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Background: Physiological evidences have linked phosphate and iron nutrition in plants.

Results: Both PHR1 and PHL1 interact with AtFerl promoter region and regulate its expression in an iron-independent manner.
Conclusion: A molecular link exists between the control of iron and of phosphate homeostasis.

Significance: PHR1 and PHLI play a critical role in the regulation of both phosphate and iron homeostasis.

Ayeast one-hybrid screening allowed the selection of PHR1 as
a factor that interacted with the AtFerl ferritin gene promoter.
In mobility shift assays, PHR1 and its close homologue PHL1
(PHR1-like 1) interact with Element 2 of the AtFerl promoter,
containing a P1BS (PHRI1 binding site). In a loss of function
mutant for genes encoding PHR1 and PHL1 (phrI phll mutant),
the response of AtFerl to phosphate starvation was completely
lost, showing that the two transcription factors regulate AtFerl
expression upon phosphate starvation. This regulation does not
involve the IDRS (iron-dependent regulatory sequence) present
in the AtFerl promoter and involved in the iron-dependent reg-
ulation. The phosphate starvation response of AtFerl is not
linked to the iron status of plants and is specifically initiated by
phosphate deficiency. Histochemical localization of iron, visu-
alized by Perls DAB staining, was strongly altered in a phr1 phll
mutant, revealing that both PHR1 and PHL1 are major factors
involved in the regulation of iron homeostasis.

Because of its redox properties, iron is a major cofactor for
numerous proteins involved in many biological processes such
as photosynthesis or respiration. On the other hand, its ability
to easily gain or lose electrons makes it highly reactive with
oxygen and potentially toxic. This duality of iron imposes a
tight regulation of its homeostasis to allocate a sufficient
amount for metabolism and to prevent an excess deleterious for
cell integrity. Plants have evolved many strategies to maintain
iron homeostasis, including checkpoints of its absorption, allo-
cation, and chelation. In this context, the recent identification
of several transcription factor cascades activating iron uptake in
response to iron deficiency represented a major breakthrough

* This work was supported by the Centre National de la Recherche Scienti-
fique (CNRS) (to M. B.).
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(1). In contrast, much less is known concerning the regulation
of expression of genes involved in the buffering and storage of
iron when in excess.

In plants, ferritins are plastid-located proteins able to form a
holosphere, which can contain up to 4500 Fe atoms. This pro-
cess allows us to buffer free iron, making it available under a safe
form (2), and reveals a key role for ferritin in iron homeostasis
and protection against iron-mediated oxidative stress (3). Fer-
ritins are encoded by a multigene family of four members in
Arabidopsis thaliana. Among them, the AtFerl gene is the
most expressed in response to iron excess (3). Therefore, to
study the mechanisms involved in the establishment of iron
homeostasis, AtFerl is the model of iron-overload regulated
gene. The up-regulation of AtFerI expression in response to an
iron excess treatment is regulated at the transcriptional level
(4). Under standard iron nutrition conditions, AtFerl expres-
sion is repressed, and this repression is lost when an iron excess
treatment is applied to the plants (4, 5). A cis element, named
IDRS (iron-dependent regulatory sequence)? (4) has been char-
acterized within the proximal promoter region of AtFerlI gene,
and is the terminal target of this repressive pathway (4). AtFerl
gene is also regulated independently of the IDRS cis-regulatory
element by a second repressive pathway involving the time for
coffee (TIC) gene, the circadian clock, and the diurnal cycles (6).
A genetic screening aiming to identify circadian clock regula-
tors has first identified the tic-1 mutant (7). In this genetic back-
ground, ferritins were over-accumulated, which could explain
the chlorotic phenotype of the tic-1 mutant plants. The involve-
ment of TIC in AtFerl regulation, independently of any exoge-
nous iron treatment, pointed out the fact that ferritins are not
only regulated by iron. This result integrates the regulation of
iron homeostasis in a broader context, in interaction with other
signals such as light and the circadian clock.

2The abbreviations used are: IDRS, iron-dependent regulatory sequence;
PHR, phosphate starvation response; PHL, PHR1-like.
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Recently, a bioinformatic analysis of all known plant ferritin
genes pointed out several conserved short sequences that might
play a role in signaling pathways for the expression of plant
ferritin genes (8). To look for trans-acting factors able to inter-
act with these putative cis-elements, we performed a yeast one-
hybrid screening with AtFerI promoter fragments as baits. One
of the positive yeast clones selected was expressing a cDNA
encoding phosphate starvation response 1 (PHR1) transcrip-
tion factor, a major regulator of phosphate starvation response,
belonging to the Myb-like transcription factor family (9, 10).
Further studies enabled us to show that PHR1 and its close
homologue PHL1 directly regulate A¢tFerl expression. PHR1
and PHLI1 are necessary for AtFerl induction of expression
under phosphate starvation, in a phosphate-specific manner.
Results are discussed in a context of cross-talk between phos-
phate and iron homeostasis, and we propose that PHR1 and
PHL1 act as integrators of both iron and phosphate nutritional
signaling pathways.

EXPERIMENTAL PROCEDURES

Plant Material and Growth Conditions—All Arabidopsis
plants used in this study, including mutants and transgenic
plants were based on the Columbia 0 accession (Col 0). phri-3
and phl1-2 mutants were obtained from the SALK collection:
SALK_067629 and SALK_079505, respectively. These two
alleles were crossed to obtain the phri-3 phli-2, named phrl
phll afterward, phri-1, phli-1and phri-1 phll-1 mutants were
provided by J. Paz-Ares (10). The primers used for genotyping
these plants are given in supplemental Table S1. Plants were
grown under long day conditions (16 h of light, 200 wE) on
hydroponic growth medium containing: 1.5 mm Ca(NO,),, 1.5
mm KNO, 750 M MgSO,,, 750 M KH,PO,, 50 jum FeEDTA,
50 uMm KCl, 10 um MnSO,, 1.5 um CuSO,, 2 uM ZnSO,, 50 pum
H,BO,, 0.075 um (NH,)6Mo,0,,, MES 0.5g.1-1, pH 5.7. Plants
were grown for 10 days under complete medium, then washed
twice with distilled water for 5 min and transferred to P;-defi-
cient medium, or alternately kept in complete medium. The
phosphate-deficient medium was made by replacing KH,PO,
by equimolar amounts of KCl. Iron excess treatments were
made by spraying 500 uM Fe-citrate on leaves. Rosettes were
harvested 3 h after the treatment.

Production of Transgenic Plants—A fragment of 1.3 kbp of
AtFerl promoter, including the 5'-UTR region, was amplified
by PCR, then digested with Sall and Ncol restriction enzymes,
and ligated in a pBbluescript vector (Stratagene) containing the
LUC+ reporter gene (Promega), cloned with Ncol and Xbal
restriction site. The plasmid obtained served as a DNA matrix
to produce mutations in Element 2 and IDRS sequences using a
PCR-based method (primers given in supplemental Table S1)
(11). The mutated DNA fragment obtained were digested with
Sall and Ncol and ligated into the LUC+ containing pBlue-
script vector. All the cassettes generated were digested with Sall
and Xbal and ligated into the pBib-Hygro binary vector (12).
Plants were then transformed using the standard floral dip
method (13). The lines carrying wild type AtFerl promoter
fused to LUC+ reporter gene, AtFerl promoter mutated in
element 2 fused to LUC+, AtFerl promoter mutated in IDRS
fused to LUC+, and AtFerl promoter mutated in both IDRS

and Element 2 were named pAtFerl:LUC, pElem2":LUC,
pIDRS"::LUC, and pIDRS -Elem2"::LUC, respectively.

Yeast One-hybrid Screening—The yeast one-hybrid screen-
ing, including reporter construction generation, cDONA synthe-
sis, and yeast transformation was performed with the Math-
maker-Gold Yeast One hybrid kit from Clontech. This
screening is based on Aureobasidin A resistance, given by inte-
gration of the AURI-C gene, fused to a minimal promoter, into
the yeast genome. The —170 to —132 region of the A¢FerI pro-
moter was tetramerized and ligated into the pAbAi vector. To
make cDNA libraries, A. thaliana plants were grown under iron
sufficiency, deficiency, or excess conditions. Total RNA was
extracted from these various plants and then pooled before
poly(A) mRNA purification using the PolyATtract® mRNA
Isolation Systems (Promega). 1 ug of purified mRNA was used
for cDNA synthesis.

Electrophoretic Mobility Shift Assay—Truncated versions of
PHR1 and PHL1 proteins were produced using The TNT® T7
Quick Coupled Transcription/Translation System (Promega)
as described (4, 10). A fragment of 160 bp of the AtFerl pro-
moter was generated by PCR (primers given in supplemental
Table S1) and purified by Wizard® gel and PCR clean-up sys-
tem (Promega). This fragment (100 ng) was labeled with
[y-**P]ATP using T4 polynucleotide kinase (NEB), precipi-
tated, washed, and resuspended in 100 ul of water. Binding
reactions were performed in a buffer containing: 10 mm Tris-
HC], pH 8, 100 mm NaCl, 2 mm EDTA, 4 mm DTT, 0.15 g of
denatured herring sperm, 0.5 ug poly(dIdC), and 10% glycerol,
in a final volume of 20 ul. The labeled probe (10,000
counts'min ') was incubated with 2 ul of the TNT reaction,
with or without unlabeled probe (100X molar excess), mutated
or not in Element 2. The binding reaction was performed at
room temperature for 30 min prior to loading onto a 4% non-
denaturing polyacrylamide gel. Electrophoresis was run for 6 h
at 120 V at room temperature. After migration, the gel was
dried at 80 °C for 2 h and exposed overnight to a Fuji Medical
x-ray film Super RX (Fujifilm).

Real Time Quantitative PCR—AIll RT-qPCR analysis were
performed with a LC480 lightCycler® (Roche). Total RNA was
extracted using the Tri-Reagent method (Invitrogen) according
to the manufacturer’s instructions (14). Three rosettes were
pooled for each point, and the mean of RTL from 3 points was
calculated to obtain the presented values. RTL were calculated
for each point with the 272*“" method, using At1g13320 as
reference gene (15). Crossing point values were calculated
with the 2nd derivative max method, included in the LC480
software.

Luciferase Activity Measurement—Four plants were ground
in liquid nitrogen and suspended in 400 wl of lysis buffer (25 mm
NaPO,, pH 7.8, 2 mm DTT, 10% glycerol, 0.1% Triton X-100).
The mixture was incubated for 10 min at room temperature,
then centrifuged for 15 min at 13,000 X gat 4 °C. The superna-
tant (50 ul) was added to 50 ul of Steady-Glo® Luciferase Assay
Buffer (Promega). Luminescence was measured for 1 s every
minute for 10 min. The maximum value obtained was normal-
ized to the protein content, quantified with Bradford reagent
(Bio-Rad).
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Histochemical Iron Localization—Leaves were vacuum infil-
trated with fixation solution containing 2% (w/v) paraformal-
dehyde, 1% (v/v) glutaraldehyde, 1% (w/v) caffeine in 100 mm
phosphate buffer (pH 7) for 30 min as described (16), and dehy-
drated in successive baths of 50, 70, 90, 95, and 100% ethanol,
butanol/ethanol 1:1 (v/v), and 100% butanol. Leaves were
embedded in the Technovit 7100 resin (Kulzer) according to
the manufacturer’s instructions, and thin sections (4 wm) were
made. The sections were deposited on glass slides and were
incubated for 45 min in Perls stain solution (16). The intensifi-
cation procedure was then applied as described (17).

ICP-MS Analysis—Samples of dried shoots were digested
with concentrated HNO; at 200 °C for 30 min and then diluted
with ultrapure water to 1% HNO,. The metal concentration
was then measured by ICP-MS as described in Ref. 18.

RESULTS

PHRI1 and PHLI Interact with the AtFerl Promoter Region—
The only functional cis-acting element characterized in the
AtFerl promoter region is the IDRS, a 14-bp element involved
in AtFerl repression in absence of iron (4, 5). Although gel shift
experiments indicate that protein(s) interact with the IDRS,
they were not identified (4, 5). Comparative analysis of the
nucleotide sequences of plant ferritin genes allowed the identi-
fication of conserved elements present in their promoter
regions (8). Four elements were identified surrounding the
IDRS (Fig. 14): two upstream, and two downstream. Among
the four Arabidopsis ferritin genes promoters, elements 2 and 3
were specific of AtFerl, whereas elements 5 and 6 were local-
ized in the 4 gene promoter sequences. To identify transcrip-
tion factors regulating A¢FerI gene expression, we performed a
yeast one-hybrid screening using DNA fragments encompass-
ing the IDRS, or elements 2 and 3 as baits. Elements were used
as tetramers. The yeast one-hybrid screening with the DNA
fragment containing the IDRS failed to isolate any positive yeast
clone, because the construct used was self-activated in yeast
(data not shown). With the tetrameric DNA fragment contain-
ing elements 2 and 3, 43 clones were isolated, and confirmed
after retransformation. Among the positive clones, one con-
taining a sequence encoding a part of the PHR1 transcription
factor was selected. The full-length PHR1 ORF was cloned in-
frame with the GAL4 activation domain and reintroduced in
yeast to confirm the interaction with the bait (Fig. 1B). Interest-
ingly, a P1BS sequence (GNATATNC) initially characterized in
the promoter region of the A¢tIPS1 gene (9), was found within
the element 2 sequence (bases in capital letters in Fig. 1A4). To
confirm this interaction, PHR1 binding on the A¢Fer promoter
sequence was assayed by electrophoretic mobility shift assay
(EMSA). PHR1-like 1 (PHL1), a close homologue of PHR1, was
also included in the assay. Truncated forms of both proteins
were produced in the TNT system according to Ref. 10. A **P-
labeled promoter fragment of 160 bp (corresponding to the
fragment indicated in Fig. 1A) was incubated with both recom-
binant truncated proteins. Shifts were observed with both
PHR1 and PHL1 (Fig. 1C). In competition experiments with a
100 molar excess of the wild type cold DNA fragment, the signal
was not present. When competitions were performed with a
mutated version of element 2, a shift signal was still detected,

ttaacgtggtggathAATATCth
~__Elem2_—"

A "Elem3 Elem4 Elem5 Elem6
1 [ 1N I I
9 B B [
B -AbA +AbA
Empty Vector
PHR1
c Fp M PHR1 PHL1
Competition g 1 2 @ 1 2

FIGURE 1. PHR1 and PHL1 interact with the AtFERT promoter region. A,
structure of AtFer1 minimal promoter. The IDRS is involved in Atfer1 repres-
sion under —Fe conditions. Alignments of plant ferritin genes promoter
regions allowed the identification of conserved elements (8). Element 2
sequence is indicated, and the putative P1BS is in capital letters. B, yeast one-
hybrid revealed interaction between PHR1 and Element 2. The yeast strain
contains the AURT-C gene, conferring resistance to aureobasidin A, fused to
GAL4 minimal promoter and a tetramer of elements 2 and 3 of AtFer1 pro-
moter. The strain was transformed with pGAD T7 AD vector (empty) of pGAD
T7 AD-PHR1 (PHR1) containing full-length PHR1 ORF cloned in-frame with the
GAL4 activation domain. Yeasts were plated on medium containing (+AbA)
or not (—AbA) aureobasidin A. C, PHR1 and PHL1 interact with Element 2.
PHR1 and PHL1 were produced using the TNT system. A fragment of 160 bp,
containing all elements presented in A was radiolabeled and used as a probe
in EMSA. Competitions were performed with a 100-fold molar excess of unla-
beled wild type or mutated in Element 2 (fragments 1 and 2, respectively). O
indicates absence of competition. Fp: free probe, M: mock. A mock translation
mixture was used as control.

showing that both PHR1 and PHLL1 interact in vitro with the
Element 2 of the AtFerl promoter region, likely the P1BS.
AtFerl Expression Is Altered in the phr1-3 Mutant upon Phos-
phate Starvation—PHR1 has been extensively studied and
shown to be a major regulator of plant responses to phosphate
starvation (9, 10, 19, 20). To determine whether PHR1 could be
involved in AtFerl gene expression in planta, we isolated a
PHR1 loss-of-function mutant. This mutant, named phriI-3,
was obtained from the Salk (line SALK_067629) and was previ-
ously characterized (19). Accumulation of AtFERI, —3,and —4
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FIGURE 2. AtFer1 expression is altered in phr1-3 mutant in response to
phosphate starvation. In both experiments, relative transcript levels were
assayed by RT-qPCR relative to an internal control (At1g13320) using the
2722 method. Values are presented as the means of 3 points == S.D. A, plants
were grown for 10 days under complete medium and then transferred to
P.-deficient medium (—P,) for 7 days or kept under complete medium (+P,). B,
plants were grown on soil for 15 days (control). A solution of 500 um Fe-citrate
was sprayed on rosettes 3 h before harvest (+Fe).

ferritin gene transcripts was determined in wild type and
phri-3backgrounds. AtFer2 was not included, since this gene is
not expressed in leaves (3). Plants were hydroponically grown
for 10 days in a complete medium and subjected to phosphate
starvation for 9 days. Efficiency of phosphate starvation was
estimated using the accumulation of the A¢IPS1 transcript as a
control (9, 10). Under our conditions, AtI/PS1 mRNA abun-
dance was strongly increased in wild type plants (18-fold
increase) after 9 days of phosphate deficiency, and this response
was strongly altered in phri-3 plants (Fig. 2A). AtFer3 and
AtFer4 mRNA abundance were similar in wild type and phri-3
mutant plants and were not affected by phosphate starvation.
By contrast, AtFer] mRNA accumulation was increased in wild
type plants after 9 days of starvation. In leaves of phri-3 plants,
AtFerl mRNA abundance was still increased after phosphate
starvation, but to a lower extent when compared with wild type
plants. AtFer3 and AtFer4 mRNA levels remained unchanged in
phri-3 when compared with wild type plants (Fig. 24).
Phosphate starvation has been correlated to a modification of
iron distribution and to an increase of iron content in plant
tissues (21, 22). Thus, the alteration of AtFerl mRNA accumu-
lation in response to phosphate starvation in phrI-3 plants

could be related to an alteration of the response of this gene to
an iron excess in this genetic background. To challenge this
hypothesis, the ability of AtFerl gene to be up-regulated in
response to iron overload was assayed in the phri-3 back-
ground (Fig. 2B). Plants were grown for 19 days in a control
medium and treated for 3 h with 500 uMm Fe-citrate. This treat-
ment was previously shown to de-repress the expression of the
AtFerl gene and leads to a strong increase in abundance of its
transcript (4, 5, 23). In phr1-3 mutant, AtFer] mRNA transcript
abundance was strongly increased, and the level reached was
close to the one observed in wild type plants, indicating that the
effect of PHR1 on AtFerl gene expression is not linked to a
defect of the gene response to iron overload under phosphate
starvation.

These results show that phosphate starvation leads to an
increase of AtFer] mRNA abundance, and that this response is
PHR1 dependent. By contrast, expression of other ferritin
genes is not altered by phosphate deficiency, which is consist-
ent with the lack of P1BS sequence in their promoter. Further-
more, the PHR1-dependent P;-deficiency response of AtFerl is
unrelated to an alteration of the iron responsiveness of this
gene.

PHRI and PHLI Regulation of AtFerl Expression Is Inde-
pendent of the Plant Iron Status—As observed in Fig. 2, PHR1
regulates only partially the AtFerl response to phosphate star-
vation. Since gel shift experiments (Fig. 1C) showed that PHL1
was also able to bind to Element 2 in the A¢tFerl promoter
region, we hypothesized that the residual level of AtFerl
transcript observed in the phrl-3 mutant in response to
phosphate starvation could be due to PHL1 activity. To chal-
lenge this hypothesis, a PHL1 loss of function mutant, phl1-2
(SALK_079505), was isolated and crossed with phri-3
mutant plants. AtFer] mRNA abundance was monitored dur-
ing a time course after phosphate starvation in wild type,
phrl-3, phli-2,and in the phrl phll double mutant. Plants were
grown hydroponically for 10 days in a complete medium and
transferred to a phosphate-free medium. Shoots and roots were
collected 3 to 9 days after transfer to the —P; medium. At/PS1
was used as a positive control of the efficiency of phosphate
starvation (data not shown).

In leaves (Fig. 3A) of both wild type and phli-2 plants, AtFerl
mRNA abundance was low during the 5 first days of phosphate
starvation, and was strongly increased (by 15-fold) after 7 and 9
days. In phri-3 leaves, an increase of AtFerl transcript abun-
dance was still observed, but to a lower extent than in wild type
leaves. This result is consistent with those presented in Fig. 2A4.
AtFer] mRNA increase in abundance was completely abolished
in the leaves of the phrI phl1 double mutant (Fig. 3A4). In roots
(Fig. 3B), the profile of AtFer]l mRNA abundance was reminis-
cent of those observed in leaves for both wild type and phl1-2
plants, nevertheless with a higher increase in abundance (by
25-fold after 7 days). In both phri-3 and phrl phll mutant
plants, the AtFerl response to phosphate starvation was com-
pletely abolished (Fig. 3B). We performed a similar analysis
with two additional mutants in PHR1 and PHL1 genes: phri-1,
phli-1, and phri-1 phll-1 mutants (10). Results obtained are
similar to those presented on Fig. 3 for phri-3 and phli-2 (Fig.
4). These results indicated that PHR1 and PHL1 are both nec-
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FIGURE 4. AtFer1 response to phosphate starvation. Plants were grown on
complete medium for 10 days and then transferred on P;-deficient medium
(gray bars), or kept in complete medium (black bars) for 7 days. RNA was
prepared from leaves. Relative transcript levels were assayed by RT-qPCR rel-
ative to an internal control (At1g13320) using the 2~ 24" method. Values are
presented as the mean of 3 points = S.D.

essary to obtain the full response of AtFerl gene expression to
phosphate starvation in leaves, whereas PHR1 activity was suf-
ficient to obtain a complete response in roots.

To determine whether the effect observed during the time
course of phosphate starvation reported above was specific for
phosphate starvation per se, or indirectly due to an iron excess
generated by phosphate starvation (21, 22), a phosphate starva-
tion treatment was applied in the presence or absence of iron in
the culture medium of wild type, phri-3 phli-2, and phrl phll
plants. Plants were grown for 10 days in a complete medium
containing 50 uM iron, and transferred for 5 days in the same
medium without phosphate. Finally, plants were transferred for
two additional days in a phosphate-free medium in the pres-
ence (—DP,; treatment) or in the absence (—P; -Fe treatment) of
iron, or in an iron-free medium in the presence of phosphate
(—Fe treatment). Control plants were grown for 17 days in a
complete medium. Roots and shoots were collected, and AtFer1
mRNA abundance was determined. In the presence of iron dur-
ing all the growth period, phosphate starvation led to an
increase of AtFerl mRNA abundance, partially compromised
in phri-3 leaves, completely abolished in phri-3 roots and in
phrl phll leaves and roots, which is consistent with experi-
ments reported above (Fig. 5). Transfer of plants to the iron-
free medium led to a decrease in AtFerl mRNA abundance, a
behavior expected for this gene known to be repressed under
—Fe conditions (3, 4). However, combination of both iron and
phosphate starvation led to an increase of AtFerl abundance,
indicating that activation of AtFerl expression in response to
phosphate starvation is independent of the iron nutrition con-
ditions of the plant (Fig. 5). Induction factors by phosphate
starvation were about 15- and 10-fold in wild type leaves and
roots, respectively. It was only 8-fold in phri-3 and 1.8-fold in
phrl phll leaves, and there was no response to phosphate star-
vation in roots. In iron-free medium, —P; induction factors of
AtFerl gene expression were 18 and 24 in wild type leaves and
roots, 5.5 and 2 in phr1-3 leaves and roots, respectively, and 2.5
and 2.7 in phrl phll leaves and roots, respectively. Under all
conditions, both in leaves and roots, phlI-2 exhibited a behav-
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FIGURE 5. Effect of iron on AtFer1 response to phosphate starvation.
Plants were grown on complete medium for 10 days and then transferred on
P.-deficient medium (—P,), or kept in complete medium (+P;) for 7 days. Iron
starvation was applied 2 days before harvesting. Relative transcript levels
were assayed by RT-gPCR relative to an internal control (At1g13320) using
the 2722 method. Values presented are the means of 3 points = S.D. A,
expression in leaves. B, expression in roots.

ior similar to wild type. These results show that activation of
AtFerl gene expression by phosphate starvation is not linked to
an indirect effect related to an increase in iron accumulation
into the plant, and is mostly independent of the iron status of
the plant.

Element 2 of the AtFerl Promoter Is Necessary for the —P,
Response—To assess the role of Element 2 in the AtFerl pro-
moter upon phosphate starvation, the promoter region of
the gene was fused upstream of the LUC reporter gene
(pAtFer1:LUC). The 1.3-kb region upstream from the start
codon, previously found to be sufficient for a correct expression
of the AtFerl gene (4, 6) was used. Additional constructs with
mutated versions of cis-acting elements were prepared includ-
ing pElem2”::LUC (a mutated version of the Element 2 in Fig.
1A4); pIDRS:LUC (a mutated version of the IDRS) and
pIDRS -Elem2"::LUC (a construct with mutations in both ele-
ments). After transformation of wild type plants with these
three constructs, two independent homozygous lines for each
construction, containing one copy of the transgene, were
selected.

Luciferase activity in two independent transgenic lines was
measured for each construct under control conditions, after 9
days of P, starvation or after 3 h of iron overload as described
above. In pAtFer1:LUC plants, iron overload led to an increase
of LUC activity, as previously described (6). Phosphate starva-
tion led also to an increase of LUC activity, showing that this
condition regulates AtFerl expression at the transcriptional
level (Fig. 6). In pIDRS :LUC lines, LUC activity was strongly
increased when compared with pAtFerl::LUC lines, as
expected from lines with a mutation in the cis-acting element
involved in repression under low iron conditions (4, 6). Iron
addition did not modify LUC activity in these two lines com-
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FIGURE 6. Role of element 2 in the regulation of AtFer1. Luciferase activity
measurement from 2 independent homozygous monolocus lines are pre-
sented for each construction. Plants were grown on complete medium for 10
days and then transferred on P-deficient medium (—P)), or kept in complete
medium (+P;) for 7 days. Iron shoots were performed on plants grown for 17
days on complete medium. A solution of 500 um Fe-citrate was sprayed on
rosettes 24 h before harvest. Values are means of 3 points = S.D., nd: not
detectable.

parative to the control. Phosphate starvation led to a strong
increase of luciferase activity of pIDRS :LUC lines, indicating
that IDRS is not involved in the phosphate starvation response
of AtFerl. Surprisingly, in both pElem2"::LUC lines, LUC activ-
ity was dramatically decreased. Neither iron overload, nor
phosphate starvation could significantly increase LUC activity
in these lines. This indicates that Element 2 from the A¢Ferl
promoter is critical for the transcriptional activity of the gene.
When the mutated version of Element 2 was combined with the
mutated version of the IDRS (pIDRS -Elem2"::LUC lines), LUC
activity was restored, but to a much lower level than in
pIDRS :LUC lines. In both lines, LUC activity in iron-treated or
phosphate-starved plants was close to LUC activity measured
in control conditions. This result shows that mutation within
Element 2 abolished the transcriptional activation of AtFerI by
phosphate starvation. Taken together, our results using
mutants in trans (Figs. 2 & 3) or in cis (Fig. 6) demonstrate that
the expression of the AtFerl gene is transcriptionally regulated
by the closely related PHR1 and PHL1 transcription factors,
and that this regulation occurs on Element 2 of the AtFerl
promoter.

Alteration of [ron Homeostasis in the phrl phll Mutant—Re-
sults presented above show that AtFerI gene is a direct target of
the two transcription factors PHR1 and PHLI, previously
reported as regulators of the plant responses to phosphate defi-
ciency. This suggests a molecular link between iron and phos-
phate homeostasis, since two major factors of phosphate star-
vation responses (PHR1 and PHL1) regulate AtFerl, a major
gene involved in iron homeostasis. To determine whether
PHR1 and PHL1 could be involved in the control of iron homeo-
stasis in a broader way than regulating AtFerl gene expres-
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FIGURE 7. Metal content and iron-related genes expression in phriphl1. Plants were grown on complete medium for 10 days and then transferred on
P.-deficient medium (—P)), or keptin complete medium (+P;) for 7 days. A, leaves were dried, digested with HNO;, and diluted with ultrapure water to 1% HNO;.
Metal content was then measured by ICPMS. Values are means of 3 points =+ S.D., nd: not detectable. B, plants were grown on complete medium for 10 days and

then transferred on P-deficient medium (black bars), or kept in complete medium
were assayed by RT-gPCR relative to an internal control (At1g13320) using the 2™

repeats = S.D.

sion, we first determined metal concentration in leaves of wild
type and phrl phll mutant grown hydroponically in control
and P;-starved conditions (Fig. 7A). In wild type plants, phos-
phate starvation led to a slight decrease of total Mn and Mg
concentrations, whereas total Fe and Cu concentrations were
not modified. When compared with wild type, only Fe concen-
tration were strongly altered in phrl phll mutant, suggesting
that mutation of these two factors alters strongly iron uptake,
transport, and distribution within the plant. For the other met-
als investigated, no strong effects were observed. Expression of
additional iron-related genes was analyzed in both wild type
and mutant, under control and P;-starved conditions. YSLS,

(Eqray bars) for 7 days. RNA was prepared from leaves. Relative transcript levels
A? method. Values are presented as the mean of 3 independent biological

NAS3, and NRAMP4, three iron-regulated genes, and FIT1, a
major regulator of iron starvation response, were selected (Fig.
7B). NAS3 mRNA accumulation was increased by phosphate
starvation, and its expression was not strongly altered in the
phrl phll mutant. Expression of YSL8 was reminiscent of
AtFerl, with an increase of transcript accumulation after P,
starvation, compromised in phrl phll mutant. NRAMP4
expression was not modified by phosphate status, but its
expression is altered in phrl phll mutant. Regarding the iron-
starvation regulated gene FITI, neither phosphate starvation
nor PHR1 and PHL1 mutations altered mRNA accumulation.
Taken together, these results show that besides AtFerl, the

22676 JOURNAL BbRiRsdalGhorts MEMISHAW jbc.org/ at INRA Institut National de NGB gronolitidelvi ABGad 9/1BBR 1 - AUGUST 2, 2013


http://www.jbc.org/

Phosphate Starvation Directly Regulates Iron Homeostasis

+Pi mn Pi_
A A\ ™
. 'V““f‘(\
s"(\ -’ ‘%\ f g’\ ~
o KIS 2Ok, ™
CRcd LR
WT 7 s 3 g A 1 \\ h 1 \—\.“
r Sy O ¥ &S » N
X { N A 4 - g\‘ -
\ %! ) ' A )\
\Q ‘\ - - [ Ax |
A / A ~

\ ] 4 //

FIGURE 8. PHR1 and PHL1 control iron distribution. Plants were grown on
complete medium for 10 days and then transferred on P;-deficient medium
(—P,), orkeptin complete medium (+P;) for 7 days. Leaves were fixed, embed-
ded in resin, and thin sections (5-8 wm) were made. Iron localization was
revealed using the Perls DAB staining. Iron spots are indicated by arrows. A &
B: wild type; C & D: phri-3; E & F: phriphl1. Scale bar: 50 um.

expression of other iron-related genes is modified by phosphate
starvation and/or by mutations in PHR1 and PHL1 genes.

We then examined whether iron distribution was altered in
leaf tissues of phri-3 and phrl phll mutant plants, compara-
tively to wild type plants. Iron was visualized using the Perls
DAB staining method (17). Plants were grown in complete
medium for 10 days and then transferred in phosphate-defi-
cient medium for 7 days, or kept on complete medium. Mature
leaves were collected, fixed, dehydrated, and embedded in
resin. Thin sections were made and stained using the Perls DAB
method. In wild type plants grown under control conditions,
iron staining was undetectable (Fig. 84). After phosphate star-
vation, iron depositions were only observed in the vascular tis-
sues, and to a lower extent in chloroplasts of cells surrounding
the vessels (Fig. 8B), consistent with results previously reported
(21). The same pattern was observed in phri-3, both in control
(Fig. 8C) and phosphate starvation (Fig. 8D) conditions. By con-
trast, iron depositions were strongly detected in phrl phll
leaves grown in control conditions (Fig. 8E). This pattern is
reminiscent of those observed in wild type and phrl-3 leaves
grown in phosphate-starved conditions. These results show
that iron distribution is altered in phosphate-starved plants.

Moreover, both PHR1 and PHL1 are involved in the control of
iron homeostasis, since under control conditions, iron localiza-
tion is altered in the phrl phll double mutant.

DISCUSSION

Searching for transcription factors binding to the Arabidop-
sis AtFerl ferritin promoter allowed us to identify the Myb-like
transcription factor PHR1, a major regulator of phosphate star-
vation response (9, 10). The regulation of AtFerl gene expres-
sion by PHR1 and its close homolog PHL1 was assessed and
revealed a direct molecular link between iron and phosphate
homeostasis.

PHRI, PHLI, and Element 2 Are Required for AtFerl Ferritin
Gene Expression—Our results allowed the identification of two
trans- (PHR1 and PHL1) and one cis-acting (Element 2) com-
ponent involved in the regulation of AtFeri. Both PHR1 and
PHL1 are involved in the regulation of AtFerl expression in
response to phosphate starvation in shoots, whereas PHR1
alone is sufficient to set up the response in roots. This result
confirms that functional heterodimeric interactions as well as
the possibility of partial functional redundancy occur between
these two factors (9, 10). PHR1 and PHL1 transcription fac-
tors interact in EMSA experiments with Element 2 of the
AtFerl promoter, which contains a P1BS sequence (Fig. 1).
In transgenic lines expressing LUC gene under the control of
the AtFerl promoter harboring a mutated version of Element 2
(pElem2’:LUC), the luciferase activity was completely abol-
ished (Fig. 6). This lack of luciferase activity in pElem2:LUC
was intriguing, but a similar result has been described for the
PLDZ2 gene promoter (24). The authors reported that deletion
of the P1BS sequence leads to a complete loss of PLDZ2 gene
expression, even under control condition, similarly to the
observation with the pElem2"::LUC lines. To confirm that Ele-
ment 2 is involved in induction of expression of AtFerl in
response to phosphate starvation, transgenic lines expressing
luciferase under the control of the AtFerI promoter mutated in
both IDRS and Element 2 were generated. When mutation in
Element 2 was combined with mutation in the IDRS repressive
element, the luciferase activity was recovered. In these lines,
under —P; conditions, luciferase activity was not increased,
indicating that the cis-acting Element 2 contains a sequence
necessary for the phosphate starvation: PHR1- and PHL1-de-
pendent regulation of AtFerl gene expression. Moreover, Ele-
ment 2 appears to play a crucial role in A¢Ferl promoter activity
under both standard and phosphate deficiency conditions.

P /Fe Interactions and the Regulation of AtFerl Expression—
Several studies highlighted the physiological link existing
between iron and phosphate (21, 22). Iron and phosphate can
interact in soils, at the root surface and within plant cells. In
soils, phosphate, and iron form precipitates, decreasing phos-
phate and iron availability for plants, and consequently pro-
moting activation of the root iron uptake under phosphate
excess conditions (22). Moreover, phosphate starvation leads to
metal accumulation in plants, mainly aluminum and iron (21,
22,25), and a decrease of primary root growth under phosphate
deficiency is, at least partly, linked to iron toxicity (22, 26). Iron
promotes P, retention in roots and reduces P; translocation to
the shoots (27, 28). During seed loading, iron is stored in the
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vacuole, precipitated in globoids of Fe-P; complexes (29, 30). In
leaves, high P, content could lead to chlorosis (even with normal
Fe content) by making iron unavailable for the chloroplasts
(31). Basically, these studies revealed that phosphate displays
high affinity for iron and thus, manipulating phosphate homeo-
stasis has a strong effect on iron availability. Several authors
hypothesized that the induction of A¢tFerI expression in leaves
reflected the plant response to iron overload induced by phos-
phate deficiency, such a deficiency increasing Fe availability in
soils. This statement was mainly based on transcriptomic data
obtained with phosphate deficient plants showing an increase
in abundance of transcripts from iron excess responsive genes,
and a decrease in abundance of transcripts from iron deficiency
responsive genes (25, 32, 33). Our study reveals a more complex
picture since increase in abundance of AtFerl mRNA under
phosphate starvation is mediated by PHR1 and PHLI, two
major regulators of the —P, response (Figs. 3 and 4). This
response is independent of the iron nutrition of the plant (Fig.
5) and does not involve the Fe-dependent IDRS cis-acting ele-
ment (Fig. 6) involved in AtFerl regulation by iron. Moreover,
AtFer3 and AtFer4 ferritins genes, lacking the Element 2 in their
promoter and known to be induced by iron excess (3), are not
altered by phosphate starvation (Fig. 2). In addition, the induc-
tion of AtFerl in response to iron excess is not altered in the
phri-3 mutant plants. Taken together, these results demon-
strate that AtFerl expression in response to phosphate starva-
tion is not related to an excess of iron caused by phosphate
deficiency, but to a direct effect of the lack of phosphate.

Why Is AtFerl Expression Regulated by the Phosphate Status
of Plants ?>—The regulation of AtFerl expression by phosphate
starvation independently of iron was quite intriguing. In plants,
phosphate is part of the mineral core of ferritins, and the ratio is
about 1 phosphate for 3 iron atoms (34). An attractive hypoth-
esis would be that ferritins are necessary to regulate phosphate
homeostasis in plastids, since these proteins store phosphate as
well as iron. However, phosphate concentration in the chloro-
plast is about 10 mm (35), or about 200 pg.g-1 DW in leaves,
assuming that DW is 10% of FW (35). The iron content in the
stroma is about 19 pg.g-1 DW (36). Considering that all the
chloroplast soluble iron is stored into ferritins, the ferritin
phosphate content would be 19/3 = 6.33 ug.g-1 DW. It repre-
sents less than 1% of the chloroplast phosphate content. Thus,
ferritin cannot be considered as a major actor in the control of
phosphate homeostasis in the chloroplast.

Recently, in vitro iron loading into horse spleen ferritin in the
presence of phosphate has been achieved (37). This work
reported that Fe-P; complexes were a poor iron source for fer-
ritins, since greater the amount of phosphate in the medium
was, the less iron was loaded into ferritins. These experiments
were done at a phosphate concentration of 10 mMm, which cor-
responds to the amount of phosphate present in a chloroplast
(35). Assuming that most of soluble iron in chloroplast is phos-
phate iron, iron would be poorly available for ferritins. Under
phosphate starvation, the chloroplast phosphate content
decreases, and causes the release of “free” iron, which would
become available for ferritins. In such a situation, it makes sense
to anticipate the regulation of ferritin synthesis through a phos-
phate specific pathway, because the main requirement would

be to trap any “free” iron to avoid toxicity, rather than dealing
with an increase in total iron content. The main sink of iron in
leaves is the chloroplast, where oxygen is produced. In such an
environment, mastering iron speciation is critical to protect the
chloroplast against oxidative stress generated by free iron, and
ferritins have been described to participate to this process (3).
This hypothesis highlights that anticipating changes in iron
speciation could also promote transient up-regulation of ferri-
tin gene expression, in addition to the already established reg-
ulations acting in response to an iron overload. It replaces iron
in a broader context, in interaction with other mineral ele-
ments, which should better reflect plant nutritional status.

PHRI1 and PHLI Regulate Iron Homeostasis—Our results
show that AtFerl is a direct target of PHR1 and PHL1, and that
iron distribution around the vessels is abnormal in phrl phli
mutant under control conditions, as observed by Perls DAB
staining (Fig. 8). Indeed, an over-accumulation of iron around
the vessels was observed in the mutant and not in the wild type
plants. These results suggest that PHR1 and PHL1 may have a
broader function than the sole regulation of phosphate defi-
ciency response, and that the two factors are not only active
under phosphate starvation.

To decipher signaling pathways in response to phosphate
starvation, several transcriptomic analysis were performed in
wild type (25, 32, 33), and in phrl and phll mutants (10). All
these studies revealed an increase of AtFerl expression under
phosphate starvation, and a decreased expression of AtFerl in
phri-1 phll-1 double mutant in response to phosphate starva-
tion, in agreement with our results. Interestingly, these
genome-wide analysis revealed other genes related to iron
homeostasis induced upon phosphate starvation in wild type,
and displaying a decreased induction in phri-1 phli-2 double
mutant plants, such as NAS3 and YSL8. Moreover, iron defi-
ciency responsive genes, such as FRO3, IRT2, IRT1, and NASI
were repressed upon phosphate starvation in wild type and mis-
regulated in the phrl-1 phll-1 double mutant plants. Our
results are consistent with these studies, since we observed a
modification of the expression of several iron-related genes
(Fig. 7B) including YSL8. We did not observe alteration of NAS3
expression, probably because our plant growth conditions
(hydroponics) were different from previous studies (in vitro
cultures; 10, 24, 31). These observations led us to hypothesize
that AtFerl is not the only iron-related target of PHR1 and
PHL1, and that these two factors could control iron homeosta-
sis globally. Consistent with this hypothesis, iron distribution in
the double phri phll mutant plant is abnormal when compared
with wild type plants, as observed by Perls DAB staining (Fig. 8).
Several studies showed that phosphate starvation led to an
increase of iron content (21, 22, 25). Surprisingly, in our exper-
imental conditions, Fe concentration was not affected in wild
type after 7 days of phosphate starvation. This difference could
arise from differences in growth conditions, and points out that
iron distribution could be altered independently of a modifica-
tion of total iron content. Indeed, such a discrepancy between
total iron content and iron distribution has been described in
several cases, including for example the tomato chloronerva
mutant, with leaves harboring iron starvation symptoms and
exhibiting an increase of total iron content (38).
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To adapt to phosphate starvation, plants establish a set of
coordinated responses in time and in space. In this context, it is
likely that PHR1 and PHL1 play a critical role in the plant
response to phosphate starvation, by coordinating transcrip-
tional regulation of phosphate-related genes (10, 32), but also
iron-related genes (this work) and sulfate metabolism (39).
Functions of PHR1 and PHL1 independent of P, starvation have
been evoked (10). Our study strengthens this hypothesis since
iron distribution is altered in phrl phll mutant under control
conditions. Indeed, besides iron homeostasis, sulfate transport,
enzymes involved in ROS scavenging and detoxication, genes
encoding proteins involved in light reactions of photosynthesis
and in photorespiration were shown to be directly or indirectly
controlled by PHR1 and PHL1 (10, 25, 39). Our work revealed
for the first time a direct molecular link between iron and phos-
phate homeostasis and shows how different signals coming
from different mineral element are integrated by plants to adapt
their metabolism and growth.
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