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Abstract

Interactions between zinc (Zn) and phosphate (Pi) nutrition in plants have long been recognized, but little informa-
tion is available on their molecular bases and biological significance. This work aimed at examining the effects of Zn
deficiency on Pi accumulation in Arabidopsis thaliana and uncovering genes involved in the Zn-Pi synergy. Wild-type
plants as well as mutants affected in Pi signalling and transport genes, namely the transcription factor PHR1, the
E2-conjugase PHO2, and the Pi exporter PHO1, were examined. Zn deficiency caused an increase in shoot Pi con-
tent in the wild type as well as in the pho2 mutant, but not in the phr1 or pho1 mutants. This indicated that PHR1 and
PHO1 participate in the coregulation of Zn and Pi homeostasis. Zn deprivation had a very limited effect on transcript
levels of Pi-starvation-responsive genes such as AT4, IPS1, and microRNA399, or on of members of the high-affinity
Pi transporter family PHT1. Interestingly, one of the PHO1 homologues, PHO1;H3, was upregulated in response to
Zn deficiency. The expression pattern of PHO1 and PHO1;H3 were similar, both being expressed in cells of the root
vascular cylinder and both localized to the Golgi when expressed transiently in tobacco cells. When grown in Zn-free
medium, pho1;h3 mutant plants displayed higher Pi contents in the shoots than wild-type plants. This was, however,
not observed in a pho1 pho1;h3 double mutant, suggesting that PHO1;H3 restricts root-to-shoot Pi transfer requiring
PHO1 function for Pi homeostasis in response to Zn deficiency.
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Introduction

Plants require phosphorus (P) and zinc (Zn) to ensure vari-
ous basic biological functions and complete their life cycle
(Poirier and Bucher, 2002; Sinclair and Kramer, 2012). Plants
have evolved tightly controlled mechanisms to maintain Zn
and inorganic phosphate (Pi) levels in cells. Lines of evidence
suggest that mechanisms for homeostasis of these two ele-
ments are interconnected and that deficiency or excess in one

element impact the nutritional status of the other (Safaya
and Gupta, 1979; Loneragan et al, 1982; Cakmak and
Marschner, 1986; Singh et al., 1988; Webb and Loneragan,
1988, 1990; Loneragan and Webb, 1993; Norvell and Welch,
1993; Huang et al., 2000; Zhu et al., 2001).

Zn concentration in wheat and maize plants has been
reported to decrease with the application of P, while Pi
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concentration decreases with the application of Zn (Robson
and Pitman, 1983; Verma and Minhas, 1987). In barley,
Zn deprivation results in overaccumulation of Pi in shoots
(Huang et al., 2000). Of note, the increase in Pi concentration
in Zn-deficient plants can reach levels leading to Pi toxicity
symptoms if high concentrations of external Pi are supplied
(Loneragan et al., 1982). Overaccumulation of Pi in response
to Zn deficiency might partially be the result of a specific
induction of the expression and activity of Pi transporters
(Huang et al., 2000). Taken together, these data indicate that
Zn-deficient plants appear to have lost the capacity to down-
regulate the expression of high-affinity Pi transporters in
roots despite the presence of an adequate Pi supply (Huang
et al., 2000). However, in Arabidopsis, a recent report by Jain
et al. (2013) showed that Zn starvation causes a repression
and induction of the expression of PHTI;I in roots and
shoots, respectively.

The uptake and distribution of Pi in plants involves multi-
ple Pi transport systems. The Pi is acquired by the root system
through specific transport proteins that include the high-
affinity H-Pi cotransporters (PHT) (Nussaume et al., 2011).
In Arabidopsis, the PHTI gene family contains nine mem-
bers, PHTI1,;1-9. The expression of these genes is finely regu-
lated at the transcriptional level and depends normally on the
internal P status of the plant (Muchhal and Raghothama,
1999; Smith et al., 2000). Once within the root symplast, Pi
can be distributed to various organelles, including the vac-
uoles. Alternatively, Pi can undergo symplastic transport
towards the vascular cylinder for subsequent transfer to the
shoot. The PHO1 protein is an important component for the
root-to-shoot Pi transfer in plants, being expressed in the
root vascular cylinder and mediating Pi export to the apo-
plast (Hamburger et al., 2002). The contribution of PHOI1
to the root-to-shoot Pi transport was revealed by the fact
that only 3-10% of the wild-type level of Pi is translocated
to shoots in the phol mutant (Poirier et al., 1991; Delhaize
and Randall, 1995). The Arabidopsis genome possesses 10
homologues of PHOI, namely PHOI; HI-10 (Wang et al.,
2004). Remarkably, only the most closely related homologue,
PHOI;HI, could rescue the phenotype of the phol mutant
when expressed under the control of the PHOI promoter,
indicating that most homologues have biological functions
other than Pi transfer into the vascular cylinder (Stefanovic
et al., 2007). This conclusion is also supported by the wide
expression pattern of PHOI homologues (Wang et al., 2004),
their differential regulation by phytohormones (Ribot et al.,
2008a, b), their role in development of various plant organs
and their response to environmental factors, such as wound-
ing or blue light (Kang and Ni, 2006; Ribot et al., 2008b; Zhou
and Ni, 2009; Zhou et al., 2009). Members of the PHOI gene
family thus appear to play important roles in different aspects
of biology of plants beyond Pi export to the vascular system.

Efforts in dissecting the molecular mechanisms involved
in Pi-deficiency responses in plants have considerably
increased the understanding of how Pi homeostasis is regu-
lated in plants and have led to several proposed regulatory
pathways (Rouached et al., 2010). In recent years, molecu-
lar mechanisms implicating regulatory microRNAs have

been uncovered as a strategy to maintain Pi homeostasis in
plants (Fujii et al., 2005; Bari et al., 2006; Chiou et al., 2006;
Hsieh et al., 2009; Pant et al., 2009). In Arabidopsis, a limited
number of microRNA molecules have been shown to be spe-
cifically and strongly induced by Pi limitation. Particularly,
microRNA399 (miR399) is characterized as a component of
the shoot-to-root Pi-starvation signalling cascade (Doerner,
2008; Lin et al., 2008). The mature miR399 can move from
shoot to root via the phloem, where it targets the transcript
of the E2-conjugase PHO?2, leading to expression of Pi trans-
porters (Lin et al., 2008; Pant et al., 2009). The increase in
miR399 accumulation upon Pi deprivation is strongly sup-
pressed in the phrl mutant that lacks a MYB transcription
factor (Bari et al., 2006). This defined a Pi-signalling cascade,
in which miR399 and PHO?2 operate downstream of PHRI
(Franco-Zorrilla et al., 2004; Aung et al., 2006; Bari et al.,
2006; Chiou et al., 2006; Doerner, 2008; Lin et al., 2008; Pant
et al., 2009). Loss-of-function mutation of PHR1 affects the
expression of numerous Pi-starvation-induced genes, includ-
ing the noncoding RNAs 474 and IPSI (Martin et al., 2000;
Shin et al., 2006; Bustos et al., 2010). Furthermore, PHR1
appears to be involved in the coordination of Pi homeostasis
and iron in Arabidopsis through the regulation of the expres-
sion of the iron-storage protein FERRITIN 1 (Bournier
et al., 2013). Very recently, another player in the cross talk
between low-Pi signalling and iron-deficiency responses in
Arabidopsis was identified, namely the copper transport pro-
tein COPT?2 (Perea-Garcia et al., 2013).

Zn is an essential micronutrient for plant growth. Zn defi-
ciency manifests itself at physiological and molecular levels
(Sinclair and Kridmer, 2012). Zn serves as a highly effective
cofactor for more than 300 enzymes, including the structural
Zn-finger domains that mediate DNA binding of transcrip-
tion factors, as well as protein—protein interactions (Sinclair
and Kriamer, 2012). Zn deficiency affects the content levels of
essential micronutrients and macronutrients (Jain et al., 2013).
The transport of Zn within plant starts with its acquisition at
the root periphery, followed by its loading into xylem. These
transport steps rely on a diversity of gene families encoding
cation transporters that play pivotal roles in Zn transport,
including heavy metal ATPases (Baxter et al., 2003; Hussain
et al.,2004), ZIPs (Grotz et al., 1998; Guerinot, 2000; Palmer
and Guerinot, 2009), CDFs (Miser et al., 2001) or cation
antiporters (Hall and Williams, 2003). Tight regulation of
intracellular Zn concentrations is a prerequisite for maintain-
ing a functional cellular metabolism, which likely involves
finely tuned regulation of these Zn transporters. A transcrip-
tomic study revealed that Zn deficiency affects the expression
of a large array of genes, in addition to those known to be
involved in metal homeostasis (Van de Mortel et al., 20006).
Numerous observations reported the involvement of the low-
molecular-weight chelator nicotianamine in the regulation
of Zn homeostasis in plants (Weber et al., 2004; Curie et al.,
2009). So far, however, it remains unclear by which mecha-
nisms plants sense and signal Zn deficiency and how this sig-
nal affects downstream genes acting in different pathways.

Despite the accumulation of physiological and molecular
evidence for the existence of an interconnection between the
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homeostasis of Pi and Zn in plants, the key players acting
in this coordination remain unidentified. The primary aim
of the present study is to broaden the understanding of the
Pi-Zn signalling crosstalk in plant. The effect of Zn defi-
ciency on Pi homeostasis has been analysed in Arabidopsis
comparing wild-type plants with selected mutants affected
in Pi sensing, signalling, and transport. Functional and gene
expression analyses helped to identify important genes act-
ing in the interconnection between Zn and Pi homeostasis in
Arabidopsis, namely the MYB transcription factor PHRI,
the Pi exporter PHOI, and its homologue PHOI; H3.

Materials and methods

Plant materials and growth conditions

The Arabidopsis thaliana mutants used in all experiments were in
the Columbia genetic background. The previously described phrl
mutant (Rubio et al., 2001) was provided by Javier Paz-Ares (CSIC,
Madrid). A 1-kbp DNA fragment (before the ATG codon) of the
PHOI; H3 promoter was fused to a $-glucuronidase (GUS) reporter
gene (pAtPHOI; H3::GUS) and introduced into Arabidopsis ecotype
Col-0 as previously described (Wang et al., 2004). The phol and
pho2 mutants were originally described by Poirier et al. (1991) and
Delhaize and Randall (1995), respectively. Two phol;h3 T-DNA
insertion mutant lines (SAIL_207_DO02 and SALK_038711) were
obtained from the European Arabidopsis Stock Centre (www.arabi-
dopsis.info) (Alonso et al., 2003). The homozygosity of the phol,; h3
mutation was confirmed by PCR using the following forward and
reverse primers: 5-ATGAAGTTCGGAAAAGAGTTCTCGTC-3"
and 5-TGGCCTTCCATTTCCAAGAGATT-3" for SAIL_207_
D02 and 5-ATGGAGCGTGTTGAAGCAACATT-3" and 5-CTA
GTTATCGTCATCTTCATCGTA-3" for SALK_038711. Plants
were germinated and grown in a vertical position on agar-solidified
media (A1296, Sigma). The complete nutrient medium contained
0.5mM KNO3, 1mM MgSO4, 1mM KH2PO4, 0.25mM Ca(NO3)2,
100 uM NaFeEDTA, 30 uM H;BOs;, 10 pM MnCl,, I uM CuCl,,
15 uM ZnSO,, 0.1 uM (NH,)sMo0,04,, and 50 pM KCI. Pi-deficient
medium was made by replacing lmM KH,PO, by ImM KCI.
Zn-free medium was made by removing the only source of Zn
(ZnSOy). Seeds were sown on the plates and stratified at 4 °C in the
dark for 3 d. Plates were then transferred in a growth chamber for
20 d, day 1 of growth being defined as the first day of exposure of
stratified seeds to light. Plants were grown under long-day condi-
tions (16/8h light/dark cycle, 250 pmol-m 25!, and 24/20 °C).

Phosphate measurements

Pi measurements were performed as described by Stefanovic et al.
(2007). Briefly, weighed fresh shoots and roots were ground sepa-
rately into powder in liquid nitrogen. lon extractions were performed
in water by incubation for 30 min at 70 °C. The quantification of Pi
was completed by the molybdate assay according to Ames (1966).

Real-time quantitative reverse-transcription PCR

For expression analysis, Plant RNeasy extraction kit (Qiagen) and
RQ1 RNAse-free DNAse (Promega) were used to prepare total
RNA free of residual genomic DNA from 100 mg frozen tissue, with
shoot and root being analysed separately. Total RNA was quanti-
fied with a NanoDrop spectrophotometer (Thermo Scientific).
cDNA was synthesized from 2 pg total RNA using an oligo(dT)
primer and M-MLV reverse transcriptase (Promega). Real-time
quantitative reverse-transcription PCR (qPCR) was performed with
a LightCycler 480 Real-Time PCR System using SYBR green dye
technology (Roche). PCR reactions (10 pl) containing 500nM each

forward and reverse primers, 5 ul SYBR Green I Master, and 3 pl of
a 1:3 cDNA dilution. Reactions were performed in LightCycler 480
Multiwell Plates 384 (Roche) covered with optical film (Sarstedt).
A list of primers, efficiency of amplification, and specificity of the
amplified PCR products have been described by Rouached et al.
(2011Db). The following thermal profile was applied: 95 °C for 15min
and 45 cycles of 95 °C for 15's, 58 °C for 30 s,and 72 °C for 30 s. Data
were analysed using the Roche LC480 software. For each gene, the
relative amount of calculated mRNA was normalized to the level
of the control gene ubiquitinl0 mRNA (UBQI10: At4g05320) and
expressed as relative values against wild-type plants grown in com-
plete (+Pi and + Zn) medium. Quantification of the relative tran-
script levels was performed using the comparative CT method
(Livak and Schmittgen, 2001; Rouached ez al., 2008).

Expression analysis by promoter-GUS fusion and
PHO1,H3-GFP fusion

GUS staining was performed on transgenic plants grown in agar-
solidified media. Stained tissues were conserved in 70% ethanol at
4 °C after a progressive dehydration obtained from incubation in
a graded series of ethanol, followed by embedding in LR White
medium-grade resin or paraffin (Lagarde et al., 1996). The resin sec-
tions (2 pm) were cut using a diamond knife on a Reichart ultra-
cut microtome and paraffin sections (10 um) were cut and then
stained with the periodic acid Schiff method (Leach et al., 1980).
To measure GUS activity, plant samples were homogenized on ice
in an enzyme extraction buffer containing S0mM NaHPO4 pH?7.0,
10mM EDTA, 0.1% (v/v) Triton X-100, 0.1% (v/v) sodium lauryl
sarcosine, and 10mM f-mercaptoethanol, and extracts were centri-
fuged at 2150 g and 4 °C for 10min. The GUS enzymic assay was
started by mixing 100 pul GUS assay buffer (2-times diluted extrac-
tion buffer, 0.1 mg/ml bovine serum albumin, 0.02% (w/v) NaNj, and
2mM 4-methylumberlliferyl-B-p-GlcA) with 20 pl protein extract in
a 96-well microtitre plate, and was incubated at 37 °C. The amount
of fluorescent product 4-methylumberlliferyl (4-MU) produced in
the reaction was measured over time using a Fluoroskan-II lumines-
cence spectrophotometer. The GUS activity was calculated as pmol
4-MU formed per pg total protein per h.

The complete PHOI;H3 genomic coding region from 1 kbp
upstream of the start codon to the penultimate codon was amplified
by PCR and first cloned into the Gateway donor vector pPDONR201
using BP clonase reaction and then recombined into pMDC107
(Curtis and Grossniklaus, 2003) using LR clonase (Invitrogen) to
create a fusion with GFP. The resulting clone was confirmed by
sequencing, introduced into Agrobacterium tumefaciens pGV3101,
and transformed into the phol,;h3 mutant by the floral dip method
(Clough and Bent, 1998). A PHO1;H3-GFP construct was also
introduced into the pMDC32 vector (Curtis and Grossniklaus,
2003) for transient expression in tobacco (Nicotiana benthamiana)
leaves. Localization of PHO1;H3-GFP in Arabidopsis root and its
colocalization with various marker proteins in transiently trans-
formed tobacco epidermal cells was performed using a Zeiss LSM
700 confocal microscope with an Apochromat X63 water immersion
DIC objective with a 1.2 NA. Binary vectors with cDNA of the
Golgi marker Manl-RFP (AT1G51590) (Nebenfuhr et al., 1999),
the plasma membrane marker CBL1-OFP (AT4G17615) (Batistic
et al., 2010), the trans-Golgi marker SYP61-RFP (AT1G28490)
(Sanderfoot et al., 2001), the endoplsmic reticulum marker ER-rk-
mCherry (signal peptide of AtWAK2:mCherry:HDEL) (Nelson
etal.,2007), and the nuclearmarker histone H2B-RFP (AT5G22880)
(Sridhar et al., 2007) were used. Transient expression in tobacco
leaves was performed as described by Arpat et al. (2012).

Statistical analysis

Statistical analysis was performed through analysis of variance
(ANOVA) and using the Tukey’s test to compare mean values.
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Results

Zn deficiency increases the Pi content in the shoots of
Arabidopsis wild-type plants and pho2 mutant plants but not
in phrl and phol mutant plants. In order to determine the
effect of Zn deficiency on Pi distribution in Arabidopsis tis-
sues, plants were grown in media with either low Zn (0 uM
Zn) or low Pi (10 uM Pi) and compared to those grown
on complete medium (ImM Pi and 15 pM Zn). Mutants
affected in interorgan Pi distribution or Pi signalling were
included in this experiment, namely phol, pho2, and phrl.
The phol and pho2 mutants are characterized by accumu-
lation of low Pi and high Pi in shoots, respectively (Poirier
et al, 1991; Delhaize and Randall, 1995). The phrl mutant
is affected in the responses to Pi deficiency, including altera-
tion of the expression of several Pi-starvation-induced genes
(Rubio et al., 2001). Shoots and roots of 20-d-old plants were
collected separately and Pi contents were determined (Fig. 1).
As expected, Pi starvation led to a decrease in Pi content in
shoots and roots. Interestingly the Pi concentration increased
by 25% in shoots of wild-type and pho2 plants grown in
Zn-deficient medium compared to Zn-sufficient medium.
No change in Pi concentration was however observed in the
shoots of phrl and phol mutants grown on Zn-sufficient or
Zn-deficient media (Fig. 1). In roots, Zn deprivation had
no impact on Pi accumulation, except for the phol mutant
in which a 15% increase in Pi concentration (P < 0.05) was

A

observed. Overall, these results imply the existence of a pro-
cess leading to the accumulation of Pi in the shoots of plants
under Zn deprivation. PHO1 and PHR1 participate in this
process.

The PHR1-miR399-PHO?2 signalling pathway is not
involved in the Pi response to Zn deficiency. To explore
whether the PHR1-miR399-PHO2 signalling pathway is
part of the Zn-deficiency response in Arabidopsis, this work
analysed the transcript abundance of several genes involved
in this pathway, namely PHRI, miR399b, miR399d, PHO?2,
and two Pi-starvation-responsive genes that are depend-
ent on PHR1, namely 474 and IPS! (Martin et al., 2000;
Shin et al., 2006). The expression of these genes was tested
by qPCR for responsiveness to low versus high Zn or Pi in
shoots and roots of Arabidopsis wild-type plants (Fig. 2).
ZIP5 was also included as a positive control for testing the
response to Zn deficiency (Jain et al., 2013). As expected,
AT4, IPS1, miR399b, and miR399d were upregulated and
PHO?2 was downregulated in response to low Pi. In response
to Zn deprivation, ZIP5 was upregulated by 3—4-fold in roots
and shoots, indicating that plants were indeed experiencing
Zn deficiency. Under these growing conditions, there was no
change in the transcript level of the Pi-starvation-response
genes in either shoots or roots, except for a small but signifi-
cant increase in the expression of A74 and /PS! in shoots.
These results show that Zn deficiency has only a minor effect
on the PHR 1-dependent Pi-starvation-signalling pathway.

Inorganic Phospphate Content
(umol.g-1FW)

1

' B+Pi,+Zn
Shoots ¥ | @- Pi,+Zn
L1+ Pi,-Zn

(umol.g-1FW)

Inorganic Phospphate Content

Iﬂmmﬁ

Roots

Col phrt

phot-2 pho2-1

Fig. 1. Effect of Zn availability on Pi contents in roots and shoots of Arabidopsis. Wild-type and phr1, pho1-2 and pho2-1 mutant plants
were grown vertically on agar-solidified media containing 1mM Pi and 15 uM Zn (+Pi,+Zn), 15 uM Zn and no Pi (-Pi,+Zn), or 1mM Pi
and no Zn (+Pi,—Zn). Pi concentrations were quantified in shoots (A) and roots (B) of 20-d-old plants. Individual measurements were
obtained from the analysis of shoots or roots collected from a pool of at least seven plants. Error bars correspond to standard deviation
from three biological replicates. Asterisks indicate statistically significant differences compared to the +Pi,+Zn treatment within each

genotype (P < 0.05).
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Fig. 2. mMRNA accumulation of PHR1, AT4, IPS1, miR399, PHOZ2, and ZIP5 in response to the availability of Pi and Zn in shoots (A)

and roots (B). Wild-type plants were grown vertically for 20 d on agar-solidified media containing 1mM Pi and 15 uM Zn (+Pi,+2n),

15 uM Zn and no Pi (-Pi,+Zn), or 1mM Pi and no Zn (+Pi,—Zn). mRNA accumulation was quantified by quantitative reverse-transcription
PCR. mRNA abundance of PHR1, AT4, IPS1, miR399b, miR399d, PHO2, and ZIP5 was normalized to mRNA abundance of the UBQ10
control gene and expressed as relative values against wild-type plants grown in +Pi,+Zn medium. Individual measurements were obtained
from the analysis of shoots or roots collected from a pool of at least 10 plants. Error bars correspond to standard deviation from three
biological replicates. Asterisks indicate statistically significant differences compared to the +Pi +Zn treatment for each gene (P <0.05).

Zn deprivation has a limited effect on the expression
of high-affinity Pi transporters PHTI in Arabidopsis. In
monocotyledons, Zn deficiency has been shown to cause the
upregulation of a high-affinity Pi uptake transporter, leading
to the overaccumulation of Pi in the shoots (Huang et al.,
2000). Since Zn deprivation induces Pi overaccumulation
in Arabidopsis, this work investigated the influence of this
condition on the expression of the Arabidopsis high-affinity
Pi transporters PHT1. The transcript abundance of all the
members of the PHTI gene family was determined by qPCR
in shoots and roots of Arabidopsis wild-type plants grown in
media with low and high Zn or Pi (Fig. 3). In agreement with
previously published data, expression of PHTI;1, PHTI,2,
PHTI;3, PHTI;4, PHTI;7, PHTI,8, and PHTI;9 was con-
sistently induced in roots of Pi-deficient plants. In contrast,
Zn deprivation caused no significant change in expression
of the PHTI genes either in roots or in shoots, except for
PHTI;1 which showed a 2-fold increase in transcript accu-
mulation in shoots. These results are in agreement with the
recent report by Jain et al., (2013) showing that Zn deficiency
(15 uM) causes an upregulation of the expression of PHTI;1
in shoots with concurrent downregulation in roots, in com-
parison with Zn sufficiency (75 pM). With the exception of
PHTI;1, which was controlled at the transcription level by
both Pi and Zn status of the plant (Fig. 3), the expression

of the analysed PHTI genes appeared to be tightly regu-
lated by the internal Pi status in Arabidopsis (Muchhal and
Raghothama, 1999; Nussaume ez al., 2011).

Expression of the PHOI homologue PHOI,; H3 is regu-
lated by Zn deficiency. The effect of Zn deprivation on the
expression of PHOI and its 10 homologues was explored.
Transcript accumulation was analysed by qPCR in shoots
and roots of wild-type plants grown in media with low and
high Zn or Pi (Fig. 4). In line with previous results, PHO!
and its closest homologue PHOI,; HI were induced in roots
and in roots and shoots, respectively, in response to Pi starva-
tion (Stefanovic et al, 2007; Ribot et al., 2008a). The tran-
script abundances of all other PHOI homologues were not
significantly altered. In response to Zn deprivation, tran-
script accumulation only of PHOI;H3 was changed, show-
ing upregulation in both roots and shoots. Interestingly, the
expression of PHOI;H3 was not upregulated by Pi starva-
tion. This results suggests that PHO1; H3 plays a specific role
in the regulation of Pi homeostasis under Zn deficiency.

PHO1;H3 is expressed in root vascular cells and localized
to the Golgi. In order to have a better insight into the role
of PHOI;H3 in response to Zn deficiency, this work deter-
mined its expression pattern and subcellular localization.
Analysis of transgenic plants expressing the f-glucuronidase
(GUS) gene under the control of the PHOI; H3 promoter
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Fig. 3. mRNA accumulation of members of the PHT1 high-affinity phosphate transporter family in response to the availability of Pi

and Zn in shoots (A) and roots (B). Wild-type plants were grown vertically on agar-solidified media containing 1mM Pi and 15 uM

Zn (+Pi,+Zn), 15 uM Zn and no Pi (-Pi,+Zn), or 1mM Pi and no Zn (+Pi,—Zn). Shoots and roots of 20-d-old plants were harvested
separately and mRNA accumulation was quantified by quantitative reverse-transcription PCR. mRNA abundance of the PHT7 genes
was normalized to the mRNA abundance of the UBQ70 control gene and expressed as relative values against wild-type plants grown
in +Pi,+Zn medium. Individual measurements were obtained from the analysis of shoots or roots collected from a pool of at least 12
plants. Error bars correspond to standard deviation from three biological replicates. Asterisks indicate statistically significant differences

compared to the +Pi +Zn treatment for each gene (P <0.05).

(Wang et al., 2004) revealed GUS staining primarily in the
vascular system of the lower section of the petiole and in the
mature zones of the roots (Fig. SA). Only weak expression in
the vascular cylinder of shoots could be observed (Fig. 5A).
Transversal sections of mature roots revealed the presence
of GUS in cells of the stele, including the pericycle and
xylem parenchyma cells (Fig. 5A). Analysis of GUS activ-
ity using 4-methylumbelliferyl-p-p-glucuronide as a substrate
revealed a 1.8-fold increase in activity in plants grown under
Zn-deficient media (Fig. 5B).

The expression pattern of PHO1;H3 was also analysed in
transgenic phol;h3 mutant plants expressing PHO1;H3 fused
with GFP under control of its native promoter. In the root,
PHO1;H3::GFP was primarily detected in cells of the vascu-
lar cylinder (Fig. 6A—C). In cotyledons, some weak expres-
sion was also observed in epidermal cells (Fig. 6D-F). At the
subcellular level, PHO1;H3-GFP expression was found asso-
ciated with punctate bodies. Attempts to colocalize the fluo-
rescence pattern to particular subcellular compartments in

Arabidopsis failed due to a combination of the relatively weak
expression and difficulties in obtaining adequate resolution.
As an alternative, the subcellular localization of PHO1;H3-
GFP was assessed via transient expression in tobacco
(N. benthamiana) leaves that were coinfiltrated with vari-
ous subcellular markers. PHO1;H3-GFP did not colocalize
with either the plasma membrane marker CBL1-OFP or the
endoplasmic reticulum marker ER-rk-mCherry (Fig. 7A, B).
Extensive colocalization was however observed with the Golgi
marker ManI-RFP (Fig. 7C). In contrast, more limited colo-
calization was observed with the trans-Golgi (TGN) marker
RFP-Syp61 (Fig. 7D). Since PHO1-GFP has previously been
shown to localize to the Golgi and TGN in tobacco leaves
(Arpat et al, 2012), the colocalization of PHO1;H3-GFP
and PHOI1-RFP was analysed. The fluorescent bodies asso-
ciated with PHO1;H3-GFP largely overlapped with a subset
of PHOI1-RFP fluorescent bodies (Fig. 7E). This pattern of
overlap likely reflected the stronger association of PHO1:H3
to the Golgi while PHO1-RFP is more equally distributed
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Fig. 4. mRNA accumulation of members of the PHO7 gene family in response to the availability of Pi and Zn in shoots (A) and roots
(B). Wild-type plants were grown in a vertical position on agar-solidified media containing 1mM Piand 15 uM Zn (+Pi,+Zn), 15 uM

Zn and no Pi (-Pi,+Zn), or 1mM Pi and no Zn (+Pi,—Zn). Shoots and roots of 20-d-old plants were separately harvested and mRNA
accumulation was quantified by quantitative reverse-transcription PCR. mRNA abundance was normalized to the mRNA abundance of
the UBQ10 control gene and expressed as relative values against wild-type plants grown in +Pi,+Zn medium. Individual measurements
were obtained from the analysis of shoots or roots collected from a pool of at least 10 plants. Error bars correspond to standard
deviation from three biological replicates. Asterisks indicate statistically significant differences compared to the +Pi +Zn treatment for

each gene (P <0.05).

to the Golgi and TGN (Arpat et al., 2012). Overall, these
results revealed that PHO1;H3 and PHO1 share similar and
overlapping tissue and subcellular localization (Hamburger
et al., 2002; Arpat et al., 2012). The specific upregulation of
PHOI1;H3 under Zn deficiency, its homology with PHO1, and
the colocalization of PHOI and PHO1;H3 suggest a poten-
tial implication of PHOI1;H3 in the regulation of Pi homeo-
stasis in response to Zn deficiency.

PHO1;H3 restricts root-to-shoot Pi transfer requiring
PHOI function for Pi homeostasis under Zn deficiency. So
far PHOI homologues have not been tested for their func-
tionality in response to different nutritional stresses other
than Pi deprivation. Considering the results presented above,
this work checked whether PHOI,; H3 could play a role in Pi
homeostasis under Zn deficiency. Two independent phol; h3
knockout lines have been selected from the T-DNA mutant
collection. Expression of PHOI,; H3 was shown to be abol-
ished in both lines (data not shown). In order to analyse the
role of PHOI,;H3 in transport of Pi within the plant, this
work measured Pi content of shoots and roots in wild-type
and phol;h3 mutant plants (Fig. §). Under full nutrient con-
ditions, wild-type and phol,;h3 mutant plants showed similar

Pi contents in the shoot. While Zn-deficient wild-type plants
accumulated 18% more Pi compared to Zn-sufficient condi-
tions, the Zn-deficient phol,; h3 mutant lines accumulated 30%
more Pi content compared to Zn-sufficient conditions. This
hyper-Pi accumulation phenotype of the phol,;h3 mutant was
abolished by the expression of the PHOI;H3-GFP fusion
construct under the control of its native promoter (Fig. 8).
Altogether, these results indicate that PHOI,; H3 restricts the
transport of Pi from the roots to the shoot in response to a
Zn-deficiency.

The PHOI transcript accumulation level was assessed in
wild-type plants and phol;h3 mutants grown in presence or
absence of Zn. The results show that PHO! transcript level
in either the wild type or phol,h3 mutant was not significantly
influenced by the presence or absence of Zn in the growth
media (Fig. 9). Furthermore, the PHOI mRNA accumula-
tion level did not change in the p/hol;h3 mutant in comparison
to wild-type plants (Fig. 9). These results show that PHO! is
not regulated at the transcriptional level either by the avail-
ability of Zn or by the presence of PHOI; H3.

Considering the similarity in the localization and expres-
sion of PHO1;H3 and PHO1, PHO1;H3 can be hypothesized
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Fig. 5. Spatial localization of PHO1,;H3 expression. (A) GUS
staining of transgenic plants expressing the GUS reporter gene
under the control of the PHO7,;H3 promoter grown on Zn-free
agar medium; GUS expression is detectable in vascular tissues of
the petiole (1) and of the primary and secondary roots (1,2), in the
mature zone of the root (3), and in the root vascular cylinder (4).
(B) GUS activity in plants containing the PHO17:H3 promoter::GUS
reporter; plants were grown in Zn-deficient or Zn-sufficient media
for 19 d. MU, 4-methylumberlliferyl.

+Zn

to be involved in the regulation of Piloading into root xylem
via an interaction with PHOI1. In order to test this hypoth-
esis, a phol phol;h3 double mutant was created. The phol
phol;h3 double mutant accumulated the same levels of Piin
the shoot as the phol mutant regardless of the availability
of Zn in the culture medium (Fig. 8). This indicated that
the contribution of PHO1;H3 to the control of the Pi shoot
content in response to Zn deficiency requires PHOI.

Discussion

To date, research in the field of Pi and Zn nutrition in plants
has mainly considered each of these nutrients separately
(Poirier and Bucher, 2002; Sinclair and Kramer, 2012).

However, Pi and Zn transport and homeostasis are highly
coregulated processes. The existence of complex interactions
linking the regulations of the homeostasis of the two nutri-
ents has been recognized (Marschner and Cakmak, 1986;
Webb and Loneragan, 1988, 1990; Norvell and Welch, 1993;
Huang et al., 2000). In both dicotyledons and monocotyle-
dons, Zn deficiency has been associated with overaccumula-
tion of Pi in shoots. Despite Zn and Pi being of fundamental
importance for plant growth, the biological significance and
the genetic components involved in this Zn—Pi interaction
remains undetermined. Although it is expected that a certain
level of coordination and crosstalk must exist between path-
ways involved in Pi and Zn transport and signalling in plants,
key genes acting in this coordination still remain to be identi-
fied. As shown here, the model plant A4. thaliana also overac-
cumulates Pi in shoots under Zn deprivation. Interestingly,
the Arabidopsis Pi-signalling transcription factor PHRI
appears to be necessary for this control, thus providing evi-
dence in favour of a genetic basis for the interconnection
between Zn and Pi homeostasis in Arabidopsis. PHRI is a
master gene controlling the expression of numerous genes
under Pi-deficient conditions, including the so-called ‘PHR 11—
miR399-PHO2’ Pi-starvation-signalling pathway (Rubio
et al., 2001; Franco-Zorrilla et al., 2004, 2007; Aung et al.,
2006; Bari et al., 2006; Chiou et al., 2006; Lin et al., 2008;
Pant et al., 2008; Bustos et al., 2010). However, this signalling
pathway and some of its target genes did not appear to be
active under Zn limitation either in shoots or in roots (Figs.
1 and 2; Jain et al., 2013). In particular, mutation in PHO?2
did not abolish the Pi overaccumulation response to Zn dep-
rivation. Altogether, these results revealed that PHRI plays a
role in Zn—P1i interaction but ruled out the involvement of the
already known PHR1-miR399-PHO?2 Pi-starvation signal-
ling cascade in this process. In this context, it is worth noting
that besides being involved in the regulation of Pi homeosta-
sis, PHRI is directly or indirectly involved in the control of
many other metabolic processes, such as sulphate transport
(Rouached et al., 2011a), ROS scavenging and detoxification,
and light reactions of photosynthesis and photorespiration
(Bustos et al., 2010). Interestingly, Bournier ez al. (2013) very
recently demonstrated that PHRI regulates the expression
of Arabidopsis FERRITIN 1 and is thus is a key element in
the coordination of iron and Pi homeostasis. In this context,
PHRI1 can be hypothesized as a central player coordinating
the interaction between Pi and metals in plants. The next
task will be to discover the new signalling pathways involv-
ing PHRI in the coordination of the Zn—Pi homeostasis to
develop a comprehensive understanding of this process.

The identification of key genes involved in the coregula-
tion of micro- and macronutrient homeostasis has become a
major focal interest. In this work, in addition to PHRI, PHO1
appeared as another player for the Zn—Pi interaction. PHO!
was necessary for the increase in Pi accumulation in the shoot
under Zn deficiency. Considering that PHOI is involved in Pi
loading in the xylem, the results suggest that PHO1 could be
a target in the Zn—Pi interconnection signalling pathway as
detailed below. The other potential targets of the Zn-Pi sig-
nalling interaction that were examined were the high-affinity
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Fig. 6. Expression pattern of PHO1;H3-GFP in Arabidopsis. pho1;h3 mutant was transformed with a PHO1;H3-GFP fusion construct
expressed under the PHO1;H3 promoter and fluorescence examined in roots (A-C) and cotyledons (D-F) of 5-d-old seedlings. (A)
PHO1;H3-GFP expression (green) in roots, (B) propidium iodine staining of the cell wall of root epidermal and cortical cells (magenta),
and (C) overlay of A and B. (D) PHO1;H3-GFP expression (green) in epidermal cells of cotyledon, (E) transmission image, and (F) overlay

of D and E. Bars = 20 um.

Pi transporters. In barley, Zn deprivation applied to plants
grown with an adequate supply of Pi was shown to induce the
expression in roots of genes encoding high-affinity Pi trans-
porters, which are usually overexpressed only in response to
Pi deficiency (Huang et al., 2000). Interestingly, in A. thali-
ana, no significant difference in the transcript accumulation
of the PHTI high-affinity Pi transporters in roots could be
observed in response to Zn deprivation in these experimen-
tal conditions (Fig. 3). This finding was in agreement with
transcriptomic data showing that the expression levels of the
PHTI genes were not affected by the application of Zn depri-
vation (Van de Mortel et al., 2006). Collectively, these results
indicate that the regulation of Pi acquisition from the soil
solution may differ between plants species in response to Zn
deficiency. It is, however, interesting to point that unexpect-
edly the transcript abundance of PHT1, 1 is upregulated in the
shoots of Arabidopsis Zn-deficient plants. The hypothesized
primary function of PHT1;1 is the uptake of Pi from the soil
and apoplastic space, particularly in roots (Nussaume et al.,
2011). Its precise physiological role in shoots and regulation
by Zn status requires further investigation. More studies on
regulation of PHT1 protein accumulation and Pi transport
activity are required to explain contribution of these Pi trans-
porters under Zn deficiency.

This work identified PHOI;H3 as an important player in
the crosstalk between Zn deficiency signalling and the regula-
tion of Pi homeostasis in Arabidopsis. Indeed, PHOI; H3 was
significantly induced by Zn deficiency (Fig. 4). Furthermore,
the phol,;h3 mutant accumulated similar levels of Pi as the wild

type in the control condition, but accumulated significantly
more Pi than the wild type when grown in Zn-free medium
(Fig. 8). This results is intriguing, since the similarity in the
expression pattern and subcellular localization of PHOI and
PHOI;H3 (Figs. 6 and 7) could be interpreted as an indication
that both genes play a similar role in Pi transport from root to
shoot. However, previous studies have shown that expression
of PHOI,; H3 under the control of the PHOI promoter failed
to complement the phol mutant (Stefanovic et al., 2007). An
attractive hypothesis to explain the results of this work would
be that PHOI,; H3 negatively regulates PHO1 activity in Pi
transport to the shoot under Zn deficiency. This hypothesis is
supported by the observation that PHO1 appears to be neces-
sary for the overaccumulation of Pi in the shoot in response to
Zn deprivation and that the phol phol;h3 double mutant dis-
plays an equivalent Pi content in the shoot as the pho/ mutant
regardless of the availability of Zn in the culture medium
(Fig. 8). It is tempting to speculate that PHO1;H3 and PHOI1
may directly interact to regulate the transfer of Pi to the shoot
in response to Zn limitation. The modulation of the activity of
PHOI as a result of a protein—protein interaction has already
been reported (Liu et al., 2012). This process involves PHO?2,
an E2-conjugase, which was shown to be a negative regula-
tor of PHOI activity via its degradation. PHO1 and PHO2
physically interact to regulate — and restrict — the transfer of
Pi to the shoot depending on the Pi status of the plant. Under
Pi deficiency, the abundance of the PHO2 protein is reduced,
which leads to an increase in the accumulation of the PHO1
protein and consequently enhances the capacity of the plant to
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Fig. 7. Coexpression of PHO1;H3-GFP with different subcellular markers in tobacco epidermal cells. Tobacco leaves were coinfiltrated
with Agrobacterium tumefaciens harbouring PHO1;H3-GFP and the plasma membrane marker CBL1-OFP (A), the ER marker Er-rk-
mCherry (B), the Golgi marker Manl-RFP (C), the trans-Golgi marker RFP-SYP61 (D), or PHO1-RFP (E). GFP signal is shown in green in
the left panel while mCherry-, RFP- and OFP-signals are shown in magenta in the middle panel as indicated. Colocalization of green and
magenta signals appears in white in the right panel. Bars = 10 um.

transfer Pi to the shoot. Plants have the ability to adjust their  contributes to limit Pi overaccumulation and the pho2 mutant
Pi absorption capacity to maintain Pi concentration within is characterized by Pi overaccumulation in shoots, leading to
physiological limits in their tissues. In this respect, PHO2 Pi toxicity (Delhaize and Randall, 1995; Dong et al., 1998;
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Fig. 8. Effect of the availability of Pi and Zn on Pi content in shoots of wild-type and mutant plants. Wild-type, pho1-2, pho1;h3-1,
pho1,h3-2, and pho1-2/pho1;h3-1 mutant plants as well as transgenic pho1,h3-1 mutant plants expressing a PHO1;H3::GFP fusion
(PHO1;H3c) were grown vertically on agar-solidified media containing 1mM Piand 15 uM Zn (+Pi,+Zn), 15 uM Zn and no Pi (-Pi,+Zn),
or 1mM Pi and no Zn (+Pi,—Zn). Pi concentrations were quantified in shoots of 20-d-old plants. Individual measurements were obtained
from the analysis of shoots collected from a pool of at least 10 plants. Error bars correspond to standard deviation from three biological
repeats. Asterisks indicate statistically significant differences compared to the +Pi +Zn treatment within each genotype (P <0.05).
Hashes indicate statistically significant differences between wild type and mutants under —Zn condition.
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Fig. 9. mRNA accumulation of the PHO7 gene in response to the
availability of Zn in wild-type and pho7;h3 mutant plants. Plants
were grown vertically on agar-solidified media containing 1 mM Pi
and 15 uM Zn (+Pi,+Zn), 15 uM Zn and no Pi (-Pi,+Zn), or 1mM
Pi and no Zn (+Pi,—Zn). Roots of 20-d-old plants were separately
harvested and mRNA accumulation was quantified by quantitative
reverse-transcription PCR. mRNA abundance was normalized to
the mRNA abundance of the UBQ70 control gene and expressed
as relative values against wild-type plants grown in +Pi,+2Zn
medium. Individual measurements were obtained from the analysis
of roots collected from a pool of at least 10 plants. Error bars
correspond to standard deviation from three biological replicates.

Aung et al., 2006). Interestingly, the present work suggests that
modulation of PHO1;H3 may be another mechanism limiting
excessive Pi accumulation. It will be necessary to further inves-
tigate whether PHO1;H3 interacts directly with PHO1 and as a
result can modulate its activity in response to Zn availability. In
Arabidopsis, 1t has already been shown for sulphate (Rouached
et al., 2008), potassium (Honsbein et al, 2009), and water
(Fetter et al., 2004; Zelazny et al., 2007) that the coexpression
of two different members of a multigenic family of transport-
ers can interact with each other to change their subcellular
location or activity, thus regulating the transport of the corre-
sponding nutrient. Such mechanisms are thought to fine-tune
plant metabolism and growth under different environmental
conditions and could also occur for Pi nutrition.
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