassium or nitrogen deficiency. We also tested impact
of these drugs on iron deficiency and also did not
observe any modification resulting from PTN addition.
The impact of PTN on ion content was also analyzed
using inductively coupled plasma (ICP) analysis
but did not reveal any significant modification
(Supplemental Fig. S3B).

PTN1 Modulates Root Growth in Pi-Starved Plants

Our transcriptomic study additionally identified a
global effect of PTN1 on Pi starvation responses asso-
ciated with local regulation (compare with Thibaud
et al., 2010). We investigated the impact of several PTN
analogs on the primary root growth inhibition by low
Pi, a local response conditioned by the external Pi
concentration (Abel, 2011; Péret et al., 2011). Strikingly,
PTN1 suppressed the primary root growth inhibition
in a dose-dependent manner (Fig. 5A). As for the in-
hibition of the PHT1;4 transcript, a maximum effect for
PTN1 was observed at 40 um. A similar effect was
observed for PTN3 and PTN4, two active PTN1
structural analogs (Supplemental Table S1) that are
active at different doses (100 and 10 um, respectively).

To better understand how PTN promotes the pri-
mary root growth of —Pi seedlings, we investigated the
root meristematic activity and the cell elongation rate.
This was tested using the cell cycle marker Cyclin Bl
(CYCB1):GUS. CYCBLI is expressed predominantly
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during the G2/M phase of the cell cycle (Colén-
Carmona et al., 1999). It was previously described
that this marker is expressed in the root meristematic
zone of seedlings grown on +Pi medium, but not in —Pi
seedlings (Sdnchez-Calderén et al., 2005). Expression
of CYCB1 was sustained in the root tip of —Pi seedlings
treated with 40 um of PTN1, although fewer cells were
marked as compared with the +Pi control (Fig. 5B).

In agreement with previously published results
(Reymond et al., 2006), Pi starvation strongly reduces
root cell elongation (50% in the cortical cells; Fig. 5C).
Root cell elongation of —Pi seedlings was restored by
PTNT1 to a level close to control plants grown on +Pi
medium (Fig. 5C). Similar results were observed with
PTN3 and PTN4; this indicates that PTNs act on both
meristematic activity and cell elongation to sustain
root growth on —Pi medium.

To explore how PTN could mimic Pi, we examined
the external Pi concentration necessary to promote a
primary root growth similar to the one observed in the
presence of PTN4 without added Pi (agar Pi content is
approximately 15 um). Throughout the tested range of
Pi concentrations (15-250 uM), there was a linear cor-
relation between primary root length and external Pi
concentration (gray bars in Fig. 5D). Adding PTN4
(Fig. 5D) or PTN1 (data not shown) to the —Pi medium
improved root growth, mimicking the effects of me-
dium containing 50 to 75 uM Pi. The sustained growth
promoted by PTNs reached a threshold and appears to
be independent of external Pi for Pi concentrations
between 15 and 75 um. No significant differences were
observed between plants grown with or without PTNs
beyond 75 um Pi.

The role of PTNs on the regulation of primary root
growth was further investigated by analyzing avail-
able mutants showing altered root growth in response
to Pi starvation. The Ipi mutants (Sanchez-Calderén
et al., 2006) as well as Ipr1 and Ipr2 mutants (Svistoonoff
et al., 2007) were previously identified on the basis
of their reduced root growth sensitivity to Pi star-
vation. When grown on —Pi medium, they all display
a longer primary root than the wild-type control. No
additive effects of PTN1 were found to affect the
primary root growth of Iprl or the three Ipi mutants
(Supplemental Fig. S4). By contrast, the Ipr2 mutant,
which exhibits a moderate root elongation phenotype
compared with Iprl or Ipi, responded to PTNs with a
50% increase in the primary root length (Supplemental
Fig. 54).

Unlike the Ipr and Ipi mutants, pdr2 mutant seed-
lings are hypersensitive to Pi starvation and display
a very short primary root when grown on low Pi
(Ticconi et al., 2004b). Interestingly, PTN1 substantially
reverted the pdr2 root growth defect (Fig. 5E).

PHRI has been described as a major regulator of the
transcriptional response to Pi starvation (Franco-Zorrilla
et al., 2004), and we therefore also investigated the
response of the phr1 mutant. Like pdr2 and Ipr2, the
phrl response to PTN1 partially alleviated the root
growth restriction imposed by -Pi (Fig. 5E). These
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Figure 5. PTNs reduce the Pi starvation-induced growth limitation. A, Identification of the optimal PTN1 level to suppress the Pi
starvation symptom on root growth. A similar effect can also be observed with the PTN1 analog PTN3 and PTN4 applying 100
or 10 um, respectively. B, Analysis of the cell cycle using the cycB1::GUS marker. Pictures of root tips from wild-type (WT; top)
and cycB1::GUS (bottom) plants grown on —Pi, —Pi plus PTNT (40 um), or +Pi conditions after GUS staining. C, Measures of
cortical cell size in wild-type plantlets grown on —Pi, —Pi plus PTN1 (40 um), and +Pi. In A to C, 7-d-old plantlets were used for
the various experiments. D, Impact of Pi concentration on PTN effect on the primary root growth. For the measures of the
primary root length, plants were grown during 5 d on Pi-rich medium and transferred on various conditions tested during 24 h
(PTN4, 10 um). The red line shows the maximum gain of growth conferred by PTN1 presence. E, Effect of PTN treatment on
mutants affected in the root architecture response to Pi starvation. Measurements of the primary root growth of wild-type plants,
and pdr2 and phr1 mutants, were taken 9 d after germination on —Pi or —Pi plus PTN1 (40 um) and +Pi. F, Effect of PTN1 (40 um)
addition on rosette development. G, Effect of PTNT addition on aerial development of the wild type and the Ipr7 mutant. Col-0,

Ecotype Columbia.

results demonstrate that the LPR2, PDR2, and PHR1
functions are not essential for PTN1 to restore root
growth in low Pi.

As PTN sustained root growth in Pi starvation
conditions, we next investigated whether it can also
affect the development of the aerial part. Although
plants cultivated for 4 weeks on —Pi medium plus
PTN1 were not as big as those grown on +Pi, the drug
significantly improved leaf growth (approximately
+30% rosette area; Fig. 5, F and G). Similar results were
obtained with PTN4 (data not shown). Together with
the results from the roots (Fig. 5A), these observations
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show that the PTN compounds, when applied at an
appropriate concentration, can substantially improve
whole plant growth in low-Pi conditions, suggesting
that these drugs could unlock a mechanism restricting
growth. Nevertheless if PTN can partially restore
growth on —Pi medium, the size of the plants remains
far from that of plants grown on Pi-rich medium (500 um).
In fact, drugs only mimic the addition of 30 to 50
uM Pi. It may be noticed that we also could observe
a growth stimulation of Medicago truncatula shoots
maintained on this medium for several weeks with
PTN4 (10 uMm), suggesting that PTN effects can
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probably be extended to other plant species (data
not shown).

PTN Uncouples Iron Accumulation and Root
Growth Arrest

The primary root growth response to Pi starvation is
dependent on the iron concentration in the medium
(Svistoonoff et al., 2007; Ward et al., 2008). To test
whether PTNs form a molecular complex with iron
(and thereby impede the effect of iron on root growth),
we measured the absorption spectrum of a solution
containing PTN1 and Fe?* (FeCl,). As shown in
Supplemental Figure S5A, iron does not modify the
absorption spectrum of PTN1. This strongly suggests that
PTN1 effect on growth is not mediated by chelating iron.

Under Pi starvation conditions, roots and shoots ac-
cumulate iron (Hirsch et al., 2006; Supplemental Fig. S5).
We show that PTN1 does not modify this iron accu-
mulation (Supplemental Fig. S5B). According to these
chemical results, PTN1 does not appear to affect iron
bioavailability.

PTN Reduces the Growth Restriction

In some ways, the addition of PTN phenocopies the
growth and development of the Ipr1 and lpr2 mutants.
Ipr1 plants display a more developed root system in
a Pi-starved medium (-Pi; Reymond et al., 2006;
Svistoonoff et al., 2007), along with a phosphorus
content greater than the wild type (Supplemental Fig. S6A),
and a larger rosette (Fig. 5G). If PTN targets only LPR1
(to inhibit its activity or expression), then we should
expect that the drug does not further improve the
growth of Iprl. When grown in the —Pi condition, Ipr1
plants displayed a rosette 30% larger than the wild-
type control (Fig. 5G; Supplemental Fig. S6B). PTN1
and PTN4 further increased the growth of the Iprl
rosette (+25%; Fig. 5G; Supplemental Fig. S6B), despite
their absence of effect on root growth (Supplemental
Fig. S4). We also observed that the accumulation of
anthocyanins in leaves of Iprl grown in -Pi was sub-
stantially suppressed when Pi (+Pi condition) or PTN1
are provided (as illustrated by the paler green leaves in
Supplemental Fig. S6B). Therefore, although PTN did
not improve root growth in Iprl, the aerial part still
responded to the drug and was found less affected than
in low-Pi conditions.

We also investigated the molecular responses of Ipr1
seedlings to PTN1 treatment. Firstly, we observed that
in low Pi, the level of induction of genes involved in Pi
uptake (PHT1;4 and PHTI,8), Pi recycling (MGD3,
PLD{2, and SQD?2), and Pi signaling (SPX1, for SYG1
[suppressor of yeast gpal], Pho81 [CDK inhibitor in
yeast PHO pathway], and XPR1 [xenotropic and poly-
tropic retrovirus receptor]) were similar between
ecotype Columbia and the mutant (Supplemental Fig. S7).
Secondly, PTN1 repressed the expression of these genes
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in Ipr1 to a level similar to that observed in the wild type
(Supplemental Fig. 57).

Altogether, the growth and molecular results reveal
that the plant responses to PTN1 were not altered in
the Ipr1 mutant, suggesting that LPR1 is not a target of
PTN. However, we cannot exclude the hypothesis that
LPR1 is involved in the PTN1-mediated suppression of
low-Pi-induced root growth inhibition.

DISCUSSION

PTNs Partially Overcome the Plant Growth Restriction
Observed during Pi Starvation

PTNs were isolated due to their ability to inhibit
expression of the Pi transporter PHT1;4 in low-Pi
conditions (Fig. 1). We have also shown that this
family of drugs inhibits the expression of other PHT1
genes (Fig. 2A) and modulates the expression of a vast
number of genes associated with Pi starvation adapta-
tion. Many of these genes are involved in Pi recovery
from the external medium and physiological adap-
tations triggered to conserve metabolized Pi (Fig. 4;
Supplemental Table S3). All of these metabolic adap-
tations to Pi starvation appeared systemically regulated
(Thibaud et al., 2010). These observations suggest that
PTNs act on the global systemic pathway to reduce the
expression level of these genes. This repression was
around 40% of their expression level in low Pi, reducing
the metabolic adaptation usually observed in low Pi.
PTN addition affected transcripts related to lipid ho-
meostasis, Pi uptake, and Pi recovery. Physiological
experiments confirmed modifications of lipid profiles
and Pi absorption, but phosphatase activity remained
unaffected. Discrepancy between transcript regulation
and activity of phosphatases could be due to modifica-
tion of root tip development or to posttranscriptional
regulation, two important parameters affecting AtPAP
expression (Wang et al., 2011).

Although PTNs significantly reduce the expression
of many genes that function to adapt the whole-plant
physiology to low-Pi conditions, their addition unex-
pectedly did not result in further growth inhibition.
Instead, we observed an increase in root growth and a
slight increase in shoot growth compared with Pi-
starved plants (Fig. 5). These data support the fact that
plant growth limitation in the low-Pi condition is not
only due to a metabolic limitation that results from a
lack of Pi. On the contrary, the root growth promoted
by PTN was independent of the Pi content in the growth
medium, because a plateau was observed between
15 and 75 uM Pi supplemented with PTN4 (Fig. 5D).
This result supports the hypothesis that PTNs partially
suppress the plant response to the low-Pi condition,
independently of the available Pi (i.e., PTN partially
uncouples plant growth from Pi homeostasis).

This parallels recent results obtained with the Arab-
idopsis PHO1 underexpressors (Rouached et al,
2011). Only a very low level of Pi accumulates in the
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shoots of PHO1 underexpressors (as in the phol null
mutant), but they still grow as much as the wild-type
control, suggesting that the strong growth reduction
in phol shoots is not directly related to the level of Pi
accumulated in leaves. The authors explained these
results by positing the existence of an unknown growth
regulation-signaling pathway.

In these experiments, genetic manipulation did not
improve the growth of plants in the low-Pi condition
(when compared with the wild-type control), in contrast to
what was observed with PTN1 addition. The PHO1
underexpressor plants also exhibited a reduced modifica-
tion of the transcriptomic response to the Pi starvation
affecting only the aerial parts of the plants. Addition of
PTN elicited clearly distinct responses, including a
specific modification at the transcriptomic level af-
fecting both roots and leaves, improved growth in
low Pi, and no modification of Pi flux between roots
and shoots, providing strong evidence for an activity
distinct from PHO1.

PTN Treatment Does Not Significantly Alter Homeostasis
of Ions Other Than Pi

Cross talk between plant nutrients has been already
described (for review, see Ohkama-Ohtsu and Wasaki,
2010; Rouached et al., 2010). Pi anion can chelate in soil
many cations including in particular metals. It therefore
plays a crucial role in controlling the availability of
micronutrients such as zinc, iron, and aluminum (Misson
et al., 2005; Hirsch et al., 2006). Interestingly, many genes
involved in metal homeostasis (such as transporters) are
directly regulated by the master transcriptional regulator
of Pi starvation belonging to the PHR1 family. This has
been revealed by several transcriptomic or promoter
analyses (Misson et al., 2005; Bournier et al., 2013). A link
between main macronutrients can be illustrated by dis-
covery of nitrogen limitation adaptation (Kant et al.,
2011). This gene was identified, as it is involved in
adaptive responses to low-nitrogen conditions in Arabi-
dopsis. It turned out also to regulate PHT1 family turn-
over (Lin et al., 2013; Park et al., 2014). Nevertheless, here,
the experiments performed to evaluate the effects of PTN
on other nutrients” deficiencies or homeostasis showed an
impact restricted to Pi starvation. These results are con-
sistent with transcriptomic analysis, which revealed a
clear modulation of genes specifically associated with Pi
deficiency. In addition, it is worth notice that PTN also
affected many stress-related genes, which might result
from the modification of plant development observed. So,
PTNs do not appear to be a general plant-promoting
substance, as their effects are restricted to Pi starvation.

PTN Uncouples Iron Accumulation and Root Growth
Arrest in -Pi

Together, iron and Pi interfere with root growth. In
low-Pi conditions, the growth of the primary root is
arrested when the growth medium contains 10 um Fe
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(Svistoonoff et al., 2007), but not when iron is omitted
or chelated with ferrozine or deferoxamine. Ward et al.
(2008) proposed that the root growth arrest in low Pi
results from iron toxicity. Here, we have shown that
PTN treatment uncouples high iron accumulation from
root growth arrest (Supplemental Fig. S5), suggesting that
such a phenotype does not directly result from toxic iron
accumulation per se but possibly acts as a component
of a signaling cascade requested by such a process.

Interestingly, PTN treatment mimicked +Pi treat-
ment regarding the expression of major genes involved
in iron homeostasis (for review, see Jeong and Gue-
rinot, 2009); among these genes ferric chelate reductase2,
ferric chelate reductase3, and iron-regulated transporterl
(IRT1) were induced, whereas ferritinl and ferric
reductase defective3 were repressed (Supplemental
Table S2). Only IRT2 (a minor player in iron uptake;
Vert et al., 2009) avoided this regulation. This pattern
of regulation could be associated with iron limitation,
but the iron content in PTN-treated seedlings remained
similar to the —Pi control (i.e., 2- to 3-fold more iron
than in +Pi seedlings). This regulation was therefore
not induced by an internal iron deficiency associated
with high Pi content. These observations strongly
suggest that iron and Pi have common regulatory
signaling steps (Misson et al., 2005; Thibaud et al., 2010)
that were modulated by PTN. This is corroborated
by other metal homeostasis-related genes (high-affinity
copper transport protein2, zinc transporter2, nicotianamine
synthasel, and nicotianamine synthase?) regulated by
PTN.

PTN Overcomes the Low-Pi Growth Restriction
Independently of Known Pi Pathway Signaling and
Growth Regulators

Curiously, addition of PTN in our study concur-
rently reduced the Pi absorption capacity and resulted
in improved growth. The measures of K and V.,
confirmed that PTN addition promoted a reduction of
the amount of transporters but did not change the af-
finity of PHT1 transporters for their substrate.

Nevertheless, it has to be noticed that the Pi con-
centration in —Pi medium remains extremely limiting,
far below the potential Pi uptake capacity of the PHT1
transporters (even reduced by PTN addition).

One possible explanation is that the increased root
length of PTN-treated seedlings improved Pi uptake
and consequently reduced plant Pi starvation traits.
This has been tested using Ipr1 seedlings that already
display a long root in —Pi. In fact, like in our plants
treated with PTN1, this mutant presents a greater
phosphorus content than the wild type in —Pi condi-
tion. It suggests that a longer root leads to higher
phosphorus content. This view is reinforced by the
recent identification of a quantitative trait loci
in rice (Oryza sativa) named phosphorus uptakel
(Gamuyao et al., 2012), which encodes the protein ki-
nase phosphorus-starvation tolerancel that improves
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early root growth and subsequently resistance to low-
Pi conditions.

Although Ipr1 shoot growth is significantly higher
than in the wild type, PTN further improves this
growth. PTN alleviates also several other Pi starvation
traits still present in Iprl (accumulation of anthocya-
nins, modulation of low-Pi-related genes, etc.). There-
fore, the increased root growth in —Pi probably accounts
for the biomass gain induced by PTN.

In addition, the root growth of the pdr2 mutant re-
sponds to PTN, showing that PTN activity does not
rely on the only P5-type adenylpyrophosphatase in
Arabidopsis encoded by PDR2. Because both PDR2
and LPR1 act in the same functional pathway (Ticconi
et al., 2009), our results corroborate the view that PTN
improves root growth independently of this pathway.

Root growth improvement by PTN is independent
of PHR1, because the loss-of-function phrl mutant re-
sponds to the drug like the wild type. As this tran-
scriptional factor belongs to a multigenic family, we
cannot exclude the hypothesis that PTN modulates the
expression of one or more PHR1 paralog. However,
PHR1 is a major regulator of the low-Pi pathway
(Bustos et al., 2010; Thibaud et al., 2010). So, it is
probably not a direct target of these drugs, as its mu-
tation would have reduced the response to PTN. This
also corroborates previous results (Thibaud et al.,
2010) disconnecting the local response to Pi starvation
(primary root response) from the systemic pathway
involving PHRI. Nevertheless, as discussed above, all
phenotypes (anthocyanin suppression, modulation of
low-Pi-related gene environment, etc.) reported are not
observed in Iprl mutant, which is also insensitive to
root growth arrest in low Pi.

So, the singular feature of PTNs is their capacity to
modulate a range of traits triggered by Pi starvation.
This suggests the existence of common regulatory el-
ements targeted by PTN affecting local and systemic Pi
response. PTNs are therefore a promising tool to fur-
ther dissect the Pi starvation responses.

PTN, a Tool to Dissect the Cross Talk between
Morphological and Metabolic Adaptations

Previous genetic studies have demonstrated that
mutants such as LPR1 (Svistoonoff et al., 2007), LPI
(Sanchez-Calderén et al.,, 2006), and PDR2 (Ticconi
et al., 2004b) were essentially altered in their root
growth, whereas mutants such as PHR1 (Rubio et al.,
2001), PHO1 (Hamburger et al., 2002), and PHO?2
(Delhaize and Randall, 1995) had an altered Pi ho-
meostasis without altered root growth. Strikingly, PTN
modified both root growth and Pi homeostasis in our
study. As commonly accepted, these two responses are
sensitive to different pools of Pi: whereas root growth
is correlated to Pi concentration in the growth medium
(for review, see Abel, 2011; Péret et al., 2011), mecha-
nisms that control Pi homeostasis depend on the plant
internal Pi content (Thibaud et al., 2010). We cannot
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eliminate the possibility that the modification of Pi
homeostasis is mainly a consequence of the promotion
of the root growth resulting from PTN addition. This
should contribute to the increase of Pi absorption by
maximizing exploration of the soil. Long-term experi-
ments of PTN addition will be very useful to study in
detail the impact on plant response to Pi starvation.
Unfortunately, PTN molecules are extremely insoluble
in water conditions, limiting our experiments to in vitro
conditions. We are currently trying to solve problems
with chemists. This would offer opportunities to in-
vestigate the effect of PTNs on more adult stages of
plants (grown in soils or in hydroponic solution).

MATERIALS AND METHODS
Plant Materials and Growing Conditions

For the screening, an Arabidopsis (Arabidopsis thaliana) transfer DNA
(T-DNA) insertion mutant derived from the Institut National de la Recherche
Agronomique collection (Ortega et al., 2002) was selected. This pht1;,4-1 mu-
tant (Wassilewskija background) contains a T-DNA construct inserted in the
Pht1;4 gene, creating a transcriptional fusion with the GUS reporter gene in-
cluded in the T-DNA (Misson et al., 2004). For phenotypic analyses, Arabi-
dopsis Columbia and various lines derived from this ecotype were used. Some
of these were transgenic lines that express reporter genes such as cycB1::GUS
(Colén-Carmona et al., 1999), and others were various mutant lines affecting
root response to low Pi, such as pdr2 (Ticconi et al., 2004b), Ipr1, Ipr2
(Svistoonoff et al., 2007), Ipil, Ipi2, and Ipi3 (Sanchez-Calderon et al., 2006).

For in vitro analyses, seeds were surface sterilized and sown in vitro on
square petri plates with solid modified one-tenth-strength Murashige and
Skoog (MS/10) medium (0.15 mm MgSO,, 2.1 mm NH,NO;, 1.9 mm KNO;, 0.5
or 0.005 mm NaH,PO,, 0.34 mm CaCl,, 0.5 um KI, 10 um FeCl,, 10 um H;BO,,
10 uMm MnSO,, 3 um ZnSO,, 0.1 um CuSO,, 0.1 um CoCly, 1 um Na,MoO,, 5.9 um
thiamine, 4.9 um pyridoxine, 8.1 um nicotinic acid, 55 uMm inositol, and 3.4 mm
MES [pH 5.7]), 0.5% (w/v) Suc, and 0.8% (w/v) agar. In the Pi-deficient
medium, NaCl (0.5 mm) was used to replace the equivalent amount of sodium
provided by NaH,PO,. As a control for the effects of the molecules, 1% di-
methyl sulfoxide (DMSO), the solvent for the drugs, was added. After 2 d at
4°C, the plates were placed in a vertical position, and plants were grown in a
culture chamber with a 16-h-light/8-h-dark regime (24°C/21°C, 150 uE m? s’l)
as previously described (Sarrobert et al., 2000). For the 4-week culture, large
square plates (24 cm) were placed in a horizontal position. Root architecture
and aerial part area were quantified using the Image] software with the
Neuron] plugin (Meijering et al., 2004).

Chemical Genetics Screening

For the screening, the Library of Active Compounds on Arabidopsis col-
lection of 3,600 biologically active compounds (Zhao et al., 2007) was used at a
final concentration of 25 um in 1% DMSO. Four to five Arabidopsis seeds from
the pht1;4-1 reporter line (Misson et al., 2004) were sown in 96-well plates
containing 100 uL of liquid MS/10 medium with 500 um Pi at pH 5.7. After
2 d at 4°C, plants were grown for 5 d in a culture chamber with a 16-h-light/
8-h-dark regime (24°C/21°C, 150 uE m™ s). The medium was then replaced
by MS/10 with only 5 um Pi, and drugs were added to the 96-well plates.
Positive and negative controls were included by incubating seedlings in MS/10
solutions containing 1% DMSO and supplemented with 5 or 500 um Pi, re-
spectively (resulting in —Pi or +Pi media). Five days later, plantlets were ana-
lyzed by GUS staining to assay the activity of the reporter gene inserted into the
pht1;4 gene. One hundred microliters of GUS staining solution was added to
each well, and plates were incubated 3 h at 37°C. Subsequently, plates were
analyzed with an MZ16 stereomicroscope (Leica Microsystems).

GUS Staining

GUS activity was detected as previously described (Klimyuk et al., 1995) by
using a GUS staining solution containing 50 mm sodium Pi buffer (pH 7.0), 0.01%
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Triton X-100, 1 mm K;Fe(CN),, 1 mm K,Fe(CN),, and 1 mg mL™ 5-bromo-4-chloro-3-
indolyl B-p-glucuronide. For cycB1:GUS staining, plants were incubated 6 h at 37°C.

Transcriptome Analysis and Quantitative Real-Time PCR

Plant RNA was extracted with the RNeasy kit (Qiagen). For transcriptome
data, RNA was analyzed using the Complete Arabidopsis Transcriptome
Microarray technology by the Unité de Recherche en Genomique Végétale
laboratory. For qPCR, poly(dT) complementary DNA was prepared from
500 ng of total RNA with Superscript III reverse transcriptase (Invitrogen) and
analyzed on a LightCycler 480 apparatus (Roche Diagnostics) with the SYBR
Green I Master kit (Roche Diagnostics), according to the manufacturer’s in-
structions. Targets were quantified with specific primer pairs, designed using
Primer3 (http://frodo.wi.mit.edu/primer3/; Supplemental Table S4). Bio-
logical triplicates were performed for all experiments. Expression levels were
normalized using the At2¢16600, At3g04120, At1¢35160, and At1¢32050 genes.

Quantification of Macro- and Microelements,
Anthocyanins, and Lipids

To quantify ionic content, 50 mg of dry weight of each sample were min-
eralized in 14% HNO,, and a MarsX microwave system (Controls Engineering
Maintenance Corporation) was used to determine macro- and microelements by
ICP optical emission spectrometry (Vista MPX, Varian). Biological triplicates were
performed for all experiments.

Lipids and anthocyanins were analyzed as previously described (Jouhet
et al., 2004; Ticconi et al., 2004b).

Pi Uptake Experiments

Pi uptake experiments were performed as previously described (Narang
et al., 2000). Twenty-four seedlings per condition were incubated separately in
a Pi incubation solution containing *PO, (5 mm MES, 0.1 mm CaCl,, 20 pum
KH,PO,, and 0.15 uCi mL™ ¥PO,) for 2 h. After incubation in the uptake
solution, plantlets were transferred to a chilled desorption medium (5 mm
MES, 0.1 mm CaCl,, and 1 mm KH,PO,) for 2 h at 4°C. The seedlings were then
dried in scintillation vials at 60°C overnight, after which 2 mL of scintillation
cocktail (InstaGel, PerkinElmer) was added, and the radioactivity was measured
with a scintillation analyzer (Tri-Carb, Packard Instrument Company). The
amount of Pi absorbed during the experiment was calculated and normalized per
centimeter of root. For V, .. and K, measurements, a similar protocol was used,

max
with a range of Pi concentration from 5 to 1,000 uM in the incubation medium.

Protein Extraction and Phosphatase Activity

Soluble proteins were extracted with 50 mm Tris and 2 mm 1,4-dithioery-
thritol (Sigma, 6892-68-8). The protein concentration was determined by the
Bradford method using bovine serum albumin (Sigma, 9048—46-8) as a stan-
dard. The phosphatase activity in solution was determined as previously
described (Kolari and Sarjala, 1995) by measuring the release of nitrophenol
from 0.6 mm p-nitrophenylphosphate in 50 mM sodium acetate (pH 5). Reac-
tions were incubated at 30°C for 30, 60, and 90 min and were stopped with
10% Na,CO,, after which the A,,; was measured.

Starch Staining

Starch staining was performed according to Zakhleniuk et al. (2001). The aerial
parts of plants were placed for 6 h in 90% ethanol before iodine staining for 30 min
in Lugol solution (Sigma). Afterward, samples were washed several times in water.
Statistical Analyses

Data were analyzed by Student’s f test. Asterisks indicate the means that
were statistically different at P < 0.05.
Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Impact of PTN treatments on PHT1;4 expression
and phosphatase activity.

Plant Physiol. Vol. 166, 2014

Reducing Pi Starvation Symptoms by Use of Chemical Genetics

Supplemental Figure S2. PTN1 represses several genes regulated by Pi
starvation.

Supplemental Figure S3. PTN impact on other macro- and micronutrients.

Supplemental Figure S4. PTN1 addition does not impact the primary root
growth of Pi-insensitive mutants.

Supplemental Figure S5. PTN1 effects are independent of Fe signaling.
Supplemental Figure S6. The Ipr] mutant responds to PTN1 addition.

Supplemental Figure S7. Molecular responses of Iprl seedlings to PTN1
treatment.

Supplemental Table S1. Characteristics of PTN.

Supplemental Table S2. Transcriptomic data of the Pi starvation response
in the wild type in the presence of PTN1.

Supplemental Table S3. PTN impact on other macro- and micronutrients.

Supplemental Table S4. List of primers used for qPCR assay.
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