ABSTRACT
BOICO, IRINA. Arabidopsis thaliana High Affinity Phosphate Transporters PHT1;8 and
PHT1;9 are Important for Adaptation to Pi Stress. (Under the direction of Dr. Marcela
Pierce.)

Phosphorus (P) is a pivotal macronutrient for plant development, but often it is one of
the least available in the rhizosphere, having a negative impact on plant productivity. Plants
maintain proper P homeostasis by integrating and coordinating nutritional needs and
availability and respond by many adaptations. Improving phosphate (Pi) uptake in conditions
of Pi insufficiency is one of the critical adaptations to Pi deprivation in Arabidopsis thaliana,
achieved by the up-regulation of high-affinity phosphate transporters, which are members of
the PHOSPHATE TRANSPORTER 1 Family (PHT1). The aim of this study was to decipher
the role of the two PHT1 genes most induced by Pi starvation, PHT1;8 and PHT1;9. Reverse
genetics studies show that loss of function mutants for PHT1;8 and PHT1;9 have reduced
basal Pi levels in the shoots and display a reduced tolerance to Pi shortage, with augmented
rhizosphere acidification and anthocyanin accumulation. Conversely, the overexpression of
PHT1;8 or PHT1;9 results in a higher basal Pi, suggestive of enhanced Pi uptake and
possibly translocation. Genetic interactions amongst PHT1 genes is highly probable, as the
pht1;8 and phtl;9 mutants have increased PHT1;1/2/3/4 expression, and PHT1;8 and 1;9
transcripts accumulate at higher levels in the phtl;1/4 mutant. Fluorescent-protein
translational fusions to PHT1;8 and PHTL1;9 driven by a constitutive promoter show that
PHT1;8 and PHT1;9 localize predominantly to the endoplasmic reticulum (ER) and slightly
to the plasma membrane (PM). PM localization was more prominent in the root apical
meristem region, suggestive of a developmental control for the localization of these proteins.

Additionally, the PM pool of PHT1;8 and PHT1;9 is sensitive to Brefeldin A (BFA)



suggesting the active role of recycling in regulating the abundance of these proteins at the
PM. Despite the coinciding localization of PHOSPHATE2 (PHO2), an ubiquitin E2
conjugating enzyme, and PHT1;8/9 at the ER, the localization of PHT1;8/9 appears to be

independent of PHO2, although PHO2 exerts transcriptional control over PHT1;8.

Molecular aspects that underlie the antagonistic crosstalk between the iron and
phosphate homeostasis were characterized. The Pi-stressed mutants phtl;8, phtl;9 and
pht1;8 1;9 showed upregulation of Fe uptake-related genes, which suggested an interaction
between the Fe and P response pathways. Furthermore, Fe deprivation resulted in the
decreased abundance of phosphate starvation markers, hence the Fe availability differentially
affects Pi deficiency response. Similarly, mutants with compromised Fe homeostasis
displayed upregulation of phosphate starvation markers, indicating that part of the Pi-
deprived signaling network is more active in the mutants, in both Pi-replete and low Pi
conditions. Altogether, our results indicate that PHT1;8 and 1;9 are distinct, given their
unique dual-localization to PM and ER, that these transporters play important roles in the
adaptation to Pi deprivation, and that the signaling networks for P and Fe homeostasis

interact in a complex manner.
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CHAPTER 1
Phosphate Transport and Homeostasis
ABSTRACT

Phosphorus (P) is an essential macronutrient involved in an array of metabolic
processes critical for plant growth and development. The inorganic phosphate (H2PO4, Pi) is
the only form that can be readily used by plants and its uptake occurs via phosphate
transporters. Studies have shown that Pi is scarce in many soils worldwide, thus limiting plant
productivity. Phosphate fertilizers, which are being used extensively, are costly and have a
negative impact on the environment. In addition, phosphate rock, the major source for
phosphate fertilizers, is getting exhausted. Understanding how the plants respond and adapt to
Pi stress is of great interest for improving Pi uptake and Pi use efficiency and for reducing the
dependency on phosphate fertilizers.

Upon low Pi, plants employ a whole array of metabolic and physiological changes that
are geared towards a better exploitation of the topsoil, improved uptake and internal re-
utilization of the available phosphate. Major changes happen at the root system in order to
increase root surface area and allow access to the phosphate outside of the depletion zone. In
addition, secretion of acid phosphatases helps to release the bound phosphate, and it is coupled
with an enhanced Pi uptake as a result of the increased accumulation of high-affinity
PHOSPHATE TRANSPORTER1 (PHT1). Phosphate uptake via specialized PHT1 transporters
is one of the major bottlenecks during low Pi conditions, therefore it is important to investigate
the regulation of PHT1 transporters and the contribution of individual PHT1, so as to improve
the Pi uptake in plants. This review will summarize the existing knowledge on the role of

phosphate transporters and their regulation in response to Pi fluctuations.



INTRODUCTION

Water, light and nutrients are indispensable for plant growth and development.
Nitrogen, Potassium and Phosphorus (P) are the primary macronutrients involved in the most
essential plant cellular processes. Phosphorus in particular, is a structural component of the
nucleic acids sugar-phosphate backbone, ATP and phospholipids, as well as a key metabolite
required in essential biochemical processes such as photosynthesis, carbon fixation,
respiration, glycolysis and many others. Orthophosphate (Pi) is the only form of phosphate that
can be readily utilized by plants, and its availability is extremely scarce; even in very fertile
soils Pi concentrations fluctuate between 1.5-15 pM (Marschner, 1995m) while in plant tissues
it is a thousand fold higher (5-17 mM) (Holford, 1997). The Pi availability is even lower in
soil surrounding plant roots resulting in a depletion zone that closely correlates with the root
hair length (Marschner, 1995n). The depletion zone, however, can be extended beyond the root
hair area due to root- induced changes in the rhizosphere (Marschner, 19950). Given the low
mobility of phosphorus in the soil (Shen et al., 2011) this depletion zone is replenished slowly,
thus resulting in an additional constraint on plant productivity.

Soil composition and pH greatly affect the availability of Pi and other key nutrients.
Acidic and alkaline soils are the causes of significant micro- and macronutrient imbalances
with detrimental effects on plant growth (Marschner, 1995p). Phosphate availability is of
particular concern in areas with acidic or alkaline soils, given that at low pH fixation of Pi by
aluminum (Al) and iron (Fe) is predominant, while at high pH formation of calcium (Ca)
phosphates is favored. The fixation of Pi into insoluble complexes renders these compounds
inaccessible for absorption by plants, and therefore, results in a severe Pi-insufficiency in both

acidic and alkaline soils (Marschner, 1995m).



In industrialized countries, the phosphate deficiency in soils is compensated by
application of Pi fertilizers in order to improve crop yields. According to the Food and
Agriculture Organization of the United Nations (FAO) Report (FAO Fertilizer and Plant
Nutrition Bulletin, 18; http://www.fao.org), the world’s consumption for P in 2015 is predicted
to be 45 million tons and it is forecasted to grow annually at about a rate of 1.9%. According
to the 2013 United States Department of Agriculture Economic Research Service report
(USDA ERS, Fertilizer Use and Price; http://www.ers.usda.gov/data-products/fertilizer-use-
and-price.aspx), in 2011 the US alone consumed 4.3 million tons of phosphate fertilizer and
90% of it was produced locally, given that US is the second largest producer of phosphate after
China. The cost of phosphate fertilizer has been increasing steadily over the past decades and
it is projected to continue growing, posing a significant constraint on agriculture. The main
source of Pi fertilizer is phosphate rock, which is a costly and finite resource. The most
conservative estimates forecast phosphate rock to be exhausted in approximately 50 years
while the least conservative estimates predict depletion in about 500 years at the current rate
of consumption (Childers et al., 2011; Cordell et al., 2009; Edixhoven et al., 2013; Gilbert,
2009). The big discrepancy in the estimations are due to variable assessments of the size of
phosphate rock reserves.

Excessive Pi fertilizers are a major problem for the environment, being a significant
cause of cultural eutrophication in surface waters (Lee and Jones-Lee, 2004). In addition, due
to the composition and pH of many soils, more than 80% of the added Pi gets immobilized or
washed off, and becomes unavailable for plant uptake (Marschner, 1995p). Thus, it is of critical
importance to address this huge problem from a biotechnological perspective by looking into

novel and efficient strategies for crop improvement. For example, overexpression of



Arabidopsis PHT1;1 in tobacco-cultured cells led to increased biomass production during low
Pi (Mitsukawa et al., 1997). Thus, enhancing phosphate acquisition by upregulating high-

affinity phosphate transporters could be an effective strategy for increasing crop productivity.

Pi stress adaptations

Plants have developed an array of physiological and metabolic adaptations in order to
withstand conditions of constant fluctuations of Pi availability. These adaptations comprise
modifications of the root morphology through proliferation of the lateral roots and root hairs,
Pi acquisition through upregulation of specialized phosphate transporters, Pi recovery through
secretion of phosphatases and organic acids and Pi remobilization through catabolism of
phospholipids (Karthikeyan et al., 2014; Kobayashi et al., 2009; Lynch, 1995, Peret et al.,
2011; Plaxton and Tran, 2011; Ticconi and Abel, 2004; Veljanovski et al., 2006). Altogether,
the outcome of Pi deprivation is a drastic adjustment in the developmental program of the
plants for the purpose of achieving an adequate fitness. A better understanding of these
mechanisms will improve our ability to enhance plants to tolerate low Pi conditions.

The primary root growth arrest and the transition to a shallower root system architecture
during Pi deprivation is associated with the brassinosteroid (BR) signaling pathway. BRs are
a class of steroidal hormones that control numerous physiological processes, including but not
limited to root growth and development (Wei and Li, 2016). Two homologous transcription
factors, BRASSINOSTEROID INSENSITIVEL-ETHYL METHANESULFONATE-
SUPPRESSOR1/ BRASSINAZOLE RESISTANT2 (BES1/BRZ2) and BRASSINAZOLE
RESISTANT1 (BRZ1), regulate transcription of most genes downstream of

BRASSINOSTEROID INSENSITIVELl (BRI1) (Sun et al., 2010), a receptor-like kinase



involved in the BR signal transduction (Clouse et al., 1996; Sun et al., 2010). BRZ1 and
BES1/BRZ2 get inactivated by phosphorylation upon low levels of BR (Clouse, 2011; Singh
etal., 2014). Interestingly, BRZ1 and BES1/BRZ2 also participate in the regulation of the root
growth in response to Pi deprivation, given that constitutively active mutants of these
transcription factors result in reduced inhibition of the primary root triggered by low Pi (Singh
et al., 2014). Furthermore, upon reduced Pi, BES1 localization shifts from nucleus to the
cytoplasm, thus rendering it inactive, and resulting in shallower root architecture (Singh et al.,
2014). Altogether, these results are pointing to the existence of a crosstalk between the local
Pi sensing and the BR signaling pathway that allows developmental plasticity of the root during
Pi-deficiency.

Root hairs have a particular importance in increasing the root surface area. In fact,
during Pi deprivation root hair length and density increases more than 5-fold as a result of the
increase in the number of the trichoblasts in the cortical cells (Bates and Lynch, 1996; Bates
and Lynch, 2000). For this reason, the ROOT HAIR DEFECTIVE (RHD) class of mutants have
been useful as tools to dissect the role of root hairs during phosphate poor conditions
(Schiefelbein and Somerville, 1990). More specifically, rhd2, which has lower root hair
elongation and rhd6, with a reduced root hair density, have been shown to have a lower root
surface area, shoot biomass, and overall lower growth rate during Pi stress compared to the
wild type (WT) Arabidopsis seedlings (Bates and Lynch, 2000). These results highlight the
importance of root hair proliferation in adapting to Pi deficit.

Auxin and ethylene are the phytohormones involved in controlling root hair growth
under Pi starvation (Lopez-Bucio et al., 2002; Ma et al., 2003; Nacry et al., 2005; Zhang et al.,

2003; Zhang et al., 2014). Ectopic application of auxin or the ethylene precursor 1-



aminocyclopropane-1-carboxylic acid (ACC) promotes an increase in root hair length and
density in WT Arabidopsis seedlings and restores the normal root hair growth and density in
the rhd6 mutant (Masucci and Schiefelbein, 1994). However, Pi-induced root hair changes are
at least partially independent of auxin and ethylene (Zhang et al., 2003), since Pi-starvation is
able to stimulate root hair growth in hairless auxin-resistant (axrl and axr2) and auxin-
insensitive mutants (auxl1) and in ethylene-resistant (etrl) and ethylene-insensitive (ein2)
mutants (Ma et al., 2003; Schmidt and Schikora, 2001). Taken together, auxin and ethylene
collectively, have a substantial contribution to the regulation of root hairs in response to Pi
deprivation. However, it is not clear whether the phytohormonal-induced restructuring of the
root system actually results in an improved Pi acquisition.

Upon Pi stress, plants acclimate by increasing phosphate acquisition, either by
upregulating the high-affinity phosphate transporters or by promoting symbiotic associations
with certain fungi. Most vascular flowering plants form symbiotic fungi associations, such as
arbuscular mycorrhizae (AM) for the purpose of Pi uptake (Harrison, 1997; Harrison, 2005;
Harrison et al., 2002; Vance, 2001). The AM fungi are obligate biotrophs that participate in
symbiotic relationships with plants to facilitate phosphate uptake, while the plants provide the
necessary carbon supply to the fungi. The mycorrhizae growth adds more surface area to the
roots, thus allowing greater access to phosphate, but AM are also able to uptake the least
soluble forms of phosphate that plants would not be able to uptake otherwise (Harrison et al.,
2002; Marschner, 19950). While AM have the capacity to store excess phosphate in the
polyphosphate (Poly-P) form, however, the AM delivers only inorganic phosphate to the plant
via low affinity phosphate transporters across a specialized symbiotic membrane, also known

as the periarbuscular membrane (Harrison et al., 2002). Conversely, Arabidopsis and other



Brassicas are incapable of forming symbiosis with AM, thus these plants rely heavily on Pi
uptake from the soil via specialized phosphate transporters, which are referred to as the entry
points for Pi into roots. Thus, Arabidopsis is a good model system for deciphering the
contribution of phosphate transporters to Pi homeostasis.

Many plants respond to Pi starvation by an increased production of various nucleases
and phosphatases. Acid phosphatases (APases) and ribonucleases (RNases) are important in
scavenging usable Pi, by hydrolysis of intra- and extra-cellular organic P pools, in order to
prevent perturbation in growth. APases are a very large and diverse class of proteins, a subclass
of which is called purple APases (PAPs). Arabidopsis has 29 PAPs (Li et al., 2002; Tran et al.,
2010) and a few of these proteins have been implicated in Pi scavenging. For instance,
AtPAP26 is involved in scavenging Pi from intracellular stores (Veljanovski et al., 2006), while
AtACP5/PAP17 is important for Pi recovery from older tissues (del Pozo et al., 1999). Other
PAPs, such as AtPAP12 can be secreted to the rhizosphere (Li et al., 2002). Additionally, plants
exposed to Pi-starvation exude organic acid, into the rhizosphere for the purpose of releasing
of Pi from Al-, Fe- and Ca-P complexes commonly found in soils (Narang et al., 2000).
Phosphate-efficient Arabidopsis accessions have been shown to secrete more organic acids
than their less efficient counterparts to enhance phosphate availability in the proximate
rhizosphere (Narang et al., 2000). Low Pi induces the accumulation of S- like RNases (RNS)
which might be involved in remobilization of Pi from intra- and extra-cellular RNA sources
(Bariola et al., 1994). Overall, the Pi recycling and Pi mobilization from organic P compounds
are very important strategies for adaptation to Pi deprivation, and these are most commonly
coupled with the upregulation of phosphate transporters to promote the uptake and

redistribution of the newly available Pi.



Lastly, upon extended Pi stress, lipid metabolism is significantly altered in order to
conserve the limited phosphate pools. Phospholipid catabolism is increased (Gaude et al.,
2008; Kobayashi et al., 2009; Yamaryo et al., 2008) and it is compensated by an enhanced
synthesis of sulfolipids (Essigmann et al., 1998) and galactolipids (Benning and Ohta, 2005;
Gaude et al., 2008; Kobayashi et al., 2009) in order to repurpose the obtained Pi for other
essential processes. Altogether, plants employ an array of adaptations in order to withstand
low Pi levels, highlighting their vast plasticity given that all of the processes mentioned above

are reestablished when Pi homeostasis is restored.

Signaling under low Pi

Pi accumulation in plants is tightly regulated given that too much phosphate is toxic,
while too little P is lethal, thus Pi levels are subject to strict regulation with the integration of
both local and systemic sensing and signaling. External Pi availability is sensed in the roots as
shown by split-root experiments (Burleigh and Harrison, 1999; Franco-Zorrilla et al., 2007;
Liu et al., 1998; Thibaud et al., 2010), while the internal Pi status is monitored in the shoots,
provided that P itself acts as a signal. Moreover, external application of phosphite (Phi), a non-
metabolizable phosphate equivalent, is able to mimic a state of Pi sufficiency and attenuate
most Pi stress responses (Berkowitz et al., 2013; Danova-Alt et al., 2008; Jost et al., 2015b;
Ticconi et al., 2001; Ticconi and Abel, 2004; Varadarajan et al., 2002), indicating that Phi
compromises phosphate sensing. Phostin (PSN) on the other hand, is a drug that elicits Pi-
starvation responses when phosphate is plentiful, thus uncoupling Pi content from Pi
homeostasis (Bonnot et al., 2015). Altogether, Phi and PSN have been particularly useful tools

for dissecting the local and systemic phosphate starvation responses.



Upon Pi stress, movable signals such as cytokinins, miRNAs, sugars and Pi itself, are
employed for the systemic regulation of PHOSPHATE STARVATION- INDUCED (PSI) genes,
being critical components of the Pi signaling (Bari et al., 2006; Doerner, 2008; Hermans et al.,
2006; Karthikeyan et al., 2007; Lin et al., 2008; Martin et al., 2000; Pant et al., 2008; Zhou et
al., 2008). Cytokinins play an important role in Pi signaling. In fact, exogenous cytokinin
application is able to repress certain PSI genes in Arabidopsis and rice (Brenner et al., 2005;
Martin et al., 2000; Wang et al., 2006). Endogenous levels of cytokinin and its receptors
decrease under Pi-starvation; in addition, the reduction in its concentrations is a prerequisite
for a proper Pi starvation response (Brenner et al., 2005; Franco-Zorrilla et al., 2007,
Karthikeyan et al., 2002; Martin et al., 2000; Shin et al., 2006).

Internal Pi status is controlled by PHOSPHATE STARVATION RESPONSE 1
(PHR1) and by its closest homologue PHR1-LIKE (PHL1), MY B-related transcription factors
(Bustos et al., 2010; Nilsson et al., 2007; Puga et al., 2014; Rouached et al., 2011; Rubio et al.,
2001). PHR1 is a major constituent of Pi signal transduction given that it controls more than
70% of PSI genes and its activity is required for proper Pi starvation response in plants (Bustos
et al., 2010; Nilsson et al., 2007; Rubio et al., 2001; Zhou et al., 2008). More specifically,
PHR1 binds to a GNATATNC cis element common to most PSI genes, called the P1BS (PHR1
specific binding sequence) element to activate their expression (Nilsson et al., 2007). Induction
of PSI genes is important for internal Pi homeostasis, as these genes are involved in
reutilization and reallocation of available internal phosphate pools and in enhancement of Pi
acquisition from the rhizosphere. PHR1, in turn, is activated by sumoylation via SIZ1 (Figure
1), which is a small ubiquitin-like modifier (SUMO) E3 ligase (Miura et al., 2005). Although,

SIZ1 is an activator of PHRL, it acts as a negative regulator of certain components in Pi



starvation-dependent signaling that controls Pi uptake, root architecture modifications and
anthocyanin buildup (Miura et al., 2005). This is very intriguing, given that most of the
components negatively regulated by SIZ1 are downstream of PHR1. Further investigations are
needed to unravel the role of SI1Z1lin the PHR1-dependent and independent responses to Pi
deprivation.

MicroRNAs play a key role in the post-transcriptional regulation of PSI genes in
response to low Pi. A well-characterized response to low Pi involves the accumulation of
microRNA399 (miR399) (Figure 1) in the shoots as early as 24 hours post Pi-starvation (Bari
et al., 2006; Fujii et al., 2005). However, PHRL1 is required for miR399 induction given that
phrl is unable to accumulate miR399 (Bari et al., 2006). Upon induction, miR399 is
transported via the phloem from shoots to roots (Pant et al., 2008), where it targets
PHOSPHATE2 (PHO2 or UBC24) an ubiquitin E2 conjugating enzyme (Figure 1). Therefore,
miR399 is considered to be a systemic signal involved in long distance communication from
the shoot to the root (Doerner, 2008; Lin et al., 2008; Pant et al., 2008; Schachtman et al.,
1998). The 5’UTR of PHO2 transcripts contain several miR399 binding sites, which results in
the degradation of this transcript via ARGONAUT-mediated cleavage. Both pho2 mutant and
miR399 over-expressing plants show similar phenotypes including increased Pi uptake,
translocation and retention of Pi in the shoots, and therefore, hyper-accumulation of Pi in the
shoot (Aung et al., 2006; Chiou et al., 2006). This indicates that miR399 and PHO2 act in the
same Pi signaling pathway (Bari et al., 2006; Chiou et al., 2006). Under Pi sufficient
conditions, high PHOZ2 activity results in low expression of the high-affinity PHOSPHATE
TRANSPORTER 1 (PHT1), since pho2 mutants accumulate higher levels of PHT1;8 and 1;9

transcripts when compared to WT (Aung et al., 2006). It is not known, however, how PHO2
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function results in transcriptional repression of PHT1;8 and PHT1;9. When the shoot senses
limiting Pi, PHOZ2 is targeted by miR399, this relieves the repression off the high affinity
transporter genes, and results in increased Pi transporter expression in the root. In addition,
when Pi is limiting, the expression of the INDUCED BY PHOSPHATE STARVATIONL1 (IPS1)
and At4/1PS2 genes is highly induced (Figure 1) (Liu et al., 1997; Shin et al., 2006). IPS1 and
At4/1PS2 are members of the same family of non-coding RNA, and function as riboregulators
thru interfering in the miR399-mediated silencing of PHO2 by target mimicry (Figure 1)
(Franco-Zorrilla et al., 2007; Liu et al., 1997). Therefore, miR399 plays an important role in
Pi homeostasis by regulating the proteolysis machinery in a Pi-dependent manner.

Another microRNA, miR827, is induced significantly upon Pi stress. The target of
miR827 is NITROGEN LIMITATION ADAPTATION (NLA), which encodes a protein with an
SPX domain in the N-terminus and a putative E3 ligase domain at its C-terminus (Lin et al.,
2013; Peng et al., 2007). Loss of NLA results in hyper-accumulation of Pi in the shoots (Kant
et al., 2011) similar to pho2. NLA in turn, targets for degradation specific PHT1 proteins (Lin
et al., 2013; Park et al., 2014). NLA might also be involved in phosphate sensing, given that
proteins with an SPX motif, such as PHO81 and PHO87, have been implicated in Pi sensing
in yeast (Duan et al., 2008; Ghillebert et al., 2011; Hurlimann et al., 2009; Swinnen et al.,
2005). Unlike phosphate transporters in yeast, Arabidopsis high-affinity phosphate
transporters lack an SPX motif and are not involved in sensing (Ayadi et al., 2015).
Interestingly, the recently identified vacuolar Pi transporters contain an SPX motif that
modulates their transport activity, however it is unclear whether this motif is important for Pi
sensing (Liu et al., 2015; Liu et al., 2016). An Arabidopsis SPX motif-containing nuclear

protein, SPX1, has been shown to directly interact with PHR1 (Figure 1). This interaction

11



results in PHR1 inhibition in a Pi-dependent manner, thus linking Pi sensing and signaling
(Puga et al., 2014). Overall, the SPX motif is essential for Pi sensing, signaling and transport,

therefore it plays a major role in Pi homeostasis.

Pi transport and translocation

Two types of active carriers of Pi are known in plants, high- and low-affinity Pi
transporters. High-affinity transporters are involved in acquisition of Pi from soil solution
when Pi levels are in the micromolar range (Rausch and Bucher, 2002). Low-affinity
transporters are involved in Pi uptake when Pi levels are in the milimolar range, and in Pi
distribution and remobilization across the plant including the translocation from root to shoot
(Raghothama, 1999). In addition, there are intracellular phosphate transporters that function in
redistribution, compartmentalization or storage of Pi.

Pi moves within the root via apoplastic or symplastic transport. Pi levels are estimated
at 2 UM or less in the apoplast, but they are thousand fold higher in the cytoplasm. This large
concentration gradient across the plasma membrane implies that Pi uptake into the cytosol
requires an energy-driven transport mechanism. Once Pi is imported into the cell, it gets
compartmentalized in various organelles such as chloroplasts, mitochondria and mainly the
vacuole, where Pi concentrations reach roughly 120 mM. The Pi stored in the vacuole
corresponds to 85-95% of the total Pi available in a particular cell (Lauer et al., 1989; Mimura
et al., 1990). The cytoplasmic Pi levels by and large stay constant, while the vacuolar Pi pools
fluctuate depending on the Pi demand. Vacuolar Pi levels can even get exhausted during low
Pi conditions, as confirmed by the noninvasive measurements of vacuolar pools by *!P-NMR

(Lee etal., 1990; Mimura et al., 1990; Pratt et al., 2009). Additionally, Pi transport across the
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tonoplast membrane requires ATP (Massonneau et al., 2000). Phosphate transporters at the
tonoplast have been identified in plants only recently (Liu et al., 2015; Liu et al., 2016), though
it is unclear whether these proteins transport Pi into the vacuole, out of it or bidirectionally.

There are five PHOSPHATE TRANSPORTER (PHT) families in Arabidopsis: PHT1,
PHT2, PHT3, PHT4 and PHT5. All PHT families belong to the Pi:H+ Symporter Family
(PHS), which in turn are part of the Major Facilitator Superfamily (MFS). PHT1 family
proteins are high-affinity phosphate transporters, mostly constrained to the roots and involved
in the active uptake of Pi. The PHT2 family consists of a single copy gene that encodes for a
low affinity transporter, restricted to chloroplasts and it plays a role in Pi redistribution in
shoots (Versaw and Harrison, 2002). The PHT3 family is composed of 3 mitochondria-
localized low affinity transporters which might function as Pi translocators (Poirier and
Bucher, 2002). The PHT4 family comprises 6 Pi antiporters, 5 of which are localized to
plastids, while PHT4;6 localizes to the Golgi apparatus and transports Pi out of the Golgi
(Cubero et al., 2009; Guo et al., 2008). The PHT5 Family has been identified most recently,
and it consists of three partially redundant vacuolar transporters that regulate cytoplasmic Pi
levels (Liu et al., 2015; Liu et al., 2016). Interestingly, PHT5 proteins contain an SPX domain,
a distinctive feature, which is not present in other PHT transporters. Moreover, the SPX motif
is very important for the transport activity of PHT5 (Liu et al., 2015; Liu et al., 2016).

A class of Pi exporter proteins, PHOSPHATE1 (PHO1), plays important roles in Pi
homeostasis, however these proteins show no homology to PHT proteins (Arpat et al., 2012;
Stefanovic et al., 2007; Wang et al., 2004). PHO1 proteins are involved in Pi translocation
from root to shoot and more specifically, regulate the efflux of phosphate (Stefanovic et al.,

2011). In addition, PHOL1 contains a SPX domain, thus it may be involved in Pi sensing. Loss
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of PHOL1 affects Pi homeostasis, resulting in lower Pi levels in shoots (Poirier et al., 1991) but
normal levels in the roots, indicating that the Pi loading of the xylem is impaired. PHO1
localizes to the Golgi and trans-Golgi network (TGN) (Arpat et al., 2012) similarly to PHT4;6,
implicating these organelles in Pi homeostasis. Altogether, the intra- and inter-cellular Pi

movement, and Pi compartmentalization are very important for proper Pi balance.

Transcriptional regulation of PHT1 genes under low Pi

It has been shown that, under Pi-starvation, plants have developed a plethora of
adaptation mechanisms to withstand and thrive, one of the most important being the increased
uptake of Pi via PHT1. The PHT1 family of high- affinity transporters has nine members in
Arabidopsis thaliana and these are homologous to PHO84 in yeast (Muchhal et al., 1996;
Raghothama, 2000). PHT1 are upregulated specifically during Pi-stress, as shown by promoter
analyses (Karthikeyan et al., 2002; Muchhal et al., 1996; Muchhal and Raghothama, 1999;
Mudge et al., 2002). The gene expression profiles of PHT1 are predominantly, but not
exclusively restricted to roots, and they have a somewhat overlapping pattern in both low and
high Pi regimes (Misson et al., 2004; Muchhal and Raghothama, 1999; Mudge et al., 2002).

PHT1;1 is expressed in roots, hydathodes and axillary buds of leaves and in the
germinating seeds under both low and high Pi. However, under low Pi there is an induction in
PHT1;1 in the root. Strong PHT1;1 expression was detected in the epidermis and cortex of the
root hair zone, while the trichoblasts had a higher PHT1;1 expression (Table 1) (Mudge et al.,
2002). PHT1;2 had a similar transcriptional profile to PHT1;1, however it lacked expression
in the root tip (Table 1). Conversely, PHT1;3 was expressed predominantly in the stele of the

primary root and weakly in the vascular tissue of young leaves (Mudge et al., 2002). PHT1;4
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expression is induced by Pi starvation predominantly in the roots and root caps, more
specifically, in the epidermis and cortex and stele of the secondary roots (Table 1). PHT1;4
may play a role in Pi uptake and remobilization given that the distribution of Pi is affected in
the pht1;4 mutants (Misson et al., 2004). In addition, PHT1;4 promoter activity was detected
in the aerial parts of the plant, in the apical meristems, and the trichomes and hydathodes of
leaves, which is consistent with the in-situ hybridization data (Misson et al., 2004; Mudge et
al., 2002). In contrast to PHT1;1/2/3/4, PHT1;5 is expressed mainly in the shoots (Table 1). In
young seedlings PHT1;5 is detected in all tissues, while in older plants it is limited to the
vasculature (Mudge et al., 2002). PHT1;6 and PHT1;7 are expressed in mature pollen, and
flowers at stages 9, 10 and 11, additionally, PHT1;6 was also detected in vascular tissue in the
cotyledons during flowering (Table 1). PHT1;8 and PHT1;9 promoter activity was undetected,
however these genes are expressed exclusively in the roots primarily upon Pi stress (Table 1)
(Mudge et al., 2002). The transcriptional profiles of PHT1;1/2/3/4 are overlapping to a great
extent which also suggests there is a great degree of functional redundancy (Ayadi et al., 2015).
Overall, the expression profile of PHT1 genes suggests that there is tight regulation at the
transcriptional level dependent upon Pi availability and that PHT1 genes might have additional
roles other than Pi uptake but also Pi redistribution and Pi mobilization (Misson et al., 2004;
Mudge et al., 2002). Despite the PHT1 redundancy there is significant evidence that individual
PHT1 genes undergo distinct posttranscriptional and posttranslational control (Aung et al.,
2006; Bayle et al., 2011). For instance, only PHT1;8 and PHT1;9 are induced in the phosphate
over-accumulator mutant pho2 (Aung et al., 2006). In addition, the regulation of PHT1 might

differ, given that only PHT1;8, PHT1;4 and PHTL1;5 are systemically regulated by Pi-
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deficiency at the transcriptional level (Thibaud et al., 2010). The specific contribution of

individual PHT1 genes needs to be further investigated.

PHT1 protein trafficking

The abundance of proteins at the plasma membrane (PM) is controlled by the
anterograde and retrograde intracellular vesicular trafficking, exocytosis, and endocytosis. PM
proteins are predicted to be targeted to their final destination via the endomembrane system
(ES). The ES includes the endoplasmic reticulum (ER), the Golgi apparatus, the trans-Golgi
network (TGN), the pre-vacuolar compartments (PVCs, or multivesicular bodies, MVB), the
recycling endosomes, and the plasma membrane (PM) (Park and Jirgens, 2011; Richter et al.,
2009). As PM proteins travel through the endomembrane system, at each step there is a
possibility of anterograde and retrograde trafficking. In plants, the TGN corresponds to the
early endosome (EE) (Dettmer et al., 2006; Viotti et al., 2010), and is a sorting hub for
endocytic and secretory pathways (Viotti et al., 2010). The pre-vacuolar compartment (PVC)
corresponds to the multivesicular bodies (MVB), functions similarly as the late endosome of
animal cells, and may eventually fuse with the vacuole (Viotti et al., 2010). Trafficking of the
PHT1 proteins is expected to involve the ER, Golgi, TGN and PM, given that these proteins
contain twelve transmembrane domains and are predicted to be PM localized.

As all membrane proteins, PHT1;1 is synthesized at the ER, however its exit from the
ER is conditioned by PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1 (PHF1),
which is related to the Sec12 protein in yeast and facilitates efficient PHT1 targeting to the PM
(Chen et al., 2011; Gonzalez et al., 2005). However, Pi uptake is not completely abolished in

the loss of function phfl mutant (Nussaume et al., 2011). When Pi is abundant PHT1;1 is
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retained at the ER, thus not delivered to PM, by phosphorylation at conserved serine residues
on the C-terminus (Bayle et al., 2011; Hem et al., 2007; Nuhse et al., 2004). The kinase that
phosphorylates the rice PHT1 homologue, OsPT8, has been identified as the B3 subunit of the
CK2 hetero-tetramer kinase (CK2B3) (Chen et al., 2015). The phosphorylated OsPT8 was
unable to interact with PHF1 and was retained at the ER. Additionally, phosphorus starvation
promoted CK2B3 degradation, relieving the negative regulation of OsPT8 during Pi-stress
conditions (Chen et al., 2015). Thus, the posttranslational control of PHT1 is in tight
coordination with the Pi status of plants.

Most PM proteins cycle between the plasma membrane and the early endosome/TGN
compartments, as exemplified by auxin transport proteins (PINs, AUX) and hormone receptors
(BRI1), for the purpose of regulating protein abundance at the PM (Abas et al., 2006; Geldner
etal., 2003; Geldner etal., 2001; Kleine-Vehn et al., 2006; Kleine-Vehn et al., 2008; Russinova
et al., 2004). After endocytosis, these proteins may be recycled back to the plasma membrane
or they may be trafficked to the vacuole for degradation. In fact, when Pi levels are low these
proteins are recycled back to the PM and exit from the ER of the newly synthesized transporters
is promoted (Bayle et al., 2011).The fungal macrocyclic lactone Brefeldin A (BFA) is used as
an efficient trafficking inhibitor of the endosomal recycling mediated by the ARF GEF,
GNOM in Arabidopsis (Geldner et al., 2003). The high affinity phosphate transporter PHT1;1
and the auxin transporters PIN1, PIN2, AUX1 have been shown to accumulate in BFA
endosomes (Geldner et al., 2001; Kleine-Vehn et al., 2006; Kleine-Vehn et al., 2008; Bayle et
al., 2011). When Pi levels are high, PHT1;1 undergoes endocytosis and is trafficked to the
vacuole for degradation. The targeting for degradation by ubiquitination of PHT1;1 and/or

PHT1;4 is achieved by cooperative NLA and PHO2 action (Lin et al., 2013; Park et al., 2014).
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The ubiquitinated PHT1;1 is packaged into MVBs with the contribution of ALIX1, which
associates with ENDOSOMAL COMPLEX REQUIRED FOR TRANSPORT I (ESCRT-I111)
(Cardona-Lopez et al., 2015). Therefore, the abundance of the PHTL1 proteins is tightly
regulated and it is by and large Pi-dependent.

Although, all nine PHT1 proteins in Arabidopsis have a high degree of similarity at the
amino acid level, their C-termini are rather distinct. This is very interesting given that the
substrate recognition in the high affinity phosphate transporter in Piriformospora indica (PiPT-
a root colonizing fungus) happens mostly at the C domain of this protein (Pedersen et al.,
2013). Additionally, PHT1;6/8/9 proteins differ from the other PHT1 family members in that
they contain a predicted Proline, glutamic acid (E), Serine, Threonine (PEST) motif at their C-
termini. Interestingly, a PEST motif is also present in PHO84, the dual-affinity phosphate
transporter and transceptor in yeast (Estrella et al., 2008; Lagerstedt et al., 2004). Proteins with
known PEST sequences are short-lived and subject to quick degradation ( Rechsteiner and
Rogers, 1996). Additionally, these motifs can be located anywhere on the protein, but most
commonly at the C-terminus, and are often conditionally activated rather than being
constitutive cleavage signals ( Rogers et al., 1986; Rechsteiner and Rogers, 1996). Less than
10% of all mammalian proteins contain a PEST motif, though it is unknown how many plant
proteins possess this domain. The truncation of the PEST motif is thought to result in
metabolically more stable proteins (Rechsteiner and Rogers, 1996). Conversely, adding a
PEST motif to a stable protein results in a quickly-degradable protein (Salama et al., 1994).
The presence of the PEST domain in PHT1;6/8/9 could mean that these proteins are targeted

for a rapid degradation and may be indicative of distinct posttranslational regulation and
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trafficking. The importance of the PEST motif in the PHT1;6, PHT1;8 and PHT1;9 needs to

be investigated in the future.

Structural and functional analysis of PHT1 transporters

A protein structure is important for its function and may provide clues about its mode
of action. The structure of PHTL1 transporters is typical for active carriers with twelve
transmembrane domains (M1-M12) and cytosolic loops alternating between the extracellular
and cytosolic space (Muchhal et al., 1996). Both, the amino- and carboxyl- termini are
predicted to face the intracellular space and this topology was confirmed by the crystal
structure of PiPT (Pedersen et al., 2013). According to the crystal structure analysis, inorganic
phosphate binds to PiPT at specific and highly conserved residues on M4, M5, M7 and M10,
while the affinity for Pi is provided by the lysine 459 on M11. The cytosolic tunnel, formed in
the middle of the M domains allows proton translocation into the cytosol. Additionally, the
crystal structure of the PiPT suggests a role in phosphate import (Pedersen et al., 2013). Based
on the PiPT high similarity to PHO84 and thus to PHT1 proteins, the sites important for PHT1
function can be inferred. In fact a recent study used targeted mutagenesis of AtPHT1;1 on the
tyrosine312 (Y312) located on the M7 to show that this residue is crucial for the formation of
PHT1;1 homodimers and PHT1;1-PHT1;4 heterodimers (Fontenot et al., 2015). Rigorous
testing is required in order to confirm which of the residues are critical for the proper function
of individual PHT1 transporters, given that there is a fair amount of dissimilarities at the amino
acid level. In conclusion, modeling and targeted mutagenesis based on the PiPT crystal

structure as a template will be instrumental for uncovering the role of PHT1 transporters and
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whether formation of homo- and hetero-dimers is required for all PHT1 proteins for proper
function.

All AtPHT1 proteins are presumed to be functionally redundant and to have the same
affinity for phosphate, however, this has not always been the case. Shin et al. (2004)
corroborated that the major role in Pi uptake was provided by PHT1;1 and PHT1;4, since loss
of both of the transporters results in a drop of Pi uptake by ~43% during Pi deprivation and
~70% during sufficient Pi. In fact, pht1;1 pht1;4 double mutants exhibit significant biomass
loss and upregulation of phosphate starvation markers (Shin et al., 2004). PHT1;4 alone is
responsible for 40-48% Pi uptake given that this is how much Pi absorption capacity is lost in
the pht1;4 mutant under low Pi conditions (Misson et al., 2004). Otherwise, no growth defects
or visible phenotypes of pht1;4 were observed even under fluctuating Pi (Misson et al., 2004).
In addition, overexpression of AtPHT1;1 in tobacco cells induced a doubling in Pi uptake and
enhanced growth under Pi-limiting conditions (Mitsukawa et al., 1997), suggesting that the
function of high affinity phosphate transporters is conserved throughout plant species.

PHT1,;5 has been shown to play a role in translocation of Pi from source to sink organs
using a reverse genetics approach (Nagarajan et al., 2011). In WT Arabidopsis PHT1;5
transcripts were induced by low P in both roots and shoots, consistent with a role in both roots
and shoots. The role of PHT1;5 was elegantly tested in the phtl;5 mutant alleles exposed to
3P, pht1;5 displayed 35-40% lower *P distribution compared to WT, while the decrease for
phtl;1-2 was about 20% (Nagarajan et al., 2011). These results indicated that PHT1 proteins
are involved in Pi translocation in addition to Pi uptake. Nonetheless, the subcellular
localization of AtPHT1;5 has not been reported so far. Clearly, all PHT1 transporters need to

be tested for their implication in Pi uptake and translocation, by using **P, before assuming
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they are involved in Pi uptake exclusively. Convincing evidence, such as the one presented
above, is missing.

To date, AtPHT1;6 has been poorly characterized. It is known that its promoter is active
in anthers and mature pollen (Mudge et al., 2002). Similarly, AtPHT1;7has not been well
characterized, so far it has been shown that its promoter is active in mature pollen (Mudge et
al., 2002). No promoter activity was detected in the case of PHT1;8 and PHTL1;9 in
promoter:GUS fusions indicating that these genes are of low abundance (Mudge et al., 2002),
however the possibility that the promoter fragments chosen were too short and/or lacking
important regulatory elements cannot be dismissed.

The characterization of PHT1;8 and PHT1;9 is starting to emerge, but there are plenty
of gaps that need to be filled. The most recent report argues that PHT1;8 and PHT1;9 play a
role in root-to-shoot translocation, since the loss of these transporters results in normal Pi
content in the roots and lower Pi content in the shoots (Lapis-Gaza et al., 2014). Nevertheless,
these data contradict a previously published paper by Remy et al. in 2012, which specified that
PHT1;8 and 1;9 mediate Pi acquisition. PHT1;8 and 1;9 are least similar to PHT1;1-1;4, and
their transcriptional profiles are rather distinct because they are induced exclusively by low Pi.
Moreover, PHT1;8 and 1;9 transcripts increase upon degradation of PHO2 (Aung et al., 2006).
Plants with overexpressed miR399 or lacking PHO2, over-accumulate phosphate due to
increased Pi uptake and remobilization. Therefore, it was postulated that PHT1;8 and PHT1;9
are downstream of PHO2 even though these are not its direct targets (Huang et al., 2013).

PHT1;9 localizes to the PM (Remy et al., 2012), while PHT1;8 localization has yet to
be reported. In addition, PHT1;8 and PHT1;9 share a high degree of amino acid identity while

being less similar to the remaining PHT1 members. It is obvious that the high degree of PHT1
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regulation at various levels confirms the important role these transporters play in Pi acquisition
and homeostasis, however, there might be additional layers of control specific to a subgroup
of PHT1 that require testing. For example, PHT1;6, 1;8 and 1;9 are predicted to have PEST
motifs that would target these proteins for rapid turnover (Rechsteiner and Rogers, 1996).
Further investigation is necessary to uncover the intricate regulation and functions of the PHT1
transporters that play such a vital role in Pi acquisition and homeostasis.

Understanding the exact role of each individual PHT1 member in Pi homeostasis is still
lacking. To this end, knowing the intracellular localization and distribution of these proteins
would aid in deciphering PHT1 function. Thus far, only PHT1;1 and PHT1;4 have been shown
to form homo- and heterodimers (Fontenot et al., 2015) and this needs to be further investigated
for the fellow PHT1 transporters. Furthermore, the interacting partners of PHT1 and how these
interactions affect their structure/ function have not been reported. Lastly, the impact of Pi
itself in regulating PHT1 proteins remains to be further investigated. Reverse genetics, forward
genetics, chemical genetics and a rich array of pharmaceutical agents can be employed to

dissect the specific role that each of these transporters play in Pi homeostasis.
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CONCLUSION AND FUTURE DIRECTIONS

Plants require abundant phosphorus for proper growth and high yields, since P is a
fundamental macronutrient. Despite its high abundance in soils, its bioavailability is limited
due to the inability of plants to uptake phosphorus other than the inorganic form. Plants have
evolved a whole suite of responses targeted to improve phosphorus use efficiency, phosphate
availability in the rhizosphere and its subsequent uptake. Phosphate transporters are critical for
processes such as Pi uptake, allocation and remobilization within plants and thus have a great
potential to be used as targets for crop improvement. The regulation of PHT1 transporters and
its impact on the overall Pi homeostasis have been thoroughly researched and key players and
mechanisms have been uncovered in the past few years (Bayle et al., 2011; Cardona-Lopez et
al., 2015; Chen et al., 2011; Fontenot et al., 2015; Gonzélez et al., 2005; Huang et al., 2013;
Jost et al., 2015; Kant et al., 2011; Lapis-Gaza et al., 2014; Pedersen et al., 2013; Remy et al.,
2012; Thibaud et al., 2010). However, virtually nothing was known about the role, subcellular
localization and trafficking of PHT1;8 and PHT1;9 when this project started in 2010.

This dissertation is focused on the contribution of the high affinity phosphate
transporters, PHT1;8 and PHT1;9 to Pi homeostasis, the genetic interaction amongst PHT1
genes, the impact of the overexpressing or downregulating these genes on the Pi homeostasis,
as well as, the localization and trafficking of these transporters in Arabidopsis thaliana
(Chapter 2). We show that PHT1;8 and PHT1;9, unlike other PHT1 transporters, localize
predominantly at the ER (Chapter 2). Further investigations are needed to test the functionality
of PHT1;8 and PHTL1;9 at the ER, however, it is plausible that the ER might be a temporary
storage site for these transporters, ready to be quickly delivered to the PM when needed for Pi

transport. Given that PHT1;1 forms heterodimers with PHT1;4 (Fontenot et al., 2015), it is
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possible that the ER-localized PHT1;8 and PHT1;9 might form heterodimers or even higher
order oligomers with a PM-localized PHT1, thus facilitating their delivery to the PM. We also
show that PHT1;6 has a polar PM localization, and taken together with its expression in mature
pollen and flowers, might indicate that PHT1;6 is needed for directional Pi movement to
flowers and pollen (Chapter 2). Future studies should incorporate live imaging of the inorganic
phosphate in plants with cellular and subcellular resolution, using sensitive Forster Resonance
Energy Transfer (FRET)-based Pi sensors (Mukherjee et al., 2015) to monitor the Pi transport
and to evaluate the effect of overexpression or downregulation of PHT1 in planta in real time.

In addition, we uncovered that PHO2 does exert transcriptional control over PHT1;8,
as previously reported (Aung et al., 2006; Bari et al., 2006), however, it does not regulate
PHT1;8 and PHT1;9 localization or abundance in Arabidopsis (Chapter 3). This raises a
pertinent question as to which protein targets PHT1;8 and PHTL1;9 for degradation. One
possible candidate involved in PHT1;8 and PHT1;9 degradation might be NLA, given that it
regulates PHT1;1 and PHT1;4 abundance (Lin et al., 2013; Park et al., 2014), however the PM
localization of NLA suggests that it could interact and target for degradation only PHT1;8 and
PHT1,9 that reached the PM. Identification of the proteins that regulate degradation of PHT1;8
and PHT1;9 at the ER, given their abundant ER localization in most tissues, needs to be subject
of further studies. A forward genetic screen might help in identification of protein(s) involved
in regulating PHT1;8 and 1;9 abundance and/or trafficking in Arabidopsis, given the extensive
genetic tools available.

Lastly, we provide more evidence for the extensive crosstalk that exists between Fe
and Pi, highlighting the antagonistic nature of this interaction (Chapter 4). We uncovered that

the loss of PHT1;8 and PHT1;9 results in upregulation of Fe uptake genes at the molecular
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level, while Fe deprivation caused downregulation of Pi starvation markers. To ultimately
demonstrate the effect of PHT1;8 and PHT1;9 loss on the Fe content, measuring Fe levels in
these mutants will be necessary. We also found that BRUTUS (BTS) and POPEYE (PYE),
which are important for Fe deficiency response (Long et al., 2010; Selote et al., 2015), might
differentially regulate PHT1 gene expression. Future experiments are needed to test whether
these changes are due to Pi starvation per se or due to indirect Fe excess generated during Pi-
deplete conditions. In the future, it will be suitable to analyze mutants with abolished or severe
deficiency in Fe (irtl) and Pi (phol) and their effect on Pi and Fe homeostasis, accordingly. It
will also be worthwhile to evaluate the Fe status of mutants with excess Pi (pho2) and with
disrupted Pi transport in chloroplasts (pht2;1). Ideally, the experiments will have to be
conducted with combined Fe and Pi shortages and in hydroponic conditions, to avoid artefacts
due to trace amounts of these nutrients from agar.

A better understanding of the molecular basis of Pi deficiency responses in plants could
lead to a reduced dependence on phosphate fertilizers and ultimately improve crop yields by
targeted manipulation of specific genes and/or multiple sets of genes, although translating the

findings from model plants to crop species will be a prerequisite.
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TABLES AND FIGURES

Table 1. Tissue specific expression of PHT1 genes in Arabidopsis thaliana.

Gene hame Gene ID Tissue expression Promoter activity
PHT1;1 At5g43350 | Shoots, roots, cotyledons, | Epidermis and cortex of root hair zone,
buds, seeds hydathodes and axillary buds of leaves

PHT1,;2 At5g43370 Roots, cotyledons, leaves

PHT1,3 At5g43360 | Roots, cotyledons, leaves | Stele of primary root, vascular tissue of
leaves

PHT1,4 At2g38940 Flowers, siliques, roots Epidermis and cortex of roots, apical
meristem, trichomes and hydathodes of
leaves

PHT1,5 At2g32830 | Shoots, flowers Vasculature

PHTI1,6 At5g43340 Flowers, pollen Dry pollen, flowers at stages 9,10, 11, and
vascular tissue of cotyledons

PHT1,7 At3g54700 Flowers, roots Dry pollen

PHT1,8 At1g20860 Roots None detected

PHT1,9 Atlg76430 Roots None detected
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Figure 1. Schematic illustration of the regulatory circuit in response to Pi fluctuations.

When Pi is limiting (left) PHT1, PHO1, miR399, At4 genes are transcriptionally activated by
PHR1, while PHR1 is activated via sumoylation by SI1Z1. MiR399 negatively regulates PHO2.
When Pi is sufficient, PHR1 targets are transcriptionally repressed as SPX proteins interact
with PHR1 and prevent its binding to P1BS elements. PHO2 expression is activated and it
results in Pi transporters degradation via ubiquitination. Color coding as follows: green indicate
transcripts, red indicate proteins, black indicate post-translational modifications (Figure

adapted from Briat et al., 2015).
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CHAPTER 2
Arabidopsis thaliana High Affinity Phosphate Transporters PHT1;8 and PHT1;9 are
Important for Adaptation to Pi Stress
ABSTRACT

In Arabidopsis thaliana one of the adaptations to inorganic phosphate (Pi) shortage is
mediated by the up-regulation of high-affinity phosphate transporters of the PHOSPHATE
TRANSPORTER1 (PHT1) Family. PHT1;8 and PHT1;9 encode proteins that are 79%
identical, thus might have similar functions. Recently, PHT1;8 and PHT1;9 have been
implicated in Pi translocation from root to shoot (Lapis-Gaza et al., 2014), however their exact
role in acclimation to Pi stress and the cellular mechanisms that regulate their accumulation in
the cell remain unclear. A reverse genetic approach was used to characterize the function of
PHT1;8 and PHT1;9. Loss of PHT1;8, PHT1;9 or both resulted in reduced basal phosphate
levels and longer root hairs in pht1;8 and pht1;8 1;9 double mutant. Upon exposure to Pi stress,
pht1;8 and the pht1;8pht1;9 double, showed reduced tolerance to low Pi, increased rhizosphere
acidification and increased anthocyanin accumulation in shoots. Genetic interactions amongst
PHT1 genes is highly probable, as the pht1;8 and pht1;9 mutants have increased PHT1;1/2/3/4
expression, and PHT1;8 and 1;9 transcripts accumulate at higher levels in the pht1;1/4 mutant.
Overexpression of PHT1;8 or PHT1;9 results in a higher basal Pi, suggestive of enhanced Pi
uptake and possibly translocation. In addition, fluorescent-protein translational fusions to
PHT1;8 and PHT1;9 driven by a constitutive promoter were used to identify their subcellular
localization. Transient expression studies in Nicotiana benthamiana illustrate that both
proteins localize to endoplasmic reticulum (ER). However, in stably-transformed Arabidopsis

thaliana, PHT1;8 and PHTL1;9 localize predominantly to ER and to the plasma membrane
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(PM), although to a lower extent. Additionally, the PM pool of PHT1;8 and PHT1;9 is sensitive
to Brefeldin A (BFA) suggesting the active role of recycling in regulating the abundance of
these proteins at the PM. Altogether, our data suggest that PHT1;8 and 1;9 regulate global Pi

status and function in proper adaptation to low levels of Pi.
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INTRODUCTION

Albeit the phosphorus (P) pools are abundant in most soils, only a small fraction of
these pools is made up of inorganic phosphate (Pi), consequently plants encounter extremely
low amounts of usable phosphate for plant growth and development. To overcome this
limitation plants have evolved a variety of adaptations destined to promote Pi use efficiency,
Pi uptake and Pi bioavailability (del Pozo et al., 1999; Li et al., 2002; Misson et al., 2005;
Mudge et al., 2002; Poirier and Bucher, 2002; Thibaud et al., 2010). Root architecture changes
enhance Pi foraging given that Pi is a highly immobile macronutrient (Abel, 2011; Bates and
Lynch, 1996; Bates and Lynch, 2000). When Pi is low, primary root growth is inhibited, while
lateral roots and root hair growth and extension is promoted. These changes result in increases
in root surface area and better exploitation of the topsoil (Lynch, 1995). Furthermore, low Pi
results in a 5-fold increase in root hair length and density, together with an increase in root
diameter as a result of the increase in the number of the trichoblasts in the cortical cells (Bates
and Lynch, 1996; Bates and Lynch, 2000). These results highlight the important role of root
hairs for Pi acquisition under low Pi.

Upon Pi stress, plants acclimate by increasing phosphate acquisition, either by
upregulating PHT1 genes or by promoting symbiotic associations with specialized fungi. Most
vascular flowering plants are capable of symbiotic fungi associations, such as arbuscular
mycorrhizae (AM), for the purpose of Pi uptake (Harrison, 1997; Harrison, 2005; Harrison et
al., 2002; Vance, 2001). AM fungi are obligate biotrophs that participate in symbiotic
relationships with plants to facilitate phosphate uptake, while the plants provide the necessary

carbon supply to the fungi. Given that Arabidopsis does not form AM relationships but rather
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relies exclusively on the activity of high affinity phosphate transporters, it is an excellent model
system to learn about the contributions of PHT1.

PHT1 genes encode high affinity phosphate transporters and are responsible for the
uptake of Pi from soil. Moreover, PHT1 genes are upregulated specifically during Pi-stress, as
shown by promoter analyses (Karthikeyan et al., 2002; Misson et al., 2004; Muchhal et al.,
1996; Muchhal and Raghothama, 1999; Mudge et al., 2002). The gene expression profiles of
PHT1 genes are predominantly, but not exclusively restricted to roots, and they have a
somewhat overlapping pattern in both low and high Pi regimes (Misson et al., 2004; Muchhal
and Raghothama, 1999; Mudge et al., 2002). PHT1;1 through PHT1;4 are highly similar to
each other and form a clade distinct from PHT1;8-1;9. Of all PHT1 transcripts, PHT1;8 and
PHT1;9, are the least expressed during sufficient Pi, however are highly and specifically
induced upon Pi starvation (Misson et al., 2005; Morcuende et al., 2007). PHT1;8 and PHT1;9
are highly similar to each other and share 79% similarity, while they share only 49% similarity
with PHT1;1/2/3/5 and 47% with PHT1;4 (Figure S1). PHT1;8 and PHT1;9 proteins are 34%
similar to PHO84, the high affinity phosphate transporter in Saccharomyces cerevisiae (Figure
S1). Moreover, AtPHT1;9 was able to complement the yeast pho84 mutation (Remy et al.,
2012), just like AtPHT1;1 and AtPHT1;4 (Muchhal et al., 1996). This indicates that PHT1;9 is
involved in the uptake of Pi. In addition, PHT1;8 and PHT1;9 have been shown to be involved
in the translocation of Pi from roots to shoots (Lapis-Gaza et al., 2014).

Taking aside the redundancy, it becomes apparent that there is also a significant genetic
interaction amongst PHT1 genes (Ayadi et al., 2015; Lapis-Gaza et al., 2014; Misson et al.,
2004). Furthermore, there is significant evidence that individual PHT1 genes undergo distinct

post-transcriptional and post-translational control (Aung et al., 2006; Bayle et al., 2011). For
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instance, in the phosphate over-accumulator mutant PHOSPHATE2 (pho2) only PHT1;8
expression was upregulated in Pi sufficient conditions, while no difference in the transcript
levels of other PHT1 was observed under Pi deprivation (Aung et al., 2006). This might
indicate that PHO2 is upstream of PHT1;8 to repress its expression, specifically, under Pi
replete conditions and this is consistent with the very low abundance of PHT1;8 transcript in
the roots during Pi sufficiency. In addition, the regulation of PHT1 genes might differ, given
that only PHT1;8, PHT1;4 and PHTL1;5 are regulated systemically upon Pi starvation
conditions (Thibaud et al., 2010). Moreover, only PHT1;8 and PHT1;9 have a lower affinity
for phosphite (Phi), a less oxidized form of phosphorus (P) than phosphate, as suggested by
the lower Phi content in the shoots of pht1;8 and pht1;9 mutants (Jost et al., 2015). Overall, it
is evident that PHT1 transporters have distinct contributions to Pi homeostasis.

As all membrane proteins, PHT1 are synthesized at the ER. The exit of PHT1;1/2 from
the ER is conditioned by PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1
(PHF1), which facilitates efficient PHT1 targeting to the PM (Bayle et al., 2011; Chen et al.,
2011; Gonzélez et al., 2005). PHFL1 is related to SEC12, a guanine nucleotide-exchange factor
(GEF) that participates in budding of transport vesicles from ER in Saccharomyces cerevisiae
(Gonzélez et al., 2005). However, Pi uptake is not completely abolished in the phfl mutant,
suggesting that PM trafficking of some phosphate transporters might be PHF1-independent
(Gonzélez et al., 2005; Nussaume et al., 2011). When Pi is abundant, newly synthesized
PHT1;1 transporters accumulate at the ER, and thus are not delivered to the PM, due to
phosphorylation at conserved serine residues on the C-terminus of PHT1;1 (Bayle et al., 2011,
Hem et al.,, 2007; Nuhse et al., 2004). The kinase that phosphorylates the rice PHT1

homologue, OsPT8, has been identified as the B3 subunit of the CK2 hetero-tetramer kinase
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(CK2B3) (Chen et al., 2015). The phosphorylated form of OsPT8 does not interact with
OsPHF1, the latter promoted OsPT8 exit from the ER and thus OsPT8 was retained at the ER.
Additionally, phosphorus starvation promoted CK2p3 degradation, relieving the negative
regulation of OsPT8 during Pi-stress conditions (Chen et al., 2015).

PHT1 abundance at the PM is regulated by endocytosis, as these proteins may be
recycled back to the plasma membrane during Pi-limiting conditions or they may be trafficked
to the vacuole for degradation when Pi is plentiful (Bayle et al., 2011). In addition, PHT1;1
employs BFA-sensitive endosomes for active recycling, as indicated by PHT1;1 accumulation
in BFA compartments upon BFA treatment under Pi starvation (Bayle et al., 2011).
Ubiquitination of PHT1;1 and/or PHT1;4 is achieved by cooperative action of NITROGEN
LIMITATION ADAPTATION (NLA) and PHO2, and it represents the first step for
endocytosis and vacuolar targeting (Lin et al., 2013; Park et al., 2014). The PHT1;1 packaging
into multi vesicular bodies (MVB) requires ALIX1, a protein that associates with
ENDOSOMAL COMPLEX REQUIRED FOR TRANSPORT Il (ESCRTIHI) (Cardona-
Lopez et al., 2015). This implicates the ESCRT machinery in the targeting of the PHT1;1 to
the lytic vacuole for degradation.

Hereon we characterize the role of Arabidopsis thaliana high affinity transporter
PHT1;8 and its closest homologue PHT1;9 by analyzing loss of function and overexpression
mutants. We present evidence for a genetic interaction amongst PHT1 genes, necessary to
maintain proper Pi status. We report that, unlike other PHT1 proteins, PHT1;8 and PHT1;9
localize predominantly to ER in cotyledons, hypocotyls and mature roots, while at the root tips
PHT1;8 and PHT1;9 are found mostly at the PM and somewhat at the ER; this might be an

indication that the subcellular localization of PHT1;8 and PHTL1;9 is developmentally
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controlled. We also report for the first time that PHT1;6 transporters localize to the PM in all
tissues and in roots these transporters localize preferentially to the apical and basal domains of
the PM, suggesting that they may be involved in the directional transport of Pi in flower buds
and mature pollen, where this gene is expressed. Furthermore, we show that GFP-PHTL1;6 is

targeted for degradation at the lytic vacuole.
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RESULTS

PHT1;8 and PHTL1;9 genetically interact

A reverse genetics approach was used to determine the contribution to Pi homeostasis
of PHT1;8 and PHT1;9. In pht1;8 (SAIL_116_GO06) the T-DNA is inserted in the second exon
of PHT1;8, while in the pht1;9 (SALK _073614C) a T-DNA is inserted in the intron of PHT1;9
(Figure 1A). Partial transcripts could be potentially made from both pht1;8 and pht1;9 alleles
given the position of the T-DNA insertions (Figure 1A), however these are likely to result in
degradation via the nonsense mediated decay (Conti and lzaurralde, 2005). Homozygous plants
for the T-DNA insertion in PHT1;8 and PHT1;9 were identified by PCR-genotyping.
Furthermore, in order to investigate the joint contribution of PHT1;8 and PHT1;9 transporters,
we generated the double mutant phtl;8 1;9 by crossing phtl;8 to phtl;9 and by PCR-
genotyping in the F. population. In order to determine the presence of the full-length PHT1;8
and PHT1;9 transcript in the T-DNA insertion lines, RT-PCR was performed. To this end,
RNA was extracted from roots of seedlings grown for 7 days at regular conditions and then
transferred to media with only 2 uM phosphate for 7 days (low Pi, Figure 1B). No RT-PCR
analysis was done in Pi sufficient conditions given that PHT1;8 and PHT1;9 transcripts are
only detected during Pi starvation (Mudge et al., 2002). RT-PCR analysis revealed that, unlike
in the wild type, the full length transcript for PHT1;8 is undetected in the pht1;8 mutant and
in the pht1;8 1;9 double mutant under Pi-deficient conditions and therefore, pht1;8 is a good
mutant allele to characterize the function of PHT1;8 (Figure 1B). Compared to the wild type,
lower levels of the full length PHT1;9 transcript are detected in the pht1;9 mutant and in the
pht1;8 1;9 double mutant as indicated by the faint band corresponding to PHT1;9 (Figure 1B).

It was also observed that the PHT1;8 transcript in the phtl;9 mutant had an increased
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abundance relative to WT (Figure 1B), suggesting that PHT1;8 might compensate for the
reduction in PHT1;9 transcript.

To better characterize the genetic defects of the pht1;8 and pht1;9 mutants, transcript
abundance of PHT1;8 and PHT1;9 was measured by quantitative real-time PCR (QRT-PCR).
The PHT1;8 transcript is reduced to only 5% of the WT level in the pht1;8 mutant, while
PHT1;9 expression in the pht1;9 mutant is reduced to 30% of the WT level (Figure 1C). These
results indicate that phtl;8 and phtl;9 are knockdown mutants rather than null mutants.
Remarkably, we also observed that PHT1;8 is upregulated in the pht1;9 mutant and vice versa
(Figure 1C) consistent with our previous observation (Figure 1B), which suggests that PHT1;8
and PHT1;9 genetically interact. In fact, dissecting the function of specific PHT1 transporters
is challenging given their high levels of redundancy (Ayadi et al., 2015) and the fact that PHT1
gene expression is often upregulated when other members of the clade are missing (Ayadi et
al., 2015; Lapis-Gaza et al., 2014; Misson et al., 2004; Remy et al., 2012). We therefore
examined the expression of PHT1 genes in pht1;8 and pht1;9 mutants by RT-PCR (Figure
1D). All PHT1 transcripts are increased in the phosphate starved roots of phtl;8, pht1;9, and
pht1;8 1;9 double mutants when compared to the WT control; however, the most drastic
increase can be observed in PHT1;5 expression (Figure 1D). PHT1;6 and PHT1;7 have been
omitted from this analysis, given their low abundance. We then asked whether PHT1;8 and
PHT1;9 were also up-regulated in other phtl mutants. Indeed, loss of PHT1;1 and PHT1;4
also resulted in an increase in PHT1;8 and PHTL1;9 expression because both transcripts
accumulated at —Pi levels in phtl;1 1;4 mutants exposed to Pi-sufficient conditions (Figure
1E). These data are consistent with the previous observations that PHT1;8 and PHT1;9 were

induced even in the phtl;4 mutant alone (Misson et al., 2004) and in the pht1;1/2/3/4 and
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pht1;1/2/3/4 phfl-2 mutants (Ayadi et al., 2015). Additionally, we investigated the impact of
PHT1;8 and PHT1;9 loss on Pi homeostasis by assessing the expression of a set of
PHOSPHATE STARVATION INDUCIBLE (PSI) genes such as ACID PHOSPHATASE 5
(ACP5) and At4, which are highly induced in response to low Pi, and UBC24/PHQO2, which is
repressed in the low Pi conditions. No significant differences in PSI gene expression were
observed in Pi-starved pht1;8, pht1;9 and pht1;8 1;9 seedlings relative to WT (Figure 1D).
This could be due to the upregulated PHT1 genes in the pht1;8, pht1;9 and pht1;8 1;9 mutants.
Altogether our data indicates that lack of PHT1;8 and PHT1;9 cause an upregulation of PHT1

genes, particularly their closest homologues.

Disrupting PHT1;8 and PHT1;9 negatively impacts Pi content

Disruption of PHT1;8, PHT1;9 or both did not result in severe morphological defects
relative to WT, regardless of the Pi availability (Figure S2). This result was expected since
there is high degree of redundancy within the PHT1 family (Ayadi et al., 2015). Given that
PHT1;8 and PHT1;9 have been previously implicated in Pi uptake (Remy et al., 2012) and
translocation (Lapis-Gaza et al., 2014), we wanted to investigate whether the disruption
PHT1;8 and PHT1;9 affected phosphate content. In fact it was recently shown in two other
pht1;8 and pht1;9 mutant alleles, that disruption of PHT1;8 and PHT1;9 resulted in lower basal
Pi and organic phosphate (Po) content in shoots, but not in roots (Lapis-Gaza et al., 2014). We
then tested the basal Pi concentrations in the shoots of pht1;8 and pht1;9 and the double mutant.
Loss of PHT1;8, PHT1;9 or both resulted in lower basal Pi levels in the shoots relative to WT

levels (Figure 2A), indicating that Pi uptake and/or translocation is impaired in these plants.
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Plants respond to low Pi in the environment by promoting the growth and elongation
of lateral roots and root hairs, in order to increase root surface area for more efficient mining
of Pi (Bates and Lynch, 1996; Bates and Lynch, 2000; Lopez-Bucio et al., 2002; Marschner,
1995n). Additionally, the internal Pi status also influences root hair development (Ayadi et al.,
2015; Bustos et al., 2010). For this reason, we analyzed the root morphology of the phtl;8,
pht1;9 and pht1;8 1;9 mutants. Under Pi sufficient conditions, root hairs were 40% longer in
pht1;8, 30% longer in pht1;9 and 70% longer in pht1;8 1;9 double mutants when compared to
the WT (Figure 2B). However, when exposed to Pi stress all the genotypes had similar root
hair length (data not shown). These results suggest that pht1;8, pht1;9 and pht1;8 1;9 plants
display a phosphate starvation phenotype when Pi is plentiful.

Upon Pi starvation, plants accumulate high levels of anthocyanins, possibly for
photoprotection (Poirier and Bucher, 2002). Although the link between anthocyanin
biosynthesis and Pi starvation is not defined, the transcription factor PHOSPHATE
STARVATION RESPONSE 1 (PHR1) is involved in mediating this connection (Rubio et al.,
2001). We surveyed the effect of Pi stress on anthocyanin content in the shoots of phtl;8,
pht1;9 and the double pht1;8 1;9 mutants. Plants were grown on media with sufficient Pi for
seven days and subsequently transferred to 2 uM Pi for seven more days. The anthocyanin
levels were doubled in the shoots of pht1;8 and pht1;8 1;9 compared to the WT seedlings in
response to Pi deprivation, suggesting that loss of PHT1;8 results in an advanced Pi starvation
(Figure 2C). Anthocyanin levels in pht1;9 did not differ from WT, perhaps due to the fact that
30% of PHT1;9 transcript is produced in phtl;9, and this may be sufficient to avoid Pi

starvation.
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Low Pi triggers production of various root exudates, such as organic acids and acid
phosphatases, which alter the rhizosphere pH in order to increase the phosphate availability in
the proximate rhizosphere (Gerke, 2015; Jones, 1998; Lopez-Bucio et al., 2000; Marschner,
19950; Narang et al., 2000). Phosphate-efficient Arabidopsis accessions have been shown to
secrete more organic acids than the less efficient counterparts (Narang et al., 2000). Moreover,
transgenic tobacco plants overproducing citrate have been shown to have an enhanced Pi
uptake (Lopez-Bucio et al., 2000). We therefore investigated the consequences of PHT1;8
and/or PHT1;9 loss on the rhizosphere status of Pi starved seedlings. For this purpose, plants
were grown on sufficient Pi for 4 days and transferred to a low Pi (2 uM) medium for 4
additional days, after which the seedlings were transferred onto agar plates supplemented with
Bromocresol Purple as a pH indicator. pht1;8 and the pht1;8 1;9 double mutant displayed a
more acidic rhizosphere than the WT seedlings, indicating that the loss of PHT1;8 results in
exacerbated a Pi starvation phenotype, and no phenotype was detected in pht1;9 mutant when
compared to the WT (Figure 2D). Overall, our data indicates that the disruption of PHT1;8 or

both PHT1;8 and PHT1;9 results in compromised Pi homeostasis.

GFP-PHT1;8 and GFP-PHTL;9 proteins localize to the endoplasmic reticulum

In order to better understand the function of proteins of interest it is useful to have a
fluorescently labeled variant for in vivo studies. Thus far, PHT1;1/2/4 have been shown to
localize to the plasma membrane and to sorting endosomes in Arabidopsis (Bayle et al., 2011).
In addition, AtPHT1;9 has been detected at the plasma membrane (Remy et al., 2012), but the
localization of PHT1;8 has yet to be reported. For this purpose, we investigated the subcellular
localization of PHT1;8 and PHT1;9 by generating N-terminal GFP fusions driven by a strong

constitutive promoter, the Cauliflower Mosaic Virus 35S promoter (CaMV35S) (Nakagawa et
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al., 2007), and N-terminal YFP fusions driven by the moderate constitutive promoter of
UBIQUITIN10 from Arabidopsis (Grefen et al., 2010). Constitutive promoters were used given
that both genes are expressed at very low levels and only upon Pi starvation. In both cases, the
strong promoters allowed bypassing of the strong transcriptional regulation by Pi of PHT1;8
and PHT1;9 genes. Transient expression of GFP-PHT1;8 and GFP-PHTL1;9 in Nicotiana
benthamiana leaves revealed that both localized predominantly to a reticular network
resembling the ER (Figure 3 A and B), and similar results were found for YFP-PHT1;8 and
YFP-PHT1;9 (Figure S3). To further investigate the network pattern localization of GFP-
PHT1;8 and GFP-PHT1;9, we performed a transient co-expression of GFP-PHT1;8 and GFP-
PHT1;9 with the ER marker mCherry-HDEL (Nelson et al., 2007) in N. benthamiana. The
GFP-PHT1;9 signal fully overlapped with the reticular network arrangement of the mCherry-
HDEL marker, including in the perinuclear space (Figure 3 D-F), and the same co-localization
was detected for GFP-PHT1;8 (not shown). These results indicate that GFP-PHT1;8 and GFP-
PHT1;9 localize to the ER when transiently expressed in N. benthamiana.

In order to determine whether the localization of GFP-PHT1;8 and GFP-PHT1;9 to the
ER was due to ectopic expression, we generated N-terminal GFP and YFP fusions to PHT1;6,
a low abundance phosphate transporter that is expressed exclusively in flowers and pollen
(Mudge et al., 2002), under the control of the same constitutive promoters. Transient
expression of YFP-PHTL1;6 in N. benthamiana leaves showed that, similar to other PHT1
proteins, PHT1;6 localized to the plasma membrane (Figure 3C). Therefore, the ER pattern of
GFP-PHT1;8 and GFP-PHT1;9 cannot solely be explained by ectopic expression of these
transgenes. In order to corroborate that the ER localization of GFP-PHT1;8 and GFP-PHT1;9

was not due to overexpression-induced overload of vesicle trafficking, we co-expressed GFP-
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PHT1;8 or GFP-PHTL1;9 in the same cells with RFP-PHT1;6. Upon co-infiltration of GFP-
PHT1;8 or GFP-PHTL1;9 with RFP-PHT1;6 in N. benthamiana leaves, we observed that the
GFP signal did not co-localize with the RFP fluorescence (Figure 3G-L), indicating that
PHT1;8 and PHT1;9 do not co-localize with PHT1;6 and that the ER localization of PHT1;8

and PHT1;9 is not due to the overexpression of these transgenes.

GFP-PHT1;8 and GFP-PHTL1;9 localize to ER in mature tissues independent of Pi
availability

PHT1;8 and PHT1;9 are expressed predominantly in the roots upon Pi starvation, and
it is possible that the localization of these transporters is responsive to Pi availability. In order
to further investigate PHT1;8 and PHT1;9 function, we used stable Arabidopsis lines harboring
GFP-PHT1;8 and GFP-PHTL1;9 and probed their subcellular localization in various tissues
when grown in Pi sufficient conditions. PHT1;8 and PHT1;9 exhibited ER localization in
cotyledons (Figure 4A and D), hypocotyls (Figure 4B and E), and in mature roots (Figure 4C
and F), as evidenced by the network appearance in cortical regions of cells. It is feasible that
the ER localization of PHT1;8 and PHT1;9 in cotyledons and hypocotyls is caused by the
ectopic expression of these genes in tissues where PHT1;8 and PHT1;9 transcripts are not
detected in the WT Arabidopsis. However, the fact that GFP-PHT1;8 and GFP-PHT1;9 are
detected at the ER in the roots, where these genes are expressed, indicates that the ER
localization might be genuine. Moreover, in Arabidopsis plants harboring GFP-PHT1;6, the
fluorescence signal was detected at the plasma membrane in all the tissues tested, as expected
based on its high similarity to PHT1;1, in spite of its ectopic expression (Figure 4G-I). Finally,

we tested the effect of Pi availability on the localization and abundance of GFP-PHTL1;8 and
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GFP-PHTL;9, but exposure of GFP-PHT1;8 or GFP-PHT1;9 lines to Pi-deficient conditions

did not affect the abundance nor the localization of these fusion proteins (Figure S4 A-D).

GFP-PHT1;8 and GFP-PHT1;9 localize to the PM and are BFA-sensitive in root tips

PHT1;9-GFP localization at the plasma membrane has been previously reported in
Arabidopsis root tips (Remy et al., 2012) and is not consistent with the ER localization
observed in Nicotiana and Arabidopsis seedlings (Figure 3B and 4D-F). To assess whether
GFP-PHT1;8 and GFP-PHT1,9 localize to the PM in root tips, co-staining with FM4-64 was
carried out. FM4-64 is a lipophilic dye that labels the PM and endosomes (Bolte et al., 2004),
and the overall rate of FM4-64 endocytosis is not affected by Pi-starvation (Bayle et al., 2011;
Cardona-Lopez et al., 2015). Subcellular distribution of GFP-PHT1;8 and GFP-PHT1;9 in root
tips of Arabidopsis revealed noticeable PM localization in addition to ER (Figure 5A and D).
This was corroborated by live-cell imaging of the GFP-PHT1;8 and GFP-PHT1;9 treated with
2 UM FM4-64 for 5 minutes, which show a partial co-localization with GFP-PHT1;8 (Figure
5C) and a more pronounced co-localization with the GFP-PHT1;9 (Figure 5F). The overlap of
the FM4-64 with GFP-PHT1;8 and GFP-PHT;9 indicates the occurrence of a subpopulation of
GFP-PHT1;8 and GFP-PHT1;9 at the PM in addition to the ER. GFP-PHT1;9 appears to have
more PM localization, which is consistent with previous reports (Remy et al., 2012), although
there is an abundant GFP-PHT1;8 and GFP-PHT1;9 at the ER as well as at the PM in
Arabidopsis root tips. These results indicate that the localization of PHT1;8 and PHT1;9 might
be developmentally controlled, as suggested by the differential localization of these

transporters in root tips versus mature roots, hypocotyls and cotyledons.
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The fungal macrocyclic lactone Brefeldin A (BFA) is an efficient trafficking inhibitor
of retrograde movement of proteins from endosomes to the PM and it induces the endocytosed
cargo to agglomerate into rounded BFA bodies (Geldner et al., 2003). In Arabidopsis, BFA
preferentially blocks the endosomal recycling mediated by the ARF GEF, GNOM, while
endocytosis remains functional (Geldner et al., 2003). The auxin transporters PIN1, PIN2 and
AUX1 have been shown to accumulate in BFA compartments (Geldner et al., 2001; Kleine-
Vehn et al., 2006; Kleine-Vehn et al., 2008). Moreover, PHT1;1 has been shown to cycle
between PM and BFA-sensitive endosomes (Bayle et al., 2011). We questioned whether the
PM population of GFP-PHT1;8 and GFP-PHT1;9 were recycled through BFA sensitive
endosomes. For this purpose, we treated Arabidopsis seedlings harboring GFP-PHT1;8, or
GFP-PHT1;9 with BFA for 120 min, and concomitantly stained them with FM4-64 for the
purpose of labeling of the PM and the endocytic compartments. We then monitored the
localization of each fusion protein in root tips by confocal microscopy. PIN2-GFP was used as
a positive control as it accumulates in BFA-sensitive endosomes. In the root tips of BFA-
treated Arabidopsis seedlings, both GFP-PHT1;8 and GFP-PHTL1;9 accumulated in the BFA
bodies; nonetheless strong GFP signal was still highlighting the ER network, indicating that a
significant amount of GFP-PHT1;8 and GFP-PHT1;9 is localized to ER (Figure 5G-L).
Moreover, the FM4-64 stained BFA aggregates overlapped with the GFP-PHT1;8 and GFP-
PHT1;9 trapped in the BFA bodies and therefore correspond to BFA-sensitive endosomes
(Figure 51 and L). As expected, PIN2-GFP localization was found in the BFA aggregates and
at the PM (Figure 5M), and the PIN2-GFP-labeled BFA bodies also co-localized with FM4-64
(Figure 5N, O). These results indicate that a subpopulation of the GFP-PHT1;8 and GFP-

PHT1;9 accumulates at the PM, and it traffics via an endocytic pathway sensitive to BFA.
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Moreover, the PM localized GFP-PHT1;8 and GFP-PHT1;9 proteins are subject to constitutive
recycling.
Plasma membrane localized PHT1;6 transporters are targeted for degradation at the
vacuole

Transient expression in tobacco of YFP-PHTL1;6 (Figure 3C) and Arabidopsis stably
expressing GFP-PHT1;6 (Figure 4G-I) showed that PHT1;6 has a plasma membrane
localization. Moreover, we observed that in roots of Arabidopsis seedlings stably expressing
GFP-PHT1;6, PHTL1;6 preferentially localized to the apical-basal sides of the PM, as seen in
the 3D renderings of confocal z stacks (Figure 6A and B). These results indicate that PHT1;6
might be involved in the directional movement of Pi. Next, we wanted to investigate whether
PHT1,;6 is targeted for degradation at the lytic vacuole, as previously shown for PHT1;1-GFP
(Bayle et al., 2011). To this end, we used concanamycin A (concA), an effective inhibitor of
vacuolar type H™-ATPase, that induces an increase in pH at the vacuole, therefore blocking
protein degradation (Pali et al., 2004). Arabidopsis seedlings expressing GFP-PHT1;6 grown
either at regular or low Pi were treated with 1 uM concA for 180 min, and live-cell confocal
microscopy was used to monitor the GFP-PHT1;6 signal. As expected, the GFP signal for
PHT1;6 was only detected at the PM in the mock DMSO treatment (Figure 6C and D). In
contrast, the concA-treated seedlings showed accumulation of GFP fluorescence in the lumen
of the vacuoles in addition to fluorescence at the PM at both Pi regimes (Figure 6E and F),
although it was more obvious during low Pi (Figure 6F). Interestingly, after the concA
treatment we also observed an enrichment of the GFP-PHT1;6 signal to the apical and basal
domains of the PM in both Pi regimes (Figure 6E and F), which was not apparent in the DMSO

control. The polar localization suggests that PHT1;6 may be targeted to specific domains of
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the plasma membrane. These results overall, indicate that PHT1;6 is sent for degradation to
the vacuole, similar to PHT1;1/2 (Bayle et al., 2011). In addition, the polar PHT1;6 localization
suggests that PHT1;6 might be involved in directional Pi transport. The strong ER localization
of GFP-PHTL1;8 and GFP-PHT1;9 prevented us from carrying out similar experiments to

identify whether endocytosis of these transporters is followed by targeting to the lytic vacuole.

Ectopic expression of PHT1;8 and PHT1;9 leads to increased Pi content

Overexpression of AtPHT1;1 in tobacco cell culture induced a doubling in Pi uptake
and enhanced cell growth under Pi-limiting conditions (Mitsukawa et al., 1997). Similarly,
overexpression of AtPHT1;9 enhanced tolerance to Pi starvation in Arabidopsis seedlings
(Remy et al., 2012). We asked whether the ectopic expression (OX) of PHT1;8 and PHT1;9
would enhance the basal Pi content. For this purpose, we measured the basal Pi level in the
shoots of 14 day-old seedlings grown on complete media. Two independent transgenic lines
harboring GFP-PHT1;8 (PHT1;80X) and GFP-PHT1;9 (PHT1;90X), were tested. Basal Pi
levels were increased in both PHT1;80X and PHT1;90X (Figure 7) when compared to the
wild type Arabidopsis seedlings, even though there was not a phenotypical difference between
the transgenic lines relative to the WT. These results indicate that overexpression of PHT1;8
or PHT1;9 enhances Pi uptake and/or translocation; and also confirm that GFP-fused versions
of PHT1;8 and PHTL1;9 are functional phosphate transporters. Future research is needed to
measure the actual uptake rate and to visualize the uptake and /or translocation in the PHT1;8

and PHT1;9 overexpressing lines.
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DISCUSSION

This study was aimed at deciphering the individual and joint contributions of PHT1;8
and PHT1;9 to Pi homeostasis and the cellular mechanisms that regulate accumulation of these
proteins. Recently, PHT1;9 was reported to play a role in Pi uptake (Remy et al., 2012), yet
another report, implicated PHT1;8 and PHT1;9 in the Pi translocation from root to shoot
(Lapis-Gaza et al., 2014). Markedly, PHT1;4 plays a role in uptake and translocation of Pi,
since phtl;4 clearly displays deficiencies in both processes (Misson et al., 2004). In this study,
reverse genetics was used to characterize the function of PHT1;8 and PHT1;9. Consistent with
previous reports (Lapis-Gaza et al., 2014; Remy et al., 2012), loss of PHT1;8 and PHT1;9 has
negative impacts on the Pi status, given that the shoot basal Pi is lower in these mutants when
compared to the WT. This indicates that PHT1;8 and PHT1;9 contribute to Pi uptake and/or
translocation. Mutant alleles of PHT1;8 and PHT1;9 showed only 5% and 30% of the WT
transcript levels, respectively (Figure 1C). We also observed that there is transcriptional
compensation between PHT1;8 and PHT1;9 in the single mutants. Additionally, PHT1;8 and
PHT1;9 transcripts are induced in the phtl;1 1;4 double mutant when seedlings are grown
under Pi sufficient conditions, where they accumulate at similar levels to those of the WT under
low Pi. These results are intriguing given that PHT1;1/4 and PHT1;8/9 are the most dissimilar
of the PHT1 family at the gene and protein level. Moreover, there was a noticeable increase of
many of the other PHT1 family transcripts in pht1;8, pht1;9 and pht1;8 1;9 double mutants,
and the most highly induced transcript was PHT1;5 (Figure 1D). Given the involvement of
PHT1;5, PHT1;8 and PHTL1;9 in Pi translocation from root to shoot (Lapis-Gaza et al., 2014;
Nagarajan et al., 2011), it is possible that PHT1;5 upregulation in mutants with impaired

PHT1;8 and PHT1;9 might partially compensate their absence. However, unlike PHT1;5

58



overexpressing plants which accumulate less Pi in the shoots (Nagarajan et al., 2011; Smith et
al., 2011), PHT1;80X and PHT1;90X plants accumulate more Pi in shoots than WT (Figure
7). This indicates that PHT1;8 and PHT1;9 are functionally distinct from PHT1;5. Taken
together these results indicate that there is a strong genetic interaction amongst PHT1 genes
even though these transporters have distinct functions.

Upon low Pi in the environment, the growth and elongation of lateral roots and root
hairs is promoted for a more efficient mining of Pi (Bates and Lynch, 1996; Bates and Lynch,
2000; Lopez-Bucio et al., 2002; Marschner, 1995n). Loss of PHT1;8 and PHT1;9 resulted in
defects on root morphology in the single and double mutants at variable Pi conditions. Loss of
PHT1;8 had a stronger effect on root hair elongation under normal conditions, however losing
both PHT1;8 and PHT1;9 resulted in almost doubling of the root hair length compared to WT
(Figure 2B). Under Pi starvation all of the genotypes tested had a similar root hair length. These
results indicate that pht1;8, pht1;9 and pht1;8 1;9 mutants are more Pi starved when Pi is
plentiful, since increasing root hair length is a known strategy to increase the root surface area
to access more Pi and facilitate the Pi uptake. Earlier reports have shown that pht1;1 and pht1;4
mutants display longer root hairs in plants grown on high Pi-and transferred to low Pi (Shin et
al., 2004). Additionally, phfl mutants have increased number and length of root hairs under Pi
sufficiency conditions, lower sensitivity to arsenate, reduced Pi content and Pi uptake capacity
(Gonzélez et al., 2005). PHF1 is an ER resident protein that allows PHT1 proteins to exit from
the ER (Bayle et al., 2011; Gonzalez et al., 2005), and the root morphology of the phfl mutants
is likely due to abnormal accumulation of PHT1 proteins at the PM. The root hair phenotype
of pht1;8 is consistent with the association between impaired Pi uptake and increase in root

hair length observed in other mutants (Bayle et al., 2011; Gonzalez et al., 2005; Shin et al.,
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2004). Given that Pi uptake per se was not measured here, it is unclear at this point if Pi uptake
is affected by loss of PHT1;8 and PHT1;9. The ultimate way to show that PHT1;8 and PHT1;9
are involved in uptake and translocation or only translocation of Pi, would be to visualize
radiolabeled Pi in the pht1;8 and pht1;9 (Misson et al., 2004; Nagarajan et al., 2011; Nussaume
etal., 2011).

It was previously reported that plants produce higher levels of anthocyanins upon
exposure to Pi stress, and loss of PHT1 genes caused enhanced anthocyanin production
(Arnaud et al., 2014; Ayadi et al., 2015; Jost et al., 2015; Miura et al., 2005; Nilsson et al.,
2007). pht1;8 and the phtl;8pht1;9 double mutant displayed a significant increase of the
anthocyanin levels in Pi stressed shoots when compared to WT and pht1;9 (Figure 2C). These
results are indicative of the fact that pht1;8 mutants are more sensitive to low Pi, having an
augmented response to Pi stress. Further investigations need to be carried out to characterize
the crosstalk between the anthocyanin biosynthetic pathway and the Pi signaling.

It is well-known that plants produce various root exudates when subjected to limited
Pi, such as acid phosphatases and organic acids, which acidify the rhizosphere to solubilize
metal-Pi complexes and make it more bioavailable (Gerke, 2015; Marschner, 19950; Narang
et al., 2000; Richardson et al., 2011; Shen et al., 2011). The capacity to acidify the rhizosphere
was tested in Pi stressed seedlings of WT, pht1;8, pht1;9 and pht1;8 1;9. All of the seedlings
acidified their rhizosphere, however, pht1;8 and pht1;8 1;9 had noticeably a more acidic pH
around their roots (Figure 2D). Taken together, these results indicate that the loss of PHT1;8
results in reduced tolerance to low Pi. It is conceivable that pht1;9 phenotypes are similar to

WT due to the fact that 30% of PHT1;9 transcript is still produced.
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Subsequently, we investigated the subcellular localization of PHT1;8 and PHT1;9 by
transient and stable transformation. Constitutive promoters were used to drive expression of
fluorescent protein fusions given that the native promoter-reporter fusions to PHT1;8 and
PHT1;9 produced no fluorescence (Mudge et al., 2002). Fluorescent-protein translational
fusions to PHT1;8 and PHT1;9 highlighted network-like structures in tobacco leaves
transiently expressing these fusions (Figure 3A and B). Furthermore, GFP-PHT1;8 and GFP-
PHTL1;9 co-localized with the ER marker mCherry-HDEL, confirming that PHT1;8 and
PHT1;9 localize to the ER network. PHT1;1-GFP was also detected at the ER when transiently
expressed in tobacco, however when PHF1 was co-infiltrated with PHT1;1, PHT1;1-GFP was
detected at the PM. In stably transformed Arabidopsis, PHT1;1-GFP was found at the PM and
endosomes, suggesting that the AtPHF1 promoted PHT1;1 exit from the ER (Bayle et al.,
2011). Future experiments need to be conducted to test whether the localization of GFP-
PHT1;8 and GFP-PHT1;9 shifts from ER to PM in presence of Arabidopsis PHF1 in Nicotiana,
to determine whether PHT1;8 and PHT1;9 localization is PHF1-dependent. However, this ER
localization of GFP-PHT1;8 and GFP-PHT1;9 cannot be explained by the lack of PHF1
because the Arabidopsis lines that stably express GFP-PHT1;8 and GFP-PHT1;9 also showed
ER accumulation of these proteins. Moreover, a stronger PM localization of GFP-PHT1;8 and
GFP-PHT1;9 was detected in root tips indicating that ER exit may be more efficient in these
cells or it might also be developmentally controlled. Further investigations are needed to
decipher the mechanisms that control PHT1;8 and PHT1;9 localization and functionality at
PM and ER.

PHT1;6 is expressed exclusively in flowers and mature pollen (Mudge et al., 2002),

and GFP-PHT1;6 localized to the PM when transiently expressed in Nicotiana (Figure 3C) and
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in stable Arabidopsis plants (Figure 4G-1). Neither GFP-PHT1;8 nor GFP-PHTL1;9 co-
localized with GFP-PHTZ1;6 in Nicotiana benthamiana (Figure 3G-L) indicating that the ER
localization of GFP-PHT1;8 and GFP-PHT1;9 was not due to the overload of the
endomembrane system. Given that GFP-PHT1;6 fluorescence was detected only at the PM in
tobacco (Figure 3C) without additional PHF1, PHT1;6 does not require PHF1 for exit from the
ER, unlike PHT1;1/2/3/4 (Bayle et al., 2011), however, this needs to be further tested.
Furthermore, GFP-PHT1;6 in Arabidopsis, localizes more abundantly to the apical and basal
domains of the plasma membrane (Figure 6A and B), suggesting that this transporter might be
involved in the directional movement of Pi in the flowers and mature pollen, where this gene
is expressed (Mudge et al., 2002).

The Arabidopsis PHT1;1/2/3/4 are predicted to have a conserved putative ER-exit
motif (D/E-X-D/E) at the C-terminus (Bayle et al., 2011). Interestingly, this motif is missing
in the PHT1;8 and PHT1;9 proteins, which might explain their retention at the ER. In addition,
a lysine at the 3" position or a lysine or an arginine at the 4™ or 5™ position from the C-terminus
of transmembrane proteins may function as ER-retention signals (Shin et al., 1991). PHT1;9
has an arginine at the fourth position which might contribute to its strong ER localization. In
contrast, PHT1;8 does not contain either lysine nor arginine at the 3™, 4" or 5 positions from
the C-terminus. It is tempting to speculate that the lack of the ER exit motif in both PHT1;8
and PHT1;9 and the presence of an ER-retention signal in PHT1;9 are responsible for their ER
localization in mature cells. The presence of PHT1;8 and PHT1;9 at the PM in the root tips
was confirmed by partial co-localization with FM4-64 (Figure 5C and F), suggesting that a
subpopulation of GFP-PHT1;8 and GFP-PHT1;9 is delivered to the PM. Delivery to the PM

in spite of the absence of putative ER-exit motifs on PHT1;8 or PHT1;9 could be possible with
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the assistance of a certain specialized protein that facilitates the export from ER or it could be
due to a posttranslational modification that would mimic an ER export motif, however this
needs to be investigated.

Another interesting aspect of the PHT1;8 and PHT1;9 localization is that in root tips of
Arabidopsis thaliana harboring GFP-PHT1;8 and GFP-PHT1;9 there is a more prominent PM
localization, although the ER localization was still present in those cells. This might indicate a
developmental regulation for the PHT1;8 and PHT1;9 localization. These results prompted us
to test the trafficking of the PM pool of PHT1;8 and PHT1;9. GFP-PHTL1;8 and GFP-PHT1;9
exhibited BFA-sensitivity and aggregated into BFA bodies (Figure 5G-L), which provided
evidence for recycling of these proteins at the PM. As expected, the ER pools of these proteins
remain and they do not accumulate in the BFA compartments. This result is similar to PHT1;1,
as it was shown to be endocytosed via BFA-sensitive endosomes and recycled back to the PM
upon Pi starvation (Bayle et al., 2011).These findings suggest that the pool of PM localized
GFP-PHT1;8 and GFP-PHT1;9 employ BFA-sensitive endosomes upon their endocytosis,
which may be an important mechanism to regulate PHT1;8 and PHT1;9 abundance at the
plasma membrane and ultimately Pi acquisition.

PHT1;1 and PHT1;4 have been shown to be polyubiquitinated by the sequential action
of PHO2 and NLA (Linetal., 2013; Park et al., 2014), packaged into MVBs with the assistance
of ALIX1 and the ESCRT-III machinery (Cardona-Lopez et al., 2015), and targeted for
degradation at the lytic vacuole (Bayle et al., 2011). We tested whether PHT1;8, PHT1;9 and
PHT1;6 were trafficked to the vacuole for degradation by concA-mediated inhibition of the
vacuolar H+ATPase. GFP-PHT1;6 was detected at the vacuole in concA-treated plants under

both Pi regimes (Figure 6E and F), which indicates that this protein is targeted to the vacuole
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for degradation. In the case of GFP-PHT1;8 and GFP-PHT1;9, we failed to detect significant
GFP signal at the vacuole, probably due to the strong signal from the ER (data not shown).
PHT1;6/8/9 proteins differ from the other PHT1 family members in that they contain a
predicted Proline, glutamic acid (E), Serine, Threonine (PEST) motif, also present in PHO84,
the high affinity phosphate transporter in yeast (Estrella et al., 2008; Lagerstedt et al., 2004).
Proteins with known PEST motifs are short-lived and subject to quick degradation; these
motifs can be located anywhere on the protein, but most commonly at the C-terminus, and are
often conditionally activated rather than being constitutive cleavage signals (Rechsteiner and
Rogers, 1996; Rogers et al., 1986). Less than 10% of all mammalian proteins contain a PEST
motif, though it is unknown how many plant proteins possess this domain. The truncation of
the PEST motifs is thought to result in metabolically more stable proteins (Rechsteiner and
Rogers, 1996). Conversely, adding a PEST motif to a stable protein results in a quickly-
degradable protein (Salama et al., 1994). The importance of the PEST motif in the PHT1;6,
PHT1;8 and PHT1;9 needs to be investigated. Although, it is obvious that this motif does not
impair ER or PM localization given that GFP-PHT1;6 localizes to PM while GFP-PHT1;8 and
GFP-PHT1;9 localize to both ER and PM. It would be useful to test whether PEST domain
presence causes a bypass from the PHO2/ NLA action, and this could be tested by swapping
the PEST domain from PHT1;6/8/9 to PHT1;1 or PHT1;4 and analyzing the localization and
the abundance of such chimeric proteins.

Altogether, our data indicates that plants lacking PHT1;8 and PHT1;9 are more
susceptible to Pi stress. However, additional experiments are needed to decipher the PHT1;8
and PHT1;9 roles in Pi uptake, translocation or both. Given the implication of PHT1;1 and

PHT1;4 in both acquisition and allocation of Pi (Misson et al., 2004; Shin et al., 2004) it is
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highly likely that PHT1;8 and PHT1;9 might also participate in both processes. Moreover, the
subcellular distribution to ER and PM of GFP-PHT1;8 and GFP-PHTZ1;9 in root tips suggests
that the localization of these proteins might be developmentally controlled. Deciphering the
functional relevance of PHT1;8 and PHT1;9 dual localization is going to be subject of further

investigations.
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MATERIALS AND METHODS

Plant materials and growth conditions

The Arabidopsis thaliana ecotype Columbia (Col-0) was used in all experiments, while
Wassilewska (Ws) was used as a control for the phtl;1phtl;4 mutant. The T-DNA insertion
lines (Alonso et al., 2003) pht1;8-5 (SAIL_116_G06) and pht1;9-3 (SALK_073614C) were
obtained from the Arabidopsis Biological Resource Center (ABRC). pht1;1pht1;4 (Shinetal.,
2004), and the PIN2-GFP (Abas et al., 2006) and mCherry-HDEL (Nelson et al., 2007) marker
lines were previously described. Homozygous lines for the T-DNA insertions were identified
by PCR genotyping using the LBb1.3 primer for pht1;9 or LB1 primer for pht1;8 (Table S1).
Signal iSect Toolbox (http://signal.salk.edu/isects.html) was used to design the gene-specific
primers (Table S1). The double mutant phtl;8 1;9 was generated by crossing and PCR
genotyping. Seeds were sterilized and plated on half-strength complete (MSPO1) or P-free
(MSP19) Arabidopsis Growth Media (AGM) (Caisson Labs) supplemented with 1% (w/v)
sucrose, 0.5 g/L 2-(N-morpholino) ethanesulfonic acid (MES) and 4 g/L GelRite (RPI). For
low Pi medium, KH2PO4 was added to a final concentration of 2 uM to the Pi-free AGM.
Plates were kept at 4°C in the dark for 4 days and transferred to a growth chamber at 22 °C
with a 16 h light/8 h dark cycle. Wild-type Nicotiana benthamiana plants were grown under
standard conditions for 5-8 weeks as previously described (Gopinath and Kao, 2007).
Gene expression analysis by RT-PCR and Quantitative Real-Time PCR

Total RNA was extracted using TRI reagent (Ambion) from roots of 14-day-old
seedlings grown on Pi media for 7 days and transferred to +Pi or —Pi media for additional 7
days. The cDNA was synthesized from 0.7 pg of DNase | (New England Biolabs)-treated total

RNA using iScript cDNA synthesis kit (Bio-Rad). The synthesized cDNA was used as a
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template in RT-PCR or Quantitative Real-Time PCR (gRT-PCR) analysis. UBIQUITIN 5 was
used as an endogenous control and the primer sequences used can be found in the supplemental
data (Table S2). A StepOnePlus Real-Time PCR system (Life Technologies) and iTaq
Universal SYBR Green Supermix (Bio-Rad) were used. Relative expression was calculated
and normalized with respect to UBIQUITINS, using the comparative cycle threshold method.
Soluble Pi and anthocyanin content determinations

For soluble Pi levels and anthocyanin quantification, shoot tissue from ~10 seedlings
was harvested, rinsed in distilled water, blot-dried, frozen, and ground to a fine powder in
liquid nitrogen and separated into 50-100 mg aliquots. Each sample was homogenized in 1%
(w/v) Acetic Acid ina 1:10 ratio (1 mg powder to 10 pl 1% (w/v) Acetic Acetic). The mixture
was vortexed, and centrifuged at 4° C to pellet the cellular debris. The supernatant was assayed
for soluble Pi using the molybdenum-blue method (Ames, 1966). For Pi quantification the
absorbance at 660 nm was read while for the anthocyanin quantification the absorbance at 530
nm was measured. A Synergy H1 Hybrid Plate Reader at the Genomic Sciences Laboratory
(GSL) Facility at NCSU was used for all the absorbance readings.
Plant phenotype analysis

Seven-day-old Arabidopsis seedlings were used to measure root hair length. Root hairs
were visualized in a Leica M205C stereomicroscope equipped with a Leica DFC425C digital
camera. The root hairs growing in the region 3—4 mm above the root tips were measured. Data
are based on the measurements of root hairs of at least 20 seedlings and at least 10 root hairs
per seedling. All measurements were done using the ImageJ software (NIH) and Statistical
significant deviations from the wild-type were determined by student’s t-test (p > 0.001).

Rhizosphere acidification assay was done as previously described (Yi and Guerinot, 1996).
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Briefly, seedlings were grown on regular (1 mM) Pi MS media for 4 days and transferred to
low (2 uM) Pi media for an additional 4 days. Three seedlings were grouped together and
transferred to a minimal media for 24 h This plate contained 0.006% (w/v) bromocresol purple
and 0.2 mM CaSO04, and the pH was adjusted to 6.5 with 1 M NaOH.
Constructs and transgenic plants

The Gateway system (Life Technologies Corporation) was used to generate transgenic
plants overexpressing GFP, YFP or RFP fused to PHT1;8, PHT1;9, and PHT1;6. The PHT1;8
CDS was obtained from ABRC, stock #DQ446267. PHT1;9 was amplified from Col-0 cDNA
from roots of plants grown on  —Pi media  using  PHTZ1;9-1F-
CACCATGCCGGAGTTAAGTTTA and PHT1;9-1R+Stop-TTAGTATTGTCTCCGAAG.
PHT1;6 was amplified from gDNA wusing the following primers: PHT1;6-1F-
CACCATGGCTAACGAAGAACAA and PHT1;6-1R+Stop-
CTAAACAACAATCTTCTCCT. Phusion High-Fidelity DNA Polymerase (NEB) was used
for PCR. The obtained amplicons were cloned into pENTR™/D-TOPO vector (Life
Technologies Corporation) and sequenced by Sanger sequencing. LR recombination was done
with the Gateway destination vector pGWB6 (Nakagawa et al., 2007), pUBN-Dest (Grefen et
al., 2010) or pGWB455 (Nakagawa et al., 2009). All constructs were transformed into
Agrobacterium tumefaciens C58. For stable transformation Arabidopsis thaliana was
transformed by floral dip method as previously described (Clough and Bent, 1998). For
transient transformation N. benthamiana leaf infiltration standard protocol was used as

previously described (Sparkes et al., 2006).
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Confocal microscopy

The images were captured using a Zeiss LSM710 confocal microscope with a 40X
water objective, at the Cellular and Molecular Imaging Facility (CMIF) at NCSU. To image
the samples, combinations of excitation wavelength/emission were 488 nm/492-570 nm for
GFP and YFP, 561 nm/588-696 nm for mCherry and RFP, and 514 nm/588-700 nm for FM4-
64.
Chemical treatments

BFA (Sigma-Aldrich), concA (Sigma-Aldrich), and FM4-64 (Invitrogen) stock
solutions were prepared in 100% DMSO and used at 50 uM, 1 uM and 2 UM, respectively, in
liquid +Pi or —Pi MS medium according to the experiment. For control experiments, a 0.5%
(v/v) DMSO solution was used. Various drug effects were assayed on 5-d-old seedlings. For
BFA, 5-day old seedlings were transferred to liquid 0.5X Murashige and Skoog (MS)

supplemented with 1% (w/v) sucrose containing 75 uM BFA and imaged after 120 min.
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TABLES AND FIGURES
Figure 1. Identification and characterization of pht1;8 and pht1;9 mutants.
(A) Schematic representation of the AtPHT1;8 (top) and AtPHT1;9 (bottom) genes. The black
boxes represent exons, the line between the black boxes indicates the intron, the white boxes
represent the untranslated regions (UTRs) and the triangles illustrate the sites of the T-DNA
insertions. The red arrows indicate the position of the primers used for full length amplification
of the CDS. Bar = 200 bps.
(B) Reverse transcription-polymerase chain reaction (RT-PCR) analysis of PHT1;8 and
PHT1;9 expression in roots of 14-day-old WT, pht1;8, pht1;9 and pht1;8 1;9 mutants. The
seedlings were grown on Pi-sufficient conditions for 7 days and transferred to Pi deficient
conditions for additional 7 days. At4 expression was used as a low Pi treatment control and
UBIQUITINS was used as a loading control. Note that there is a faint PHT1;9 band present in
the pht1;9 mutant indicating that some PHT1;9 transcript is made.
(C) gRT-PCR analysis of PHT1;8 and PHT1;9 expression in roots of 14-day-old WT(Col-0)
pht1;8, phtl;9 and pht1;8 1;9 double mutant. The seedlings were grown on Pi-sufficient
conditions for 7 days and transferred to Pi deficient conditions for additional 7 days. Transcript
levels were normalized to those of a housekeeping gene, UBIQUITINS in low Pi conditions.
All samples were analyzed with technical and biological triplicates.
(D) RT-PCR analysis of PHT1 and PSI gene expression in 14-day-old WT, pht1;8, pht1;9 and
pht1;8 1;9 mutants. Expression of the UBIQUITINS gene is shown as a loading control.
(E) gRT-PCR analysis of the PHT1;8 and PHT1;9 expression in roots of 14—day-old pht1;1
1;4 and WT (Ws). The seedlings were grown on Pi-sufficient conditions for 7 days and

transferred to Pi deficient conditions for additional 7 days. Transcript levels were normalized
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to those of the housekeeping gene, UBIQUITINS in Pi sufficient conditions. All samples were

analyzed with technical and biological triplicates.

(B-E) Pi sufficient media is 0.5xMS (1 mM) and the low Pi media is 0.5x Pi-free MS

supplemented with KH2PO4 to a final concentration of 2 puM.
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Figure 2. Loss of PHT1;8 or PHT1;9 results in exacerbated Pi stress phenotypes.

(A) Effect of PHT1;8 and/ or PHT1;9 loss on Pi content. Soluble Pi content was measured in
14-day-old WT, pht1;8, pht1;9 and pht1;8 1;9 shoots from seedlings grown on Pi-sufficient
media. FW= fresh weight. Bars represent means + SD, n = 5, * indicates significant different
from Col-0 WT (p < 0.001).

(B) Influence of PHT1;8 and/or PHT1;9 loss on root hair length. Root hairs of 7-day-old WT,
pht1;8, pht1;9 and phtl;8 1;9 seedlings grown on sufficient Pi media were visualized in a
Leica M205C stereomicroscope and the root hair measurements were done using ImageJ
software. Bars represent mean + SD, n = 5, * indicates significant difference from Col-0 WT
(p < 0.001), # indicates significant difference from Col-0 WT (p < 0.05).

(C) The impact of PHT1;8 and/or PHT1;9 loss on anthocyanins levels. Anthocyanin levels
were measured in shoots of seedlings grown on Pi-sufficient media for 7 days and transferred
to a media with low (2 uM) Pi for 7 more days. Bars represent means £ SD, n = 5, * indicates
significant difference from Col-0 WT (p < 0.001).

(D) Rhizosphere acidification response of WT, pht1;8, pht1;9 and pht1;8 1;9 to low Pi.
Seedlings grown on Pi-sufficient media for 4 days and transferred to a media with low (2 pM)
Pi for 4 more days were transferred to minimal media containing Bromocresol Purple for 24

h. Purple color of the media indicates alkaline pH, while yellow color indicates pH below 5.2.
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Figure 3. Subcellular localization and distribution of GFP-PHT1;8 and GFP-PHT1;9 in
Nicotiana benthamiana leaves.

(A-C) 3-D renderings of high-resolution confocal z-stacks acquired from transiently expressed
GFP-PHTL1;8 (A), GFP-PHT1;9 (B) and YFP-PHTL1;6 (C) in N. benthamiana. Note the
localization of GFP-PHT1;8 and GFP-PHTL1;9 to a network structure resembling the
Endoplasmic Reticulum (ER), while YFP-PHT1;6 (C) localizes to PM.

(D-F) 3-D renderings of high-resolution confocal z-stacks acquired from transiently co-
expressed GFP-PHT1;9 (green, D) with the ER marker mCherry-HDEL (magenta, E) and the
merged co-localization in Nicotiana benthamiana (F).

(G-L) Confocal laser scanning micrographs of transiently co-expressed GFP-PHT1;8 (G) or
GFP-PHT1;9 (J) with RFP-PHTL1;6 (H and K) in Nicotiana benthamiana leaves.

The GFP fluorescence signal is false colored in green and RFP or mCherry in magenta. The
leaf tissue was analyzed 72 h post-infiltration.

All images were acquired by confocal microscopy using a 40X objective.

Scale bar =20 pm.

82



GFP-PHT1;8

GFP-PHT1;9

mCherry-HDEL

RFP-PHT1;6

RFP-PHT1;6

YFPPHTL6,

83



Figure 4. GFP-PHT1;8 and GFP-PHT1;9 localize to the ER in cotyledons, hypocotyls
and roots of A. thaliana.

(A-1) Live-cell fluorescence images of cotyledons (A, D and G) hypocotyls (B, E and H) and
roots (C, F and 1) of 7-day-old Arabidopsis seedlings stably expressing GFP-PHT1;8 (A-C),
GFP-PHTL1;9 (D-F) and GFP-PHT1;6 (G-I) grown on Pi-sufficient media and analyzed by
confocal laser scanning microscopy using a 40X objective.

Scale bar =20 pm.
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Figure 5. GFP-PHT1;8 and GFP-PHT1;9 localize to ER and PM and are BFA-sensitive
in Arabidopsis root tips.

(A-F) Root cells of 5-day-old Arabidopsis thaliana seedlings stably expressing GFP-PHT1;8
(A) and GFP-PHT1;9 (D) stained with 2 uM FM4-64 (B and E) for 10 min. PHT1;8 and
PHT1,9 partially co-localize with FM4-64 as marked by the yellow signal (C and F).

(G-O) Root tips of Arabidopsis thaliana 5-day-old seedlings stably expressing GFP-PHT1;8
(G), GFP-PHT1;9 (J) and PIN2-GFP (M). Seedlings were grown on sufficient Pi media and
treated with 50 uM Brefeldin A (BFA) and 1 uM FM4-64 (H-N) for 120 min prior to imaging.
The BFA-induced compartments were present in the root tips of all genotypes tested (G-O).
PIN2-GFP was used as a control for the BFA treatment. The GFP fluorescence signal is false
colored in green and the FM4-64 signal in red.

The images were captured using a Zeiss LSM710 confocal microscope with a 40X water
objective.

Scale bar = 10 pm.
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Figure 6. GFP-PHT1;6 is targeted to the lytic vacuole for degradation.

(A-F) Live-cell fluorescence images of 7-day-old Arabidopsis roots harboring GFP-PHT1;6.
(A) and (B) represent 3-D renderings of high-resolution confocal z-stacks. Arrows in (A) and
(B) indicate to the polar localization of GFP-PHT1;6 fluorescence on the apical and basal sides
of the PM. (C-F) The seedlings were incubated with DMSO (C and D) or 1 uM concA (E and
F) for 2 hours either in Pi- sufficient (C and E) or Pi- deficient (D and F) media.

Scale bar =20 pm.
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Figure 7. Ectopic expression of PHT1;8 and PHT1;9 leads to increased Pi content.

Soluble Pi was measured from shoots of 14-day-old WT (Col-0), 35S::GFP-PHT1;8 and
35S::GFP-PHT1;9 seedlings grown on Pi-sufficient media (1 mM Pi). Two independent
transformants were used for each construct. FW= fresh weight. Bars represent means + SD, n
= 5, * indicates significant difference from Col-0 WT (p < 0.001) and n represents a pool of

10 plants.
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Supplementary Figure 1. Phylogram of PHT1 Family from Arabidopsis and PHO84 from

Saccharomyces cerevisiae.

Protein sequence similarity searches with Blastp and pairwise alignments were used to

assemble the PHT1 family tree. The closest PHT1 homologue in yeast, PHO84, and the nine

PHT1 members were organized to generate a rooted rectangular cladogram using NCBI Blast

Tree View. The amino acid similarities are given as percentages by the values presented at

each branch point. In the given tree, there are 2 subclades with most closely related members.

PHT1;8 and PHT1;9 are divergent to PHT1;1 and PHT1;4.

The scale bar represents the relative distance and 0.1 represents the number of amino acid

substitutions per site.
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Supplementary Figure 2. phtl1;8, pht1;9 and pht1;8 1;9 mutants display a WT
phenotype under normal conditions.
Arabidopsis thaliana 10-day-old seedlings grown under normal conditions on regular 0.5 x

MS media. Scale bar =1 cm.
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Supplementary Figure 3. Transiently expressed YFP-PHT1;8 and YFP-PHT1;9 localize
to ER in Nicotiana benthamiana.

(A-B) 3-D renderings of high-resolution confocal z-stacks acquired from transiently expressed
YFP-PHT1;8 (A) and YFP-PHTL;9 (B) in Nicotiana benthamiana leaves. The leaf tissue was
analyzed 72 h post-infiltration. The YFP fluorescence is false colored to green. All images
were acquired by confocal microscopy using a 40X objective.

Scale bar = 10 pm.
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Supplementary Figure 4. GFP-PHT1;8 and GFP-PHT1;9 localization and abundance is
not affected by Pi levels in A. thaliana.

(A-D) 3-D renderings of high-resolution confocal z-stacks acquired from mature roots of 5-
day-old Arabidopsis thaliana seedlings stably expressing GFP-PHT1;8 (A and B), GFP-
PHT1;9 (C and D) grown on Pi-sufficient (A and C) and Pi-deficient (B and D) media. 40X

water objective was used. Scale bar = 10 pm.
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Supplementary Table 1. List of primers used for genotyping, RT-PCR and gRT-PCR.

Primer Name Primer Sequence References

SAIL_116G06 (pht1;8)

LB1 GCCTTTTCAGAAATGGATAAATAGCCTTGCTTC
C
PHT1;8 RP-1F | TCGAGATCATCATCGTGTCTG
PHT1;8LP-1R | CCTCCTTTCATTTCTCGTTCC
SALK_073614C (pht1;9)

LBb1.3 ATTTTGCCGATTTCGGAAC
PHT1;9 RP-1F | CCTCCCAACTCACAAGTCAAC
PHT1;9 LP-1R | CAACTTCTTACGCAATCGCTC

RT-PCR and gRT-PCR
PHT1;8-q1F GCTCTTCCTGCTGCATTGACG
PHT1;8-q1R AGGAGGTGGATCCGTCGTGGCTT
PHT1;9-q1F CCGCCAGATACACAGCATTGGT
PHT1;9-q1R CGACCGTGGAGACTGAGGAAAC
PHT1;1-F GTTCTTAATTTCTCCTGCCAAGCTGATTA (Shin et al.,
PHTL;1-R CATCATAACTTAAGGTCAACGAGCCAATA 2006)
PHT1;2-F GAACAACAACTAGGAGTGCTAAAGGCACT
PHT1;2-R CTAACTTCAGCTTCACCAGAGAGTTCTTC
PHT1;3-F GATCAACAGCTAGGAGTGCTAAAGGCACT
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PHT1;3-R TATCAACCTCAGCCTCGCCGGAGAGTTCT

PHTL1;4-F CTCTCTCAACATTTTCCCCTGAAAATAAG

PHT1;4-R AGAACAACTTGAGTTGCTAGAGACAAGGA

PHT1,;5-F ACGCAGCCAAAACGCAGATGTACCATTTC

PHT1;5-R GGACTTTTCTACCGGAATTTGCCACAGTC

At4-F ACAAAGAGAGAAGCCATAAAAACCCTAAC

At4-R ATAGGAACACACCTGAATGGTGCATCACA

ACP5-F GAATTCTGGTCGTCGATCG (Ward et al.,
ACP5-R CTACCAACTCTGCATCAACG 2008)
UBQ5-F GACGCTTCATCTCGTCC

UBQS5-R CCACAGGTTGCGTTAG
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CHAPTER 3
PHOSPHATE?Z2 does not Regulate PHT1;8 and PHT1;9 Transporters

ABSTRACT
PHOSPHATE2 (PHO2) encodes the ubiquitin-conjugating E2 enzyme 24
(UBC24/PHQO2). Loss of PHO2 function results in excessive Pi accumulation in the shoots,
and subsequently, leaf chlorosis and necrosis. The Pi over-accumulation phenotype is due to
increased uptake and translocation from roots to shoots and impaired Pi remobilization within
the old leaves. PHOSPHATE TRANSPORTER1 (PHTL1) proteins are responsible for the
uptake of phosphate, however, only PHT1;8 and PHT1;9 transcripts were significantly induced
in a pho2 mutant, thus positioning PHO2 upstream of PHT1;8 and PHT1;9. Given the PHO2
function as an ubiquitin conjugating enzyme, it may mediate the degradation of proteins
involved in Pi homeostasis, including, but not limited to PHT1s. In addition, PHO2 localizes
to the endoplasmic reticulum (ER) and Golgi apparatus, whereas most PHT1 proteins localize
to plasma membrane (Bayle et al., 2011; Gonzélez et al., 2005), with the exception of PHT1;8
and PHTL1;9, which localize predominantly to the ER (Chapter 2). In this work, we queried the
posttranslational control of PHO2 over PHT1;8/9. The subcellular localization and PHT1;8/9
abundance are unaffected in the pho2 mutants, and therefore, their stability appears to be
independent of PHO2. However, overexpressing PHT1;8 and PHT1;9 enhances the Pi hyper-

accumulation phenotype of the pho2 mutant.
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INTRODUCTION

Phosphate (Pi) levels are tightly regulated in plants given that phosphorus is an
important macronutrient for plant growth. Pi homeostasis is accomplished by coordinated
regulation of Pi sensing, signaling, uptake, translocation and reutilization (Misson et al., 2005;
Muchhal and Raghothama, 1999; Poirier and Bucher, 2002; Shin et al., 2006; Stefanovic et al.,
2011; Thibaud et al., 2010). One regulatory module controlling the Pi signaling pathway
consists of a family of mobile microRNAs (miR399a-f), their target PHO2, and a set of non-
coding RNAs, that in turn, regulate the levels of miR399 (Bari et al., 2006; Doerner, 2008;
Franco-Zorrilla et al., 2007; Liu et al., 2014; Shin et al., 2006). Upon Pi stress, miR399 is
induced and transported via the phloem from shoots to roots (Lin et al., 2008; Pant et al., 2008),
where it targets PHO2 transcripts. Therefore, miR399 is considered to be a systemic signal
involved in long distance communication from the shoot to the root (Doerner, 2008; Lin et al.,
2008; Pant et al., 2008; Schachtman et al., 1998). The 5’UTR of PHO2 transcripts contain
several miR399 binding sites, and miR399 binding results in the degradation of these
transcripts via cleavage in a Pi-dependent manner. Pi-deficiency promotes induction of At4
and INDUCED BY PHOSPHATE STARVATION (IPS1), two non-coding RNAs somewhat
complementary to miR399 (Liu et al., 1997; Shin et al., 2006), thus interfering with the
miR399-mediated silencing of PHO2 by target mimicry (Bari et al., 2006; Doerner, 2008;
Franco-Zorrilla et al., 2007; Lin et al., 2008).

Both the pho2 mutant and miR399 over-expressing plants show similar phenotypes
including increased Pi uptake and translocation together with an increased retention of Pi in
the shoots, which overall results in hyper-accumulation of Pi in the shoot (Aung et al., 2006;

Chiou etal., 2006). This indicates that miR399 and PHO2 act in the same Pi signaling pathway.
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Furthermore, PHOSPHATE STARVATION RESPONSE 1 (PHR1), a MYB-related
transcription factor controlling Pi homeostasis, is required for miR399 induction (Bari et al.,
2006). That positions PHR1 upstream of the regulatory module controlling Pi signaling.

In addition to miR399, miR827 and its target gene NITROGEN LIMITATION
ADAPTATION (NLA) have been recently added to the Pi signaling module (Kant et al., 2011;
Lin et al., 2013; Park et al., 2014). Similar to miR399, miR827, is induced significantly upon
Pi stress and it targets NLA for degradation. Loss of NLA results in hyper-accumulation of Pi
in the shoots (Kant et al., 2011), similar to pho2. Moreover, NLA and PHO2 are synergistic
given that the nla pho2 double mutants display a more severe Pi over-accumulation phenotype
than the corresponding single mutants (Lin et al., 2013). Interestingly, NLA is also a positive
regulator for the adaptation to low nitrogen (Peng et al., 2007). This indicates an interaction
between N and Pi status (Kant et al., 2011; Lin et al., 2013; Medici et al., 2015; Park et al.,
2014; Peng et al., 2007).

Pi is acquired from the soil via specialized high- and low affinity phosphate transporters
(PHT). Plants adapt to fluctuating Pi levels in the soil, which are frequently low, by increasing
Pi uptake through up-regulation of high-affinity phosphate transporters (Mudge et al., 2002).
The increase in Pi uptake in the pho2 mutant is due to an increased Vmax of PHT1 transporters,
which is related to the concentration of the active PHT1 transporters, therefore increasing the
total Pi uptake capacity (Aung et al., 2006). However, the affinity of the PHT1 transporters for
phosphate is not affected (Aung et al., 2006). The transcript abundance of specific low- and
high-affinity phosphate transporters is altered in pho2 under Pi-sufficient conditions; more
specifically, PHT1;8, PHT3;2 and PHT3;3 levels are increased, while PHT2;2 level is

decreased (Aung et al., 2006). This places PHO2 upstream of the previously mentioned PHT1
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and PHT3 genes, however given the function of PHO2, it is probable that this interaction
involves some intermediate partners that negatively regulate PHT1 and PHTS.

PHO2 encodes an E2 ubiquitin conjugase, named UBC24 in Arabidopsis (Kraft et al.,
2005). NLA encodes a protein with an SPX domain in the N-terminus and a putative E3 ligase
at its C-terminus (Lin et al., 2013; Peng et al., 2007). Ubiquitination is a known
posttranslational modification that results in the targeting of the particular protein for
degradation via the 26S proteasome or lytic vacuole targeting. This reaction is catalysed by the
consecutive action of three enzymes: E1, E2 and E3. The ubiquitination steps are activation by
E1, conjugation by E2 and the ligation achieved by the E3 enzyme. To date, only two E2 and
E3 enzymes involved in Pi homeostasis have been identified, PHO2 and NLA, respectively
(Aung et al., 2006; Huang et al., 2013; Kant et al., 2011; Park et al., 2014). PHO2 localizes to
the endoplasmic reticulum (ER), while the NLA localizes to the nucleus and plasma membrane
(PM) (Lin et al., 2013; Liu et al., 2012; Park et al., 2014). The non-overlapping cellular
localization of NLA and PHO2 suggests that they function independently; however, they do
function sequentially and cooperatively to degrade PHT1;1/4 proteins by polyubiquitination
(Lin et al., 2013; Park et al., 2014). It is possible that PHO2 polyubiquitinates the pool of
PHT1;1 and PHT1;4 en route to the PM while NLA acts on the transporters that are already at
the PM.,

Most PHT1 proteins have been shown to localize to the PM (Bayle et al., 2011,
Gonzélez et al., 2005; Remy et al., 2012), but PHT1;8 and PHT1;9 also accumulate in the ER
(Chapter 2). In this study, we tested the role of PHO2 in the regulation of PHT1;8 and PHT1;9
protein stability, given that the localization of PHT1;8 and 1;9 to the ER coincides that of

PHO?2. To this end, we used a loss of function mutant pho2-1 and monitored the localization
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and abundance of GFP-PHT1;8 and GFP-PHT1,9 transporters. The overall phenotype of pho2-
1 was slightly enhanced by the overexpression of PHT1;8 or PHT1;9, and the basal Pi level of
pho2-1 was boosted by PHT1;8 overexpression. PHT1;8 and PHT1;9 localization and
abundance were not affected in pho2 mutants, indicating that their regulation is independent

of PHO?2.
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RESULTS

Ectopic expression of PHT1;8 and PHT1;9 leads to exacerbated Pi toxicity phenotype of

the pho2 mutant

The pho2 mutant over-accumulates Pi due to enhanced Pi uptake, translocation and
reduced remobilization from older tissues (Aung et al., 2006). Excessively high Pi is toxic to
plants, therefore the pho2 plants are smaller and display leaf necrosis at maturity (Aung et al.,
2006). We investigated whether PHT1;8 and PHT1;9 overexpression would enhance the Pi
toxicity of pho2 mutant given that these overexpressions result in augmented Pi content in the
WT Arabidopsis seedlings (Remy et al., 2012); Chapter 2). For this purpose we overexpressed
PHT1;8 and PHT1;9 under a strong constitutive promoter, the Cauliflower Mosaic Virus 35S
(CaMV35S) in Arabidopsis thaliana. The shoot phenotype of WT, pho2 and the pho2
harboring 35::GFP-PHT1;8 and 35S::GFP-PHT1;9 was analyzed in fifteen-day-old plants. We
found that the leaves of the pho2 mutants are smaller relative to WT due to high Pi toxicity, as
previously reported (Aung et al., 2006; Delhaize and Randall, 1995), however, the leaves of
the PHT1;80X pho2 and PHT1;90X pho2 are even smaller than those of pho2 mutants (Figure
1). This suggests that the overexpression of PHT1;8 or PHT1;9 enhances the pho2 growth
phenotype and it is probably due to the augmented Pi uptake and translocation contributed by
the PHT1;8 and PHT1;9 overexpression. These results also indicate that PHO2 might be a
negative regulator of PHT1;8 and PHT1;9, consistent with the previous reports (Aung et al.,

2006; Bari et al., 2006).
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Localization and abundance of GFP-PHT1;8 and GFP-PHTL1;9 are not affected by the
loss of PHO2

Earlier reports have shown that most PHT1 proteins localize to the PM (Bayle et al.,
2011; Gonzélez et al., 2005; Remy et al., 2012), but PHT1;8 and PHT1;9 are display a dual
localization, at ER and PM, however, the PM localization is detected only in root tips (Chapter
2). In addition, PHT1;8 and PHT1;9 have predicted ubiquitination sites that might implicate
the E1/E2/E3 set of enzymes, including PHO2, in their targeting to the vacuole (Huang et al.,
2013; Park et al., 2014). We then asked whether PHT1;8 and PHT1;9 are negatively regulated
by PHO2 at the posttranslational level. We used stable Arabidopsis lines harboring GFP-
PHT1;8 and GFP-PHT1;9 and probed fusion protein localization in roots of WT (Col-0) and
pho2-1 backgrounds. If PHO2 is indeed a negative regulator of PHT1;8 and/or PHT1;9, in the
absence of PHO2, we expected a greater fluorescence signal at the PM and/or ER relative to
the WT lines. Confocal microscopy analysis revealed that in mature root regions in Col-0
Arabidopsis transgenic seedlings grown on sufficient Pi for 7 days, fluorescence signal
corresponding to PHT1;8 and PHT1;9 was detected at the reticular network corresponding to
the ER (Figure 2). The localization pattern and intensity of GFP signal from GFP-PHT1;8 and
GFP-PHT1;9 in the pho2-1 mutant is comparable to the localization of these proteins in WT,
indicating that the lack of PHO2 does not have an effect on their localization or abundance.
This result was unexpected, given that PHO2 does regulate PHT1;1 and PHT1;4 stability
(Huang et al., 2013; Park et al., 2014). Therefore, we used the immunoblot analysis to
corroborate these results. Membrane and soluble fractions were isolated from Col-0, GFP-
PHT1;8 and GFP-PHTL1;9 in the WT and pho2 backgrounds. 30 pg of membrane protein

fraction from each sample was loaded onto the SDS gel and probed with an a-GFP antibodly.

101



Prior to protein extractions, GFP fluorescence was confirmed by stereomicroscopic analysis in
all the lines expressing GFP fusion proteins, and absence of such a signal in the WT Col-0.
Although GFP signal was confirmed by prior microscopic analysis, we were unable to detect
the fusion proteins in either WT or pho2 backgrounds (Figure S1). The expected size for the
GFP-PHT1;8 and GFP-PHT1;9 was 90 kDa. When probed with a-GFP we did not detect the
expected 90 kDa fragment, but only an unspecific 75 kDa fragment, also present in the Col-0
WT (Figure S1). The 90 kDa fragment corresponding to GFP-PHT1;8 and GFP-PHT1;9 was
not detected in the soluble protein fractions either (data not shown). These results suggest that,
either GFP-PHT1;8 and GFP-PHT1;9 levels are very low, or we need to further solubilize the
membrane proteins. The latter might be unlikely, given that membrane markers for tonoplast
(V-ATPase) and ER (Sec12) are detected in the membrane protein fractions in all the samples
tested (Figure S1). However, based on the localization and abundance of GFP-PHT1;8 and
GFP-PHT1;9 in the pho2 background, we can conclude that PHO?2 is likely not involved in the
posttranslational regulation of PHT1;8 and PHT1;9 or it may be that its effect is below the
confocal detection capabilities.
Basal Pi content is enhanced upon overexpression of PHT1;8 in the pho2 background

It was previously reported that loss of PHOZ2 results in an excessive Pi quantity in the
shoots that is achieved by increased efflux of Pi from roots to shoots via PHO1 and an increased
Pi uptake via upregulation of PHT1 transporters (Aung et al., 2006; Delhaize and Randall,
1995; Huang et al., 2013; Liu et al., 2012; Park et al., 2014). We tested whether Pi levels in the
pho2-1 shoots might be further increased by the augmented action of PHT1;8 and PHT1;9. For
this, we quantified the level of basal phosphate in the 14-days-old pho2 and in pho2

overexpressing GFP-PHT1;8 or GFP-PHTL1;9 seedlings. The pho2 plants harboring GFP-
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PHT1;8 had roughly double the amount of soluble Pi relative to the basal Pi levels in the pho2
mutants, while PHT1;9 overexpression in pho2 had a minor effect on the basal Pi content
(Figure 4). This result indicates that overexpressing PHT1;8 is sufficient to enhance the Pi
over-accumulation phenotype of the pho2 mutant, suggesting that PHO2 negatively regulates

PHT1;8 when Pi is sufficient, consistent with earlier reports (Aung et al., 2006).
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DISCUSSION

PHO2 plays an important role in Pi homeostasis given that it is a principal component
of the Pi-dependent proteolysis machinery (Aung et al., 2006; Bari et al., 2006; Chiou et al.,
2006; Delhaize and Randall, 1995; Huang et al., 2013; Lin et al., 2008; Lin et al., 2013; Liu et
al., 2012). Previous reports showed that loss of PHO2 results in abnormally high Pi content
due to increased Pi uptake and translocation coupled with improper Pi remobilization from
source to sink (Aung et al., 2006; Bari et al., 2006; Chiou et al., 2006; Delhaize and Randall,
1995; Huang et al., 2013; Liu et al., 2012). In this report, we investigated the role of PHOZ2 in
regulating PHT1;8 and PHT1;9 proteins and also the contribution of PHT1;8 and PHT1;9 to
the pho2 phenotype.

We found that the overexpression of PHT1;8 and PHT1;9 in the pho2 background
resulted in an enhancement of the Pi over-accumulation phenotype of pho2 as revealed by the
smaller leaves in the 15-day-old seedlings. Monitoring the phenotype of the older plants
overexpressing PHT1;8 or PHT1;9 in the pho2 background will be useful to confirm whether
the leaf chlorosis and necrosis will be more advanced, since Pi toxicity develops in older plants
when the Pi constitutes more that 1% of the plant dry weight (Marschner, 1995l). Furthermore,
a detailed quantification of the shoot and root phenotype is pertinent for revealing the effect of
PHT1;8 and PHT1;9 overexpression on the pho2 phenotype.

It was previously shown that degradation of the PHT1;1/2/3/4 is PHO2-dependent
(Huang et al., 2013; Lin et al., 2013; Park et al., 2014), while Park et al., (2014) reported that
PHO?2 interacts with PHT1;4 only and no interaction was observed with PHT1;1/2/3/5/6 in a
yeast two-hybrid analysis. Our data indicates that GFP-PHT1;8 and GFP-PHT1;9 localization

and abundance are not affected by the PHO2, even though their subcellular localization

104



coincides at the ER. This indicates that PHT1;8 and PHT1;9 are distinct from PHT1;1/2/3/4
and the PHT1;8 and PHT1;9 protein abundance is PHO2-independent, particularly if PHO2
interacts with PHT1;4 only (Park et al., 2014). It is also plausible that the effect of PHO?2 is
minor or conditional or is exerted at a specific stage of development. It is also, conceivable
that PHT1;8 and PHTL1;9 degradation mechanisms differ from that of PHT1;1/2/3/4,
particularly because PHT1;8 and PHT1;9 are predicted to contain high-confidence putative
Proline, glutamic acid (E), Serine, Threonine (PEST) motifs at the C-terminus, which would
make these proteins short-lived and subject to quick degradation (Rechsteiner and Rogers,
1996; Rogers et al., 1986). PHT1;1/2/3/4 are not predicted to contain the aforementioned motif.
It would be suitable to test whether PEST domain confers a bypass from the PHO2/ NLA
action, and this could be tested by swapping the PEST domain from PHT1;8/9 to PHT1;1 or
PHT1;4 and analyzing the localization and the abundance of such chimeric proteins.

Our results also show that PHT1;8 enhances the Pi over-accumulation phenotype of the
pho2 as displayed by the heightened basal Pi content in the seedlings overexpressing PHT1;8
in the pho2 background, while the PHT1;9 overexpression had similar basal Pi levels as pho2
(Figure 3). This is consistent with previous reports where the loss of PHO2 resulted in a greater
PHT1;8 accumulation at Pi sufficient conditions, while the PHT1;9 increase was only slight
(Aung et al., 2006). Our data suggests that PHO2 has a transcriptional control over PHT1;8,
possibly via an intermediate, to ultimately fine tune the Pi homeostasis, and it has no effect on
the localization of PHT1;8 or PHT1;9. Further studies need to be carried out in order to identify
proteins involved in the regulation of PHT1;8 and PHTL;9 localization and abundance. One
possible candidate involved in PHT1;8 and PHT1;9 degradation might be NLA, given that it

regulates PHT1;1 and PHT1;4 degradation (Lin et al., 2013; Park et al., 2014), however the
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PM localization of NLA suggests that it could interact and target for degradation only PHT1;8
and PHT1;9 that reached the PM. Additionally, identification of the proteins that regulate
degradation of PHT1;8 and PHT1;9 at the ER, given their abundant ER localization in most

tissues (Chapter 2), needs to be subject of further studies.
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MATERIALS AND METHODS

Plant materials and growth conditions

The Arabidopsis thaliana ecotype Colombia was used in all experiments. The pho2-1
was obtained from the Arabidopsis Biological Resource Center (ABRC). The seeds were
sterilized and plated on half-strength complete (MSP01) or Pi-free AGM from Caisson Labs
(MSP19) supplemented with 1 % (w/v) sucrose, 0.5 g/L 2-(N-morpholino) ethanesulfonic acid
(MES) and 4 g¢g/L GelRite (RPI). For low Pi medium, KH2POs4 was added to a final
concentration of 2 uM to the Pi-free AGM. Plates were kept at 4° C in the dark for 4 days and
transferred to a growth chamber at 22° C with a 16 h light/8 h dark cycle.
Constructs and transgenic plants

The Gateway system (Life Technologies Corporation) was used to generate transgenic
plants harboring GFP or YFP fused to PHT1;8 and PHT1;9. The PHT1;8 CDS was obtained
from ABRC, stock #DQ446267. PHT1;9 was amplified from Col-0 cDNA from roots of plants
grown on low Pi media using PHT1;9-1F: CACCATGCCGGAGTTAAGTTTA and PHT1,9-
1R+Stop: TTAGTATTGTCTCCGAAG as primers. Phusion High-Fidelity DNA Polymerase
(NEB) was used for amplification of PHT1;9. The obtained amplicons were cloned into
pENTR™/D-TOPO vector (Life Technologies Corporation) and sequenced by Sanger
sequencing. LR recombination was done with the Gateway destination vector pGWB6
(Nakagawa et al., 2007) the constructs were transformed into Agrobacterium tumefaciens C58.
For stable transformation Arabidopsis thaliana Col-0 and pho2 mutant were used for

transformation by floral dip method as previously described (Clough and Bent, 1998).
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Confocal microscopy

The images were captured using a Zeiss LSM710 confocal microscope with a 40X
water objective, at the Cellular and Molecular Imaging Facility (CMIF) at NCSU. To image
the samples combinations of excitation wavelength/emission were 488 nm/492-570 nm for
GFP.
Immunoblot analysis

Total protein was extracted from 14 day-old Arabidopsis seedlings grown on Pi
sufficient 0.5X MS media using HE-8% buffer (50 mM HEPES-KOH, pH 6.5, 5 mM EDTA,
8 % (w/v) sucrose, 1 mM DTT (w/v) and a protease inhibitor cocktail (Roche). The lysate was
centrifuged at 100,000 X g at 4° C for 1 hr to separate the cytosolic proteins from the membrane
protein. The obtained pellet was resuspended in 1 ml of HE-8% buffer. Protein concentration
was quantified by Bradford Assay (Kruger, 2009) and 30 ug per lane of membrane proteins
were run through a 10% SDS Polyacrylamide gel and transferred onto a PVDF membrane by
a semidry transfer method using a GE Healthcare Amersham™ TE 70 Semi-Dry Transfer Unit.
The blots were incubated with blocking solutions [5 % (w/v) powdered milk in TBS-T [20 mM
Tris-HC1, pH 7.5; 150 mM NacCl, and 0.1 % (v/v) Tween 20] for 1 hr. Protein blots were
probed with monoclonal anti-GFP antibody (Thermo MA5-15256) 1:1000 dilution as a
primary antibody and with Peroxidase-Conjugated Goat Anti-Mouse IgG (Thermo 32430)
1:5000 dilution as a secondary antibody. VATPase and Sec12 were used as controls for the
membrane fraction, a-VATPase (Katsiarimpa et al., 2014) and a-Secl2 (Bar-Peled and
Raikhel, 1997) at 1:2000 dilution were used as a primary antibody and peroxidase-conjugated

Stabilized Goat Anti-Rabbit antibody as secondary antibody 1:5000 (Thermo 32460). The
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immunoblots were visualized by chemiluminescence with Clarity Western ECL Substrate
(BioRad) and imaged using a G:BOX Chemi XRQ system (Syngene).
Soluble Pi content determinations

For soluble Pi levels and anthocyanin quantification, shoot tissue from 10 seedlings
was harvested, rinsed in distilled water, blot-dried, frozen, and ground to a fine powder in
liquid nitrogen and separated into 50-100 mg aliquots. Each sample was homogenized in 1%
(w/v) Acetic Acid in a 1:10 ratio (1 mg powder to 10 pl 1% (w/v) Acetic Acetic). The mixture
was vortexed, and centrifuged at 4°C to pellet the cellular debris. The supernatant was assayed
for soluble Pi using the molybdenum-blue method (Ames, 1966). For Pi quantification the
absorbance at 660 nm was read using a Synergy H1 Hybrid Plate Reader at the Genomic

Sciences Laboratory (GSL) Facility at NCSU.
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TABLES AND FIGURES
Figure 1. Ectopic expression of PHT1;8 and PHT1;9 leads to an exacerbated Pi toxicity
phenotype of pho2 mutant.
The effect of overexpressing PHT1;8 or PHT1;9 on the pho2-1 phenotype. The images show
the shoot phenotypes of 15-day-old Arabidopsis seedlings grown on 0.5X MS media
containing regular (1 mM) Pi media (Pi sufficient condition).
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Figure 2. GFP-PHT1;8 and GFP-PHT1;9 subcellular localization and abundance is not
altered by the pho2 mutation.

(A-D) 3D renderings of high-resolution confocal z-stacks acquired from WT and pho2
Arabidopsis thaliana roots of stably expressing GFP-PHT1;8 and GFP-PHT1;9. GFP signal
labels the endoplasmic reticulum (ER) network. The seedlings were 7 days old and grown on
0.5X MS media containing 1 mM Pi. GFP fluorescence is false colored in green.

Scale bar =20 pm.
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Figure 3. Basal Pi content in PHT1;8 OX and PHT1;9 OX in pho2 background.

The effect of PHT1;8 or PHT1;9 overexpression in the pho2 background on Pi content. The
14-day-old pho2, GFP-PHT1;8 (pho2) and GFP-PHT1;9 (pho2) seedlings were grown on 0.5X
MS media containing regular (1 mM) Pi were used. Soluble Pi was assayed using the
Molybdate-blue method as previously described (Ames, 1966). FW= fresh weight. Bars

represent means + SD, n = 5, * indicates p < 0.001.

B s

=

w 20 |

£

=

s 15+

£

S 10

c

S

& > T
0

pho2 PHT1;8  PHT1;9
(pho2)  (pho2)

116



Supplementary Figure 1. Immunoblot analysis of the GFP-PHT1;8 and GFP-PHT1;9 in
the wild type and pho2 mutants.

Immunoblot analysis of GFP-PHT1;8 and GFP-PHT1;9 from membrane fractions of the wild
type and pho2 mutants. 30 pg of membrane protein fraction was loaded and separated through
a 10% SDS-Polyacrylamide gel. a-GFP, a-V+ATPase and a-Secl12 antibodies were used. The
markers used as controls for the membrane protein fraction were: V+ATPase (93 kDa,

tonoplast membrane marker) and Sec12 (43 kDa, an integral ER membrane marker).
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CHAPTER 4
The Iron Signaling Proteins BRUTUS and POPEYE Regulate PHT1 Expression
ABSTRACT

Phosphorus (P) is one of the essential macronutrients indispensable for proper plant
growth and development. P is a structural component of nucleic acids and membranes, as well
as a fundamental constituent in metabolism and energy production. Most soils are poor in
phosphate (Pi), resulting in a significant constraint on plant productivity. Iron (Fe), on the other
hand, is an important micronutrient that participates in key processes such as photosynthesis
and redox reactions. Insufficient Fe has a negative impact on yield and on the nutritional quality
of plants. Pi is a known potent chelator of Fe, and the generated Pi-Fe complexes are unusable
for plants resulting in a reduced availability of both elements. Plants developed intricate
mechanisms to maintain accurate Fe and Pi homeostasis and there is significant evidence for a
crosstalk given that Pi-starved plants accumulate more Fe and the classical inhibition of the
primary root during low Pi is due to Fe-toxicity. Recently, PHOSPHATE STARVATION
RESPONSE 1 (PHR1), the master regulator of Pi homeostasis has been shown to regulate
responses to iron, sulfate and zinc deficiencies, thus PHR1 might be a hub for integrating
multiple nutrient stati. We investigated the crosstalk between iron and phosphate homeostasis
by analyzing the expression of classical iron and phosphate starvation markers in the high
affinity phosphate transporter mutants (PHT1), pht1;8 and pht1;9 and in the altered iron-
deficiency response, brutus (bts) and popeye (pye) mutants. We observed that loss of BTS or
PYE results in the upregulation of PHT1;1 and PHT1;4 transcripts at low and high Pi regimes,
in addition to the decrease of these transcripts under Fe-deprivation. Conversely, transcripts

for Fe-starvation markers, Arabidopsis H+-ATPase2 (AHA2) and IRON-REGULATED

118



TRANSPORTER1 (IRT1) are more abundant in Pi deficient mutants, pht1;8, pht1;9 and pht1;8
1;9 independent of the Pi availability. Our results indicate that PHT1;8 and PHT1;9 are
involved in Fe homeostasis by controlling the Pi status and that BTS and PYE participate at
the crosstalk between phosphate and iron homeostasis by exerting genetic control over PHT1

and PSI genes.
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INTRODUCTION

Plants are sessile organisms, and thus, maintaining proper balance of macro and micro
nutrients is essential for prosperous growth and development (Marschner, 1995f). Pi is often a
limiting macronutrient, its availability has an impact on the accumulation of iron, copper,
sulfur, zinc, manganese as well as nitrogen, and this points to the existence of a complex
nutritional crosstalk in plants (Barben et al., 2011; Briat et al., 2015; Hirsch et al., 2006; Kant
etal., 2011; Niu et al., 2015; Perea-Garcia et al., 2013; Rai et al., 2015; Rouached et al., 2010;
Rouached et al., 2011; Ward et al., 2008; Kant et al., 2011; Lin et al., 2013; Medici et al.,
2015).

Pi is a chelator of Fe in soil/media as well as in planta, and the resulting Pi-Fe
complexes are unusable for plants. Under normal conditions, Fe mostly accumulates in the
vacuole where is it found predominantly in a complex with P, while during low Pi, iron is not
detected in the vacuole or cytosol, but in chloroplasts of leaf cells where it is not accompanied
by P (Hirsch et al., 2006). Furthermore, Fe is stored in seed vacuoles as Fe-phytate (also known
as inositol hexakisphosphate, or IP6) complexes and release of Fe from these complexes is
important for seed germination under Fe deprivation (Lanquar et al., 2005). Phosphorus
deficiency promotes Fe accumulation and redistribution in planta (Hirsch et al., 2006). More
specifically, Pi-deficiency results in a more than tenfold increase in Fe content in plants (Hirsch
et al., 2006). Root morphology is severely altered during Pi starvation, as the primary root
growth is inhibited due to Fe toxicity, which induces cessation of root apical meristem (RAM)
activity (Abel, 2011; Rai et al., 2015; Svistoonoff et al., 2007; Thibaud et al., 2010; Ward et
al., 2008). In fact, the presence of Fe is required for primary root growth inhibition on low Pi

media (Svistoonoff et al., 2007; Ward et al., 2008).
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Plants adapt to both Pi and Fe deprivation by acidifying the rhizosphere. Upon Pi
deficiency, together with the root system architecture changes, the rhizosphere becomes more
acidic as a result of the exudation of acid phosphatases and organic acids, for the purpose of
increasing the bioavailability of Pi (del Pozo et al., 1999; Jones, 1998; Li et al., 2002; Lopez-
Bucio et al., 2000; Marschner, 19950; Plaxton and Tran, 2011). The subsequent pH reduction
in the rhizosphere results in increased metal solubility (Narang et al., 2000), and as a
consequence, it can lead to metal toxicity (Ward et al., 2008). Fe-deficiency conditions also
trigger rhizosphere acidification by the action of AHA2, a plasma membrane H+ATPase, and
by production of organic acids (Abadia et al., 2002; Santi and Schmidt, 2009). Despite the
rhizosphere acidification in response to deprivation in both Fe and Pi, it appears that the acid
phosphatase secretion from roots is exclusive to Pi stress.

The Pi-Fe interaction is also apparent at the molecular level. Indeed, split-root
experiments have shown that genes involved in metal detoxification and storage are induced,
while genes involved in metal absorption and translocation are repressed by Pi starvation, thus
pointing to an antagonistic interrelationship between Pi and Fe (Thibaud et al., 2010).
PHOSPHATE STARVATION RESPONSE 1 (PHR1) and its closest homologue PHR1-LIKE
(PHL1) are MYB-related transcription factors that regulate gene expression in response to Pi
and Fe fluctuations (Bournier et al., 2013; Briat et al., 2015). PHR1 controls the transcript
abundance of many PHOSPHATE STARVATION INDUCIBLE (PSI) genes, such as
INDUCED BY PHOSPHATE STARVATIONL1 (IPS1), At4/IPS2 and SPX1 in a Pi-dependent
manner (Liu etal., 1997; Shin et al., 2006). IPS1 and At4/IPS2 are members of the same family
of non-coding RNAs that are induced at low Pi and function as riboregulators (Franco-Zorrilla

et al., 2007), while SPX1 encodes a nuclear protein implicated in Pi sensing (Duan et al., 2008;
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Pugaetal., 2014). PHR1 and PHL1 are involved in the regulation of Fe homeostasis by directly
interacting with the promoter of Fe-storage protein FERRITIN1 (FER1), as shown by a yeast
one-hybrid, to regulate its expression in response to Pi availability (Bournier et al., 2013).
Moreover, an alteration in iron homeostasis was observed in the phrlphll mutants, including
the misregulation of FER1 (Bournier et al., 2013). This is consistent with previous reports of
upregulation of FER1 and FERRIC REDUCTASE DEFECTIVE3 (FRD3), an effluxer of
citrate, in response to low Pi (Thibaud et al., 2010). Clearly, there is robust indication of the
cross-communication amongst Fe and Pi responses mediated by PHRL1.

Phosphate uptake in Arabidopsis occurs through high affinity phosphate transporters
(PHT1) (Misson et al., 2004; Muchhal et al., 1996; Raghothama, 1999; Raghothama, 2000;
Raghothama and Karthikeyan, 2005; Shin et al., 2004). Loss of PHT1 aggravates the Pi
starvation phenotypes, while overexpression of these genes results in an increased Pi uptake
and Pi content (Ayadi et al., 2015; Gonzélez et al., 2005; Lapis-Gaza et al., 2014; Misson et
al., 2004; Nagarajan et al., 2011; Shin et al., 2004; Smith et al., 2011). Interestingly, loss of
PHT1;1/2/3/4 genes results in an increased Fe content in both leaves and roots (Ayadi et al.,
2015). In fact, quantification by Inductively Coupled Plasma (ICP) mass spectrometry shows
that Fe content is increased by 30 to 50% in PHT1 loss of function mutants, depending on how
many PHT1 genes are impaired (Ayadi et al., 2015). This highlights, once more, the connection
that exists between Fe and Pi homeostasis.

Phosphate and iron levels regulate the abundance of proteins involved in Fe uptake by
transcriptional and/or posttranscriptional mechanisms. IRON-REGULATED
TRANSPORTER1 (IRT1) is the main plasma membrane (PM)-localized iron transporter

responsible for the iron uptake from soil (Eide et al., 1996; Henriques et al., 2002; Vert et al.,
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2002). Upon sufficient Fe, IRT1 transcript levels are reduced and IRT1 protein is endocytosed
from the PM and targeted for degradation at the vacuole (Barberon et al., 2014; Barberon et
al., 2011; Vertet al., 2002). Additionally, IRT1 is posttranscriptionally controlled by the helix-
loop-helix protein, FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION
FACTORL1 (FIT1), which is essential for Fe-deficiency response (Colangelo and Guerinot,
2004). Consistent with a Fe-Pi crosstalk, Pi deficiency results in systemic down-regulation
IRT1 expression, while Pi sufficiency induces accumulation of IRT1, IRT2 and FERRIC
REDUCTION OXIDASE2 (FRO2) (Thibaud et al., 2010), a ferric-chelate reductase enzyme,
responsible for the reduction of iron at the root surface (Robinson et al., 1999). Furthermore,
FRO2 accumulation is diminished in the loss of function for the ubiquitin-conjugating enzyme
UBC24/PHOSPHATEZ2 (PHO2) mutants, which overaccumulate Pi (Huang et al., 2013). This
suggests that the Pi—dependent proteolytic machinery might be involved in the regulation of
Fe homeostasis and that Pi homeostasis alterations trigger adjustments of the Fe status.

Under Pi sufficient conditions plants may experience Fe deficiency, given that Pi is a
potent chelator of Fe. When Fe levels are low, two key Fe deficiency response regulators BTS
and PYE are upregulated within 72 hours of Fe stress (Long et al., 2010). Although both bts
and pye mutants have elevated Fe content, loss of BTS results in increased tolerance to Fe
stress, while loss of PYE results in reduced tolerance to Fe insufficiency (Long et al., 2010;
Selote et al., 2015). Recent studies have shown that BTS binds Fe through its hemerythrin
domains (Kobayashi et al., 2013; Selote et al., 2015) and it was proposed to function as an Fe
sensor (Kobayashi and Nishizawa, 2014; Selote et al., 2015 ). BTS also contains a RING
domain, which facilities the degradation of ILR3 and bHLH115, two PYL-like proteins that

also interact with PYE (Long et al., 2010; Selote et al., 2015). It is thought that by controlling
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PYL-like proteins BTS modulates PYE mediated Fe deficiency responses, thus impacting Fe
homeostasis.

In the current study, we further elucidate the genetic basis of the Fe and Pi interaction
by analyzing mutants with compromised Pi and Fe homeostasis exposed to either stressor.
Plants with impaired PHT1;8 and/or PHT1;9 expression were used as representative for
abnormal Pi homeostasis (Chapter 2). Additionally, plants with loss of POPEYE (PYE) or
BRUTUS (BTS) functions were selected as representative for anomalous Fe homeostasis, as
bts has an increased tolerance to Fe stress while pye mutant has a reduced tolerance to Fe
insufficiency and both are critical for regulating Fe homeostasis (Long et al., 2010; Selote et
al., 2015). Our experiments showed that loss of PHT1;8 and PHT1;9 results in Fe-stress
phenotypes at the molecular level, and that BTS and PYE regulate Pi homeostasis by

controlling PHT1 and PSI.
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RESULTS
Iron homeostasis is affected by the loss of PHT1;8 or PHT1;9 at Pi-replete and deplete

conditions

In order to further characterize the interaction between Fe and Pi homeostasis, we
examined the effect of Pi availability on the expression of iron starvation markers in mutants
with compromised Pi. For this purpose we chose mutants with disrupted PHT1;8 and PHT1;9,
which are specifically induced by low Pi and their loss results in low tolerance to Pi stress
(Chapter 2; Lapis-Gaza et al., 2014; Mudge et al., 2002; Remy et al., 2012). We hypothesized
that these mutants might have an altered expression of genes involved in Fe uptake, as a
consequence of the Pi- starvation phenotype. Real-time quantitative reverse transcription
(QRT)-PCR was carried out to compare the relative expression of genes involved in Fe
homeostasis such as FIT1, IRT1 and AHA2, in roots of WT, pht1;8, pht1;9 and pht1;8 1;9
double mutants grown under normal and Pi-deficient conditions. It has been previously shown
that all of the above transcripts accumulate during Fe deficiency (Colangelo and Guerinot,
2004; Santi and Schmidt, 2009; Vert et al., 2002). Under sufficient Pi conditions, the
expression of FIT1 is relatively unchanged in all three mutants tested when compared to WT
levels (Figure 1), while the IRT1 transcript levels at are induced 5.4 fold in pht1;8, 2.1 fold in
pht1;9 and 3.1 fold in the pht1;8 1;9 double mutant. Similarly, the AHAZ2 relative expression
at regular Pi is tripled in pht1;8, 5.6 fold in pht1;9 and sevenfold in pht1;8 1;9 compared to
the AHA2 levels in the WT (Figure 1). Consistent with previous reports, Pi deprivation caused
an overall reduction of the level of IRT1 (Misson et al., 2005; Thibaud et al., 2010), similarly
FIT1 and AHAZ transcripts were reduced. Pi depletion led to a drop in FIT1 expression to 13%

in phtl;8, 22% in phtl;9 and 40% relative to WT levels (Figure 1). Likewise, the relative
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expression of IRT1 was reduced in all lines tested to nearly half of the WT levels in response
to low Pi (Figure 1). A small change in the AHA2 transcript abundance was detected at Pi
deficient conditions. AHA2 expression was reduced to 53% of the WT level in pht1;8, and
almost twofold in the pht1;8 1;9 double mutant (Figure 1). No change in the AHA2 expression
was detected in the pht1;9 mutant. The higher expression of IRT1 and AHAZ2 in the phtl;8,
pht1;9 and pht1;8 1;9 under Pi sufficient conditions highlight a perturbation in Fe homeostasis
in these mutants. Moreover, the higher levels of IRT1 and AHAZ2 transcripts in all the high-
affinity phosphate transporter mutants tested, at abundant Pi, suggest that the iron levels might
be higher in these lines. We propose that these perturbations are FIT1-independent, given that
its expression does not correlate with the IRT1 and AHA2 expression in all PHT1 mutants
tested. These results are consistent with previous studies showing that loss of PHT1;1/2/3/4

resulted in higher Fe content, possibly due to IRT1 induction (Ayadi et al., 2015).

Pi homeostasis is altered in bts and pye mutants at insufficient and sufficient Pi

Next, we investigated the impact of Pi availability on plants with compromised Fe
homeostasis, and we used the transcript abundance of Pi starvation markers as a readout for Pi
status. We chose the bts and pye mutants for these experiments, because these genes represent
two core steps in the regulatory network in response to Fe deprivation (Long et al., 2010; Selote
et al., 2015). We tested the relative expression of the two most abundant (PHT1;1, PHT1;4)
and the two least abundant (PHT1;8 and PHT1;9) members of the PHT1 genes by qRT-PCR
in roots of WT, bts, and pye mutants. The expression of PHT1 genes are induced by Pi-
deprivation and therefore these are commonly used as Pi starvation markers (Misson et al.,
2005; Mudge et al., 2002). Under Pi-replete conditions, the relative expression of PHT1;1 is

comparable to WT in bts, while it is nearly doubled in the pye mutant (Figure 2). PHT1;4, on
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the other hand, is induced in both bts and pye, 2.5 and 2.2 fold, respectively. Interestingly,
PHT1;8 expression is nearly abolished, to 2-3% of the WT level in both bts and pye, while the
PHT1;9 abundance was not affected in either of the mutants (Figure 2). A similar trend was
observed in Pi-starved plants. The relative expression of PHT1;1 and PHT1;4, increased to 1.6
fold in bts and 1.4 fold in pye when compared to WT. PHT1;8 expression was reduced to 5%
in bts and 7% pye, and yet again PHT1;9 expression was unaffected in both bts and pye mutants
(Figure 2). These results indicate that BTS and PYE might be involved in the regulation of
PHT1 genes independent on the Pi status and that PHT1 genes appear to be downstream of
BTS and PYE. Furthermore, our results suggest a distinct regulation of PHT1;1/4, PHT1;8 and

PHTZ1;9 by PYE and BTS, given their disparate expression pattern in bts and pye mutants.

In order to further elucidate the Pi status of bts and pye mutants, we tested the transcript
abundance of the genes commonly used as Pi starvation markers. Transcript abundance of
SPX1, IPS1 and At4/IPS2 was analyzed in roots of Arabidopsis WT, bts, and pye mutants
exposed to regular (ImM) or low (2 uM) Pi conditions. At Pi-replete conditions, bts mutants
showed a ~1.5 fold increase in the relative expression of SPX1 and At4/1IPS2 compared to the
WT (Figure 3). IPS1 expression was not changed in this mutant. An opposite expression
pattern was observed in pye, with virtually unaffected SPX1 and At4/IPS2 levels, while the
relative expression of IPS1 was reduced to 20% of its levels in the WT (Figure 3). A different
response was found in the bts mutant exposed to Pi deprivation, with almost doubling in SPX1
and almost tripling in IPS1 expression relative to the WT (Figure 3). An analogous increase in
SPX1 and IPS1 expression was observed in pye mutant, where both transcripts more than
doubled (Figure 3). In contrast, the At4/1PS2 transcript was virtually unchanged in both bts and

pye mutants (Figure 3). These data suggest that bts is marginally Pi-deficient under sufficient
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Pi, while, both pye and bts mutants display augmented Pi-deficiency in response to low Pi
conditions. The differences between IPS1 and At4/IPS2 expression in both bts and pye,

suggests that these two genes undergo distinct regulation despite their redundancy.

Altered PHT1 and PSI expression in response to Fe deprivation

Fe deficiency results in major changes of the transcriptome (Dinneny et al., 2008).We
inquired whether the expression of known Pi stress markers, such as PHT1 and PSI, would be
affected by perturbations in Fe availability. For this purpose, we tested the relative expression
of five Pi starvation markers, two PHT1 (PHT1;1 and PHT1;4) and three PSI (SPX1, IPS1 and
At4) by gRT-PCR, in roots of 14-day-old WT seedlings grown on Fe-sufficient and Fe-
deficient conditions. Fe deprivation had a negative impact on all of the Pi starvation markers
tested (Figure 4). The relative expression of PHT1;1 and PHT1;4 under Fe starvation was
reduced to 64% and 34%, respectively, relative to their levels at Fe-sufficient conditions
(Figure 4), and this was consistent with a previous microarray data showing a reduction in
expression of a highly similar gene, PHT1;3 (Dinneny et al., 2008). Furthermore, the transcript
abundance of Pi starvation markers, SPX1 and At4/1PS2, showed a reduction to 55% and 44%
of their levels under Fe-sufficiency. Notably, Fe-deficiency induced the relative levels of IPS1
to be most attenuated, being reduced to only 2% relative to its levels in normal conditions
(Figure 4). Altogether, these results point to the fact that Fe deprived plants exhibit Pi
sufficiency at the molecular level. Moreover, the Pi starvation markers are repressed during
iron deprivation as highlighted by the lower expression of the Pi-stress markers, pointing to a
state of Pi excess. These results are consistent with the antagonistic interaction between the Fe

and Pi homeostasis.
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Rhizosphere acidification is altered in the phtl;8 and pht1;8 1;9 double mutants in

response to Fe starvation

It has been previously shown that plants respond to Pi stress by acidifying their
rhizosphere for the purpose of increasing the bioavailability of Pi (Gerke, 2015; Jones, 1998;
Marschner, 19950; Narang et al., 2000; Raghothama and Karthikeyan, 2005; Richardson et al.,
2011). Moreover, loss of PHT1;8, one of the high affinity phosphate transporters, resulted in
an enhanced reduction of the pH at the rhizosphere in response to Pi stress (Chapter 2), which
indicates that this mutant is more susceptible to Pi shortage. Lowering of the pH at the
rhizosphere in response to Fe-deficiency is also an important mechanism to increase Fe
availability (Long et al., 2010; Santi and Schmidt, 2009; Yi and Guerinot, 1996). Therefore,
we wanted to test the effect of iron starvation on the rhizosphere acidification capacity of the
pht1;8, pht1;9 and pht1;8 1;9 mutants. For this purpose, seedlings were grown on complete
media for 4 days and transferred to Fe-sufficient or Fe- deficient conditions for additional 4
days. Later the seedlings were moved to a minimal media containing Bromocresol Purple, a
pH indicator, for additional 24 hours. The purple color of the media indicates a pH of 6.5 or
higher, while the yellow color of the media indicates a pH of 5.2 or lower. Under sufficient Fe
conditions, the purple color of the media did change slightly, turning lighter in the rhizosphere
area of the WT and pht1;8 mutant, while for the pht1;9 and pht1;8 1;9 mutants no major
changes of the media proximate to the root were observed (Figure 5A). On the other hand, the
rhizosphere of the Fe stressed WT seedlings did get acidic, as indicated by the yellow
coloration of the media, as previously reported (Long et al., 2010; Yi and Guerinot, 1996).
Interestingly, no acidification was observed in the rhizosphere of the pht1;8 and pht1;8 1;9

double mutants in response to low Fe (Figure 5B). These results suggest that these mutants are
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more Fe sufficient than the WT even under Fe-deplete conditions, and this is consistent with
the fact that pht1;8 and pht1;8 1;9 are more Pi starved (Chapter 2), and therefore, they have
less Pi to chelate the available Fe. The pht1;9 mutant acidifies its rhizosphere to a similar extent
as the WT control (Figure 5), consistent with its milder Pi starvation phenotype (Chapter 2).
Overall, these results suggest that the more Pi stressed pht1;8 and pht1;8 1;9 are less Fe-

starved.
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DISCUSSION

In the current work, we elucidated some of the molecular mechanisms underlying the
genetic basis for Fe and Pi interactions in Arabidopsis roots. Although Pi and Fe are both
essential for plant growth, they are toxic when present in excess (Abel, 2011; Aung et al., 2006;
Delhaize and Randall, 1995; Hirsch et al., 2006; Marschner, 1995h; Marschner, 1995i;
Marschner, 1995l). Moreover, Pi and Fe form complexes in soil solutions as well as in planta,
which results in both nutrients becoming unavailable for plant use (Hirsch et al., 2006;
Marschner, 1995d; Ward et al., 2008; Zheng et al., 2009). Low Pi results in Fe toxicity
phenotypes in roots and high accumulation and storage of Fe within the plant, thus Pi and Fe
are antagonistic (Hirsch et al., 2006; Rai et al., 2015; Thibaud et al., 2010; Ward et al.,
2008).This indicates a strict integrated regulation of both Fe and Pi possibly in a PHR1-
dependent manner.

We have carried out several experiments to probe Fe homeostasis in response to
variable Pi levels and in mutants with defective Pi acquisition. Our study revealed that mutants
with increased Pi deficiency, phtl;8, pht1;9 and pht1;8 1;9 (Chapter 2) exhibit a reduced
expression of the Fe starvation response during Pi deprivation. However, under Pi-sufficient
conditions these mutants display enhanced Fe stress phenotypes at the molecular level, as
displayed by increased IRT1 and AHA2 expression (Figure 1). The expression of FIT1 was
unaffected under sufficient Pi in the pht1;8 and pht1;8 1;9 mutants, but it was lower in Pi-
deficient conditions (Figure 1), suggesting that these mutants are Fe-sufficient during Pi
starvation, possibly, as a result of being more Pi deficient (Chapter 2). During low Pi, the IRT1
expression is lower, presumably, because the more Pi starved pht1;8, pht1;9 and pht1;8 1;9

mutant seedlings have an increased Fe bioavailbaility. This is consistent with the higher Fe
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content at regular Pi conditions in the severely Pi-starved phtl1;1/2/3/4phfl quintuple mutant,
previously reported (Ayadi et al., 2015). The increased AHA2 accumulation in the Pi sufficient
conditions further indicates the low Fe status as a consequence of the loss of PHT1;8 and
PHT1;9. Additional investigations are needed to confirm effect of PHT1;8 and PHT1;9 loss
on the Fe levels, which can be tested qualitatively by Perl staining (Selote et al., 2015; Long et
al., 2010) and quantitatively by ICP Mass Spec (Ayadi et al., 2015).

Mutants with an increased tolerance to Fe stress (bts) and a reduced tolerance to Fe
insufficiency (pye) showed differential expression of Pi-stress markers in response to variable
Pi levels. It has been previously shown that PHT1 transcripts together with a host of Pi stress
markers are highly induced by Pi deprivation (Misson et al., 2004; Mudge et al., 2002;
Okumura et al., 1998; Shin et al., 2004). We show that PHT1;1 and PHT1;4 are induced in bts
and pye at both low and high Pi (Figure 2). Interestingly, PHT1;8 expression was almost
abolished in both bts and pye, independent on Pi availability, while PHT1;9 levels were
unaffected at all conditions in both mutants (Figure 2). These results indicates that BTS and
PYE might be negative regulators of PHT1;1/4 and positive regulators of PHT1;8,
independently of the Pi supply. Additionally, it is tempting to speculate that BTS and PYE
might regulate PHT1;8 in a PHR1-independent manner, since PHR1 controls the expression
of all PHT1 genes. These results also point to a differential regulation of PHT1;1;/4, PHT1;8
and PHT1;9, despite their genetic redundancy, given the very different patterns of expression
in each of the mutants. Additionally, bts appears to be more Pi-starved at Pi-sufficiency, as
shown by the increased levels of SPX1 and At4/IPS2 at Pi replete conditions. The Pi-starvation
phenotype of the bts mutant is consistent with its relatively high Fe content (Selote et al., 2015).

Interestingly, pye might be less Pi-starved than the WT when Pi is plentiful, given the relative

132



expression of IPS1 is reduced to 20%. Both bts and pye are more Pi-starved than the WT under
Pi deprivation, given that the Pi starvation markers, IPS1 and SPX1 are more than doubled at
this condition, consistent with the induction of PHT1;1 and PHT1;4 in both mutants. These
results highlight the intricate molecular interaction between Pi and Fe, and confirm that
compromised Fe homeostasis results in alteration of Pi homeostasis.

Analysis of the abundance of phosphate starvation markers in response to variable Fe
availability, has shown that Fe-deficiency has a negative impact on all the Pi starvation induced
genes tested, as PHT1;1, PHT1;4, SPX1, IPS1 and At4/IPS2 were reduced in response to Fe
shortage (Figure 4). Altogether, these results point to the fact that Fe deprived plants exhibit
Pi sufficiency at the molecular level. These results further support the antagonistic interaction
that exists between Fe and Pi homeostasis. Furthermore, Fe shortage does not trigger the
typical rhizosphere acidification in the pht1;8, and phtl1;8 1;9 mutants, while the WT and
pht1;9 did acidify their rhizosphere to the same extent. This is suggestive of the fact that pht1;8
and pht1;8 1;9 are less Fe-stressed, since they are more Pi starved. Furthermore, it is
conceivable that the mechanisms for rhizosphere acidification may differ in response to Pi and
Fe deficiency, since phtl;8 and pht1;8 1;9 mutants although capable of acidifying their
rhizosphere in response to Pi stress, fail to do so in response to Fe deprivation.

This study elucidates some of the molecular aspects that underlie the intricate crosstalk
between the Fe and Pi homeostasis. We uncovered that the loss of PHT1;8 and PHT1;9 results
in Fe-deficiency phenotype at the molecular level when Pi is plentiful, but this was insufficient
to trigger acidification of the rhizosphere in response to Fe stress, particularly in the pht1;8
and the pht1;8 1;9 mutant. To test whether these changes are due to Pi starvation per se or due

to indirect Fe excess, future experiments will need to be conducted with combined Fe and Pi
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shortages and in hydroponic conditions, to avoid artefacts due to trace amounts of these
nutrients from agar. Based on our findings we propose that BTS and PYE have broader roles
and might be involved in Pi homeostasis by regulating the expression of PHT1 and PSI genes,
regardless of the Pi availability. Future research is needed to uncover the crosstalk at the level
of Pi and Fe uptake and the in planta distribution of these nutrients in individual and

combinatorial Pi-Fe deprivation.
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MATERIALS AND METHODS

Plant materials and growth conditions

The Arabidopsis thaliana ecotype Colombia was used in all experiments. The T-DNA
insertion lines (Alonso et al., 2003) used in this experiments were: pht1;8 (SAIL_116_GO06),
pht1;9 (SALK_073614C) (Chapter 2), bts-1 (SALK_016526) and pye-1 (SALK_021217)
(Long et al., 2010). Seeds were sterilized and plated on half-strength complete (MSP01) or Pi-
free (MSP19) AGM (Caisson Labs) supplemented with 1% (w/v) sucrose, 0.5 g/L 2-(N-
morpholino) ethanesulfonic acid (MES) and 4 g/L GelRite (Research Products International).
For low Pi medium, KH2PO4 was added to a final concentration of 2 uM to the P-free AGM.
Standard AGM supplemented with 1% (w/v) sucrose, 0.05% (w/v) MES and 4 g/L GelRite,
0.1 mM FeEDTA was added to the Fe-sufficient media and 300 uM ferrozine, an iron chelator,
was added to the Fe-free media. Plates were kept at 4 °C in the dark for 4 days and transferred
to a growth chamber at 22 °C with a 16 h light/8 h dark cycle.
Gene expression analysis by qRT-PCR

Total RNA was extracted using TRI reagent (Ambion) from roots of 14-day-old
seedlings grown on Pi media for 7 days and transferred to +Pi or —Pi media for 7 days. The
cDNA was synthesized from 0.7 pg of DNase | (New England Biolabs)-treated total RNA,
using iScript cDNA synthesis kit (Bio-Rad). The synthesized cDNA was used as a template in
quantitative Real-Time PCR (gRT-PCR) analysis. UBIQUITIN 5 was used as an endogenous
control. The primers sequences for PSI and Fe starvation genes used can be found in Table 1.
A StepOnePlus Real-Time PCR system (Life Technologies) and iTag Universal SYBR Green
Supermix (Bio-Rad) was used. Relative expression was calculated and normalized with respect

to UBIQUITINS using the comparative cycle threshold method.
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Rhizosphere acidification

Standard AGM supplemented with 1% (w/v) sucrose, 0.05% (w/v) MES and 4 g/L
GelRite, 0.1 mM FeEDTA was added to the Fe-sufficient media and 300 uM ferrozine, an iron
chelator, was added to the Fe-free media. Rhizosphere acidification assay was done as
previously described (Yi and Guerinot, 1996). Seedlings were grown Fe sufficient media for 4
days and transferred to Fe deficient for additional 4 days. Three seedlings were grouped
together and transferred for 24 h to a minimal media containing 0.006% (w/v) bromocresol

purple and 0.2 mM CaS04, the pH was adjusted to 6.5 with 1 M NaOH.
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TABLES AND FIGURES

Figure 1. Expression of Fe stress markers in WT phtl1;8, pht1;9 and pht1;8 1;9 at sufficient
and low Pi levels.

Quantitative RT-PCR (gRT-PCR) analysis of FIT1, IRT1 and AHAZ2 in roots of WT (Col-0),
pht1;8, phtl1;9 and pht1;8 1;9 mutants. Total RNA was extracted from roots of 14-day-old
seedlings grown for 7 days on Pi sufficient 0.5 x MS media (1 mM, +Pi) and transferred for
another 7 days to either +Pi or low Pi media containing 2 uM Pi (-Pi). Relative expression
levels were normalized with respect to UBIQUITINS level in the WT at +Pi or —Pi treatment.
Data corresponds to the mean of three biological replicates + SE. Each biological replicate

was calculated from three technical replicates.
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Figure 2. Expression of PHT1 genes in WT, bts and pye mutants at regular and low Pi.

gRT-PCR analysis of PHT1;1, PHT1;4, PHT1;8 and PHT1;9 transcripts in roots of WT, bts,
and pye mutants. Total RNA was extracted from roots of 14-day-old seedlings grown for 7
days on Pi sufficient 0.5 x MS media (1 mM, +Pi) and transferred for another 7 days to either
+Pi or low Pi media containing 2 UM Pi (-Pi). Relative expression levels were normalized with
respect to UBIQUITINS expression in WT at +Pi or -Pi. Data corresponds to the mean of

technical triplicates for one biological replicate + SE.
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Figure 3. Expression of Pi starvation markers in WT, bts and pye mutants at regular and
low Pi.

gRT-PCR analysis of SPX1, IPS1 and At4 transcripts in roots of WT, bts, and pye mutants.
Total RNA was extracted from roots of 14 days seedlings grown for 7 days on Pi sufficient
0.5x MS media (1 mM, +Pi) and transferred for another 7 days to either +Pi or low Pi media
containing 2 uM Pi. Relative expression levels were normalized with respect to UBIQUITINS
expression in WT at +Pi or -Pi. Data corresponds to the mean of technical triplicates for one

biological replicate + SE.
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Figure 4. Expression of PHT1 and PSI genes in WT at sufficient and low Fe.

gRT-PCR analysis of PHT1;1, PHT1;4, SPX1, IPS1 and At4 transcripts in roots of WT, under
Fe sufficient and Fe-deficient conditions. Total RNA was extracted from roots of 14-day-old
seedlings grown for 7 days on Fe sufficient media and transferred for additional 7 days on
media with (+Fe) or without Fe (-Fe). Relative expression levels were normalized with respect
to UBIQUITINS expression in WT at +Fe. Data corresponds to the mean of biological

duplicates + SE. Each biological replicate was calculated from three technical replicates.
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Figure 5. pht1;8 and pht1;8 1;9 double mutants have a more alkaline rhizosphere relative
to WT under regular and low Fe conditions.

(A and B) Rhizosphere acidification response of WT, pht1;8, pht1;9 and pht1;8 1;9 to iron
stress. Eight-day-old seedlings grown on Fe sufficient media for 4 days were transferred to
either Fe-sufficient (A) or Fe-deficient (B) media (with Ferrozine) for 4 days, grouped in 3 and
transferred to minimal media containing Bromocresol Purple for 24 h. Purple color of the
media indicates alkaline pH, while yellow color indicates pH below 5.2.

Images are representative of two replicated experiments.
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Table 1. List of primers used for qRT-PCR.

Primer Name Primer Sequence References
FIT1-g1F GGAGAAGGTGTTGCTCCATCTC
FIT1-g1R TAAGCTCTGTTCGAAGCATGTCC
IRT1-gq1F GCGATACCGAGTCATTGCCATG
IRT1-q1R CCCATGCCTTCGAACATTTGATGG
AHA2-q1F GCTAAGAGAAGAGCTGAGATCGCTAG
AHA2-q1R CTACACAGTGTAGTGACTGGGAGTTTC
IPS1-g1F TAAGGAAAGCGTTTTAAGATATGG (Thibaud et al.,
IPS1-g1R TTCACTATAAAGAGAATCGGAAGC 2010)
SPX1-q1F GATTCCATTGTTGGAGCAAGA (Liu etal., 2011)
SPX1-q1R AATCTGTTAGCTTCTTCTATTGTA
At4-q1F CCGTGTTTACTTTGTTTCGGT (Lin etal., 2011)
At4-q1R AGGAACACACCTGAATGGTGC
PHT1;8-qlF GCTCTTCCTGCTGCATTGACG
PHT1;8-q1R AGGAGGTGGATCCGTCGTGGCTT
PHT1;9-q1F CCGCCAGATACACAGCATTGGT
PHT1;9 -q1R CGACCGTGGAGACTGAGGAAAC
PHT1;1-g1F CTTGTGCTCTGTCGCTTCT
PHT1;1-q1R AGTCACCTCCAATACCAAATCC
PHT1;4-q1F GGTTCACAGTTGCGTTCATC
PHT1;4-q1R TGGTTGTAAGGAATAGCCAGAG
UBQ5-F GACGCTTCATCTCGTCC
UBQ5-R CCACAGGTTGCGTTAG
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