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CHAPTER |

Responses of Plants to Phosphate Limitation

1. INTRODUCTION

Plant roots sense the change of available nutrients in the rhizosphere and use this information
as a cue to adapt their growth and metabolism. Adaptative growth responses include
molecular and morphological changes that modify root cell division and differentiation as
well as distinct physiological processes (Giehl et al., 2014). This enables plants to maximize
the acquisition of nutrients from the rhizosphere (Poethig, 2013; Lastdrager et al., 2014).
Among the nutrients, nitrogen (N) and phosphate (Pi) are the most limiting in natural
conditions and are thus critical for plant growth and development (Frink et al., 1999; Abel,
2011)

N is a basic element for amino acid and protein synthesis; hence, it is the top most important
inorganic nutrient for plants. Plants take up N from the rhizosphere in the form of nitrate
(NO3) and ammonium (NH,4"); however, NO3 is the most preferred form of N, especially in
the temperate environments. The high solubility of NO3" and NH," limits N bioavailability
because of accelerated leaching and loss by denitrification (Vance, 2001). After N,
phosphorus (P) is the second most limiting nutrient in the rhizosphere. P in the form of
inorganic phosphate (Pi) is a vital structural constituent of essential biomolecules and energy-
rich compounds, such as nucleic acids, sugar phosphates, phospholipids and phosphoproteins,
nucleoside triphosphate (ATP/GTP/CTP/UTP) or NADPH (Czarnecki et al., 2013). It
constitutes a major node in metabolism and is an important signaling molecule modulating
multiple cellular functions in signal transduction pathways and gene expression (Abel, 2011).
However, the chemistry of Pi makes its bioavailability inadequate in many ecosystems (Abel,
2011). So, the supply of Pi in the soil and its demand by plants as well as the ways plants cope
with Pi shortage are important issues discussed in the following introductory sections. Here, |
mostly focus on the recent development in the Pi field as the focus of my doctoral research
was on the identification and characterization of the Pi regulatory genes, PDR1 and PDR2.
Because the pdrl mutation points to a link between Pi and N sensing, | also discuss the

crosstalk between the two nutrients.



1.1  Piinthe plant and rhizosphere

Plants need an adequate supply of P in its inorganic and fully oxidized form (H,PO4 ", HPO, 2
or Pi) as plant growth is tightly dependent on Pi and is a vital component for cellular growth
and metabolism. In plants, the total P concentration is in the range of 0.5 to 5 mg g™ dry
weight while the metabolically active Pi pool is in the order of 0.1 to 0.8 mg g™ (Vance, 2010;
Veneklaas et al., 2012). The total P pool in plant cells consists of free Pi and esterified P
compounds, such as as nucleic acids, phospholipids and low molecular mass metabolites
(Vance, 2010; Malboobi et al., 2014). The larger pool are nucleic acids, mostly RNA (40-
60%) ((Veneklaas et al., 2012). Plants need to maintain Pi in the range of 5 to 20 mM in the
cytoplasm to ensure metabolic functions (Malboobi et al., 2014) while the Pi availability in
the rhizosphere seldom exceeds 10 uM (Abel, 2011), usually it is between 0.1 and 1 pM
(Veneklaas et al., 2012). The poor mobility and low solubility of Pi, its conversion to organic
forms by microorganisms and high propensity of Pi in soil to form complexes with metals
(Al, Fe, Ca and Mg) makes a substantial amount of this nutrient much less available for the
plant (Abel, 2011). Consequently, one important adaptive response to cope with low Pi
availability in the rhizosphere is the modification of root system architecture (RSA) as a

visible morphological marker.

1.2  Plant adaptive responses to Pi deficiency

Alterations of RSA in response to Pi starvation are mainly to forage the available Pi from the
top soil layers reviewed (Abel, 2011; Peret et al., 2011) and such a modification appears to be
locally regulated by available Pi in the rhizosphere, which is known as a local response
(Ticconi and Abel, 2004; Reymond et al., 2006; Sanchez-Calderon et al., 2006; Svistoonoff et
al., 2007; Abel, 2011) On the other hand, low internal Pi concentrations in plants elicit the
systemic responses affecting metabolic adjustments, such as secretion of organic acids, up-
regulation of Pi transporters etc.(Thibaud et al., 2010). A comprehensive transcriptome study
of split root experiments conducted by Thibaud et al., (2010) revealed the regulation of genes
by local growth response is clearly distinct from the systemically controlled genes. The same
study estimated that about 70% of the total Pi-responsive genes are regulated by local
responses of the root tips to the external Pi while internal Pi content accounts for induction of

the remaining fraction of the genes by systemic regulation in the Arabidopsis plant.



1.3 Local responses to Pi starvation

1.3.1 Modification of RSA

Understanding the regulation of organogenesis, particularly the development and structure of
the root system under nutrient starvation is necessary to identify precisely the defects caused
by mutations in Pi responsive genes. The availability of nutrients in the rhizosphere has a
profound effect on the RSA, which is determined by the spatial configuration through
modification of cell elongation, lateral root branching and root hair spacing which has an
immense impact on the growth and development of a plant (Giehl et al., 2014); Satbhai et al.,
2015).

The primary root (PR) is the major determinant of the RSA in Arabidopsis because the post
embryonic development of lateral roots (LR) and root hair formation (emergence, length and
density) largely depends on the growth behavior of the PR, particularly upon Pi starvation.
The fate of the root length in turn depends on the rate of cell division, expansion and
differentiation while the former occurs in the root apical meristem (RAM), which consists of
stem cell niche (SCN) and the meristematic active zone. The SCN comprises vascular initials,
pericycle initials, cortex/ endodermis initials and epidermis/root cap initials around the
organizing center called quiescent center (QC) in the tip of the growing roots (Dolan et al.,
1993). Figure 1-1 depicts the distinct developmental zones of a root; the zone of the meristem,
elongation and differentiation and the SCN around the QC. Mitotic activity of the stem cells
generates transient amplifying cells which determine the meristem size. If the QC is
eliminated as for example by laser ablation, the stem cells start to differentiate causing the
subsequent reduction of the meristem and eventually leading to an irreversible root growth
arrest (vandenBerg et al., 1997). Cell identity within the root stem cell niche is determined by
a number of genes like, SCARECROW (SCR) and SHORT-ROOT (SHR) which encode
GRASS transcription factors (Helariutta et al.,, 2000; Sabatini et al., 2003). The
RETINOBLASTOMA-RELATED (RBR) gene, which is the orthologue of tumor suppressor
gene RETINOBLASTOMA (RB) in human is also known to negatively control the G1/S
transition (Kuwabara and Gruissem, 2014). Proximal to meristematic zone is the elongation
zone where cells undergo elongation upon the cessation of the division, thus the length of
meristematic zone is in between the position of SCN and initiation of first elongating cell. As
the cell goes further away from the SCN, its dividing capability decreases and eventually stop
the division to start elongation (Petricka et al.,, 2012a) which ultimately goes for the

differentiation for acquiring tissue-specific characteristics (Perini et al., 2012). During



differentiation, LR and root hairs are developed thus giving a particular shape of the three

dimensional structure in the soil.

Such a phenotypic plasticity to change RSA largely confers the adaptive advantages over the
nutrient limitation condition. However, the degree of plasticity depends on the type of a
particular nutrient deficiency, the type of species and also differs within the species based on
the accessions (Rosas et al., 2013). There are excellent reviews highlighted the recent
development of the effect of nutrient availability on RSA [reviewed in (Forde and Lorenzo,
2001; Lopez-Bucio et al., 2003; Malamy, 2005; Osmont et al., 2007; Giehl et al., 2014;
Satbhai et al., 2015). For example, N deficiency promotes the elongation of PR and LR
without having less effect on the density of LR (Lopez-Bucio et al., 2003; Gruber et al.,
2013). On the contrary, the attenuation of primary root (PR) and stimulation of LR together
with the profuse root hair formations are the typical responses of Arabidopsis thaliana to Pi
starvation (Ticconi et al., 2004; Gruber et al., 2013). A suit of studies revealed that the drastic
reduction of the PR under Pi limiting condition results from the reduction in cell elongation as
well as cell-cycle activity in the root meristem (Lopez-Bucio et al., 2003; Sanchez-Calderon
et al., 2005).

Quiescent centre JCotex-endodermis
. . initials
Columella epidermis-

lateral root cap initials Vascular initials

Central vasculature \_JPeripheraI vasculature

i Epidermis, lateral root
. Endodermis . Cortex .cap and columalla

Figure 1-1: Confocal longitudinal section of an Arabidopsis root tip. The left image in (A) shows the
Arabidopsis root tip highlighting three distinct developmental zones: the meristematic zone with
transition zone, the elongation zone and the differentiation zone. The middle image in (B) shows the
color tracing of root tip and (C) shows the magnification of the stem-cell niche (SCN) (Azpeitia et
al., 2013).



1.3.2 Local Pi sensing

The root tip is the primary site of external Pi sensing as documented in split-root experiments
of Arabidopsis where roots were grown partly on high Pi and partly on low Pi. This kind of
experiments demonstrated the locally restricted attenuation of PR growth and increase of
phosphatase activity as soon as they come in contact with the low Pi concentrations (Liu et
al., 2010; Zhang et al., 2014). Although, in split root assays, the shoots and upper part of the
roots remain in contact with high Pi, arresting PR growth irrespective of the internal Pi status
indicates two important notions. First notion is the necessity of physical contact of the root
with the low Pi to activate the response machinery and the second one is the possible Pi
sensing site located in the root tip. Numerous studies from mutant analysis, natural variation,
and transcriptomic assays indicate that the soil Pi status close to the root tip modulate the
RSA of Arabidopsis regardless of internal Pi concentration (Chevalier et al., 2003; Ticconi
and Abel, 2004; Svistoonoff et al., 2007; Thibaud et al., 2010). However, how does the root
tip sense the external Pi remained a paradox. The pioneering molecular insight into the Pi
sensing by the root tip has been exemplified by the isolation of PHOSPHATE DEFICIENCY
RESPONSE 2 (PDR2). PDR2 encodes the single P5-type ATPase (AtP5A) in Arabidopsis and
the mutant is hypersensitive to low Pi showing very short PR growth due to the loss of
quiescent center even though the total Pi content in the mutant is not different from the WT,
providing evidence of its function as to maintain and fine-tune meristematic activity by
monitoring the external Pi status and finally reshaping RSA (Ticconi et al., 2009). PDR2 was
shown to be required for the proper post-translational expression of SCR (Ticconi et al., 2004)
which on the other hand was previously shown to down-regulate RBR gene and the
association of RBR in the maintenance of root stem-cell (Wildwater et al., 2005) further link

the PDR2 as a Pi-sensitive checkpoint in root development.

The quantitative trait loci of LPR were identified using recombinant inbred line population
between two Arabidopsis ecotypes Bay and Sha (Reymond et al., 2006). In contrast to the
pdr2 mutant phenotype, disruption of the function of LOW PHOSPHATE ROOT (LPR1 and
LPR2) displays insensitive root phenotype characterized by a long root on low Pi (Svistoonoff
et al., 2007). LPR1 and its paralogue LPR2 encode multicopper oxidases expressed in the root
tip, including the meristem and root cap (Svistoonoff et al., 2007; Ticconi et al., 2009). The
authors (Svistoonoff et al., 2007) also showed that the necessity of the root tip to come
physically in contact with the low Pi medium to show the phenotype that further confirmed
the location of the possible sensing site at the root tip. The low-phosphorus insensitive (Ipi)
mutants isolated by forward genetics approaches showed long root under Pi limiting growth

5



medium and are phenotypically similar to Ipr mutants (Sanchez-Calderon et al., 2006). While
the locus of Ipi remained unidentified till date, further studies with pdr2 and Ipr mutant
confirmed the epistatic relation of PDR2 and LPR1, indicating that they act in the same
regulatory pathway (Ticconi et al., 2009; Mller et al., 2015).

This was further strengthened by the observation that both LPR1 and PDR2 are located in the
endoplasmic reticulum (ER) and their expression domain overlaps in the root meristematic
region (Ticconi et al., 2009). The recent research showed the RAM adjustment is dependent
of iron (Fe) in the low Pi medium (Mdller et al., 2015). Indeed, multiple lines of evidences
suggested earlier that the modulation of RSA upon Pi starvation is the result of complex Pi-Fe
interaction(Svistoonoff et al., 2007; Ward et al., 2008; Mdiller et al., 2015). The recovery of
the PR elongation by the reduction of Fe concentration in the low Pi medium was shown by
(Svistoonoff et al., 2007). In agreement with this observation, Miller and associates clearly
demonstrated the arrested root growth of wild-type (WT) under low Pi condition was due to
over accumulation of Fe particularly in the transition zone beween dividing and elongating
cells of the root (Muller et al., 2015). The authors also showed upon Pi deficiency pdr2
mutant accumulated more Fe in contrast to the WT and insensitive mutant Iprl showed no
accumulation of Fe in the RAM while impeded root of pdr2 rescued if Fe was removed from
the —Pi containing media. Thus, Fe dependent low Pi inhibitory effect on the WT and
hypersensitive mutant pdr2 root growth (Muller et al., 2015) strongly support the earlier
findings (Svistoonoff et al., 2007). However, in addition to Fe, the presence of other ions in
the low Pi medium has also been implicated in triggering significant morphological changes
of root system under Pi-deficient condition (Jain et al., 2009) that urge the consideration of
the potential connections of Pi with other ions to decipher the Pi sensing and/or signaling
mechanisms in controlling the RSA. Apart from the role of external Pi availability in
prompting the local responses, internal Pi content in the plant also triggers the so called

systemic responses.

1.4  Systemic responses to Pi starvation

A well-known Pi starvation response is the accumulation of starch and anthocyanin in leaf
(Bariola et al., 1999; Ticconi et al., 2001; Jiang et al., 2007), replacement of phospholipids
with sulfolipid and galactolipids (Yu et al., 2002), secretion of enzymes like ribonucleases
(RNases), nucleases, phosphodiesterases, acid phosphatases (APases) and organic acids to
scavenge and recycle Pi from internal and external sources (Ticconi and Abel, 2004;
Richardson et al., 2009; Liang et al., 2010; Liu et al., 2012).



Plants maximize the Pi uptake from the unusual sources upon Pi starvation like organically
bound P that is most abundant in the rhizosphere (Richardson, 2009). One of the strategies is
the induction and secretion of acid phosphatases (APases) to release Pi from the P bound
complexes (Tran et al., 2010). Several APases from plants have been biochemically and
molecularly characterized (Zhang et al., 2014), 11 of them were shown to be up-regulated
upon Pi-starvation (Haran et al., 2000; Li et al., 2002). Similarly, plants secrete organic acids
from root cells like citrate and malate into the rizosphere to mobilize Pi from metal bound
complexes, thus, increasing the pool of available soil Pi (Vance et al., 2003; Ticconi and
Abel, 2004; Fang et al., 2009; Richardson, 2009; Plaxton and Tran, 2011).

Another hall-mark response of plants is the induction and secretion of nucleases
(RNases/DNAses) in Pi-limiting condition. For example, Nurnberger et al., (1990) found low
Pi-dependent secretion of RIBONUCLEASE1 (RNS1) correlated with an increasing
degradation of extracellular RNA in a suspension-cultured tomato cells. Similarly, by keeping
the external Pi concentration constant in the medium, but decreasing the internal Pi
concentration by Pi sequestration (incubating the cells with D-mannose and other
metabolites), resulted in an increased expression of various RNases (Kock et al., 1998). It has
been suggested that the induction and secretion of RNAses might be the common strategy of
plant to cope with the Pi limited conditions (Tran and Plaxton, 2008). Indeed, the supply of
RNA and DNA as a source of Pi was reported to restore the WT (Col-0) root growth (Ticconi

and Abel, 2004) indicating the ability of plants to use the available soil nucleic acids.

1.4.1 Regulators of systemic responses

Several transcription factors (TFs) belong to the family of MYB, WRKY and BHLH have
been isolated and characterized that are known to be induced only on Pi starvation.
PHOSPHATE STARVATION RESPONSE 1 (PHR1) which was isolated in an EMS mutant
screen (Rubio et al., 2001) belongs to the family of MYB TFs and was shown to regulate a set
of PSI genes. The orthologues of PHR1 were identified in rice (OsPHR2) and bean (PvPHR1)
and it was demonstrated that they shared similar function (Valdes-Lopez et al., 2008; Zhou et
al., 2008). PHL1 (PHR1 like) along with PHR1 also shows major regulatory roles as the
activation and repression of typical PSI genes are affected in the double mutants of phriphll
(Bustos et al., 2010). Most of the PHR1 regulated genes were shown to harbor the PHR1
DNA binding motif “GNATATNC” which is called P1BS PHR1 binding sequences (Rubio

et al., 2001; Hammond et al., 2003; Misson et al., 2005; Fang et al., 2009). PHR1 is
7



negatively regulated by SPX1 (SPX domain-containing protein 1), and is sumoylated by
SIZ1, SUMO E3 ligase (Miura et al., 2005; Miller et al., 2010). The siz1 mutant shows an
altered Pi-dependent modulation of the RSA, altered PSI gene expression and anthocyanin
accumulation (Miura et al., 2005). Another MYB transcription factor, MYB62 is upregulated
upon Pi starvation and repress the expression of a number of the PSI genes, including
gibberellin biosynthetic genes (Devaiah et al., 2009). The same authors showed that over

expression of MYBG62 affects the RSA, Pi uptake and acid phosphatase activity.

Basic helix-loop-helix (bHLH) and zinc finger containing transcription factors are also
reported to be involved in Pi starvation responses and modulating RSA [reviewed in Chiou
and Lin 2011)]. The mutant of bhlh32 shows significantly increased expression of PSI genes,
more anthocyanin and Pi accumulation and root hair formations under Pi-sufficient condition
compared to the WT (Chen et al., 2007). Similarly ZAT6, a TF of a zinc finger family serves
as a negative regulator upon Pi starvation. It is induced upon Pi starvation and over expression
of this gene inhibits the transcripts of many PSI genes and attenuates the PR growth (Devaiah
et al., 2007c¢).

Among the 74 members of the family of WRKY transcription factors in Arabidopsis, a
number of them have been implicated in regulating PSI genes in addition to the wide array of
responses of this family to biotic and abiotic stresses [reviewed in Chiou and Lin 2011)].
WRKY6, -42, and -75 are playing a role in fine tuning of the Pi homeostasis in plants in Pi
sufficient and deficient condition (Devaiah and Raghothama, 2007; Chen et al., 2009; Su et
al., 2015). For example, WRKY®6 and its orthologue WRKY42 suppress the expression of
PHOL, an important gene for Pi translocation from root to shoot and this only happen in Pi
sufficient condition. Thus, they help the plant to avoid the accumulation of Pi at a toxic level
in the shoot. Interestingly, the binding of these TF on the promoter of PHOL is abolished at
low Pi conditions due to the degradation of their proteins via 26s proteosome-mediated
proteolysis (Chen et al., 2009; Su et al., 2015). On the contrary, WRKY75 is upregulated in Pi
starvation and positively regulates a number of PSI genes, including phosphatase, MT4/TFS1-

like genes and high affinity Pi transporters PHT1 (Devaiah and Raghothama, 2007).

The involvement of several SPX domain-containing protein in Pi perception and maintaining
a steady state level of cellular Pi have been reviewed recently (Secco et al., 2012a). The name
SPX derived after the suppressor of yeast gpal (Sygl), the yeast phosphatase 81 (Pho81) and
the human XENOTROPIC AND POLYTROPIC RETROVIRUS RECEPTOR 1 (Xprl). The
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presence of the domain is, so far reported in almost all major eukaryotes from Caenorhabditis
elegans and Drosophila to mammals (Stefanovic et al., 2011). It is well studied in yeast while
in plants which possess the domain were reported to play important roles in fine tuning Pi
homeostasis through physical interaction with other proteins (Duan et al., 2008; Hurlimann et
al., 2009; Zhou and Ni, 2010; Puga et al., 2014). Depending on the presence of additional
domain, SPX domain containing protein in plants is classified into four families, namely SPX,
SPX-EXS, SPX-MFS and SPX-RING (Secco et al., 2012b). There are four (AtSPX1-
AtSPX4) and six (OsSPX1- OsSPX6) proteins belonging to the SPX family in Arabidopsis
and rice, respectively (Duan et al., 2008; Wang et al., 2009). AtSPX1, AtSPX2 and AtSPX3
were reported to be induced by Pi starvation and regulate plant adaptation to Pi starvation by
inducing a number of PSI genes (Duan et al., 2008). A recent study deciphers the molecular
mechanism of SPX1 function showing the inhibition of PHR1 activity by direct binding of
SPX1 to PHR1 in a Pi dependent fashion in vitro and in vivo (Puga et al., 2014). At high
external Pi, the interaction is most prominent, thus fine-tuning the Pi uptake to alleviate the Pi
toxicity while diminishing interaction at low Pi relieve the PHR1 repression to cope with the
challenge of limited Pi by activating the major PSI genes (Puga et al., 2014). The authors
show that double mutants of SPX1 and SPX2 accumulate more cellular Pi in compared to the
WT when grown on a high Pi medium which indicates the disruption of the normal fine
tuning activity of SPX1/PHR1 to maintain the Pi homeostasis (Puga et al., 2014). AtPHO1
and AtPHO1:H1 belongs to SPX-EXS class known to be induced upon Pi-starvation while
AtNLA, which belongs to SPX-Ring class was reported to be repressed upon Pi starvation in
Arabidopsis (Peng et al., 2007; Kant et al., 2011; Rouached et al., 2011; Stefanovic et al.,
2011). Disruption of the function of PHO1 shows typical Pi starvation responses like short
root, anthocyanin accumulation and induction of Pi starvation associated genes, while over-
expression diminish those phenotypes under low Pi conditions (Poirier et al., 1991;
Hamburger et al., 2002; Rouached et al., 2011).

1.4.2. Phosphate transporters

All the steps of cellular and molecular responses in Pi deficient condition described above are
an attempt to maintain the Pi homeostasis in the plant by maximizing the acquisition,
subsequent allocation among different tissues, partitioning between subcellular compartments
and mobilization within the plant that require the concerted action of multiple membrane Pi
transport systems. The Arabidopsis genome possesses five Pi transporter family; PHTL,
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PHT2, PHT3 and PHT4 and plastidic phosphate translocator (PPT) of which the acquisition
and mobilization of Pi are largely accomplished by nine members of PHT1 gene family
(Nussaume et al., 2011). Until now, the functional characterization was performed for five
PHT1 members, i.e. AtPHT1;1 and AtPHT1;4 (Shin et al., 2004), AtPHT1;5 (Nagarajan et al.,
2011) and AtPHT1;8 and AtPHT1;9 (Remy et al., 2012). They are expressed in diverse
tissues preferentially in the roots and function as high affinity or low affinity transporters
depending on the endogenous Pi status of the plant (Poirier and Bucher, 2002; Nussaume et
al., 2011). For example, PHT1;1 and PHT1;4 are the significant contributors of Pi uptake that
account for the 75% of the total Pi uptake and are expressed predominantly in the root (Shin
et al., 2004; Misson et al., 2005; Catarecha et al., 2007; LeBlanc et al., 2013) while the role of
PHTZ1;5 is Pi distribution which is expressed in the shoots (Nagarajan et al., 2011). PHT1;8
and PHT1;9 were also shown to be expressed in roots and enhanced Pi uptake upon Pi-
depletion (Remy et al., 2012). The additive function of those transporters was demonstrated
in double homozygous mutants of pht1;8 pht1;9 (Remy et al., 2012) and pht1;1 pht1;4 (Shin
et al., 2004) which showed a massive decrease in Pi allocation. Fontenot et al. (2015)
demonstrated that Arabidopsis PHT1;1 and PHT1;4 form homomeric and heteromeric
complexes and substitution of 312 tyrosine of PHT1;1 by aspartate augment the Pi uptake
when expressed in yeast cell, likely by the disruption of homomeric interaction. Only one
known member of the PHT2 familiy, PHT2;1 is characterized so far and was shown to encode
a low affinity Pi transporter localized to chloroplasts. PHT2;1 share the similarity to PHO4
transporter of Neurospora crassa and pho89 transporter of Saccharomyces cerevisiae
(Versaw and Metzenberg, 1995; Martinez and Persson, 1998). The functions of this
transporter is to translocate Pi within the aerial parts of the plant, thus plays a role in the
allocation of Pi within the plant (Daram et al., 1999; Versaw and Harrison, 2002). The three
PHT3 members were predicted to encode mitochondrial Pi-tranporters. However, none of
them are functionally characterized yet (Takabatake et al., 1999). The PHT4 family comprises
six members, all of which encode low affinity Pi transporter which mediate Pi transport
between cytosol and plastids (Guo et al., 2008). There are 16 members PPT family in

Arabidopsis (Knappe et al., 2003), but functional characterization is yet to be done.

1.4.3. Signaling molecules

A number of studies indicated that Pi acts as a signaling molecule in addition to its nutrient

role. Evidence for the signaling function of Pi comes from experiments using phosphite (Phi)
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as a supplement under low Pi conditions. Phi is a non metabolizeable analog of Pi. Because
plants can not discriminate between Phi and Pi, it is taken up and accumulates in the
cytoplasm (Danova-Alt et al., 2008). It is believed that Phi accumulation mimics Pi
sufficiency. Indeed, Phi application was found to suppress typical Pi deficiency response
reaction like changes in the root morphology, starch and anthocyanin accumulation as well as
the induction of several PSI genes (Ticconi et al., 2001). The recent evidence is the
SPX1/PHR1 interaction, SPX1 is the competitive inhibitor of PHR1 and the interaction is
dependent on Phi or Pi (Puga et al., 2014). Similar results also reported from Saccharomyces
cerevisiae (McDonald et al., 2001), thus it gives a compelling evidence to support the notion
that Pi act as a signaling molecule.

Over the last few years, the discovery of plant miRNAs has given new insight in regulating
the adaptive responses to Pi starvation. By definition, miRNAs are the non-coding small RNA
comprises 20-22 nucleotides that regulate the expression of target genes via post-
transcriptional or translational gene silencing (Carthew and Sontheimer, 2009). In
Arabidopsis, miR399 species are known to be up-regulated upon Pi starvation and targets
PHO2 mRNA for degradation. PHO2 encodes for a ubiquitin-conjugating E2 enzyme
(UBC24), which represses a number of PSI genes (Fujii et al., 2005; Aung et al., 2006; Bari et
al., 2006). Loss of function of PHO2 leads to the excessive accumulation of Pi in the shoots to
the toxic level on Pi sufficient conditions due to a constitutive activation of-deficiency
response (Delhaize and Randall, 1995; Aung et al., 2006; Bari et al., 2006). On the other
hand, AT4/IPS1 non-coding RNAs induced by Pi starvation found to counteract the
MiRNA399 activity by so called target mimicry (Franco-Zorrilla et al., 2007; Abel, 2011).
Interestingly, PHO2, miRNA399 and AT4/IPS1 are transcritionally regulated by PHR1
(Rubio et al., 2001; Bari et al., 2006; Lin and Chiou, 2008; Valdes-Lopez et al., 2008; Zhou et
al., 2008; Abel, 2011). So, a complex miR399-PHO2 signaling pathway works in plant to
communicate Pi status between shoot and root that triggers the signal for further induction of
the required genes for Pi uptake, allocation and remobilization. This signaling pathway seems
to be conserved across species as the evidences have come from wheat, barley, bean, rice and
arbascular mycorrhiza (Valdes-Lopez et al., 2008; Branscheid et al., 2010; Hackenberg et al.,
2013). Additional miRNAs were also reported to be induced upon Pi-limitation across the
plant species such as miR156, miR169, miR158, miR163, miR319, miR395, miR398,
miR447, miR778, miR827, miR866 and miR2111 (Fujii et al., 2005; Pant et al., 2009;
Hammond and White, 2011).
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1.5 Crosstalk between nutrients

In silico analysis of publicly available micro array data recently demonstrated that a subset of
common genes are regulated by diverse nutrients (Giehl et al., 2014) suggesting the existence
of a crosstalk. The replacement of phospholipids by sulfolipids upon Pi starvation is the
example of interdependency and coordinated control mechanism of nutrient homeostasis in
plant (Yu et al., 2002). Recently, it has been found that highest Arbuscular mycorrhizal
formation and free Pi concentrations in M. truncatula grown on a double nutrient deficient
medium of Pi and N compared to a single deficient low Pi medium (Bonneau et al., 2013).
Evidence of a crosstalk system involving different nutrient availability signals and carbon and
nutrient metabolism have also been demonstrated in some other works (Wang et al., 2003;
Wu et al., 2003; Belal et al., 2015). Briat et al. (2015) recently reviewed the cross-talk
between several nutrients like Pi, S, Zn and Fe mediated by PHR1. Furthermore, a cross-talk
between phosphate and zinc signaling is well documented [reviwed in (Kisko et al., 2015) and
Fe dependent low Pi root growth inhibition is demonstrated recently (Muller et al., 2015).
Excessive Pi accumulation in Arabidopsis leaf of nla (nitrogen limitation adaptation) mutant
plant suggested the interplay between Pi and N (Kant et al., 2011). The NLA was identified
from a mutant that showed an early senescence phenotype due to week adaptation to low
nitrate (Peng et al., 2007). It encodes a protein containing an N-terminal SPX domain and a C-
terminal RING domain possessing putative ubiquitin E3 ligase activity (Peng et al., 2007; Lin
et al., 2013). Intriguingly, NLA is the target of Pi starvation-induced miR827, loss of function
of which resulted in the increase of several Pi-transporter proteins (Lin et al., 2013). Further
experiments showed (Park et al., 2014) that NLA regulate phosphate homeostasis in
Arabidopsis by recruiting PHO2 (PHOSPHATE?2) to degrade the PHT2. It is clear that there
exist a central level of coordination and cross-talk in plant system to maintain the nutrient
homeostasis, there is still insufficient knowledge to explore the molecular mechanism of
sensing and signaling of this complex pathway and their ultimate effects on plant
development. Various genetic approaches have been undertaken in the last decades to
understand the molecular and physiological events responsible for sensing and signaling

mineral resources by isolating and characterizing the related mutants.
1.6 Forward genetic approaches to isolate Pi-related mutants

Forward genetic screening for the mutants in altered responses to phosphate starvation has led
to the identification of a number of genes. Although substantial progress has been made in

the last decades to elucidate some of the important genes involved in transporting (e.g.,
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PHTL1.1, PHT1.9), transcribing (PHR1, PHL1) and sensing (SPX domain containing protein),
much of the players in the Pi network is still to be explored. Particularly, the signaling
pathway is still elusive other than identification of PDR2 and LPR1 involved in local Pi
sensing and a PHR1-IPS1-miR399-PHO?2 in systemic signaling cascade. Thus, understanding
of sensing and responding of plants to the external and internal Pi at the molecular level is of

paramount importance.

Recovery
M2 (EMS) +DNA/+Pi
(50,000) —
1 |

Wild-Type

 WE

-DNA/-Pi

+DNA/-Pi M4 +DNA/+Pi

Figure 1-2. Conditional genetic screen of phosphate deficiency response (pdr) mutants isolated by
Chen et al., (2000). Arabidopsis WT and EMS mutants were grown on the square agar plate
containing ~-DNA/-Pi and +DNA/-Pi medium respectively. The putative mutants denoted by the red
circle in the left upper panel were transferred to the +Pi/+DNA for recovery (center panel) which
were then transferred to the soil. As a control, WT seedlings were grown on —P-DNA medium (upper
right panel) were also transferred to +Pi+DNA medium for the recovering. Red and while circles
denote pdr mutant and WT respectively. M3 seeds were harvested from the recovered plants and M4

plants were used for the comparative root growth assay with the WT (lower panel).

In an effort to dissect Pi sensing, Abel and colleagues devised a genetic screen (Fig. 1-2) to
isolate mutants which are affected in the reorganization of the root system architecture in
Arabidopsis under Pi limitation (Chen et al., 2000; Ticconi et al., 2001). The authors devised
the screening strategy using DNA/RNA as a sole source of P based on the fact that WT plants
can use organophosphate when Pi is limiting. The EMS mutagenized M2 seeds were grown
on —Pi+DNA containing agar plate along with the WT (Fig. 1-2). The mutants that were not
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able to sustain the growth were transferred to +Pi+DNA medium for the recovering which
were then transferred to the soil for M3 generation. The M3 was then re-tested on the identical
(-Pi+DNA) growth medium for the inheritance of the phenotype. M4 plants were used for the
comparative root growth study with WT plants on a low Pi and DNA-containing low Pi
growth medium (Fig. 1-2). The ultimate result of the screen was the isolation of 22 putative
pdr mutants that were categorized into two classes. Class | mutants, typified by pdrl,
impaired in root growth on the nucleic acid and or low Pi containing growth medium
hypothesized to be defective in Pi mobilization. Class Il mutants, typified by pdr2 are not
affected in Pi mobilization, but showed a conditional root growth phenotype. Loss-of-function
pdr2 plants are not able to adapt to Pi limiting condition and show a very short PR, exhausted
QC and loss of RAM activity while no discernible root phenotype observed under +Pi
conditions. However, the total Pi content and induction of PSI genes in pdr2 was not affected.
Based on this, it was assumed that there must be a local signaling mechanism which triggers

changes in the RSA upon Pi starvation.
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2. THESIS OBJECTIVES

| have pursued a two-pronged approach to dissect molecular mechanisms of plant responses to
phosphate (Pi) starvation using EMS-induced mutagenized Arabidopsis populations.

Project 1: The first project was aimed at the identification and characterization of the PDR1

gene.

Earlier studies indicated that two factors contribute to the conditional short root phenotype of
pdrl: a decreased sensitivity to low Pi and an increased sensitivity to high nitrate and other
nitrogen compounds. Thus, my research goals were as follows:

e To confirm the previous results and to extensively phenotype pdrl under supply of
different P and N sources.

e To identify the underlying causal SNP in pdrl by de novo next generation sequencing.

e To clone the PDR1 gene and characterize it, for example, by monitoring the spatio-
temporal expression patterns during plant development (qRT-PCR; transgenic reporter
lines expressing promoter GUS/GFP constructs), by studying the subcellular
localization of the encoded PDR1 protein, and by analyzing the root meristem, root

system architecture, Pi-uptake, and accumulation of anthocyanins or starch.

Project 2: The second project was to isolate and identify suppressors of the pdr2 mutation.

The extremely short root phenotype of pdr2 on low Pi medium and its epistatic relation with
Iprl/lpr2 mutations were confirmed in earlier studies (Ticconi et al., 2009; Mauller et al.,
2015). In addition to the genetic interaction of PDR2 and LPR1/LPR2 there could be a
complex network either upstream or downstream of PDR2 regulating the adaptive responses
via local signaling upon Pi starvation. A further study to identify and characterize the
unknown molecules in the PDR2 signaling pathway would contribute to a better
understanding the molecular mechanism that governs the local responses to Pi starvation.

Therefore, a number of priority works have been set up:

e To establish a pdr2 suppressor screen using pdr2-1/ProCycB1::GUS lines
e Toisolate and verify potential pdr2 suppressor mutants

e To characterize a promising suppressor line and identify the locus

15



CHAPTER II

PHOSPHATE DEFICIENCY RESPONSE 1 (PDR1) Encodes ATP-PHOSPHORIBOSYL
TRANSFERASE 1 (ATP-PRT1) and Reveals a Link Between Histidine Biosynthesis,

Phosphate Signaling and Nitrogen Sensing in Arabidopsis thaliana

ABSTRACT

Plant root is the unique sensor to sense the nutrient availability in the soil and responds
accordingly to modulate the RSA for the adaptation to the changing conditions. The
Phosphate deficiency response 1 (pdrl) mutant was found to lose the ability to elicit the
typical response to Pi deficiencies and to N-sufficient growth condition. The mutant was
isolated from the screening of EMS mutagenized mutant population on the nucleic acid
supplemented growth medium(Chen et al., 2000) and it carries a mutation in one of the first
enzymes of Histidine (His) biosynthetic gene, ATP-PRT1 (ATP- Phosphoribosyl Transferase
1). The Subcellular localization study shows that the protein is exclusively localized in the
plastids. The mutant seedlings on low Pi and DNA containing Pi source medium showed
impinged root growth. The phenotype was found to be associated with the alteration of a
subset of key Phosphate Starvation Induced (PSI) genes expression required for the
hydrolysis of the DNA in the growth medium to mine and uptake the Pi. The loss of this
intrinsic ability of pdrl resulted in the reduction of meristem size including the loss of
meristem activity and early differentiation as revealed by histochemical and cell biological
assays. Biochemical analysis showed that pdrl contained around 50% less free His in the
shoots of +Pi/+N and —Pi grown seedlings while in the roots of +Pi/+N, the content was found
to be equivalent compared to the wild type (WT). Strikingly, under Pi-deficit conditions, WT
root induced the accumulation of fivefold more His than the Pi-sufficient growth conditions,
whereas pdrl mutant roots showed no more accumulation suggesting the possible role of His
under Pi starvation conditions. pdrl also showed higher accumulation of starch and
anthocyanins compared to the WT control. Nutrient specificity tests showed that increased
sensitivity of pdrl to high NO3z™ above 250 uM while below this threshold, root growth was
found to be promoted more than the root of WT counterpart. Specificity of pdrl to N
sensitivity was further determined under different N sources. While it showed the similar
pattern of sensitivity relative to WT to all the tested N sources, no sensitivity was observed

under the amino acid asparagine (Asn) supplemented growth condition which serves as a N
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source. The equivalent PR growth for both WT and pdrl was recorded when 1 mM Asn was
substituted the NOs" in the growth medium. The exogenous supplementation of 1 M His was
found to rescue the pdrl root phenotype under both Pi/+N and —Pi conditions as the over
expression did. Further split root experiments displayed the effect of His is local rather than
systemic as root tip must be in contacts with the His supplemented medium to be rescued.
Given that His is not a nutrient as the presence of 3 uM His in N-deficient medium was found
to have a negative effect on root growth and 1 mM concentration restricted the growth of both
WT and pdrl, the rescue of other N sources by a very low concentration (1 uM) of His
indicates its regulatory function resembling the functionality of hormone molecules. His is
likely the hub, coordinating the interaction of a number of unknown molecules to fine-tune
the root meristem activities. Thus, the challenges that remain to be tackled is to search for the
means by which His can rescue the root phenotype in the presence of organophosphate and
high N. Future work is expected to decipher the mystery of underlying His mediated

molecular mechanism.
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1. INTRODUCTION

Phosphorus (P), preferentially taken by the plant as an orthophosphate anion (Pi; H,PO4 or
HPO,?), plays a decisive role for its growth and development. P exists in soil in two forms,
inorganic phosphate (Pi) or organophosphates. However, the high capacity of Pi to form
complexes with a number of cations and its incorporation into organic compounds renders its
bioavailability in the soil less than 10 uM (Hinsinger, 2001; Abel, 2011), despite a large
amount of total P in the soil (Raghothama, 1999; Poirier and Bucher, 2002). The second
source of P in soil is organophosphates that need to be hydrolyzed prior to uptake by the
plants. Available data suggest that soil contains more organophosphate than the free
orthophosphate (Richardson, 2009), such an ecological paradox has elicited the question if a
plants can also use the organic phosphate. Though the use of organic P by the plants is well-
known, the underlying molecular mechanism is poorly understood. Most researches to date
has been focused extensively on the developmental strategies of plants in response to Pi
deficiency that resulted in the identification of key regulatory players like PDR2 (Ticconi et
al., 2004), LPR1 (Svistoonoff et al., 2007), several transcription factors, like PHRI (Rubio et
al., 2001), PHL1 (Bustos et al., 2010), SPX domain containing protein AtSPX1-SPX4 (Duan
et al., 2008), WRKY75 (Devaiah et al., 2007), ZAT6 (Devaiah and Raghothama, 2007) and
MYB62 (Devaiah et al., 2009) and several miRNA and antagonists of miRNA399 (Bari et al.,
2006; Chiou et al., 2006; Franco-Zorrilla et al., 2007) as well as several transporters
[reviewed in (Nussaume et al., 2011)]. Thus, the research has been driven as to understand
how the root explores available soil Pi but has not focused much on how roots mine to make

the soil Pi available.

The plant's ability to explore the soil P is not only depending on the modification of RSA or
association with mycorrhiza, but also depends on its capacity to find the adequate Pi sources
and to convert it into a useable form. The correlation of molecular responses with the organic
P in the rhizosphere that shares more than 50% of the total P has not been a subject of priority
research. Considering the rapid declining of Pi pool in nature (Cooper and Carliell-Marquet,
2013) and major P pool in the soil is organically bound (Richardson, 2009), dissecting the
molecular mechanism for the recycling and reusing this P by the plant is of paramount
importance. Traditionally it has been known that only plant associated microorganisms break
down the organic P and release the Pi, but limited research in the last decades experimentally
confirmed that independent of microorganisms, plant by itself can also use the organic
sources of P. A first hint came in 1988 from the study of (Goldstein et al., 1988) under Pi
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starvation that showed the acid phosphatase activity determined by histochemical staining in
the roots of tomato was negatively correlated with the concentration of Pi in the media.
Followed by this, several mutants, for example pupl, pup3, pho3 showing less APases
activities have been identified in Arabidopsis (Trull and Deikman, 1998; Zakhleniuk et al.,
2001; Tomscha et al., 2004). The less Pi content in pupl and pup3 mutants was found to be
associated with the less APases activities when grown in a peat-vermiculite mix soil
(Tomscha et al., 2004). This indicates that plants can use organic phosphate though it is
inconclusive as the growth medium of this study also partly contained inorganic phosphate
with the organic one. Thus, experimentally it was unconfirmed if plants indeed can use the
organic phosphate till the pioneer work of Abel and his colleagues came to light in 2000
(Chen et al.,, 2000). The authors performed conditional genetic screening to isolate
Arabidopsis mutants that fail to grow on medium containing nucleic acid as the only P source.
The advantage of this screening over the colorimetric or histochemical detection of root
enzyme activities is the identifications of defects of the molecules implicated in the regulatory
pathway as inability to utilize nucleic acid implies impairment in many enzyme activities.
pdrl and pdr2 are among the mutants isolated in this screen showing impaired growth in
nucleic acid containing Pi source medium. The locus of the pdr2 mutants was cloned and
characterized (Chen et al., 2000; Ticconi et al., 2004) while the locus of pdrl was remained to
be identified. pdrl mutant showed a sever PR growth defect on low Pi and low Pi containing
DNA medium and comparatively shorter PR on +Pi with respect to the WT as characterized
by Delatorre, (2002). The reduced use of DNA by pdrl compared to WT was demonstrated
by gel electrophoresis evaluating the sample from the DNA supplied growth medium.
Delatorre, (2002) then performed northern analysis for the expression of genes coding for a
ribonuclease (AtRNS2; Bariola et al., 1999), an acid phosphatase [AtACP5; (Del Pozo et al.,
1999)], a high-affinity Pi transporter [AtPT2; (Muchhal et al., 1996)], and a non-coding RNA
[AtAt4; (Shin et al., 2006)]. The blot was performed for the shoots and roots of WT and pdrl
seedlings grown on +Pi and —Pi. The steady-state transcript levels of all the tested genes
increased in WT plants grown under P-limiting conditions, particularly in the roots, while the
expression of the corresponding genes in pdrl was absent or much less prominent than that
observed in WT plants. In addition, two typical markers, starch and anthocyanin accumulation
under Pi starvation was also measured that showed higher accumulation in both cases under —
Piand —Pi containing DNA medium. The results were consistent with the low free and total Pi
content in the root of pdrl compared to the WT grown under —Pi and DNA containing —Pi

medium. The nutrient specificity of root growth inhibition of pdrl mutant was then examined.
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PR of wild-type seedlings grown on —Pi, —S, or —Fe medium were 40-60% shorter than on
complete medium Likewise, although PR growth of pdrl was generally suppressed when
compared with WT on complete medium, it was significantly more inhibited on —Pi (by about
80%) than on —S or —Fe medium. The decrease of pdrl PR growth on a low S and low Fe
was in similar rate of decrease in WT suggesting its root growth phenotype is not specific to -
S and -Fe. Surprisingly, removal of NO3™ (—N) normalize the pdrl root phenotype with respect
to WT. This observation suggests that a short root phenotype of pdrl in +DNA/-Pi was
caused by reduced utilization of external DNA in Pi limiting conditions and by an inhibitory
effect of external NOs” on PR growth. There is a growing evidence recently documented
concerning a crosstalk between the nutrients such as interdependency and interconnection
between Pi and S (Yu et al., 2002; Rouached et al., 2011), Pi and N (Kant et al., 2011,
Bonneau et al., 2013; Park et al., 2014; Medici et al., 2015), Pi and Fe (Miller et al., 2015)
and between Pi, S, Zn and Fe under the control of PHR1 (Briat et al., 2015). This suggests the
existence of a complex genetic interplay between nutrients causes a higher level of
complexity that needs to be addressed to decipher the natural adaptation strategies. Here |
present detailed characterization and identification of this novel pdrl mutant locus. PDR1
was identified as an ATP-phosphoribosyl transferase 1, ATP-PRT1 (At1g58080) by whole
genome re-sequencing followed by fine mapping. ATP-PRT1 is the first committed
catalyzing enzymes for His biosynthesis and it has second isoform, ATP-PRT2. In general,
His biosynthesis pathway is very much conserved across the all organisms (Muralla et al.,
2007). In Arabidopsis, there are 8 steps catalyzed by 11 different enzymes and the
corresponding genes have been identified, designated as HISN numbering 1 to 8 sequentially
(Muralla et al., 2007) while in yeast they are simply named as HIS gene with corresponding
number. Several mutants in Arabidopsis His biosynthetic pathway like the mutant of HisN6,
HisN3 has already been isolated. The studies showed the disruption of function of His yielded
either embryonic, seedling lethality or severe disturbance of meristem activity as for example
emb296 of HisN6 and apgl0 of HISN3 (Tzafrir et al., 2004; Noutoshi et al., 2005). In
addition to lethality, experimentally it is also very hard to distinct metabolic and regulatory
functions of this amino acid that explains why the regulatory role of His is still elusive to date.
Nonetheless, a leaky mutant hpa of HisN6 depicts the role of His in maintaining the meristem
activity of Arabidopsis (Mo et al., 2006). However, no report is known yet as to the role of
His in regulating nutrients in the plants, even though some reports have been shown the link
of His biosynthetic genes in regulating the phosphate pathway in Saccharomyces cerevisiae
(Arndt et al., 1987; Denis et al., 1998; Pinson et al., 2000; Pinson et al., 2009). The results
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presented here demonstrate the interconnection of His biosynthetic pathway with nutrients
that mediates a cross-talk between Pi and N. PDR1/ATP-PRT1 is therefore the first report to
the best of our knowledge revealing a novel link in regulating the root meristem activity by

maintaining the Pi and N homeostasis in Arabidopsis
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2. RESULTS

2.1  General characterization of pdrl

The pdrl mutant was back-crossed to WT (Col-0) three times prior to a detailed phenotypic
characterization. To determine the mode of inheritance of the pdrl short root phenotype,
back-crossed populations were subsequently analyzed. The corresponding F1 generation
showed a WT phenotype on —Pi+DNA medium while the resultant inbred F2 progenies
segregated as a single recessive Mendelian trait with a ratio of 3:1 (showing 227 F2 plants
with a long PR and 73 F2 plants with a short PR) on the same growth medium (-Pi+DNA).
The data represent the %2 value 0.79 that was not a significant deviation from the expected
value (P value 0.37>0.05). A similar segregation ratio was also observed for the —Pi grown
back-crossed (3-times) F2 population, further validating that the pdrl mutation is a single
recessive allele. The PR growth of pdrl on +Pi medium was found to be similar to WT, just
after 2-3 days of germination, (Fig. 2-1A), however, in the following days, a slower root
growth of pdrl was observed. After 6 days of germination, pdrl had only one third of the PR
growth of WT (Fig. 2-1B). Interestingly, after three weeks of germination, pdrl PR together
with the lateral root growth was found to be enhanced in the complete growth medium
(+Pi/+N), thus the difference of fresh weight biomass of pdriwith the WT was found to be
marginal (Fig. 2-1C & 2-1D). When WT and pdrl seedlings were transferred after 10 days of
germination from +Pi grown plate to the soil in the greenhouse, the shoot phenotype of both
genotypes was similar (Fig. 2-1E). To obtain a comprehensive picture of the Pi effect on pdrl,
| quantified the PR lengths of 6 days old seedlings grown on +Pi, —Pi, -Pi+DNA medium
(Fig. 2-1F & 2-1G). A 50% reduction of the pdrl PR length compared to the WT root grown
on —Pi was observed. The provision of DNA in the —Pi medium promoted the WT root growth
to a comparable level with the +Pi grown WT root while pdrl showed no more significant
improvement, rather it phenocopied its —Pi growth, thus making a 6-fold difference with the
WT (Fig. 2-1F & 2-1G). This is suggestive to the intrinsic capacity of the WT to use the
organic P while the mutation in pdrl locus lost this ability. Interestingly, the slow growth of
pdrl on Pi sufficient medium (Fig. 2-1B) put forward a question whether pdrl was
constitutively Pi-deficient or not specific to Pi only. Earlier experiments by Delatorre (PhD
Thesis, 2002) showed a similar response of pdrl PR growth like WT on —Fe and —S media,

but a striking observation was the enhanced sensitivity of pdrl root growth to high NO3;™ on
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+Pi media. This pointed out the additional possible link of N to short root pdrl phenotype on

a complete growth medium (+Pi/+N).
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Figure 2-1: General phenotypes of the pdrl mutant.

(A-D) Growth parameters of pdrl compared to WT at an early and prolonged period of growth on
vertically oriented agar plates. Images of WT and pdrl seedlings grown on +Pi/+N for (A) 2 days,
(B) 6 days, and (C) 25 days after germination. (D) shows biomass of roots as fresh weight (FW) from

25 days old seedlings, values are the mean £+ SD of 10 independent roots.
(E) 3 weeks old soil grown pdrl seedlings showed a similar shoot phenotype compared to the WT.

(F) Representative images of root growth and (G) PR lengths of 6 days old WT (Col-0) and pdrl
seedlings grown vertically oriented on agar plates containing +Pi, —Pi and —-P+DNA medium. Filter-
sterilized purified herring sperm DNA was substituted for Pi and added to the autoclaved medium to a

final concentration of 0.4 mg mL™.

2.2 Sensitivity of pdrl to external N

To further understand the effect of NOg3’, a dose response study was carried out to compare the
PR growth of WT and pdrl seedlings (Fig. 2-2A & 2-2B). The PR length of WT increased
with the increasing concentration from 0 to 10 mM of KNOjs in the growth media. In contrast

to the WT, pdrl showed significantly longer roots up to 0.1 mM KNO3 provision followed by
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a drastic decrease at and above this concentration (Fig. 2-2B). Likewise, the sensitivity of
pdrl was tested in response to NH4Cl and (NH,4),SO4 containing N source media (Fig. 2-2C
& 2-2D). NH," as a sole source of N inhibited the WT PR growth progressively with the
increasing concentration as consistent with previous study (Li et al., 2014) and pdrl showed
sensitivity in a like manner of NOs'.
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Figure 2-2. Sensitivity of pdrl to nitrate and ammonia. WT and pdrl plants were grown on +Pi
medium containing different concentrations of NOs; and NH,". (A) Representative images after 4 days
of germination, (B) PR of 8 days old seedlings grown on different concentrations of KNO; (B),
NH,CI (C), and (NH,),SO, (D) containing medium. Values are the mean £ SD of 18-30 independent
roots. *, Difference between WT plant and pdrl mutant was significant by t-test (P < 0.05).

2.3. pdrl root growth is impaired under Pi starvation

The association of high N with the short root phenotype of pdrl prompted us to determine the
tolerable concentration of N in the growth media for pdrl root growth to evaluate the effect of
Pi on pdrl PR growth. 500 uM of KNQOg in the Pi medium was found to reduce the PR of
pdrl to 22% (Fig. 2-3) compared to the 66% reduction on 7 mM KNOj; containing +Pi
medium (Fig. 2-1G). Under this NO3" containing —Pi media, pdrl showed more than twofold

reduced root growth compared to the WT. To completely minimize the masking effect of N
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on Pi phenotype of pdrl, I carried out the root growth assays on different Pi regimes ranging
from 0 to 500 uM in the presence of 250 uM KNOs (Fig. 2-4) The supply of 250 uM KNO;
was set to be sufficient for non-limited equal root growth for both pdrl and WT, without
being luxurious. Under this growth condition, the provision of Pi below 100 uM clearly
showed significantly reduced PR growth of pdrl in comparing to the WT when grown
continuously (Fig. 2-4A & 2-4B). But, above 200 uM Pi catering was enough to rescue the
PR of the mutant compared to the corresponding root of WT under similar growth condition
(Fig. 2-4B). Pi-dependent similar PR growth of pdrl was further confirmed by an additional
transfer experiment where seedlings were grown on +Pi media for 5 days before transfer to 0
to 500 uM Pi medium in presence of 250 uM KNOs. Under this experimental condition, pdrl
needed 500 uM Pi to minimize the PR growth difference to a non-significant level compared
to the WT (Fig. 2-5A). The reason for slow PR growth in transfer experiment could be earlier
inhibitory experience of pdrl on a high NO;3™ before transfer. However, when transferred to
low NO3™ (250 uM), and increased the Pi provision to 100 pM, the meristem activity of pdrl
enhanced resulting in complete restoration of the pdrl meristem size (Fig. 2-5B). Early
disorganization of the pdrl meristem compared to WT on Pi below 50 uM was patently
visible (Fig. 2-5C).
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Figure 2-5. Pi dependent root growth of WT and pdrl. Plants were germinated and gwn for 5 days
on +Pi (200 puM) before transfer to different Pi regimes (0-500 uM) under constant level of 250 pM
KNOs. (A) PR length (cm) and (B) size of primary root meristems (um), and (C) propodium iodide
(PI) staining of the root meristems. The arrows point to disorganized meristematic and differentiated
cells. Values are the mean + SD of 10-15 independent roots for PR and 7 for determining meristem
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size *, difference between WT plant and pdrl mutant was significant by t-test (P < 0.05).

2.4. pdrlis Pi deficient under high Pi condition

The obvious sensitivity of pdrl PR on low Pi prompted us to further investigate whether the
mutant showed any defect in Pi content. Free Pi content in the shoots of pdrl was
significantly lower when compared to the WT for both high and low Pi grown seedlings (Fig.
2-6A). By contrast, root Pi content was not different between the genotypes on high or low Pi
(Fig. 2-6B). No significant difference in Pi content between WT and pdrl grown on —Pi
condition was most likely because of no Pi in the media. However, the disparity in free Pi
content in a high Pi condition indicated the defects of pdrl in the appreciation of Pi from the
+Pi medium or translocation of Pi from root to shoot. The striking difference in the Pi content
of pdrl shoots and roots was also found earlier compared to WT when seedlings were grown
on DNA containing —Pi medium (PhD thesis, Delatorre, 2002). Under this growth condition,
WT was found to increase free and total Pi to more than fivefold compared to —Pi while pdrl
showed a very insignificant rise of Pi content, in spite of the presence of DNA in the media
(PhD thesis, Delatorre, 2002).
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Figure 2-6. Free Pi content in the shoot and root of WT and pdrl mutants. Plants were grown on + Pi
and after 5 days of germination transferred to +Pi and —Pi. After 3 days of transfer, free Pi content of
(A) shoot and (B) root was determined. Values are the mean + SD of 4 independent samples. *,

difference between WT and pdrl mutant was significant by t-test (P < 0.05).
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2.5  Genetic mapping and identification of the PDR1 locus

The PDR1 locus was identified by whole genome re-sequencing followed by fine mapping.
To obtain a chromosomal map position for the pdrl mutation, homozygous pdrl plants (third
backcross) were out-crossed with the polymorphic mapping ecotype of accession Landsberg
erecta (Ler-0). The resulting F1 progeny of this cross was subsequently selfed to establish a
segregating F2 generation. The short root phenotype of the recessive pdrl mutant was scored
on -Pi medium. Based on the short root pdrl phenotype, 50 individual F2 plants were selected
and transferred to soil for bulk genomic DNA isolation. F3 progeny from each of the 50
individual F2 plants was scored again for the short root phenotype on —Pi and +Pi/+N to
confirm that the causative mutation was homozygous in the sequencing pool. Ten F3 plants
from each of the 50 F2 plants were used for the fine mapping. Leaf tissues of the 50 F2 plant
were pooled to isolate bulk genomic DNA. After quantifying the extracted DNA and testing
for its integrity (0.8% agarose gel), a total of 76 pg DNA was sent to the Beijing Genome
Institute (BGI) at Hongkong for whole genome resequencing on the Illumina Hiseq2000
sequencing platform with 60X coverage.

The sequencing reads (79.87 million) were aligned onto the publicly available data of the

reference  Col-O0 genome (Tairl0) wusing SOAP2  (http://soap.genomics.org.cn/

soapaligner.html). The obtained reads had a coverage rate of 99.82% with a sequencing depth
of 57.44 and effective depth of 52.79. The SNP (single nucleotide polymorphism) variation of
sequenced genome of pdrl pool DNA was detected by using SOAPshp
(http://soap.genomics.org.cn/soapsnp.html). As the polymorphic alleles were introduced by
the mapping ecotype background of Ler-0, they appear at a frequency of ~50% in the pool of
mapping population and are distributed randomly except at the neighboring chromosomal
segment of the causal variant where non reference (Ler-0) allele frequency converged to zero.
SNP frequency (number of SNP from the pdrl and Ler-O at a particular coordinate)
distributions were plotted against the coordinates of all five chromosomes (Fig. 2-7A).
Homogenous distribution of SNP frequencies was found throughout all but chromosome 1
(Fig. 2-7A). The frequency decreased dramatically at the lower arm of chromosome 1
between coordinates 19 to 27 million bp due to the strong diminution of the mapping ecotype
(Ler-0) alleles. Very low distribution of SNPs in this region indicated that the tightly linked
pdrl locus co-segregates with Col-0 SNPs with high frequency (close to 1) at this region is
presumably from the pdrl. | delimited 28 SNPs with a cutoff value of frequency >90% in this

region with the presumption that the putative causal mutation was located in this region. The
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28 SNPs were found in 28 different genes in the corresponding 8 million bp region. The SNPs
located in the coding sequences (CDS) and in the promoter region showing EMS induced G-
to-A or C-to-T nucleotide changes were extracted. | excluded the SNPs corresponding to Col-
Ler natural SNPs, intergenic regions and chemically induced synonymous changes. | winded
up with 5 SNPs having mutations in the exons of 5 different genes, namely At1G53700,
At1G58080, At1G59700, At1G61310 and At1G66180 spanning the region between 20048586
to 24648813 bp on chromosome 1 (Fig. 2-7B). | attempted to identify the PDR1 locus by
isolating homozygous T-DNA insertion lines for four of the five genes, but none of them
showed a short root phenotype on either —Pi or +Pi media. | excluded At1G58080, considering
its distinct function in His biosynthesis.

In parallel, I performed fine mapping of the candidate regions by genotyping pooled and non-
pooled 50 F2 individuals and around 500 F3 plants generated from the 50 F2 progeny (10 of
each). Taking the advantage of the Ler-0 alleles in the mapping population that serve as a
genetic marker, | used the Arabidopsis 1001 genome website to map the insertion/deletion
(INDEL) between Col-0 and Ler-0 at different chromosomal positions within the candidate
region of the chromosomal segment for genotyping the simple sequence length polymorphism
(SSLP). Initially, based on the genotype of the original 50 F2 pooled DNA that was used for
whole genome re-sequencing; the candidate region was delineated between 18.56 and 26.72
million bp. To narrow down the candidate region, each individual of 50 F2 and 500 F3 was
further scored for the homozygous Col-0, Ler-0, and heterozygous genotype and calculated
recombination frequency (RF) at 14 different chromosomal positions (Fig. 2-7C). | found an
absence of recombination events between 21.31 and 21.51 million bp. Interestingly, within
this 200 kb contig | found At1g58080 which was one of the five candidate genes earlier
identified based on the whole genome re-sequencing. | then PCR-amplified and sequenced
this gene from genomic DNA prepared from the pdrl and WT that revealed a single
nucleotide change from C to T in pdrl (Fig. 2-7D). The presence of the SNP was also
confirmed by derived cleaved-amplified polymorphic sequences (ACAPS). The SNP changed
the arginine (Arg or R) residue at the 109 position to a lysine (Lys or K) residue (Fig. 2-7D)
located at the second exon of ATP-PHOSPHORIBOSYL TRANSFERASE 1 (ATP-PRT1),
which encodes the first committed enzyme of the His biosynthetic pathway. Earlier, it was
also reported that functional disruption of many, if not all the His biosynthetic genes in
Arabidopsis showed a huge developmental effect, including root meristems (Noutoshi et al.,
2005; Mo et al., 2006 ; Ingle 2015).
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Figure 2-7. Identification of the PDR1 locus by whole genome resequencing. (A), SNP distribution on

all five chromosomes, the highlighted region of chromosome 1 shows the candidate region (upper left

figure). (B), five candidate genes showing homozygous SNPs. (C), the Recombination frequency in
the candidate region. (D), chromatogram shows the C-to-T nucleotide change that corresponds to the
R-to-K substitution. (E), effect of the Arg residue caused by the pdrl-1 mutation as predicted by
Predict Protein (https://www.predictprotein.org/).
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Figure 2-8. (A-B) Prediction of functional effect due to single amino acid variant. Predicted by
SusPect using the Phyre Investigator user interface (Yates et al, 2014
http://www.sbg.bio.ic.ac.uk/suspect). The left panel in (A) shows the mutational analysis graph
representing the predicted effect of the pdrl mutation (highlighted by arrow and red circle), which
is likely to have an intermediate effect on functionality which is shown in the bar diagram. The right
panel in (A) shows the mutational effect due to substitution of R (black bar) by any other amino
acids. (B) Shows the sequence profile graph representing residue preferences in a protein at a
particular sequence position. (C) Homology model of ATP-PRT1 (magenta) superimposed with
2VvD3 (yellow), which is the structure of histidine inhibited Hisg from Methanobacterium
Thermoautotrophicum (sequence identity of 32%). The arrow points the Arg at position 109 that is
replaced by lysine in PDR1/ATP-PRTL1. The superimposition shows the almost similar match of the

two catalytic domain and the C-terminal PIl domain.
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Figure 2-9. Multiple sequence alignment of plant ATP-PRT1 homologs around the site of the pdrl

mutation. The arrow indicates the Arg-to-Lys substitution at position 109.

2.6 Sequence analysis of PDR1

As the R and K amino acid side chains share similar biochemical properties, it was intriguing
to know how important is the R-to-K substitution at this position of the protein. In general, R
residue was experimentally proven to confer a higher stability to protein structure than K
thanks to its guanidinium group that allows three possible directions of interaction through its
three asymmetrical nitrogen atoms (Ne, Nnl, Nn2) while K interacts only in one direction
(Borders et al., 1994; Donald et al., 2011; Sokalingam et al., 2012). The functional effect of
the R residue affected by the pdrl mutation was predicted by predict protein, a web-based
tool (https://www.predictprotein.org/) that revealed an intermediate effect of this residue if
substituted by K (Fig. 2-7E). The prediction was based on the evolutionary information,
structural features, solvent accessibility and available annotation. The likelyhood of

phenotypic effect due to pdrl mutation was also analyzed using the Phyre Investigator user
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interface, SusPect [(Yates et al., 2014); http://www.shg.bio.ic.ac.uk/suspect] and extracted a
similar result (Fig. 2-8A & 2-8B). Multiple sequence alignments showed that the R residue at
109 position of ATP-PRT1 is indeed evolutionary conserved in all the homologous genes of
34 plant species quizzed (Fig. 2-9). This indicated the relevance of the R residue for the
functionality of the protein; otherwise, it would have not been conserved. There is a second
isoform of ATP-PRT1/PDR1 (Fig. 2-10) in the genome of Arabidopsis, encoded by
AT1G09795 (ATP-PRT2; HisN1b), which shares overall amino acid identity of 74.6%. Most
of the dissimilarities are in the predicted signal peptide region at the N-terminal part, and the
promoter region of ATP-PRT2 is much shorter (266 bp) than the ATP-PRT1 (30810 bp). The
neighboring upstream gene of ATP-PRT2 is AT1G09794 (Cox19 family protein) which is
reported to be not expressed as shown in the EST database of TAIR. Both ATP-PRT1 and
ATP-PRT2 are functionally active as demonstrated by the complementation of the his1 mutant
of Saccharomyces cerevisiae (Ohta et al., 2000). Despite the presence of a functionally active
second isoform of ATP-PRT1, why the pdrl mutation showed the severe phenotypic effect is

an appealing question on the subject warranting further investigation.

PDRI/ATP-PRTI (Atlg58080)

Salk_131302 pdr] mutation Salk_152420
prtl-2/prtl (R109K) prtl-3 200bp [S—
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Figure 2-10. Models of the two Arabidopsis ATP-PRT genes, AtATP-PRT1 (At1g58080) and AtATP-
PRT2 (AT1G09795). White boxes represent 5"UTR (left) and 3"UTR (right), gray boxes and black
lines represent exons and introns, respectively. Red lines represent the promoter region (not drawn to
the scale). The positions of the pdrl-1 EMS mutant allele and of the two T-DNA insertion alleles in
AtATP-PRT1, Salk 131302 and Salk 152420, are indicated by triangular marks. The two genes share
74.6% amino acid sequence identity. The nearby upstream gene of ATP-PRT2 is At1g09794, which is

not expressed according to EST data.
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2.7  Validation of the PDR1 locus

To confirm that the pdrl mutation was indeed in the ATP-PRT1 locus, a homozygous T-DNA
insertion line, Salk_131302 (insertion site is very close to the ATG start codon), was isolated
(Fig. 2-10) for crossing with pdrl. Hereafter, this insertion line is designated as prtl-2 or
simply prtl, which also shows a severely impaired root phenotype. The semi-quantitative and
gRT-PCR confirmed it as a knock-down allele (Fig. 2-11A 2-11B). The resultant F1 progeny
of pdrl and prtl-2 crosses showed a short root phenotype, indicating that the pdrl and prtl
mutations are allelic (Fig. 2-11C).

Molecular complementation of the pdrl mutant with the WT copy of ATP-PRT1 and ATP-
PRT2 cDNA was undertaken to further validate the PDR1 locus. The full length cDNA of
ATP-PRT1 and ATP-PRT2 was cloned and after subsequent checking of the sequence to avoid
any mutation in the ORF, | used the clone in the sense orientation to fuse it with the 35S
promoter of the Cauliflower mosaic virus together with the marker gene GFP (CaMV
Pro35S::ATP-PRT1~GFP) using the Gateway-compatible binary destination vectors
pB7WGF2. The constructs were then transformed into the pdrl mutant via Agrobacterium
and ten stably transformed T2 lines were assayed that showed an apparent rescue of the pdrl
short root phenotype on +Pi and —Pi by the overexpression of either ATP-PRT1 or ATP-PRT2
(Fig. 2-11C).

As PDR1/ATP-PRTL1 is the first enzyme of His biosynthesis and known to play a dominant
role in regulating His production (Ingle, 2015), | tested whether His supplementation in the
media can rescue the short root phenotype of pdrl grown on +Pi, —Pi, and —Pi+DNA medium.
| observed the complete restoration of pdrl short root phenotype to WT by just using 3 uM of
His supplementation (Fig. 2-12A). To evaluate if pdrl shows a dose response to different
concentrations of His, | tested the plant on +Pi medium supplemented with 500 nM to 50 uM
His. To my surprise, | found that even 500 nM partially rescued the pdrl short root phenotype
while 1 uM was optimal for the full restoration of pdrl and the corresponding optimal
concentration was 3 UM for rescuing prtl-2 (Fig. 2-12B). Comparatively higher concentration
of His requirement for the knock-down line can be explained by the more severe root
phenotype of the prt1-2 than that of pdrl (Fig. 2-12A).

To confirm the specificity of His in restoring the phenotype, | further tested the root growth
on each of the 20 amino acid supplemented +P media (Fig. 2-13A) and did not find any of the
single amino acid supplements (5 uM) to rescue the phenotype except for His (Fig. 2-13).
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Additionally, supplement of D-His (5 pM) was also found to have no effect to rescue the pdrl
short PR (Fig. 2-13A). The metabolite of the fourth His biosynthetic enzyme, 5'-
Phosphoribosyl-4-carboxamide-5-aminoimidazole (AICAR), was also tested, but neither of
the tested concentrations (10, 20 and 50 uM) in +Pi and —Pi media were able to rescue the
phenotype (Fig. 2-14). In yeast, the expression of Pi transporter PHO84 was found to be
positively correlated with the increasing concentration of AICAR under Pi starvation (Pinson
et al., 2009). Probably, the highest concentration (50 uM) | applied to the growth medium was
not enough or simply it was not hydrolyzed or taken up.

As imidazole is a functional group of His (Ingle, 2011), I supplemented this or imidazole
acrylic acid in the growth medium (+Pi) at a concentration of 10, 20 or 50 uM. None of the
concentration of both molecules showed rescuing effect on pdrl PR (Fig. 2-15). | also
checked if external adenine could rescue the pdrl phenotype under Pi starvation considering
the fact that His biosynthesis is tightly linked with the nucleotide metabolism (Alifano et al.,
1996 ; Ward and Ohta, 1999; Boldt and Zrenner, 2003). Any rescuing effect was not observed
at low (100 uM) or high (1 mM) concentrations; rather high concentration drastically reduced
the growth, including the root of WT, pdrl and prtl-2 (Fig. 2-16). Above results explicitely
showed that only His supplementation can chemically complement the pdrl. The third allele
prt1-3 is presumably a knock-out line showed a seedling-lethality (Fig. 2-17) that indicate His

is vital for plant growth and development.
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Figure 2-11.Validation of the PDR1 locus. (A) Detection of PRT1 mRNA by semi-quantitative RT-
PCR analysis using Actin expression as loading control. (B) Quantitative RT-PCR analysis of PRT1
MRNA expression normalized with PP2A. (C) Allelism test by crossing pdrl-1 and prtl-2, and
molecular complementation of pdrl-1 by overexpressing the WT ATP-PRT1 and ATP-PRT2 under
control of the CaMV 35S promoter in the pdrl-1 mutant. Shown are representative image of 4 days
old seedlings grown on +Pi and —Pi. Values are the mean £ SD of 3 independent samples. *,

difference between WT plant and prt1-2 mutant was significant by t test (P < 0.05).
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Figure 2-12. (A) Chemical complementation of the pdrl short root phenotype by supplementation with
3 UM His. PR lengths of 7 days old WT(Col-0), pdrl-1 and prt1-2 seedlings grown vertically on agar
plates containing +Pi, +P+His, —Pi, —Pi+His, —-Pi+DNA, and —Pi+DNA+His media. (B) Dose response
of WT, pdrl-1 and prtl-2 seedlings to various His concentrations 0.5-50 pM. Seeds were germinated
and grown for 7 days on vertically oriented agar plates containing +Pi medium supplemented with the
respective concentration of His. Values are the mean £ SD of 25-30 independent roots. *, difference
between WT plant and pdrl mutant was significant by t-test (P < 0.05).
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Figure 2-13. Chemical complementation of the pdrl short root phenotype is specific for L-His. WT
and pdrl seedlings were grown for 8 days on +Pi medium supplemented with filter-sterilized L-
amino acids or D-His (5 uM each). (A) Images of pdrl seedlings representative for each amino
acid supplementation. (B) Quantification of WT and pdrl-1 PR length for each treatment. Values
are the mean + SD of 25-35 independent roots.
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Figure 2-14. Response of WT and pdrl-1 roots to 10-50 uM AICAR (5'-Phosphoribosyl-4-
carboxamide-5-aminoimidazole). Seeds were germinated and grown for 7 days on vertically
oriented agar plates containing the complete growth medium (+Pi, left graph) or —Pi (right graph)
supplemented with the respective concentration of AICAR. Values are the mean + SD of 25-38

independent roots. *, difference between WT and pdr1l mutant was significant by t-test (P < 0.05).

38



+Pi/+N

B .
Imidazole
Imidazole acrylic acid
0 10 50 100 10 50 100

Imidazole Imidazole
Imidazole acrylic acid  Imidazole acrylic acid
0 10 50 100 10 50 100 0 10 50100 1050 100 pM

pdrl

prtl-2

Figure 2-15. The response of WT, pdrl-1 and prtl-2 seedlings to different concentrations (10-100

MM) of imidazole and imidazole acrylic acid. Representative images are shown after 7 days of

germination.

Figure 2-16. The response
of WT, pdrl-1 and prtl-2
seedlings to adenine (Ade).
PR length was measured
after 5 days of germination
(DAG) of plants
continuously grown on the
indicated media (His was
used at 10 puM). Values are
the mean + SD of 10-15
independent roots.
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Figure 2-17. His is vital for plant survival. The presumed knock-out line of ATP-PRT1, prtl-3
(Salk_152420) is seedling-lethal. (A) 6 days old WT and prt1-3 seedlings grown vertically on +Pi
agar plates. (B) 4 weeks old seedlings of WT and prt1-3 in soil showing the seedling lethality of the
knock-out line.

2.8  Subcellular localization and expression of PDR1/ATP-PRT1 and ATP-
PRT2

The PDR1/ATP-PRT1 and ATP-PRT2 proteins are likely to be localized in the plastids as
predicted by web based tools [PlantLoc; (Tang et al., 2013)]. To test this, the 3’end of the
coding region of PDR1/ATP-PRT1 and ATP-PRT2 was fused with the GFP reporter gene and
expressed under the control of CaMV 35S promoter. The transgenic plants are referred
hereafter as pdrl/Pro35S:ATP-PRT1-GFP and pdrl/Pro35S:PRT2-GFP in the subsequent
discussion. Plastid targeted virulence strain EHA105 was used as positive control. The
subcellular localization of PDR1/ATP-PRT1 and ATP-PRT2 was tested in a transient
expression system of tobacco leaves. The localization of GFP fused protein was visualized
under the confocal scanning laser microscopy after 3 days of infiltration. The results showed
the expression of both the PDR1/PRT1 and PRT2 were exclusively localized in the plastids
(Fig. 2-18). I also checked the localization of the protein in stably transformed Arabidopsis
pdrl mutant plants that showed similar results (Fig. 2-19). To more precisely determine the
cells that express PDR1/ATP-PRT1 and ATP-PRT2 in the various tissues, transgenic plants
expressing the gene encoding B-glucuronidase (GUS) under the control of the native
promoters were generated. | generated homozygous single-copy ProPRT1::GUS/GFP lines
while isolation of ProPRT2:GUS/GFP plants is still in progress. Analysis of expression
profile of 5 days old seedlings showed the GUS activity in the vascular system of the matured
part of the roots as well as in the shoot and leaves (Fig. 2-20). The presence of GUS staining
was also evident in the emerging lateral roots. No GUS staining was detected at the root tip or
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in the elongating zone of the root (Fig.2-20). More careful evaluation is necessary on different
NOs™ and Pi regimes for spatial and temporal expression. Promoter GUS in WT and pdrl
should also be checked in the presence of His under the experimental condition of +Pi/+N and
—Pi. Considering the dominant role of PDR1/ATP-PRT1 in modulating root growth as
displayed by EMS (pdrl), knock-down (prtl1-2) and knock-out (prt1-3) mutants, despite of
the presence of the second isoform ATP-PRT2, future experiment should also be focused on

the expression map of both isoforms.

GFP Chla autofluorescence overlay

Pro35S:PRT1-GFP

Pro35S:PRT2-GFP

EHA 105
(Plastid targeted GFP)

Figure 2-18. Subcellular localization of ATP-PRT1~GFP and ATP-PRT2~GFP in N. benthamiana.
Tobacco leaves were transiently transfected with Agrobacterium strains harboring plasmids supporting
expression of GFP-tagged ATP-PRT1 and ATP-PRT2 under the CaMV 35S promoter. The EHA105
vector construct encoding a plastid-targeted GFP was used as a positive control. Images were taken 3

days after infiltration under the confocal scanning laser microscopy.
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Figure 2-19. Subcellular localization of ATP-PRT1~GFP in stably transformed, homozygous
transgenic Arabidopsis lines. The upper panel shows GFP fluorescence in leaf plastids. The inset

shows a higher magnification. The lower panel indicates localization of the fusion protein in root
plastids.

o

Figure 2-20. Histochemical analysis of ProATP-PRT1::GUS/GFP expression in homozygous

transgenic WT plants grown on +Pi medium. GUS activity was observed after 5 days of germination.
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Scale bar represents 100 pum.

2.9  Altered RSA of pdrl and His-mediated normalization

The typical response to the Pi-starved condition is the modulation of RSA for the adaptation
to the changing conditions (Abel, 2011). The most visible phenotype is the immediate
reduction of PR growth followed by the prolific growth of LR along with the profuse root hair
development (Williamson et al., 2001; Peret et al., 2014). Therefore, in addition to PR, I
evaluated the Pi deficient effect on the LR growth of pdrl compared to the WT in the
presence or absence of His in the media. The account of the emergence of LR per unit length
(cm) of the PR in Pi-sufficient pdrl was found to be 3-fold more than that of WT grown on
the identical condition (Fig. 2-21A and 2-21B). Likewise, on low Pi condition, the events of
LR emergence were double in pdrl than in WT (Fig. 2-21B). In both Pi and —Pi condition,
His supplementation reduced the LR emergence of pdrl to the WT level (Fig. 2-21B) likely
by directing the genetic set up to focus towards the PR development. Consequently, the total
root length (sum of the PR and LR) of pdrl on His supplemented +Pi and —Pi media enhanced
significantly to the equal length of WT (Fig. 2-21C). In spite of the higher events of LR
emergence in pdrl, the growth was slower than that of the WT in the absence of His, thus
making the total root length of pdrl significantly shorter than the corresponding parameter of
WT (Fig.2-21C). To check if the shoot is equally affected by the pdrl mutation, shoot and
root fresh weight (FW) were measured for the WT and pdrl plants grown on +Pi, —Pi, —
Pi+His and +Pi+His for 4 days after transferring 5 days old seedlings from the +Pi medium.
The results showed that only root was affected by the mutation in pdrl while shoots remained
unaffected both on +Pi and —Pi conditions (Fig. 2-22).

The shorter root of pdrl plants in contrast to WT may be attributed to a decrease in root cell
division and/or cell elongation. To scan the meristem activity of pdrl, I crossed pdrl with a
transgenic Arabidopsis line expressing a ProCycB1::GUS fusion gene, a reporter for cell
cycle activity (Colon-Carmona et al., 1999). WT and pdrl seedlings were continuously
grown for 5 days on +Pi, —Pi, -Pi+DNA and —Pi+DNA medium for GUS staining. The
difference in staining pattern and intensity was very conspicuous between WT and pdrl root
grown on —Pi; pdrl showed much fainter staining than the WT (Fig. 2-23). Provision of DNA
in the —Pi improved the activity of ProCycB1::GUS of WT root while pdrl showed no
obvious upturn. Interestingly, His supplementation in the —Pi+DNA containing media fostered
the meristem activity of the pdrl similar to WT as indicated by the elevated GUS staining in

the root (Fig. 2-23). Although, I did not see any difference in staining intensity between WT
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and pdrl grown on +Pi media, the staining of pdrl at the close proximity of the root tip was
noted (Fig. 2-23) suggesting also the less root meristem activity of the mutant under +Pi/+N
condition.

A B C
9
go s % ™Col 45 u Col
—~ 4
Transferred _af) 27 wpdr] g is " pdrl
from +Pi+His = 2 =
g 31
Ela 1)
S a5 525
o g 2
2SS4 % = 2
— & 2 %
S w3 21s
3 22 EIRR
Transferred R 05
from +Pi 2’ 0 0 \
N N AR A RG]
‘ o P SRS ARSI
; : S X
Col pdrlprtl-2 Col pdrl prtl-2 i R L )

Figure 2-21. Effect of His (3 uM) on RSA. WT, pdrl-1 and prtl-2 seeds were germinated and grown
vertically for 5 days on +Pi and +Pi+His containing agar plates prior to transfer to +Pi, +Pi+His, —Pi
and —Pi+His. (A) Representative images of seedlings 5 days after transfer. (B) Number of lateral roots
per cm PR length. (C) Total root length (primary plus lateral roots), calculated 5 days after transfer. *,
difference between WT plant and pdrl mutant was significant by t-test (P < 0.05).
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Figure 2-22. The pdrl mutation lowers root biomass, which is restored by His supplementation (3
HM). (A) Shoot and (B) root biomass of WT and pdr1 plants were measured 4 days after transfer from
+Pi (5 days old seedlings) to +Pi, —Pi, —Pi +His and +Pi+His. Values are the mean £ SD of 25-30
independent roots. *, difference between WT and pdrl mutant was significant by t-test (P < 0.05).
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Figure 2-23. Histochemical analysis of ProCyCB1::GUS expression in WT and pdr1-1 seedlings after
germination and continuous growth on vertically oriented agar plates for 5 days on the indicated
media. Filter-sterilized purified herring sperm DNA was substituted for Pi and added to the

autoclaved medium to a final concentration of 0.4 mg mL™. His was used at 3 pM.

In addition to the marker gene assay, | performed propidium iodide (PI) cell wall staining to
analyze the cellular response of WT and pdrl PR grown on +Pi, —Pi, and —Pi+His for three
days after transferring 5 days old seedlings from +Pi media (Fig.2-24). As shown in Fig (2-
24A), the meristem size of pdrl was significantly shorter (56%) than the WT seedlings grown
on —Pi. In medium with high Pi, pdrl also showed 45% shorter meristem as expected due to
the shorter root growth of pdrl on high Pi. Similarly, the shorter elongation zone and less
number of elongating epidermal cells in the trichoblast cell-file were recorded for pdrl
compared to the WT grown on both +Pi and —Pi (Fig. 2-24C). Conversely, 3 uM His
supplementation in —Pi and —Pi+DNA containing medium restored those cell parameters of
pdrl like WT (Fig. 2-24).
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Figure 2-24. His supplementation (3 uM) restores pdrl root meristem parameters on —Pi medium.
WT and pdr1 seedlings were grown on vertically oriented agar plates for 5 days on +Pi medium prior
to transfer to +Pi, —Pi and —Pi+His media for another 4 days. (A) Meristem size. (B) Total length of
the meristematic and elongation zone. (C) Number of epidermal cells in the meristematic zone. (D)
Total length of the meristemic and elongation zone after continuous growth (6 days) on the indicated
media.. Values are the mean + SD of 7-10 independent roots. *, difference between WT and pdrl

mutant was significant by t-test (P < 0.05).

2.10 Free His levels increase upon Pi starvation

To further understand the role of His in modulating the RSA upon Pi starvation, | measured
free His content in pdrl and WT along with other amino acids. Plants were grown on a
complete medium for five days before transferring to respective +Pi and —Pi medium. Three
days after transfer to +Pi, the content of free His in both WT and pdrl was found to be same
in the roots, most likely because of the compensatory effect of the second active copy, ATP-
PRT2 (Ohta et al., 2000). For the shoots, pdrl had significantly less free His (around 50%
reduction) both on +Pi and —Pi condition than the corresponding WT (Fig. 2-25A). However,
after 3 days of Pi starvation, the content in WT root increased by fivefold compared to the +Pi
grown corresponding root (Fig. 2-25B). By contrast, the pdrl roots showed no further

accumulation of the free His in response to Pi deficiency. The elevated level of His upon Pi
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starvation in the WT suggests the link of His with the Pi starvation responses. The failure of
pdrl to accumulate the free His on Pi challenged condition implicated the ATP-PRTL1 in P-
starvation responses despite the presence of second active isoform ATP-PRT2. This reflects
the distinct physiological role of the two isoforms of ATP-PRT genes, although both are
biochemically active (Ohta et al., 2000).
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Figure 2-25. Free His content of WT and pdrl shoots and roots. Plants were grown on +Pi for 5 days
and then transferred to +Pi or —Pi medium. After two days, roots and shoots were separated, weighed,
and processed for His determination according to the method described by Ziegler and Abel (2014).
His content of shoots (A) and root (B). Values are the mean + SD of 4 independent measurements. *,

difference between WT and pdrl mutant was significant by t-test (P < 0.05).

2.11 The rescuing effect of His is local

It is unlikely that pdrl short root phenotype, especially under high Pi, is due to a global His
starvation as | found no significant difference of free His content in root of pdrl mutant from
that of the WT (Fig. 2-25B) grown on a complete medium (+Pi/+N). The next question has
turned up as to why pdrl PR is shorter than WT even though no significant effect was noticed
in the aerial part of the pdrl seedlings grown in the agar plate under +Pi and —Pi conditions
(Fig. 2-22A). One likely hypothesis is the localized shortage of His in the meristem of pdrl.
This prompted us to scale carefully whether the effect of His is local or systemic in rescuing
the root phenotype. We then performed the split-root and transfer experiments that endorsed
the notion of local effect (Fig. 2-26). In a split-root experiment, the pdrl root phenotype was
found to be rescued when the root tip was in contact with His-containing media (Fig. 2-26A &
2-26B) irrespective of the presence or absence of His on the upper part of shoot and root. This

was confirmed in both +Pi and —Pi growth conditions. Furthermore, | grew the plants on the
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media with or without 3 puM His supplementation and then transferred 5 days after
germination (DAG). After transfer, pdrl PR found to sustain the WT like growth only on the
His supplemented media independent of its earlier growth condition (+His or —His) while PR
growth was arrested on +P-His media even though they were grown on a His supplemented
medium before transfer (Fig. 2-26C). A similar result was also observed for the second allele
of pdrl, prt1-2 (SALK_131302) line that has further substantiated the hypothesis of local than

the systemic effect of His.

A Col pdrl Col pdrl

Vo AR

B .. C 34 u+Pi
_ :
£ * u-Pi
L 2 I
—_ » -Pi+His
) £
) ®m+Pi+His
515 = 21 —k_
3 ]
2 1 3
=~ 2 i
£ 05 =
. - 1
5 g
0 &
[a )
e 0

" Col 'CoE " pdrl " pdri® " prel " prel®

Figure 2-26. (A, B) Root growth response of pdrl and WT to 3 uM external His in split-root assays.
WT and pdrl plants were grown on +Pi for 6 days after germination on vertically oriented square agar
plates. Subsequently, the seedlings were transferred to agar-splitted round plates in such a way that
the shoot and most part of the primary root were placed on the upper and just the primary root tips (~1
mm) on the lower compartment. The media composition of each compartment (i.e., +Pi, —Pi,
+Pi+His, or —Pi+His) is given above the figure plates (upper/lower compartment). (A) Images were
taken 4 days after transfer, and (B) the PR lengths was measured after 3 days of transfer. (C) Root
growth response of pdrl and WT after transfer to different media. Plants were grown on +Pi or
+Pi+His (indicated by H superscript) agar for 5 days prior to transfer to +Pi, —Pi, —Pi+His, +Pi+His.
PR lengths (cm) was measured 3 days after transfer were. Filter-sterilized 3 pM L-His was
supplemented in the respective autoclaved medium. 3Values are the mean + SD of 15-20 independent
roots. *, Difference between WT and pdrl mutant was significant by t-test (P < 0.05).
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2.12 His in —Pi+DNA medium rescues the pdrl phenotype by stimulating DNA
decay

How does His rescue the pdrl root growth phenotype in —Pi+DNA medium is an intriguing
question. Previously, Delatorre (PhD Thesis, 2002) showed that, unlike WT, pdrl seedlings
do not efficiently degrade external DNA when grown in hydroponic culture. To test if His
stimulates hydrolysis of external DNA, WT and pdrl plants were grown in hydroponic
cultures of —Pi+DNA medium or —Pi+DNA medium supplemented with 10 uM His (Fig. 2-
27). As expected, pdrl root growth was severely impaired in the —Pi+DNA containing
medium while His feeding rescued root growth as it was also observed on solid agar media.
To confirm that the rescuing effect was linked to the hydrolysis of DNA in the His
supplemented medium, gel electrophoresis was performed every 5 days to visualize the
remaining DNA in the medium. In the absence of His supplement, the use of DNA by pdrl
was exceedingly less than the WT (Fig. 2-27A). By contrast, | found the rapid hydrolysis of
the DNA by pdrl in the His supplemented media compared to the —Pi+DNA medium as
reflected by the decreasing residual DNA over the 20 days of growth periods (Fig. 2-27A).
This could be due to the His mediated activation of the nucleolytic enzyme secretion by pdrl

in the media to hydrolyze the DNA to forage the Pi.
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Figure 2-27. DNA utilization by pdrl compared to WT in a hydroponic culture% (A) Gel images
showing the utilization of exogenous DNA by WT and pdrl seedlings as a source of Pi. Plants were
grown on —Pi+DNA (0.4 mg mL™) with or without 10 pM His for 20 days and samples were collected
every 5 days for visualizing by gel electrophoresis. All the cultures were repeated three times and
representative images are shown here. B) Images of the seedlings grown on respective media after 20
days of germination.
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2.13 Accumulation of anthocyanin and starch in pdrl upon Pi starvation is

ameliorated by external His

The leaf turns to purple in color upon Pi starvation, a visible phenotype mostly due to
accumulation of anthocyanin pigments (Vance et al., 2003; Fang et al., 2009), presumably to
protect nucleic acids and chloroplasts from ultraviolet (UV) light and photoinhibitory damage
respectively (Zeng et al.,, 2010). Elevated anthocyanin production was also observed in
Arabidopsis when RNS1, a secreted ribonuclease, is suppressed by antisense technology
(Bariola et al., 1999). To gain insight into the correlation of PDR1 function with anthocyanin
accumulation, I compared the content of this pigment in response to Pi starvation between
WT, pdrl and prtl-2 seedlings grown on +Pi, —Pi, —Pi+His and +Pi+His containing medium
(Fig. 2-28A). The result showed higher accumulation of anthocyanin in the leaves of WT
seedlings grown on —Pi (8 fold) than those on +Pi (Fig. 2-28A). By contrast, Pi-challenged
pdrl and prtl-2 seedlings accumulated 63% and 42% more of this pigment, respectively
compared to WT (Fig. 2-28A). While exogenous His on +Pi had no obvious effect on
anthocyanin accumulation, supplement of His in a —Pi medium reduced the accumulation of
this pigment to half of the content observed on —Pi medium (Fig. 2-28A) for all the three
genotypes. Likewise, | also observed the less starch staining of pdrl leaves when His was
supplied in the —Pi+DNA medium when compared to the strong staining of the pdrl plants
grown on the similar growth condition in the absence of His (Fig. 2-28B). The results suggest

that PDR1 functions in controlling a wide array of responses to Pi-starvation.
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Figure 2-28. Starch and anthocyanin accumulation in WT and pdrl seedlings. (A) Accumulation of
anthocyanin in seedlings grown on +Pi, +Pi+His, —Pi, —Pi+His for 3 days after transfer of 5 days old
seedlings from +Pi. (B) Starch staining of 6 days old seedlings grown on +Pi, —Pi+His, —Pi, —Pi+His,
—Pi+DNA and —Pi+DNA+His, n= 3, representative images are shown. Filter-sterilized His (3 uM) was
used as a supplement. Purified herring sperm DNA was substituted for Piand added to the autoclaved
medium to a final concentration of 0.4 mg mL™. Values are the mean + SD of 4 independent samples.

*, difference between WT and pdrl mutant was significant by t-test (P < 0.05).

2.14 Induction of PSI genes in pdrl by external His

The shorter PR of pdrl under low Pi and —Pi+DNA conditions suggests that PSI genes in
pdrl are defective in the expression that modulate the mitotic activity and meristem
maintenance. Indeed the reduced expression of ProCycB1::GUS and shorter meristem size of
pdrl corroborate the reduced expression of a subset of PSI genes as shown in the northern
blot analysis by Delatorre (PhD thesis, 2002). To test whether His supplementation has any
effect on the expression of the PSI genes, | performed gRT-PCR for key PSI gene expression
in the WT and pdrl root tips (approximately 0.5cm) grown on +Pi, —Pi and —Pi+His for two
days after transfer of 5 days old plants from the +Pi (200 uM) medium. As expected, Pi
starvation induced the expression of AtACP5, AtAT4, AtPT2 and AtRNase2 in the roots of WT
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(Fig. 2-29). Roots of pdrl seedlings also showed an induction upon Pi starvation, but in
contrast to the WT, expression of all the four genes was significantly reduced to 50%.
However, no significant difference was found for any of the interrogated genes between WT
and pdrl root when grown on +Pi. Remarkably, the transcript level of RNase2 in WT and
pdrl roots grown on His supplemented —Pi media increased approximately to fivefold. His
supplementation in low Pi was also found to increase the transcript of AtACP5 by 35% and
AtAt4 by 46% in pdrl compared to WT, though the increases were not statistically significant
(Figure 2-29). No additional effect was found in inducing the expression of AtPT2 of pdrl
roots grown on a His containing low Pi medium under our growth conditions. | further
checked the expression of SPX3 which was found to be expressed very low in pdrl root,
around 6-fold less than that of WT seedlings and His did not trigger the expression (Figure 2-
29) indicating that His has no global effect of inducing all PSI gene expression upon Pi
limitation rather the effect seems to be more specific.
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Figure 2-29. Transcript levels of a subset of PSI genes. WT and pdrl plants were germinated and
grown for 5 days on 200 uM containing +Pi medium, then transferred to +Pi, —Pi and His (3 uM)
supplemented —Pi medium. Two days after transfer, PR tips (approximately 5 mm) were harvested and
processed for qRT-PCR analysis. Data were normalized with respect to PP2A to calculate the relative
expression of AtACP5, AtAt4, AtPT2, AtRNase2 and AtSPX3. * indicates a significant difference from

the WT according to a two-sample t-test (P<0.05), values are the means £SD of three replicates.
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Figure 2-30. ProAtACP5::GUS expression in transgenic WT and pdrl PR. WT and pdrl plants were

germinated and grown for 5 days on 200 uM containing +Pi medium and then transferred to +P, —Pi, —

Pi+DNA or —Pi +DNA+His (3 uM) media. Histochemical GUS staining was performed for up to 3

days after transfer. Representative images of stained roots are shown here.

For the cross-validation that mutation in pdrl indeed caused an altered expression of the PSI
genes, constructs containing the promoters of the AtACP5 fused to the GUS reporter gene was
introduced into the pdrl. | studied the GUS activity of pdrl compared to WT roots grown on
+Pi, —Pi, —-Pi+DNA and —Pi+DNA+His containing media for three different time points of 24,
48 and 72 hours after transferring 5 days old seedlings from +Pi (200 uM Pi) (Fig. 2-30).
After 20 minutes of incubation in staining solution at 37°C, an intense staining of Pi-
challenged WT roots was documented that was not surprising as reported elsewhere (Olczak
et al., 2003; Duan et al., 2008) while remarkably low activity of GUS was observed for the
pdrl in all the time points examined (Fig 2-30). Addition of DNA in the low Pi media found
to have no effect on inducing the AtACP5::GUS expression in pdrl roots for the first 48
hours, though after 72 hours, a slight increase of the expression was observed (Fig. 2-30). His
supplement in the DNA containing low Pi medium stimulated the expression of GUS even at
the earlier time point of transfer (Fig. 2-30). Compared to the WT, less GUS activity and His

mediated normalization of the expression in the roots of pdrl is consistent with the results of
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gRT-PCR and northern analysis. Thus, it is obvious that His has a pivotal role in the induction
of a subset of PSI gene expression under Pi starvation; however, the underlying molecular

mechanism remains elusive.

2.15 Sensitivity of WT and pdrl to a high external NO3

pdrl sensitivity to NOs~ was confirmed by a dose response study (Fig. 2-2A and 2-2B). To
gain more insight into the growth response of WT and pdr1 to high concentration of NOs’, 10
MM to 100 mM were supplied in the media. WT PR was found to be restricted at or above 25
mM NOs’, and at 100 mM NOs’, the root growth was reduced so drastically that reminiscence
the pdrl phenotype at 1 mM NOj3™ (Fig. 2-31A). However, the response of pdrl at all the
tested concentrations above 10-100 mM remained almost constant as it does at the 1 mM
concentration showing no further inhibition suggesting that the inhibitory effect on pdrl is not
due to toxicity. The sensitivity of pdrland prtl-2 to glutamine (GIn) and glutamate (Glu)
were also tested by a dose response experiments (0-10 mM). Compared to the NO3, PR of
WT was found to be shorter on the medium with both amino acids (AA) substitution (Fig. 2-
31B). In contrast to the restricted PR growth of WT on high concentration of Glu, the
corresponding concentration of Gln showed longer root of WT (Fig. 2-30B). However, the PR
of pdrl and prt1-2 showed the similar degree of inhibition compared to the WT as caused by
the NOj3 (Fig. 2-31B).

The complete contrasting root phenotype of pdrl and its functionally weak active allele prt1-2
at the low and high concentration of N in comparison to the corresponding WT spark the
question if Arabidopsis has two distinct signaling pathways for low and high N regulation. As
such, it is not unreasonable to postulate that the high N regulatory mechanism in pdrl is
switched off, hence showing the inhibitory effect at the transition point of 0.25 mM and

remained unresponsive above the higher concentrations.
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Figure 2-31. Response of WT, pdrl-1 and prt1-2 to high nitrate doses and different N sources. (A) PR
lengths of 7 days old plants grown on +Pi medium containing 0 to 100 mM KNOs;. (B) PR growth in
response to different concentrations of KNOs, Glu and GlIn. Plants were grown for 10 days on +Pi/-N
media without or with the indicated N supplements. Values are the mean £ SD of 20 independent
roots. *, difference between control (1 mM KNO3) and high KNO; of WT roots was significant by t-
test (P < 0.05).

2.16 NOs and NH," content of pdrl were not different from the WT

The inhibitory root growth of pdrl to high N could be due to its inability to uptake N from the
growth medium or the assimilation of more NH," that caused the toxicity (Li et al., 2014). To
test this, 1 measured the content of NOs” and NH;" of the shoot and root of WT and pdrl
mutant plants (Fig. 2-32). Plants were grown for 8 days on a complete medium (7 mM KNO;)
in the presence or absence of 3 UM His to measure the NO3  content in root and shoot
separately according to the method described by Cataldo et al. (1975). NO3™ content of the
plants grown on N-deficient medium was measured as a negative control. The results showed
no significant difference of NO3™ content in roots and shoots in between the WT and pdrl
grown on a complete medium, irrespective of the His supplement (Fig. 2-32A). His
supplement in the media had no effect compared to the control indicating no obvious role of
His in the uptake of the NO3™ or downstream metabolic processes. | also measured the NH,"
content according to Baethgen and Alley (1989) that also showed no significant difference in
between the WT and mutant (Fig. 2-32B) that rejects the possibility of NH," toxicity. Based

on this observation, it could be inferred that pdrl is not impaired in the assimilation or
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translocation of nitrogen and the impaired root phenotype is independent of the status of N

content.
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Figure 2-32. Free nitrate and ammonia content. (A) WT, pdrl-1 and prtl-2 plants were grown
continuously for 8 days on vertically oriented agar plates containing +Pi/+N, +Pi/+N+His (3 /M)
and —N before measuring the NO3™ in shoots and roots. (B) NH," content in the roots and shoots.
Measurement was done after 2 weeks growth on +Pi/+N. Values are the mean + SD of 20
independent roots. Values are not significantly different from the control (Col+Pi) as displayed by t-
test (P < 0.05).

2.17 Chlorophyll content of the pdrl mutants was not different from the WT

Since the photosynthetic apparatus contains a massive amount of N in plants, any appreciable
deficiency of N should result in the aberrant formation of chlorophyll (Bojovi¢ and Markovié,
2009; Maruta et al., 2010). Therefore, | examine if the mutation in PDR1/ATP-PRT1 had any
deficiency of the chlorophyll content that could reflect the N starvation. The Chl a and Chl b
were measured in WT, pdrl and prtl-2 leaves, according to the method described (Ni et al.,
2009). There was no significant differences in chlorophyll content between the genotypes
irrespective of His in the medium (Fig. 2-33). Thus, the data further confirmed that pdr1l is not
starving any N nutrient; as such, the short root phenotype is independent of N content in the

plant.

56



Figure 2-33. Chlorophyll content in WT, =z 12 mChla
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2.18 No difference in the content of glutamine, glutamate, asparagine and

aspartate between WT and pdrl

The growth and development of plants are effected by the assimilation of inorganic N to
amino acids (Hageman and Lambert, 1988). GIn and Glu are the assimilated products of
inorganic N which serve as the N donors in the biosynthesis of essentially all amino acids,
nucleic acids, and other N-containing compounds such as chlorophyll (Lea, 1993). Therefore,
| measured all the amino acids, including GIn, Glu, Asn and Asp (Fig. 2-34) to test whether
the pdrl phenotype on high N was the result of limiting downstream assimilation process. The
content of both GIn and Glu showed no obvious difference in the shoot rather it increased to
2-fold in the roots of pdrl, both of which are known to to form Asp and Asp, and these four
amino acids are used to translocate organic N from sources to sinks (Miflin and Lea, 1980;
Peoples and Gifford, 1993). No significant difference of Asp content was found between the
WT and pdrl while the content of Asn increased significantly in the shoots and roots of pdrl
than its corresponding WT counterpart (Fig. 2-34). The higher or equivalent accumulation of
all four AA in pdrl with respect to the WT had led us to annul the possibility of any defect in

the assimilation of inorganic N in pdrl.

2.19 Increased content of other free amino acids in pdrl compared to the WT

To determine whether the mutation at pdrl locus affect His levels, I measured the content in
WT and pdrl according to the method descibed (Ziegler and Abel, 2014). The content of His
in pdrl roots was not different from that of WT plants grown on a complete medium (Fig. 2-
25). This is obvious because of the compensatory effect of the second active copy, ATP-PRT2
(Ohta et al., 2000). To get further insight into the global effect of pdrl mutation on the other

free amino acids, | concurrently measured the contents of each amino acid in the roots and
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shoots grown on +Pi and —Pi (Fig. 2-34). | observed an increase of almost all free amino acids
in both shoot and roots of pdrl compared to the WT except His, methionine (Met), Arg, Trp,
Val and Tyr irrespective of Pi status(Fig. 2-34). However, Pi challenged pdrl showed several
fold accumulation of cysteine (Cys) and Thr in root in comparing to the +Pi grown mutant
roots. The general response of pdrl to accumulate most of the free AA content more than the
WT is perhaps due to the link of cross regulatory pathway as noted by Jones and Fink (1982);
Hinnebusch (2005) and Ljungdahl and Daignan-Fornier (2012).
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Figure 2-34. Free amino acid contents in shoots and roots of WT and pdrl-1 seedlings. Plants were
grown on +Pi agar for 5 days and then transferred to +Pi or —Pi medium. Two days after transfer,
roots and shoots were separated, weighed, and processed for measuring the free amino acid contents

of roots (A) and shoots (B). Values are the mean £ SD of 4 independent measurements.
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2.20 His supplement in N-deficient medium aggravate the growth

The overexpression of PDR1/ATP-PRTL in the pdrl and external supply of His in the growth
media complement the pdrl root phenotype. As PDR1/PRTL1 is the first committed enzyme
for His biosynthesis and plays a major role in controlling the flux as suggested by Ingle
(2015), the rescuing effect of His is very conceivable. However, | found that 10 uM His
supplementation in —N deficient growth medium inhibits the PR growth of WT, pdrl prt1-2
(Fig. 2-35). The negative effect of His on the typical N-deficient medium responds of WT
characterized by longer PR (Giehl et al., 2014)poses the question of the role of His. This
result confirms that Arabidopsis is not using His as supplement of N, likely uses it to regulate

the competent N sources for the proper growth and development.
2.21 High His supplement drastically restrict the Arabidopsis growth

The rescuing effect of pdrl by as low as 1 pM His in the media has prompted us to
interrogate the effect of a high concentration of His. Thus, WT pdrl and prtl-2 were
germinated and grown for 7 days on 10, 100 and 1000 uM His supplemented complete media.
Though low concentration found to promote the pdrl and prtl-2 root growth and no
remarkable effect on the WT, 1 mM His in the media found to restrict the growth of all the
genotypes severely (Fig. 2-35A and 2-35B). Additionally, leaves phenocopied the N deficient
symptom turning to yellow color while root barely grew beyond 0.5 cm (Fig. 2-35A). The
responses of WT and the mutants to high His distinctly displayed the regulatory role of His.

Figure 2-35. Effect of
external His on WT (Col-0),
pdrl-1 and prtl-2 seedlings

- 10uM His 1mM His B
Col  pdrl prtl-2 Col pdrl prtl-2 Col pdrl prtl-2

Wco  Wpdrs []Prus-2

*

Py
f% w ¥

+Pi/AN +Pi/-N

continuously grown for 7
days on +Pi+N or +Pi-N
medium. (A) Shown are

representative  images of

Primary root lengths (¢cm) measured 7 DAG

seedlings with no His

supplementation (left panel),
and with His
supplementation as indicated
(middle and right panels). (B) Statistical analysis of PR length. Values are the mean + SD of 25-30
independent roots. *, difference between WT and pdrl mutant was significant by t-test (P < 0.05).

Scale bar represents 2 mm .
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Figure 2-36. Effect of Asn with or without His on PR growth of WT (Col-0), pdrl-1 and prtl-2
seedlings after 7 days of growth on the respective media as indicated. (A) Representative images of
the seedlings. (B) Statistical analysis of PR lengths. Values are the mean + SD of 25 independent
roots. *, difference between WT and pdrl mutant was significant by t-test (P < 0.05). Scale bar

represents 5 mm.

2.22 Effect of external amino acids on WT and pdrl root growth

In addition to His, | expanded these studies to obtain insight into the effect of other amino
acids supplements at higher concentration (1 mM) (Fig. 2-36, Fig. 2-37). Similar to the severe
inhibitory effect of 1 mM His, drastic root growth inhibition by Phe, Val, Trp, Arg, Asp, Glu,
was also observed when applied the same concentration (1 mM) to the 7 mM NO3™ containing
complete growth medium or as a sole N sources on N-deficient medium (Fig. 2-37 and Fig. 2-
38). By contrast, the equal concentration of Asp, Asn, Gly and Pro as a supplement in
complete growth media showed no adverse effect on the WT while pdrl and prtl-2 showed
exactly the similar fashion of inhibition like NO3". In N-deficient growth medium, substitution
of those three AAs except Asn impinged the growth as did by all other tested amino acids
(Fig. 2-36 and Fig 2-38). A drastic growth effect was found for threonine (Thr), tryptophan
(Trp) and valine (Val) particularly on —N medium. However, supplementation of 10 uM His
to those tested AA on a complete or N-deficient medium showed no rescuing or adverse effect

except Asn (Fig. 2-38). Interestingly, N substitution by 1 mM Asn substantially enhanced the
60



growth of all the three genotypes of WT, pdrl and prtl-2 (Fig. 2-36). The equal root growth
of pdrl compared to the WT and better improvement of the knock-down allele prt1-2 under
this condition (Fig. 2-36) is suggestive of the specificity of pdrl to N sensitivity. While the
addition of His with Asn reversed the growth, including WT that phenocopied the N deficient
condition (Fig. 2-36) suggesting the specificity of His.

Col pdrl prtl-2 Col parl prtl-2

+1mM Phe
+1mM Trp

+N (Control)
+1mM Arg

Conlrol)

+1mM Thr

+lmg Pic +‘ Il! ng Asp

+1mM Thr

.

mM Gly

1

+1mM Arg,

Figure 2-37. Effect of amino acid supplementation (1 mM each) on PR growth of WT, pdrl-1 and

+1mM Val

+

Col pdrl prtl-2

prt1-2 seedlings grown continuously for 7 days on vertically oriented agar plates of the indicated

media. Representative seedlings are shown.
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Figure 2-38. Effect of amino acid supplementation (1 mM each) on PR growth of WT, pdrl-1 and
prtl-2 seedlings grown continuously for 7 days on vertically oriented agar plates of the indicated
media (His was used at 10 [/M). Values are the mean + SD of 30-40 independent roots.
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3. DISCUSSION

PDR1 encodes ATP-PRT1 (ATP-phosphoribosyl transferase 1), the first enzyme for His
biosynthesis in Arabidopsis. It has recently become apparent that histidine biosynthetic genes
in Arabidopsis play an essential role for plant growth and development (Muralla et al., 2007,
Bikard et al., 2009). A leaky mutant disrupted in His6a (hpa) responsible for catalyzing the
sixth step of His synthesis exhibits a short root phenotype owing to serious defect on the
meristems (Mo et al., 2006), and complete knockout of the gene is embryo lethal (Tzafrir et
al., 2004). Paralleling the observation by Mo et al. (2006), the pdrl mutant also showed a
short root phenotype compared to the WT (Fig. 2-1B). prtl-2 is the knock-down allele of
PDR1 that showed more severe root growth phenotype than pdrl (Fig. 2-12A). The soil
grown pdrl phenotype was similar to the WT but, prtl-2 showed shorter growth (Fig. 2-1E).
Like the earlier observation of Mo et al. (2006) for the hpa mutant, pdrl also showed no
significant deviation of the aerial part biomass from that of the WT (Fig 2-22A) indicating
the specificity of the effect of pdrl mutation on root growth. The comparatively short root of
pdrl on a complete (+Pi) growth medium is not likely the consequence of global His
starvation as it is plausible that the functionally active second isoform of HisN1, ATP-PRT2
(Ohta et al., 2000) can sustain the His flux at the basal level. Indeed the free content of His in
the mutant root is not significantly different from the WT seedlings grown on complete
medium (Fig. 2-25A). The drastically reduced root phenotype of the hpal mutant was also not
because of global His starvation as the total His content of hpal was not different from the
WT (Mo et al., 2006). A similar observation of growth defects was also found in the apg10
mutant that encodes BMII isomerase (HisN3) in spite of the elevated His content in the
mutant (Noutoshi et al., 2005). Complete blockage of His biosynthesis by triazole herbicides
results in an embryo-lethality of plants (Guyer et al., 1995; Mori et al., 1995). | also found
seedling lethality of prt1-3 mutant carrying a T-DNA insertion in the fifth exon of ATP-PRT1
(Fig. 16). Mind-bogglingly, I found 5x107 M His supplementation in the complete growth
medium could partially rescue the pdrl short root phenotype (Fig. 2-12B). The optimum
concentration for complete rescue of pdrl PR is 10° M while the corresponding concentration
for prt1-2 is 3 pM (Fig. 2-12B). Correspondingly, 10° M was used to rescue the hpal mutant
as reported by Mo et al., (2006). Thus, it appears that rescue of the phenotype by His is dose
dependent depending on the demand of the mutant to reach a homeostatic condition. The
requirement of His homeostasis in plant growth and development is also perspicuous from the
pale green leaf and the dwarf phenotype of apg10 mutant due to high His content (Noutoshi et

al., 2005). Additionally, I also check the effect of D-Histidine in the growth media on the
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pdrl phenotype (Fig. 2-14). We hypothesized that if the physical binding of L-His with any
particular molecule facilitates the rescuing of the pdrl phenotype, then the enantiomer D-His
should also do the same. By contrast, if the rescuing effect of L-His is due to triggering
biological response, D-His will be of no use in this case considering the non-recognition of
this enantiomer by other catalytic enzymes (Murphy et al., 2011). The failure to rescue the
short root phenotype of pdrl by D-His (Fig. 2-14) is eventually pointing to our alternative
hypothesis. Furthermore, | also checked the imidazole and imidazole acrylic acid whether
they could rescue the phenotype (Fig. 2-15). We used those because His has a positively
charged imidazole functional group that facilitates it to participate in a common enzyme
catalyzed reaction (Ingle, 2011) and imidazole acrylic acid is the metabolite of His. The
growth assays showed that the requirement of His cannot be complemented by either of the
molecules. Given that no obvious phenotypic effect on the aerial part (Fig. 2-22A), and the
root rescuing effect of such a low concentration of His nods the hormone like specific
regulatory role of His in regulating root meristem. Our further experimental data showed the
altered short root phenotype of pdrl was associated with high NO3™ (on complete growth
medium) and Pi starvation (on —Pi and —Pi+DNA medium) (Fig. 2-2) which in turn mediated

by His via unknown mechanisms.

3.1 PDR1is required to maintain a low Pi response

The strong evidence of pdrl Pi specificity has been turned out from the root growth study on
a DNA containing low Pi medium. The shorter PR length of pdrl mutant compared to WT
under —Pi condition, in spite of the presence of DNA (Fig. 2-1G), manifests its altered
response to low Pi. Moreover, | have shown that altered PR growth of pdrl is a function of Pi
concentration in the growth medium by keeping the NO3™ concentration at 250 uM. Under this
experimental condition, significantly shorter PR of pdrl than that of WT was observed on low
Pi below the threshold level of 200 uM while above this concentration, there was no
significant difference observed between pdrl and WT that indicated the tight link of pdrl
phenotype to low Pi (Fig. 2-3). | further demonstrated that meristem activity of pdrl was
conditionally Pi specific as the activity of ProCycB1::GUS expression in pdrl was similar to
WT under +Pi/+N condition and very less prominent on low Pi when transferred from the +Pi
(Fig. 2-23), that has imparted its distinct low Pi effect. Pl staining of the root tip of pdrl
grown under low Pi medium showed a disturbed cell patterning characterized by deformation

of epidermal cell and early differentiation of meristematic cells (Fig. 2-24).
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The RSA has been considered as a prominent marker for the study of nutritional stress in
several studies (Krapp et al., 2011; Peret et al., 2014; Miller et al., 2015). Reduction of the
PR and formation of more lateral roots are prominent features in response to limited Pi in the
rhizosphere (Ticconi and Abel, 2004; Reymond et al., 2006; Svistoonoff et al., 2007; Giehl et
al., 2014), the shorter PR and more lateral root emergence in pdrl in contrast to the WT
control grown on the same low Pi containing medium suggests the altered response of pdrl.
The increased lateral root under Pi deprivation condition could be the consequence of reduced
meristematic activity (Sanchez-Calderon et al., 2005). The observed reduced meristem size
and elongation zone and lower number of epidermal cell in the root meristem of pdrl in
contrast to WT control (Fig. 2-24) indicated that higher lateral root formation in pdrl could be
the consequence of the exhaustion of the meristem in response to low Pi. However, LR was
inhibited by the low Pi, thus, more LR emergence per unit area than that of WT could not be
compensated the total root length in pdrl (Fig. 2-21C). Adjustment of RSA by attenuating the
PR and forming more lateral roots might be an attempt of pdrl to forage more available Pi
from the top soil as the macronutrient becomes more limiting with increasing soil depth
[reviewed in (Abel, 2011; Peret et al., 2011) ].

No significant difference of free Pi content in the root, but lower free Pi content in the shoot
of pdrl under both +Pi and —Pi condition (Fig. 2-5) could be due to the defect in the
translocation of Pi from the root to shoot. However, the total Pi content in pdrl was not
significantly different from the WT grown on —Pi medium (Delatorre, 2002). Thus, the shorter
PR of pdrl under —Pi condition is unlikely the direct consequence of Pi deprivation. Instead, it
could be the inability of pdrl to use organophosphate and/or might be altered setting of
genetic program in pdrl that modulate the root growth upon Pi starvation. Consistently, the
lower accumulation of free Pi and total phosphorus in shoots and roots of pdrl plants in
nucleic acid-containing media were found by Delatorre (PhD thesis, 2002) reflected the
inability of the mutant to activate the molecular machinery required to mine Pi from
organophosphates. Conversely, the uptake rate of Pi by pdrl was found significantly higher
than that of the WT counterpart grown on 10 uM Pi provision while at 1 mM Pi, the rate was
almost the same like WT (PhD thesis by Delatorre, 2002). This could be attributed to the
higher Pi starvation of the mutant that induces a marked stimulation of nutrient uptake
efficiency by the roots, which relies on the up-regulation of specific high-affinity ion transport
systems as suggested the general response of mineral nutrient limitation (Clarkson and Littge,
1991; Gojon et al., 2009).
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Moreover, biochemical responses like more starch and anthocyanin accumulation in pdrl and
normalization of the accumulation of these pigments in pdrl seedlings by exogenous his
supply to -Pi medium (Fig. 2-28) further cues the function of PDR1 for the conventional
response to low Pi availability. A suite of studies has shown the accumulation of anthocyanin
and starch as typical Pi starvation responses (Ticconi et al., 2001; Jiang et al., 2007), for
example, the loss of function of a master regulator PHR1 reduces accumulation of
anthocyanin in response to Pi limitation but not in response to N starvation or other stress-
related treatments (Rubio et al., 2001).

3.2 Altered PSI gene expression in pdrl

The altered physiological and biochemical response of plants to Pi availability could be the
consequence of changes in gene expression (Sanchez-Calderon et al., 2005; Pant et al., 2015).
To determine whether the altered RSA and increased accumulation of starch and anthocyanin
in pdrl is associated with the differential expression of PSI genes, | performed gRT-PCR
analysis for AtAT4, AtACP5, AtRNAse2, AtPT2 for the WT and pdrl mutant grown on +Pi, —
Pi and —Pi+His medium for 2 days after transferring 5 days old seedlings from the 250 uM Pi
medium (Fig. 2-29). The subjective selection of those genes was based on the hypothesis that
pdrl is likely to be defective in systemic rather than local response based on earlier
observation of its inability to grow on DNA containing only P source medium. AT4 is a non-
coding RNA induced upon Pi starvation possesses a conserved motif of 22- to 24-nucleotide-
long sequence that is partially complementary to miR399 (Shin et al., 2006; Franco-Zorrilla et
al., 2007). The overexpression of AT4 counteracts miR399 by target mimicry that targets the
PHO2 and loss of function mutation in AT4 facilitate more Pi accumulation under Pi deficit
condition (Shin et al., 2006; Franco-Zorrilla et al., 2007). ACP5 and RNase2 are attested to be
involved in solubilizing the organically bound Pi (Ticconi et al., 2001). Comparatively lower
induction of those tested genes in the roots of pdrl in contrast to WT control (Fig. 2-29)
confirms northern analysis based observation of Delatorre (2002). Furthermore, the lower
ProACP5::GUS activity in the roots of homozygous transgenic pdrl plants than that of the
WT under Pi starvation (Fig. 2-30) solidify our earlier observation. Supplementation of His in
the —Pi containing media enriched the transcripts of those tested genes as well as
normalization of the expression of ProACP5::GUS in pdrl roots to the WT level (Fig. 2-30).
This suggests the possible regulatory role of His to trigger the activity of a number of key PSI
genes, in a mechanism yet to be explored, to adopt upon the malnourishment of Pi. There is
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no report of His biosynthetic genes in plants, including Arabidopsis known to play roles in the
Pi regulatory pathway. However, in yeast it was known long before that Hislp and His4p
were linked with the phosphate pathway (PHO). For example, it has been shown in a number
of studies that optimal expression of two yeast His biosynthetic genes HIS4 and HIS7 require
the Baslp and Bas2p (PHO2) transcription factor (Arndt et al., 1987; Ticebaldwin et al.,
1989). Arndt et al., (1987) further demonstrated that HIS4p-lacZ activity of His4P is a
function of cellular Pi concentration that requires the major transcription factor PHO2 to
activate. Northern analysis by Denis and coworkers (1998) showed the expression of pdrl
homologue HislP in yeast was affected by the mutation of PHO2 while other His
biosynthetic genes were not affected. Furthermore, the expression of PHO84, the high affinity
phosphate transporter (Secco et al., 2012b) in yeast was shown to be increased with the
increasing concentration of AICAR, the metabolite of HIS4p (Pinson et al., 2009). The
foregoing discussion tempts to speculate the existence of similar interaction of phosphate and
His biosynthetic gene(s) in Arabidopsis, though such existence is hitherto unreported in
plants. Characterization of the pdrl mutant support this notion and further work of

Arabidopsis His biosynthetic genes in line of Pi starvation will bridge the gap.

3.3 PDR1is required to use organophosphate

The impinged pdrl root growth under DNA containing low Pi medium explicitly indicated
the inability of pdrl to use organophosphate as a sole source of Pi, which is often
predominant in the soil solutions (Richardson, 2009). Plants including Arabidopsis
evolutionarily developed the ability to forage Pi from a wide range of refractory organic P
substrates in the rhizosphere (Ticconi and Abel, 2004; Richardson, 2009; Liang et al., 2010).
The vibrant example is the Pi feeding plant like root growth of WT Arabidopsis plants on a
DNA containing low Pi medium where the DNA serves as the only source of Pi (Fig. 2-1F
and 2-1G). By contrast, the requirement of external Pi provision for the pdrl mutant to
continue root growth and the failure to sustain the root development under the —Pi+DNA
growth condition indicated its defect to induce the necessary hydrolases to scavenge the Pi.
The facet of this was revealed by the experiment performed in hydroponic culture to test the
use of DNA as a Pi source (Fig. 2-27). The experiment showed pdrl utilized less DNA
compared to the WT grown over the 20 days as revealed by the gel electrophoresis of the
sample collected from the media every five days. The visualization of DNA from the —
Pi+DNA and —Pi+DNA+His medium displayed a gradual decrease of the DNA from the
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media containing His confirm the utilization of DNA by pdrl only possible in the presence of
exogenous His (Fig. 2-27A). The results of the gRT-PCR for the expression analysis of
AtACP5 and AtRNase2, and histochemical study of ProACP5::GUS are the additional support
for its inability to trigger the secretion of necessary nucleoside hydrolyzing enzymes. For
example, the induction of acid phosphatases (APase) upon low Pi availability is common in
plants (Liu et al., 2012) that are capable of hydrolyzing orthophosphate monoesters into more
mobile orthophosphate anions (Vincent et al., 1992), thus it could facilitate more Pi
availability. Similarly, the requirement of RNases to scavenge Pi from soil-localized nucleic
acids was testified by Ticconi and Abel (2004). In fact, this is corroborated with the findings
of Tran and Plaxton (2008) who reported RNase 1 as the most abundant protein accumulating
in the secretome of the Pi-starved Arabidopsis suspension cell. The exogenous application of
His in the —Pi+DNA medium reverted the short root of pdrl (Fig. 2-12A) likely by His
mediated DNA hydrolysis (Fig. 2-27A) that could be supported by the His mediated induction
of RNase 2 and ACP. The necessity of His in DNA containing sole Pi source medium to
restore the pdrl phenotype suggest the role of His to forage Pi from the orthophosphate. The
5-fold elevated His content in the root of WT grown on —Pi in comparison to the Pi-sufficient

grown roots (Fig. 2-25B) support the notion of its role under Pi starvation.

3.4  The short root phenotype of pdrl on a high Pi medium is linked to high
NOs

The comparatively short root phenotype of pdrl was found to be linked to the presence of
high N in the growth medium as revealed by the equivalent growth of both pdrl mutant and
WT control under —N condition (Fig. 2-2). To confirm that this is not a general response in N
deficient medium, | tested the mutant under different NO3™ regimes (Fig. 2-2A and Fig. 2-2B).
The observation showed the insensitivity of pdrl mutant at low concentrations, and enhanced
with the increase of NO3™ concentration in the growth medium. The similar inhibiting pattern
of PR was also noticed in response to (NH,4),SO4 and NH,ClI, glutamine and glutamate in the
growth medium (Fig. 2-2C and 2-2D). We have set up several alternative hypotheses to
elucidate the possible cause of the altered root phenotype of pdrl, namely: i) the N sensing
machinery of pdrl is defective; ii) acquisition of N from the external media is impaired; iii)
the N assimilation pathway is disrupted; iv) pdrl is sensitive to high NO3;™ because of its
toxicity; or V) the capacity of the mutant is debilitated to use the available N, also called ‘N

use efficiency’. The first hypothesis can be ruled out easily considering the promoting root
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growth under low NOjs concentration and restricting PR growth on high NOs" medium.
Moreover, prolific lateral root growth of pdrl on high N echoes the active sensory mechanism
(Fig. 2-21A). This is also very unlikely that global starvation of N in pdrl causes the limited
root growth as the mutant did not show any significant differences of NOs” and NH4" content
in contrast to the WT (Fig. 2-32A and Fig 2-32B). To inspect whether the downstream
processes for the assimilation is impeded, | measured all the AAs in the shoot and root of
pdrl and WT (Fig. 2-34). The results showed no decrease of any single AA content in the
shoot or root of pdrl compared to the WT; rather some of the AA contents in pdrl increased
significantly. More remarkably, the GIn, Glu, Asp, Asn content increased in pdrl root than in
the WT. I also quantified the chlorophyll content (Chl a and Chl b) that showed no shift from
the WT (Fig. 2-33) indicating no N or carbon starvation. Thus, the reckoning the AA and
chlorophyll content of pdrl with respect to WT prompted us to null our third hypothesis. To
determine if the excess NOjs" toxicity is accounting for the short root phenotype of pdrl, |
tested the WT and pdrl-1, prtl-2 growth on 1 mM to 100 mM KNOj concentration (Fig. 2-
31A). The response of WT root showed progressively decreased at or above 25 mM NO3™ and
decreased dramatically to the almost equal level of pdrl at the 100 mM concentration (Fig. 2-
31A). By contrast, the mutant lines pdrl and prt1-2 showed no further effect in response to
this wide range of 1 to 100 mM NOj" in the growth media (Fig. 2-31A). If the mutants show
similar NO3™ toxicity, we would have expected the similar trend of inhibition with the
increasing concentrations. This data clearly suggest the limited root growth of pdrl is not on
account of toxicity, rather it refers to the last hypothesis of ‘efficient use’. Given that no
decrease in the turnout of N, as demonstrated by the AA level in pdrl (Fig. 2-34), the phrase
‘efficient use’ seems a vague. It is very inquisitive to reconnoiter why specifically root growth
is sensitive to high NOs". External His supplement and overexpression of ATP-PRT1 in pdrl
found to rescue the short root phenotype of pdrl (Fig. 2-10 and Fig. 2-11). There might be an
argument if His is an alternative N source. However, the result presented here shows no
rescuing effect of pdrl or even the WT by substituting His for N, rather His supplementation
affects the normal N-deficient response by reducing the root growth of all the three genotypes
(Fig. 2-35 A and Fig. 2-35B). Similarly, high concentration (1 mM) of exogenous His
supplement in the complete growth medium also drastically restricted the growth of pdrl and
WT (Fig. 2-35 A and Fig. 2-35B). Thus, considering that His is not a nutrient source for the
Arabidopsis, including other plants (Polkinghorne and Hynes, 1975), and rescuing effect of a

very low concentration (10° M), we can infer the role of His in coordinating the ‘efficient use
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of N’ sources by converting the nutritional signal to developmental signal as can be
exemplified by the root development of pdrl.

According to the prediction by InterPro (protein sequence analysis and classification), ATP-
PRT1 contains the PII protein domain at the end of the C-terminal, from the 310-394 AA. The
superimposed AtATP-PRT1 on 2VD3, the structure of His inhibited Hisg from
Methanobacterium Thermoautotrophicum, shows the similar match of C-terminal part with
the P11 domain (Fig. 2-8B). The presence of PII like domain in ATP-PRT1 (Fig. 2-8B), which
is known to play a role in N sensing in several microorganisms (reviewed by Huergo et al.,
2012) could also mediate the N sensing in Arabidopsis. Thus, it is palpable to infer that the
defect in pdrl is not at metabolic level, rather at the signaling level that disrupts the
transmission of the nutritional signal to a root specific developmental signal.

3.5  Effect of external amino acids on pdrl and WT, and specificity of His

The effect of His in pdrl root growth prompted us to check the response of the pdrl mutant to
the high concentration (1 mM) of some other AA supplement in the N-sufficient and N-
deficient growth medium. The results showed a variation of the specificity of pdrl sensitivity
to different AA. A drastic inhibitory effect of Phe, Val, Trp, Arg, Asp and Glu on growth,
including root was observed for all the three genotypes WT, pdrl-1 and prtl-2 (Fig. 2-37 and
Fig. 2-38). The deleterious effect of the tested AAs on the growth could be due to the
disturbance of AA homeostasis by the external supply of feedback inhibited AA (Voll et al.,
2004). There is an evidence from yeast that AA fluxes are inhibited by the exogenous supply
of single AA because of end-product feedback inhibition of the biosynthetic pathway,
resulting in the shortage of the AA (Voll et al., 2004). This might also be the result of a non-
metabolic response such as alteration of membrane potentials or it might be the inhibition of
NOj3 uptake by free AA, as suggested by Muller and Touraine (1992). However, we are not
ruling out the possibility of other metabolic perturbation that leads to the toxicity. In contrast
to the extreme effect of the AA tested, 1 mM GlIn and Asn supplements in the N-deficient
medium showed substantial, but slower growth of WT compared to normal growth condition
(Fig. 2-31B). This suggests GIn and Asn as an alternative of N sources for Arabidopsis, even
though slower growth indicated not all nitrogen compounds support plant growth equally
well. The response of pdrl to Gln was very similar to the NOs3'; showed impaired root growth
while 3 UM His feeding rescued the root phenotype (Fig. 2-31B). The only exception was
Asn, pdrl showed equivalent root growth like WT on medium with 1 mM Asn as a substitute
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for N (Fig. 2-36). This manifests pdrl is not equally sensitive to all the N sources, in other
words, it provides the evidence of the specificity of sensitivity of mutant is not to all N
sources. Interestingly, the reduced PR growth of pdrl and WT on the Asn supplemented with
3 UM His indicated the specificity of His in mediating the use of N for the growth and
development of plants. The negative effect of His on the utilization of Asn with respect to
growth is similar to the earlier report on the use of a number of AAs as N sources for
Aspergillus nidulans (Polkinghorne and Hynes, 1975). However, the authors did not find any
effect of His on NO3', NH;", Glu, GIn use (Polkinghorne and Hynes, 1975). This could be due
to the use of WT that barely enables to discriminate the specific molecular effect on a
particular developmental process. This suggests that the role of His is imprinted at the genetic
level to trigger the arrays of developmental responses towards the efficient use of N sources.
Nevertheless, the question arises if His or a catabolite of His plays a role in this regard. Glu is
one of the breakdown products of His and found to inhibit the root growth of WT when
compared to the NO3™ supported growth (Fig.2-31B). Similar inhibition of growth was also
reported by several other publications. Likewise, another catabolite of His is NH,", the
external application of this N source was also found not to rescue the pdrl, rather both Glu
and NH,4" were found to be repressive (Fig. 2-2 B, Fig. 2-2C and Fig. 2-31B), indicating the
repressive growth effect of the downstream degradation product of His. Furthermore,
urocanate, one of the products of histidine ammonia-lyase (histidase or histidinase) activity, is
not a sole N source and does not affect the utilization of any sources of N (Polkinghorne and
Hynes, 1975). The failure of all other AA, including D-His, imidazole and imidazole acrylic
acid supplementation with the high NOs  medium (+Pi/+N) in rescuing the short root
phenotype of pdrl confirms the specificity of L-His (Fig. 2-14, ig. 2-15 and ig. 2-16). This
further validates the role of His in using N sources for the plant not as a nutrient, but rather as
cues for the development. The role of L-histidine in nitrogen balance in animals, including
human has been reported in various studies (Wolf and Corley, 1939; Wissler et al., 1948). Lei
et al. (2013) reported the positive correlation between the His application and yeast growth.
They also found that His repressed the two nitrogen catabolite repression (NCR) sensitive
genes GAP1 and MEP2 in yeast (Lei et al., 2013). NCR is the mechanism adopted by yeast
for the preferential N source selection by preventing the uptake of poorer N sources when
better N sources are available (Magasanik and Kaiser, 2002; Beltran et al., 2004). Recently, it
was found that His completely inhibited the growth of flor yeast, a strain generally

metabolized amino acids and dipeptides as the sole nitrogen source (Bou Zeidan et al., 2014).
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A number of studies discussed the negative N balance in animals, including humans when His
is omitted from the diet (Heger et al., 2007).

The results presented here also provide a new insight on the use of alternate sources of N for
Arabidopsis. The result patently challenged the concept of using some free AA as a source of
N nutrient as suggested in multiple reports (Chapin et al., 1993; Schmidt and Stewart, 1999;
Nasholm et al., 2000; Kielland et al., 2006). The conflicting results with the present study
could be because of the different research focus or species, as those studies were on uptake of
free AA as N sources by different forest and agricultural species. Our results explicitly
indicated the preferential choice of Arabidopsis as N sources are NO3 followed by GlIn, Asn,
NH," and Glu, respectively.

3.6  Functionally active PDR1/ATP-PRT1 and ATP-PRT2 most likely have

distinct functionality in planta

ATP-PRT2 is a closely related to PDR1/ATP-PRT1 and both proteins share 74.6% amino
acid identity. Both recombinant proteins are biochemically active as demonstrated by
expression of Arabidopsis ATP-PRT cDNAs in the hisl S. cerevisiae mutant, which are able
to suppress the His auxotrophy (Ohta et al., 2000). Overexpression of ATP-PRT2 cDNA
under the CaMV 35S promoter in pdrl showed complete rescue of the pdrl short root
phenotype as did the overexpression of ATP-PRT1 (Fig. 2-11C), which confirms the
functionality of both isoforms in planta for the first time. In spite of the presence of ATP-
PRT2, why does the EMS-induced leaky mutation of pdrl shows a severe root phenotype and
its knock-down allele prtl1-2 even showed more exacerbated root growth defect (Fig. 2-12A)?
More interestingly, the knock-out allele prt1-3 was found to be seedling lethal and never
reached maturity beyond the vegetative stage to flower (Fig. 2-17). The reason could be the
distinct physiological role played by these redundant genes. No visible phenotype of the
second redundant atp-prt2 knockout allele from the study of Muralla et al., (2007) supports
the notion of its distinct functionality. Furthermore, the authors also showed 10-fold less
expression of ATP-PRT2 than its sister isoform, ATP-PRTL1 in the root of Arabidopsis
(Muralla et al., 2007). Thus, it could also likely be that the distinct expression patterns of both
isoforms need to be investigated. The development of T2 homozygous ProPRT2:GUS/GFP

is in progress to validate this notion.
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3.7  The root, but not the shoot of pdrl is sensitive to high N and low Pi and the

sensitivity is age dependent

The data displayed here showed no significant difference of the fresh weight of the aerial part
between WT and pdrl (Fig 2-22A). By contrast, the fresh weight of pdrl root was found to be
significantly less than that of WT in both high NO3; and low Pi growth conditions (Fig. 2-
22B). An analogous situation with reference to the association of root, but not shoot
developmental effect with His starvation was also revealed by Mo et al., (2006) in their study
of His6a mutants (hpa). Conversely, 3 uM His feeding the media could equivalent the fresh
weight of pdrl root to that of WT (Fig. 28B). Paralleling observation by Mo et al. (2006), the
relative dependency of the pdrl root was also found to be age related (Fig. 2-1).

3.8  The effect of His is local

It is very inquisitive to reconnoiter why specifically root growth is sensitive to high NO3". No
global His starvation in pdrl compared to the WT under normal growth condition poses the
question as to why it shows a short root phenotype. External His supplement or
overexpression of ATP-PRTL in pdrl rescue the short root phenotype of pdrl. One hypothesis
could be the mobility of His towards the root tip that could mediate the external NO;3™ use.
This proposition was supported by our split-root experiments that have shown that the root tip
of pdrl required to be in contact with His containing medium to continue the growth
irrespective of the presence or absence of His contact with the other part of the seedlings (Fig.
2-26A). This means the effect is the local response of His for which the presence of His in the
root tip is mandatory. The expression of ProATP-PRT1::GUS/GFP in the vascular tissues
(Fig. 2-20) supports the mobility of His but the absence of GUS staining in the PR tips (Fig.
2-20) contradicts the results of local effect, even though we cannot rule out the possibility of
the movement of His to the root tip. Of note, the expression was tested only for the ATP-
PRT1 not for the His, that cannot support us to conclude its absence in the root tip. Additional
support is the presence of His in the sap and xylem indicating it as a mobile component
(Frommer et al., 1995; Lohaus and Moellers, 2000). His content in the roots and leaves of
pdrl under normal growth condition showed no significant difference from the WT while

under a Pi starvation condition only pdrl root had five-fold less His than that of WT. This
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could suggest the predominant site of His synthesis is the leaf from where it moves towards
the root and thus, mediate the root growth in response to high N and low Pi.

3.9 Crosstalk between Piand N

Three important observations came out from the study of pdrl mutant; it is hypersensitive to
high N, hypersensitive to low Pi (obvious under low NO3" condition) or DNA containing low
Pi medium, and external His is required to restore the N- and Pi-related root growth
phenotype. This indicates the existence of complex layers of interplay between Pi and N, His
and N, and His and Pi. However, such phenomenon has not been studied extensively.
Recently, Kant et al. (2011) proposed a model based on their results that NO3" inhibits the Pi
uptake by the roots, thus more Pi is taken up under low external NOs™ condition. However,
two other nutrient components, S and Fe that are also known to alter the root architecture in
Arabidopsis (Giehl et al., 2014; Mauller et al., 2015) have shown to have no additional
deficient effect on pdrl as found by Delatorre (PhD thesis, 2002).

3.10 Does His act as a “hormone”?

A very low concentration of His in the growth medium makes a huge difference in the root
growth of pdrl that could elicit the question whether it is a signaling molecule. The response
of plants to 5x10” M of exogenous His application is indeed a mind-blowing (Fig. 2-12A). In
addition to roots, the development of callus formation is also inhibited in the hisn2-1 mutant
and His supplements rescued the growth of callus (Muralla et al., 2007). Low concentration
stimulates the growth, while high concentration causes extreme developmental aberration
mirroring the typical hormone response. The complete knockout of His biosynthetic genes
resulted in embryo or seedling lethal (Mo et al., 2006; Fig. 34), while the knock-down allele,
prt1-2, of the biosynthetic genes showed a dwarf phenotype in the soil. The complete
blockage of His causes embryo lethal as demonstrated by herbicide triazole application and
blocking the key biosynthetic enzymes (Guyer et al., 1995; Mori et al., 1995). This is also
evident from the seedling-lethality of the prt1-3 knock-out allele (Salk_152420) as shown in
Figure 2-17, indicating His is vital for the plant survival. The early requirement of His is more
important than the later part of the plant life as displayed by the pdrl mutant. Mo et al.,
(2006) also concluded the age dependent requirement of His for the hpa, a weak mutant allele
of His6a. Our results clearly showed that His modulate the cell division and cell elongation
(Fig. 2-24) and elicited wide arrays of responds to low Pi and high N in the growth medium.

His is a mobile component as found in the sap and xylem (Frommer et al., 1995; Lohaus and
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Moellers, 2000) that can be transported to various organs. The activation ProATP-
PRT1::GUS/GFP in the vascular tissues of root and shoot of our experiment also support it.
Like other hormone functions to increase the tolerance of metal stress, His also does the same
(Ingle et al., 2005). All those characteristics resemble the typical plant growth hormone
functions. Moreover, the evidences have been mounted over the years regarding the multiple
roles of His in the life science that support the same notion of hormone like activity. For
instance, Parkash and Asotra (2011) demonstrated the modulation of glucose-induced insulin
secretion by histidine-induced activation of calcium sensing receptor (CaR) through an
increased spatial interaction between CaR and VDCC in B-cells. The regulatory role of His
has also recently been reported in the work of Sun et al., (2014) revealing the alleviation of
inflammation in the adipose tissue of high-fat diet-induced obese rats by L-His via the NF-
kB- and PPARy-involved pathways. The physiological study of Sasahara et al., (2015)
revealed more fascinating result of His mediated mental fatigue and cognitive performance in
human as found the daily ingestion improved the clear thinking and attentiveness and
ameliorates the exhaustion of the subjects. The study of Natarajan et al., (2001) revealed that
most of the His starvation affected genes in the yeast are known to be mediated by DNA-
binding factor Gcndp. The foregoing results and discussion supports the notion of the
regulatory function of His, it may be possible to contemplate that Histidine is a novel plant

hormone vital for the growth and development.
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CHAPTER 3

A pdr2 Suppressor Screen Identifies LOW PHOSPHATE ROOT 1 (LPR1) and
ALUMINUM-ACTIVATED MALATE TRANSPORTER 1 (ALMT1)

ABSTRACT

The phosphate deficiency response 2 (pdr2) mutant, which is hypersensitive to low Pi, was
subjected to further chemical mutagenesis to identify the potential extragenic suppressor
mutations. The screens resulted in the isolation of 11 suppressors of which 5 were found to be
allelic to LPR1 (LOW PHOSPHATE ROOT 1) and one, called RO1Al, to ALMT1
(ALUMINUM-ACTIVATED MALATE TRANSPORTER 1). The second-site mutation of pdr2
in the ALMTL1 locus reverts the Pi-conditional short root phenotype of pdr2 likely via
restoring of root cell elongation. A T-DNA insertion knock-out mutant of ALMT1 confers
insensitivity of root growth inhibition to low Pi conditions. Further characterization of the
RO1A1 suppressor and the T-DNA knock-out line of ALMT1 provided evidence Fe-dependent
root growth inhibition in low Pi. Identification of ALMT1, a major Al" tolerance gene in

plant,s reveals a novel link between Pi starvation responses and metal homeostasis in plants.
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1. INTRODUCTION

Plant development from germination to maturity in a nutritionally challenged environment is
a major challenge, which is met by the plasticity of the root system architecture (RSA) to
efficiently explore the soil and exploit its mineral nutrients. Thus, RSA modification has been
considered as a typical indicator of plant acclimatization and nutritional stress (Forde and
Lorenzo, 2001; Lopez-Bucio et al., 2003; Malamy, 2005; Osmont et al., 2007) and its
underlying genetic control is of high interest to dissect the adaptive mechanisms at the
molecular level (Abel, 2011; Giehl et al., 2014). Several studies showed nutrient availability
in the soil as a cue for their RSA adaptation by inducing molecular and morphological
changes that modify root cell division and differentiation for distinct physiological functions
(Ticconi et al., 2004; Svistoonoff et al., 2007; Ticconi et al., 2009; Muller et al., 2015). The
split-root experiments by exposing half of PR roots to high Pi and other half to low Pi
revealed attenuation of primary root (PR) and enhanced phosphatase activity as soon as they
come in contact with the low Pi concentration containing compartment (Linkohr et al., 2002;
Zhang et al., 2014). It was shown that physical contact of the root with the low Pi is necessary
to activate the response machinery in plants, even though the shoot and the upper part of the
root remains in contact with high Pi. This indicates that the possible Pi sensing site is located
in the root tip. Despite of numerous studies on RSA modulation by external phosphate supply
independent of internal Pi concentration (Bates and Lynch, 1996; Lopez-Bucio et al., 2003),
how does the root tip sense the external Pi remained a paradox until the pioneering molecular
insight into the Pi sensing by the root tip has been revealed by the isolation of PHOSPHATE
DEFICIENCY RESPONSE 2 (PDR2). Indeed, the major breakthrough in local Pi sensing was
the identification of PDR2 and its interactor LPR1 and LPR2 (LOW PHOSPHATE ROOT 1/2)
(Ticconi et al., 2004; Svistoonoff et al., 2007; Ticconi et al., 2009). The PDR2 gene encodes
the single P5-type ATPase (AtP5A) in Arabidopsis and the pdr2 mutant is hypersensitive to
low Pi showing a very short PR growth, which is conditionally low Pi specific because under
+Pi or +Phi (phosphite, a reduced, non-metabolized analog of Pi) it shows normal root growth
like WT.

The fate of PR root growth relies on the quiescent center (QC) which is required to maintain
stem cell status of its adjoining undifferentiated cells (initials) and descendent of these initials

that ultimately determine the length of the root by undergoing cell division, elongation and
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differentiation. PDR2 is required for the maintenance of stem cells as demonstrated by the
rapid loss of QC (using QC25 and QC184 marker), decrease of ProCycB1;1::GUS expression
(a marker for cell division), enhanced activity of ProACP5::GUS (a marker for Pi starvation
and cell differentiation) and formation of amyloplast in the layer of columella initials of pdr2
mutant under Pi starvation (Ticconi et al., 2009). Furthermore, it was shown by the same
authors that PDR2 is required for the post-translational expression of SCARECROW (SCR) a
key regulator of root patterning, and for stem-cell maintenance in Pi-deprived roots. This
provides an evidence of its function as to maintain and fine-tune meristematic activity by
monitoring the external Pi status and finally shaping RSA (Ticconi et al., 2004; Ticconi et al.,
2009).

In contrast to the pdr2 mutant phenotype, disruption of the function of LPR1 displays an
insensitive root growth phenotype on low Pi, which was identified from a recombinant inbred
lines of accessions, Bay and Sha accession of Arabidopsis (Svistoonoff et al., 2007). LPR1
and its paraloge LPR2 encode multicopper oxidases (Svistoonoff et al., 2007; Ticconi et al.,
2009). A further study showed the localization of PDR2 and LPR1 in the endoplasmic
reticulum (ER) and the expression domain of them overlap in the root meristematic region
(Ticconi et al., 2009). The authors also showed the suppression of hypersensitive pdr2 root
phenotype by insensitive Ipr mutant by demonstrating the longer PR growth of triple mutants
pdr2lprllpr2 than that of WT under Pi-deficient conditions that provides an evidence of a
strong genetic interaction between them. The recent study of Muller et al. (2015) elucidated
the mechanism of such interaction between LPR1 and PDR2. The authors showed that the
LPR1-PDR2 module mediates cell-specific Fe deposition in cell walls of the root apical
meristem and elongation zone during Pi limitation by displaying the contrasting pattern of Fe
accumulation in WT, pdr2 and pdr2lprllpr2 triple mutants. It was shown earlier that external
Fe availability in the growth medium modified the Pi-dependent root growth responses
(Svistoonoff et al., 2007; Ward et al., 2008; Ticconi et al., 2009). Fe overloading in the Pi
deficient roots trigger the accumulation of callose that overlaps the site of Fe accumulation
which block the plasmodesmata based cell-to-cell communication and SCN maintenance as
revealed by the restricted SHORT-ROOT (SHR) movement in pdr2 in contrast to double
mutant Iprllpr2 and WT (Mdller et al., 2015). SHR is a transcription factor and moves from
the stele into the QC and endodermis to determine cell fate, partly by interacting with SCR
(Nakajima et al., 2001; Sabatini et al., 2003; Cui, 2007). Thus, the authors (Mdiller et al.,

2015) displayed the close interconnection of two key transcription factors SHR and SCR
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required to maintain the root meristem organization both of which are disturbed in pdr2
mutant due to overaccumulation of Fe that was shown to be relieved by the Iprl mutation in
the pdr2 background. In addition to the LPR1/LPR2 and PDR2 interaction, a number of
additional genes might also be involved in the upstream or downstream of PDR2 in regulating
the adaptive responses via local signaling upon Pi starvation.

To identify and characterize the unknown gene(s), if any, in the PDR2 signaling pathway, we
initiated pdr2 suppressor screening. | confirmed 11 suppressor lines of which one was found
to affect the ALMT1 gene that encodes ALUMINUM-ACTIVATED MALATE TRANSPORTER
1. The mutation substituted the Gly by Arg at position 71 of the gene. Five of the suppressor
lines were found to be allelic to LPR1 as would have been expected, while the rest of the five
remains to be identified. The ALMT1 is the new gene in the phosphate field which was well
characterized previously for Al*® tolerance (Sasaki et al., 2004; Hoekenga et al., 2006). In
Arabidopsis, 14 ALMT genes were identified while ALMT1 plays the dominant role in AP**
tolerance (Delhaize et al., 2007). The proteins of the ALMT family are predicted to have 7-8
transmembrane domains (Delhaize et al., 2007). ALMT enhanced the Al tolerance by
secreting the organic anions that protect the roots by chelating the AI** (Delhaize et al., 2007;
Gruber et al., 2010). All the ALMT family members in plants have not been implicated only
for AP tolerance, for example, the protein of ZMALMT1 from wheat (Triticum aestivum)
expressed in Xenopus laevis oocytes found to be more permeable to inorganic anions such as
sulphate and nitrate than to malate or citrate (Pineros et al., 2008). Thus, the authors proposed
it to play a role in mineral nutrition. AtALMT9 was shown to play no role in tolerance of AI**
rather it internally mobilizes the malate from the cytoplasm to the vacuole (Kovermann et al.,
2007). In Arabidopsis, other than the ALMT family, MULTI-DRUG AND TOXIN
EXTRUSION (MATE) genes also plays role in AI** tolerance and resistance (Delhaize et al.,
2007). AtMATE, a homologue of sorghum and barley Al**-tolerance genes was identified in
Arabidopsis encode an AI-ACTIVATED CITRATE TRANSPORTER (Liu et al., 2009). It is
expressed primarily in roots and is induced by Al, the knock-down line found to abolish Al-
activated root citrate exudation (Liu et al., 2009). The authors also showed the double mutant
of AtALMT1 and AtMATE lacked both Al-activated root malate and citrate exudation. FRD3
(FERRIC REDICTASE DEFECTIVE3) belongs to MATE family also confer Al*® resistance if
ectopically overexpressed in Arabidopsis roots (Durrett et al., 2007) which is originally
known to play a role in Fe homeostasis (Delhaize and Randall, 1995; Rogers and Guerinot,
2002; Green and Rogers, 2004). AtALS3 (AI-SENSITIVE-3), the loss of function of which
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(als3) is Al**-sensitive encodes a plasma membrane—localized ABC transporter expressed
primarily in the root cortex, the leaf hydathodes, and the phloem throughout the plant (Larsen
et al., 2005). ALS3 has recently been implicated in playing a role under Pi starvation, the
mutant of which showed a severe root growth inhibition and developed more root hairs under
phosphate starvation in a sugar dependent manner (Belal et al., 2015). Here | present the
novel role of AtALMT1 in Pi starvation the mutation of which in pdr2 mutant showed
restoration of the PR growth on low Pi. The knock-out allele, almtl, surpassed the WT PR
length under Pi starvation resembling the Iprl mutant growth.
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2. RESULTS

2.1  Screening for pdr2 suppressors

The pdr2 mutant isolated previously from ethyl methyl sulfonate (EMS) induced mutant
population is hypersensitive to low Pi showing very short PR growth (Chen et al., 2000).
Identification of the suppressors would have a huge implication in dissecting the pathway of
the pdr2 functioning. Hence, the suppressor screening was carried out by treating pdr2 seeds
with EMS of 0.2% and 0.4% concentration (detailed described in methods). Approximately
30 EMS treated seeds that termed as M1 were sown in each 11x11 cm sized pot and seeds
from each pot called one parental group. | screened 200-250 M2 seeds (progeny of M1) of
each of the 500 parental groups of 0.2% concentration on —Pi to identify the putative
suppressors (Fig. 3-1). The initial screening of M2 resulted in the identification of 136
individual candidates belonging to 92 parental groups and transferred those to the soil for the
generation of M3 seeds. Subsequently, genotyping was performed for homozygosity of the
mutation of pdr2 locus to avoid any unexpected contamination. Many of the candidate lines
showed false positive in the M3 generation under the —Pi scrutiny, some died in the seedling
stage, or did not reach the matured stage to flower when transferred to the soil. Subsequent
growth analysis in M3 under —Pi resulted in the identification of 11 confirmed suppressors
that were also validated in M4 (Fig. 3-2) and one suppressor R13L2 was dropped from the list
due to inconsistent phenotype. The PR growth assays of the 11 suppressors enabled to group
them into 2 distinct classes of Iprl like or WT like root growth phenotype (Fig 3-2).
Suppressor lines R014F4, RO17F4, R19J4, R29A1 and R30I12 fell into the former category,
while RO1A1, R13L3, R23i2, R31A5, and R31J2 fell into the latter category.
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representative image of an original M2 screen on vertically oriented agar plates containing —Pi
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medium. Shown is the

medium. Around 200-250 M2 seeds were plated on —Pi agar and after 6 days of germination the
putative candidates (shown by red arrows) were transferred to soil. The resulting M3 progeny was
tested again for heritability of the revertant root phenotype.
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Figure 3-2. The M4 progeny of 12 confirmed suppressors lines (M3) were validated on high and low
Pi media. Plants were germinated and grown on +Pi agar for 4 days and were then transferred to —Pi
medium. PR growth was determined 3 days after transfer (DAT). Values are the mean + SD of 20-30
independent roots.

2.2 Five of the pdr2 suppressor mutations are allelic to LPR1

The loss of LPR1 function causes insensitivity to low Pi as revealed by longer PR, late
differentiation of the meristematic cells, and integrity of QC and SCN on prolonged Pi-
starvation condition compared to the WT (Svistoonoff et al., 2007; Ticconi et al., 2009;
Miiller et al., 2015). The cell wall staining by propodium iodide (P1) of five suppressors,
RO14F4, R0O17F4, R19J4, R29A1 and R3012 under —Pi showed a similar meristem pattern like
Iprl (Fig 3-2A). Thus, the LPR1 gene including the promoter from each suppressor line was
PCR amplified and compared with the amplified LPR1 from the pdr2 mutant. All LPR1
genes from the suppressors were new LPR1 alleles (Fig 3-2B). R29A1 and R3012 were found
affecting LPR1 at exactly the same position 319, substituting Gly to Arg. Two lines, RO14F4
and R19J4, induced mutations that caused premature stop codons at amino acid positions 77
and 282, respectively. The remaining suppressor line, R17F4, substituted Ala by Val at
position 282. The result is not surprising as the mutant of LPR1 is known to show contrasting
phenotype of pdr2 and interacts genetically to mediate the RSA in low Pi condition
(Svistoonoff et al., 2007; Ticconi et al., 2009; Muller et al., 2015). Thus, the identification of

several alleles of LPR1 validates the genetic interaction of LPR1 and PDR2 under Pi
starvation.
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Figure 3-3. Five pdr2 suppressor lines are allelic to LPR1. (A) Propidium iodide (PI) staining of the
root meristem of 4 suppressor lines in comparison with WT (Col-0), Iprl and pdr2 roots. Seedlings
were grown on a vertically oriented agar plate for 4 days after germination and then transferred to —
Pi. Three days after transfer, Pi-starved roots were stained with PI. (B) Schematic representation of
the AtLPR1 gene structure. White boxes represent 5"UTR (left) and 3" UTR (right), gray boxes and
black lines represent exon and introns or intergenic regions, respectively. Triangles show the position

of the EMS-induced mutations in the five pdr2 suppressor lines.

2.3 Suppressor line RO1A1 carries a mutation in AtALMT1

The suppressor line ROLA1 was further characterized for root growth by cell biological and
histochemical assays. PR growth assays clearly showed the WT-like root growth restoration
of the pdr2 short-root phenotype (Fig. 3-4). However, the PR showed absence or very less
lateral roots (LR) and root hair formation even though it possesses numerous root hair bulges
(Fig. 3-4D). The mutation in RO1A1 was not found to affect any of the LPR1 or LPR2 loci.
Then, | checked the AtALMTL1 gene considering it as a putative candidate based on the
information from Dr. Thierry Desnos (personal communication, CEA Cadarache, DSV
DEVM Laboratoire de Biologie du Deéveloppement des Plantes, UMR 6191 CNRS-CEA,
Aix-Marseille 11, F-13108, France) who identified the almtl mutant from an EMS population
screened in —Pi condition for a Iprl-like PR phenotype (unpublished). Sequencing of the PCR
amplified AtALMTL1 from line RO1AL revealed a point mutation at the end of the first exon, in
AA position 71, which changes the Gly to Arg (Fig. 3-5A). This point mutation was further
confirmed by genotyping with dCAPS markers. Aluminum sensitivity tests were done

because the almtl mutant is known to be hypersensitive to Al** (Hoekenga et al., 2006). The
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results revealed a similar sensitivity of RO1A1 and no discernable development of the root
after germination was observed like almtl (Fig. 3-5B). Furthermore, allelism tests were done
by crossing the ROLA1 line with the almtl knocked-out line (Salk_009629), which revealed
that both mutations are allelic (Fig. 3-6). Thus, the pdr2 suppressor mutation of line RO1A1
resides in AtALMT1 and reverts the pdr2 root phenotype under Pi-deficient condition.

+Pi -Pi

©
o]

Primary root growth
3DAT (cm)

o
L

Col pdr2 RO1A41

Figure 3-4. The phenotype of the suppressor line RO1A1 (M3 generation) on —Pi medium. Shown are
(A) representative image of the seedlings grown on +Pi and —Pi. (B) PR growth statistics. (D) Root tip
images showing the reduced root hair formation of line ROLA1 under —Pi growth conditions. The
seeds were germinated and grown on the vertically oriented agar plates containing +Pi for 4 days and
transferred to +Pi and —Pi medium for growing another 3 days for growth assays and 2 days for taking
the images of root tips under stereo microscope. Values are the mean + SD of 20 independent roots. *,
difference of pdr2 and RO1A1 from the WT was significant by t-test (P < 0.05).
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Figure 3-5. The pdr2 suppressor mutation in line RO1AL is allelic to AtALMT1. (A) Schematic
representation of the AtALMT1 gene structure (white boxes represent 5"UTR and 3"UTR, gray boxes
and black lines represent exon and introns regions respectively). The triangular mark shows the
position of the EMS induced mutation that replaced Gly for Arg at position 71 of the ALMT1 protein
(B) AlI" sensitivity test of WT, RO1A1, pdr2 and almtl seedlings grown on 10 pM AICI,

supplemented liquid culture for 4 days after germination.

Figure 3-6. Allelism test to

: ; ROIAI almt1xRO1A1-F2
verify that the mutation of

the pdr2 suppressor line
RO1Al is in ALMT1. The
RO1A1 line was crossed
with the almtl mutant plant
and F2 seeds were
germinated and grown on
+Pi and —Pi medium along
with WT (Col-0), pdr2, and
almtl. Shown are (A)
representative images of the
seedlings and (B) root
growth statistics. Values are the mean + SD of 15 independent roots. *, difference between the WT
and other genotypes was significant by t-test (P < 0.05).
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2.4  Genetic analysis confirmed the almtl mutation in RO1AL as recessive

RO1A1 was back crossed with pdr2 to determine the mode of inheritance. All the resultant F1
progeny under Pi-deficient medium showed the short root phenotype, because both of the
genotypes carry the homozygous pdr2 mutation. The subsequent inbred F2 progenies were
tested on —Pi and the phenotype was scored for the long and sort root (Fig. 3-7). Of the total
227F2 plants, 169 showed pdr2 like phenotype and 58 showed a long root phenotype (Fig. 3-
7B) that represents the segregation ratio of 2.9:1 ~3:1. The chi square statistics showed the
ratio of segregation was not statistically deviant from the Mendelian trait of inheritance, 3:1

(2 value 0.378, P value 0.53<0.05) suggested the mutation is a single recessive allele.

pdr2xRO1A1-F2

A Col pdr2 ROIA1

pdr2root almtl root Ratio of short Chi sq P value
pehnotype phenotype vs long statistics
169 58 2.78:1 0.378 0.539432>
0.05

Figure 3-7. The mutation in RO1AL segregates as a single recessive allele. Line ROLAL was back
crossed with pdr2 to determine the mode of inheritance. (A) Representative images of seedlings of
the crosses (F2) along with WT (Col-0), pdr2, and RO1ALl grown for 4 days on +Pi and then
transferred to —Pi medium. Following 3 days of starvation, the phenotype was scored; the analysis is
shown in (B). The arrows indicate the long roots due to the mutation in the suppressor locus
(AtALMTL). The chi square value shows the ratio of segregation is not statistically deviant from the

Mendelian trait of inheritance.

2.5 The mutation in AtALMTL1 in pdr2 restores the meristematic function of
pdr2

The shorter PR length of pdr2 is restored in RO1AL under Pi limiting growth conditions (Fig.
3-4). Given that root elongation rates are controlled through cell division and cell expansion
(Beemster and Baskin, 1998; Petricka et al., 2012b; De Vos et al., 2014; Muller et al., 2015), |
interrogate how the suppressor almtl affects this growth in pdr2 and which cell growth

process serves as the primary target. Therefore, 1 measured the length of meristem size and
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elongation zone as well as count the number of those cells of a single trichoblast cell-file of
the 3 days Pi-starved roots that were transferred from the +Pi after 4 days of germination (Fig.
3-8). | observed the second mutation of pdr2 in the almtl locus prevent the impeded growth
of pdr2 and conferred the increased meristematic activity (Fig. 3-8A). The meristem size of
pdr2 which was five-fold shorter (50 pm) than that of the WT (250 um) was found to be
restored in the RO1AL line under Pi starvation. Likewise, the reduced length of the elongation
zone (85%) in pdr2 compared to the WT was also increased significantly in RO1A1, but
compared to WT, it was significantly shorter (Fig. 3-8) Comparatively shorter elongation
zone and less number of elongated cells in RO1AL in contrast to WT as well as equivalent
length and number of meristem size and cells suggest the target of the suppressor almtl is the
restoration of meristem activity. To validate it, meristematic activity was then evaluated by
histochemical staining of ProCycB1::GUS. The GUS staining of the RO1A1 seedlings grown
on —Pi condition after transfer of 3 days from the +Pi grown plate showed exactly similar
pattern of staining like WT roots suggesting the rescue of the cell division of pdr2 (Fig. 3-9).
The meristematic activity of pdr2 was reported to be completely blocked after 2-3 days of Pi
starvation as documented by the ProCycB1::GUS activity and the expression of QC25
(Ticconi et al., 2004) which is very consistent with the present study of ProCycB1::GUS in
pdr2 in my experimental condition (Fig. 3-9). To further look into the meristem organization,
| stained 1-3 days Pi-starved roots of Col-0, pdr2 and RO1AL with PI after transfer 4 days old
seedlings from the +Pi. Consistent with the earlier argument, the complete disturbances of the
root meristem evident from the early differentiation after 1 day (visible from root hair bulges
indicated by white arrow) and disturbance of the QC (highlighted by the red circle) after 2
days of transfer to —Pi was also observed in the pdr2 root in my experiment (Fig. 3-10). In
contrast to pdr2, the PI staining of ROLAL PR showed opposite pattern, characterized by late
differentiation, however, compared to WT, the QC region in the mutant showed higher
staining (Fig. 3-10). This poses a question whether the meristem of RO1A1 is fully restored or

not.
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Figure 3-8. Cell biological characterization of WT, pdr2 and RO1A1 PR tip. The number and length of
meristematic and elongating cells were counted and measured, respectively from a single trichoblast-
cell file of the 3 days Pi-starved roots that were transferred from +Pi after 4 days of germination.
Values are the mean = SD of 7 independent roots. *, difference of pdr2 and RO1A1 from the WT was
significant by t-test (P < 0.05).

R31A5 R31J2 RO1A1

+Pi

Figure 3-9. The ProCycB1::GUS expression in the PR of the five suppressor lines. Plants were grown
on the vertically oriented agar plate containing +Pi for 4 days after germination and then transferred

to —Pi. GUS staining was performed 3 days after transfer to —Pi.
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Col

pdr2

Figure 3-10. Cell viability test of line ROLAL by propidium iodide (PI) staining. Seedlings of WT
(Col-0), pdr2 and RO1A1 were grown on +Pi 4 days after germination and then transferred to +Pi or —
Pi medium. 1-3 days of Pi-starved and +Pi roots were stained with PI staining solution as described in
the method section, red circles show the site of QC along with stem-cell niche (SCN) and white arrow

indicates the root hair bulges.

2.6 The mutation in AtALMT1 in pdr2 drives away iron accumulation of
pdr2

The antagonistic interactions of Pi and Fe availability in the growth medium were proposed to
control the root growth under Pi starvation (Abel, 2011; Mdller et al., 2015). Thus, it was
intriguing to see the effect of the second mutation of pdr2 in AtALMT1 could prevent the pdr2
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from overloading of Fe. For this, | stained the roots following 1, 2 and 3 days of Pi starvation
that were transferred from +Pi after 4 days of germination by Perls/diaminobenzidine (DAB)
staining solution according to the method described by Miiller et al., (2015). The Perls/DAB
histochemical solutions are able to stain the labile (non-heme) Fe®** and some Fe®* (Meguro et
al., 2007; Roschzttardtz et al., 2009). For +Pi grown seedlings, no accumulation of Fe was
observed for any of the three genotypes (Fig. 3-11). As was earlier reported for pdr2 (Miller
et al., 2015), | also found the similar staining pattern of pdr2 that extended from the root tip to
the whole matured part of the Pi-starved root (Fig. 3-11). Intensity of staining was several
magnitudes higher in pdr2 than the WT control and it increased with the increasing of the day
of starvation as can be visualized from images over the three days of starvation (Fig. 3-11).
By contrast, the suppressor line RO1A1 showed complete opposite intensity and pattern of Fe
distribution in the root, only observed in the root tip including QC region and in the
differentiation zone after 3 days of starvation. Though the intensity of Fe accumulation found
to be less in RO1A1 than the Col-0, the presence of staining at the root tip including the QC
even at the earlier starvation time point necessitate the closer look of the QC. It could be that
QC of pdr2 is not rescued fully in the suppressor line, rather the longer root resulted from the
elongation of the previously dividing cells or the meristematic cell division remained active

for some days upon exposed to low Pi .
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Figure 3-11. Iron accumulation and distribution in line RO1A1 as visualized by Perl and DAB staining.
Seedlings of WT (Col-0), pdr2 and line RO1Alwere germinated and grown for 4 days on +Pi medium
and were then transferred to +Pi or —Pi medium. After transfer for 1-3 days, roots were stained with an

iron staining solution.

2.7 The mutation in AtALMT1 of pdr2 prevents root callose accumulation

The implication of callose (-1,3 glucan) in regulating the root growth and development has
been investigated recently (Zavaliev et al., 2011; Benitez-Alfonso et al., 2013). The severe
disturbance of pdr2 meristem under Pi starvation is the consequence of the overloading of Fe
in the meristematic zone that triggers the accumulation of callose as demonstrated by Muller
et al. (2015). The authors also demonstrated the site of Fe accumulation overlapped the

callose accumulation in pdr2 that interfere the cell-to-cell communication as found reduced
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movement of a reporter GFP gene under control of the companion cell-specific gene promoter
SUCROSE-H" SYMPORTER 2 (ProSUC2). Thus, | also checked if the pattern and
distribution of callose shifts in the RO1A1 compared to the pdr2 and Col-0. Histochemical
staining of the Pi starved roots by aniline blue showed the mutation in ALMT1 of pdr2 indeed
drove the callose accumulation from the meristematic zone resembling the Col-0 control root
(Fig. 3-12). However, the accumulation of callose in the SCN of the suppressor line was not
found to be the exception from the pdr2 mutant (Fig. 3-12). In the same SCN, Fe was also
accumulated that raise the question if the QC of the suppressor is viable or not. Further
research using the QC marker is necessary to confirm this notion.

Figure 3-12. Accumulation and
distribution of callose in line
RO1A1 was tested by aniline
blue staining. Seedlings of WT
(Col-0), pdr2 and line RO1Al
were germinated and grown
four days on +Pi since
germination and were then
transferred to +Pi and —Pi. After

1-3 days, roots were stained

with callose staining solution as : »
p ) il L 7Y
described in the method section. ’ |

The closer look of callose

accumulation is shown in the

inset.

2.8 The almtl mutant is insensitive to low Pi

The T-DNA insertion knock-out allele of ALMT1 was further tested for PR growth assay, cell
wall viability as well as Fe and callose accumulation in the root tip of +Pi and —Pi grown
seedlings. The PR growth of almtl mutant on +Pi condition showed no difference with the
WT, however, it excelled the PR length more than twofold than the WT under Pi limiting
growth conditions (Fig. 3-13). PI staining of the root tip showed the similar staining pattern
like the WT in the QC and SCN region, which was sharply in contrast to the pdr2 mutant

under —Pi condition (Fig. 3-13). A similar observation was also found for the Fe and callose
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accumulation in the root tip of the almtl mutant. Moreover, absence of Fe staining in the
transition zone in almtl and less Fe in the matured part of the root compared to the WT (Fig.

3-13) could be the explanation of its insensitivity under —Pi growth condition.

Col-0 pdr2 almtl ~ Col-0 y pdr2 almtl
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+P1
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Figure 3-13. Root meristem characterization of the almtl knock-out allele compared with WT (Col-0)

and pdr2 under Pi starvation. Plants were grown 4 days on +Pi medium prior to transfer +Pi and —Pi
medium. Three days after transfer root tips were stained with PI for cell viability (A), with Perl and
DAB for Fe accumulation (B), and with aniline blue for callose accumulation and distribution (C).
Red circle indicates the transition zone of WT with accumulation of Fe and callose. The corresponding

zone in almtl is marked by the absence of Fe and callose.

2.9 The loci of the four suppressor lines are yet to be identified

The four suppressors R13L3, R2312, R31A5, and R31J2 were further characterized for
physiological and histochemical assay under Pi starvation condition compared to the Col-0
and pdr2. The PR growth assays after transfer to the low Pi from +Pi showed R13L3 and
R31A5 were mostly like WT while the other two lines R2312 and R31J2 showed shorter than
the WT, but longer than the pdr2 (Fig. 3-2). The ProCycB1::GUS activity of R13L3 and
R31A5 under 3 days of Pi starvation condition was found to be WT like (Fig. 3-9). On the
contrary, R2312 and R31J2 showed very less GUS activity following the 3 days of Pi

93



starvation compared to the WT (Fig. 3-9). The pdr2 mutant on the identical starvation
condition after 3 days lost the GUS staining completely (Fig. 3-9). However, Cell wall
staining of the PR meristem by Pl showed all the four suppressor lines were disturbed (Fig. 3-
14A). The accumulation of Fe and callose in the PR tips also showed similar in R2312 and
R31J2 and lower in R13L3 and R31A5 compared to the pdr2 (Fig. 3-14A).

A almtl RI13L3 R23I2 R31AS5 3112
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Figure 3-14. Characteristics of four suppressor lines (M3) the loci of whose remain to be deciphered.
The images show PI staining (upper panel), Callose staining (middle panel) and Iron staining (bottom
panel) in (A) and Al*® sensitivity in (B). For staining, seedlings were grown on +Pi four days after
germination and then transferred to —Pi. 3 days after transfer, Pi-starved roots were stained with a
respective staining solution as described in the method section. For Al*® sensitivity test, the seeds

were germinated and grown for 4 days in the hydroponic culture containing 10 uM AICl..

Furthermore, | also tested the sensitivity of those mutants in 10 uM Al*® in the hydroponic
culture that showed the hypersensitivity of all the four lines resembling the sensitiveness of
almtl mutant (Fig. 3-14B). ALMT1 sequence remained to be analyzed to see whether
mutation of those lines affect this locus. However, they are not allelic to LPR1 as confirmed
by the sequencing of the genes and analyzing the F2 generation of the crosses with LPRL.
LPR2 locus was also PCR amplified and sequenced, but no mutation was found in this locus

for any of the lines.
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3. DISCUSSION

The pdr2 suppressor screening resulted in the identification of 11 lines which were confirmed
in the M4 generation based on the PR growth assay on —Pi (Fig. 3-2). All the suppressor lines
did not equally restore the short-root phenotype of pdr2 under Pi limiting condition, some
showed insensitivity, some were either WT-like or shorter than WT but longer than the pdr2.
Subsequent studies showed that 5 suppressors were allelic to LPR1 and one to ALMTL1. The
genetic interaction of LPR1 and PDR2 was discussed earlier (Ticconi et al., 2009; Muller et
al., 2015), thus identifying LPR1 allele in pdr2 suppressor screening was not a surprise.
Rather identification of multiple alleles of this gene validates the functional interaction of the

two encoded proteins in fine-tuning the meristem activity under Pi starvation.

The longer root of the RO1A1 line when compared to that of pdr2 on —Pi condition prompted
me to study in more detail the rescue effect of RO1A1, which is caused by the mutation in
ALMT1. Therefore, | studied the cellular pattern of root tips of the suppressor line RO1AL by
counting the cell number and measuring the length of meristem and elongation zone of
trichoblast cell-file to determine which cell growth processes served as the primary target.
The equivalent meristem size of the RO1A1 PR compared to WT indicated the restoration of
meristematic activity of pdr2 mutant. This is very consistent with the WT-like activity of
ProCycB1::GUS in the Pi-starved roots of ROLAL1. Conversely, comparatively shorter length
of elongating cells of RO1A1 compared to the WT indicated the target of rescue might not be
the elongation zone. This result was in contrast to the intense Pl staining in the presumed QC
of the root tip of RO1A1 (Fig. 3-10). The QC is the determinant of stem-cell mitotic activity to
generate the daughter cells, which in turn determine the PR length. However, if the mutation
in ALMT1 of pdr2 mutant failed to restore the QC viability, how could the root be longer than
the pdr2 on Pi-deplete condition is a question. The ultimate fate of the root length depends on
the rate of cell division and differentiation and the extent of expansion and elongation of cells
(Scheres et al., 2002). Several publications indicate the elongation of the cell is an earlier
event to be affected upon Pi starvation while the meristem reduction is late event (Sanchez-
Calderdn et al., 2005; Svistoonof et al., 2007; Ticconi et al., 2004). Thus, based on the
observation of Pl staining in the QC region and ProCycB1::GUS activity, | can infer that
longer root of the suppressor RO1AL could be the restoration of cell elongation and delaying
effect of early differentiation while maintaining the previously generated meristematic cell
divisions. This is consistent with the Fe and callose accumulation of the suppressor (Fig. 3-11

& 3-12). Because, | did not see the accumulation of Fe and callose in the elongation zone of
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the suppressor, however intense accumulation of both Fe and callose was found in the root tip
indicating the disturbance of QC. However, it is important to perform further studies to find
out if meristematic or elongating cells or both are the primary target of the mutation in
RO1A1.

3.1 ALMT1 mediates the PDR2 responses under Pi starvation

The novel finding was the PR growth rescuing effect of pdr2 by the second mutation in the
ALMT1 locus, the role of which (ALMT1) in Pi starvation was not known previously. ALMT1
is the major Al*® tolerance gene in Arabidopsis expressed in the roots under Al*® treatment,
and the encoded transporter secretes malate (Sasaki et al., 2004; Hoekenga et al., 2006;
Delhaize et al., 2007; Gruber et al., 2010). The release of such organic acids into the
rhizosphere is important for Pi acquisition, because they mobilize not only inorganic Pi, but
also organic P, which can be a major fraction of soil P, especially when P availability is low
(Turner et al., 2013). If the secretion of malate which are known to facilitate the Pi uptake is
blocked due to the mutation in ALMT1, how could the plant promote the root growth under Pi
limiting condition is intriguing. Thus, | have hypothesized here three possible propositions,
namely, i) excluding the Fe uptake; ii) remobilizing the over-loaded Fe from the rot tip and

meristems to the less sensitive tissues; and iii) remodeling the membrane lipid composition.

3.1.1 Excluding the Fe uptake

Most of the phosphates both organic and inorganic forms are bound to the Al and Fe in acidic
soil and to Ca and Mg in alkaline soil (Brady and Weil, 1996). Under low Pi availability,
plants secrete carboxylates like citrate and malate from root cells into the rhizosphere in order
to mobilize organic and inorganic phosphate from humic/metal bound complexes (Vance et
al., 2003; Ticconi and Abel, 2004; Fang et al., 2009; Richardson, 2009; Plaxton and Tran,
2011). Concomitantly, the organic acids also chelate Fe (Santi and Schmidt, 2009) and the
chelated complex is mobilized to the root surface (Lambers et al., 2015) where FERRIC
REDUCTASE OXIDASE?2 (FRO2) reduces it (Robinson et al., 1999) for the uptake by metal
transporter IRON REGULATED TRANSPORTERL1 (IRT1) (Eide et al., 1996; Henriques et
al., 2002; Varotto et al., 2002; Vert et al., 2002). Complex antagonistic interaction between
external Pi and Fe bioavailability was highlighted by Abel (2011) and Mdller et al., (2015)

demonstrated the overloading of Fe in the roots of Pi challenged Arabidopsis WT and pdr2
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mutants that restricts the root growth. Same authors displayed the less Fe accumulation of two
low Pi insensitive double mutants Iprllpr2 in contrast to a hyper accumulation of Fe in the
root of Pi hypersensitive pdr2 mutant under Pi limiting growth condition. | also observed the
similar results of Fe over-accumulation in pdr2 while RO1A1 root showed less accumulation
under —Pi (Fig. 46). One striking difference of RO1A1 from the WT is the absence of Fe
accumulation in the elongation zone and more Fe in the root tip. This hints the target to
rescue the pdr2 mutant by the suppressor is the elongation zone. The almtl mutant showed
opposite pattern of Fe distribution in the root tip compared to the WT (Fig. 3-13). It could be
the malate secreted by ALMT1 binds with the Fe and mobilizes the complex for the further
uptake that likely causes the overloading of Fe in the cell. Thus, the loss of function of the
ALMT1 resulted in the reduced secretion of malate, perhaps caused less chelation of Fe to
mobilize to the root surface area for further uptake. The root cell specific accumulation of
callose deposition likely triggered by the accumulation of Fe was reported to regulate
symplastic signaling in the SCN and RAM activity as demonstrated by SHORT-ROOT
movement (Muller et al., 2015). The authors showed impaired SHORT-ROOT movement in
pdr2 while low Pi insensitive double mutants lprllpr2 showed normal movement of SHORT-
ROQOT under Pi starvation conditions. | also observed the pattern of callose accumulation
exactly matches the site of Fe accumulation, more in the root tip of RO1A1 and was absent in
the elongating zone of the root (Fig. 3-12). Thus, avoiding the excessive Fe uploading in the
root could be one of the possible ways to rescue the root growth of pdr2 by the second
mutation in ALMT1. The insensitive PR growth and contrasting pattern of Fe and callose in
the almtl T-DNA knock-out line compared to the WT under Pi starvation supports the Fe
mediated low Pi sensitivity in regulating the root growth as also reported earlier (Ticcono et
al., 2009; Miiller et al., 2015).

3.1.2 Remobilization of internal iron

One hypothesis could also be the translocation of Fe from the meristematic zone once it is
taken up. FRD3 belongs to MATE gene family likely plays a role in this regards. FRD3
mobilize the iron from the sensitive root meristem region to the other less sensitive part of the
tissue as an Fe:citrate complex (Green and Rogers, 2004; Durrett et al., 2007). It is not clear
how ALMT1 is involved in this respect, but the osebrved pattern of Fe staining could be the
redistribution of Fe in both lines of ROLA1 suppressor and almtl mutant if not excluded the

uptake to facilitate the root growth under Pi starvation. The measurement of Fe content or
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monitoring the uptake by tracing the isotop labeled Fe in both RO1A1 and almtl mutant plants
would answer the notion if it is mobilized from the root to other less sensitive parts.

3.1.3 Remodeling membrane Lipid composition

Multiple lines of evidence suggest the differences in lipid composition and in lipid
biosynthethesis pathway affect the Al* tolerance of plants (Zhang et al., 1996; Wagatsuma et
al., 2015). This phenomenon is associated with the strong induction of electrically neutral
lipids, such as galactolipid and sulfolipid synthesis genes and repression of the genes for de
novo synthesis of phospholipids which create a negative charge at the surface of the plasma
membrane (Hammond et al., 2003; Misson et al., 2005; Morcuende et al., 2007; Lan et al.,
2012; Woo et al., 2012). The recent study of Wagatsuma et al. (2014) showed CYP51
mediated higher sterol content and a simultaneous decrease of phospholipid content in the
membranes as a strategy to the Al tolerance of several species. Likewise, the Pi starvation
also trigger the lipid remodeling, hydrolyzing the phospholipid that comprises around 30% of
total cellular Pi in plant to recycle the Pi and replace it by galactolipids and sulfolipids
(Nakamura et al., 2009). This suggests the interconnection of Pi adoptive and Al*® tolerance
responses in plants. It can be speculated that plants trigger the other molecular responses to
change the lipid composition to confer more Al*? resistance in absence of ALMT1 which

could be an added advantage to cope with the low Pi challenge.

Evidence from the other Al*® tolerance gene ALS3 in Pi starvation responses are completely
opposite to the ALMT1 driven response in pdr2. The T-DNA knock-out mutant of ALS3
showed hypersensitive to root growth under Pi starvation in a sugar dependent manner (Belal
et al., 2015). ALS3 was originally identified from the mutant screening as a hypersensitive
mutant to Al*® that restricts the growth of shoot and root (Larsen et al., 1997) which encodes a
phloem-localized ABC transporter-like protein, a homologue to the putative bacterial metal
resistance protein ybbM (Larsen et al., 2005). It is expressed in leaf hydathodes and phloem
and root cortex under Al treatments (Larsen et al., 2005). This poses a question why two
Al™ sensitive mutants respond oppositely to the Pi starvation, almtl knock-out allele is
significantly longer than the WT (Fig. 3-2) while als3 is hypersensitive under Pi starvation as
found by Belal et al., (2015). The function might be due to the distinct physiological role of
the two proteins as ALMT1 is secreting malate to protect the root tip from the Al** toxicity

while the ALS3 enhanced the AI™ tolerance likely via trans-locating Al*® from sensitive
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tissues such as growing roots to tissues less sensitive to the toxic effects of Al** as proposed
by Larsen et al. (2005).

Alike the altered Pi starvation phenotype of Al** sensitive mutants, the Pi sensitive mutants
also show the altered AI"® phenotype in a Pi dependent manner. PHOSPHATIDATE
PHOSPHOHYDROLASE 1 AND 2 (AtPAH1 and AtPAH2)are the example in this context,
both of which encodes PAPs involved in galactolipid biosynthesis and double mutants are
defective in replacing the phospholipids by non-phosphorus galactolipids and sulfolipid likely
to recycle the Pi under deficient conditions (Hartel et al., 2000; Andersson et al., 2003; Jouhet
et al.,, 2004; Nakamura et al., 2009). Hence, the defect in lipid remodeling in the double
mutant resulted in the failure to cope with the Pi starvation showing the short root phenotype
as well as retarded shoot growth (Nakamura et al., 2009). In addition to the hypersensitivity of
this double mutant (pahlpah2), sensitivity to Al"® was also documented by the same authors
showing higher sensitivity under Pi stress than under the Pi-replete condition (Kobayashi et
al., 2013) that further implicate the interplay of Pi and AI*>. The common strategy of
Arabidopsis to secrete the organic acid under Al*® stress (Delhaize et al., 1993; Ma, 2000;
Ryan et al., 2001) and Pi stress (Vance et al., 2003; Ticconi and Abel, 2004; Fang et al., 2009;
Richardson, 2009; Plaxton and Tran, 2011) suggests plants have evolved the common
molecular mechanism to deal with the Al*® toxicity and Pi starvation and ALMT1 could be in

the central of this network.

The direct link of malate secretion and Pi starvation was further confirmed by a metabolic
study in our research group. Jorg Ziggler showed higher content of malate in the root of WT
while the almtl mutant showed significantly less content under Pi starvation (unpublished
data). Further study of Jens Muller showed the exogenous application of malate in the growth
medium of —Pi reduced the PR growth of WT (unpublished) which was associated with the
intense Fe accumulation in the root. These data clearly showed the interplay of malate and Pi,
and ALMT1 is an ideal candidate to explore the underlying molecular mechanism. Thus, it can
be inferred from the above result and discussion that ALMT1 mediate the fine tuning of root
growth under Pi starvation via Fe dependent manner that may trigger the downstream

signaling cascade yet to decipher.
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3.2. Concluding remarks

The concern for P has been deeply rooted to the rapidly declining the parental rock stock
(Cooper and Carliell-Marquet, 2013) and increasing environmental hazards due to the huge
wastage of the applied P-fertilizer that accounts for 70% or more (Lopez-Arredondo et al.,
2014). It has been estimated in 2011 that the present stock could serve at least 50 more years
and at best 235 years based on the present demand, population size and agricultural practices
(Rosemarin et al., 2011). Considering the increasing global demand that would expected be
peaked in 2030 (Cordell et al., 2009) with a concomitant price shooting, the major challenge
in the agriculture would be feeding the millions of hungry mouths. The only alternative has
been suggested to be to reuse and recycle P efficiently both within the environment (Elser and
Bennett, 2011) and within the plant (Veneklaas et al., 2012). Genetic manipulation of the
crops to develop the tolerant crops on low Pi has also been suggested (Lopez-Arredondo et
al., 2014; Ruan et al., 2015). Richardson et al., (2011) suggested the adoption of microbial
strategies to improve the plant P use efficiency. However, most of the discussion was centered
on the typical plant responds to explore available Pi in the rhizosphere or associated role of
mycorrhiza. Provided that many plants are non-michorrizal associated and Pi in soil solution
is very low, how plant could have survived in Pi challenged environment? The answer
remained in the capacity of the plant not only to look for the available usable Pi in the soil but
also to make the stock adequate from the recalcitrant sources for example the
organophosphate for further uptake. Abel and colleagues demonstrated the ability of WT
Arabidopsis to use nucleic acids as sole sources of Pi that unveiled the facet of this intrinsic
ability of plants (Chen et al., 2000). In search of the same direction, pdrl is a followed up
research to better understand the genetic and molecular mechanism of how does PDR1 use the
organic phosphate. In such context, identification of pdrl locus and revelation of the use of
external DNA facilitation by the end product (His) of the corresponding enzyme has a huge
practical implication. It has opened up the opportunity for the further research to decipher the
complex network at the molecular level for the efficient use of organic sources of Pi that
accounts for 50%. Thus, the results presented here would be a benchmark in future research
and expected to contribute to minimize the challenge of Pi limitation in natural ecosystem

including agriculture.

In equal magnitude, pdrl is important for its magnificent role to ensure the ‘efficient use’ of
N. A higher sensitivity of the mutant to high N sources and rescuing effect by His or
promoting effect on the root length on low N containing medium compared to the WT control

strongly support the implication of PDR1 in N use. We can infer the role of His in
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coordinating the °‘efficient use of N’ sources by converting the nutritional signal to
developmental signal as can be exemplified by the root development of pdrl. Future research
should also be driven towards the decryption of the underlying molecular mechanism of its
functionality in N use. Additionally, isolation, identification and characterization of a set of
important pdr2 suppressor mutants have laid a foundation for the future research in this
direction. Importantly, the identification of ALMT1 locus that is known to confer Al

tolerances has revealed a novel link to the Pi signaling pathway.

4 EXPERIMENTAL PROCEDURE

4.1. Plant Material

Wild type Arabidopsis thaliana (L.) Heynh. accessions Columbia-0 and Landsberg erecta
were obtained from the Arabidopsis Biological Resource Center (Ohio State University,
Columbus, USA). The pdrl mutant was derived from ethyl methanesulfonate (EMS)-
mutagenized populations of A. thaliana (Columbia) and was previously referred as p18 line
(Chen et al., 2000). Seeds of all the T-DNA lines used in this experiment were obtained from
the European Arabidopsis Stock Center (NASC). Seeds of transgenic ProCycB1::GUS plants
(Columbia) were obtained from A. Colon-Carmona (Colon-Carmona et al., 1999) and double-
homozygous F3 progeny of crosses with pdrl were used for analysis of root cell division. The
seeds of pdr2 mutants harboring the ProCycB1::GUS were used from our lab stock for the
suppressor mutagenesis. The almtl knock-out mutant seeds (SALK 009629) were kindly
reved from Dr. Thierry Desnos (CEA Cadarache, DSV DEVM Laboratoire de Biologie du
Développement des Plantes, UMR 6191 CNRS-CEA, Aix-Marseille 11, F-13108, France).

4.2. Growth Conditions

Seeds were surface sterilized and germinated on autoclaved 0.8% P (w/v) phytagar (Duchefa)
medium containing 5 mM KNO3, 2.5 mM KH,PO, (adjusted to pH 5.5 with KOH), 2 mM
MgSO4, 2 mM Ca(NOs),, 50M Fe-EDTA, 70 uM H3BO3, 14 uM MnCl;, 0.5 uM CuSOq, 1
UM ZnSOy, 0.2 uM NaMoQ,, 10 uM NaCl, and 0.01 uM CoCl, and 0.5% (w/v) sucrose. 2.5
mM MES [2-(N-morpholino)-ethanesulfonic acid]-KOH (pH 5.5) was used to adjust the pH
of the growth medium to 5.6. This medium is referred to as high Pi/+N or +Pi medium. For

low Pi (—Pi) medium, KH,PO, was omitted from the above nutrient solution. For DNA-
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containing low Pi (—Pi /+DNA) medium filter-sterilized purified DNA was substituted for
KH;PO, and added to the autoclaved medium to a final concentration of 0.4 mg mL™,
equaling about 1.5 mM total phosphorus (Chen et al., 2000). For iron-free medium (—Fe), Fe-
EDTA was omitted from the nutrient solution. Nitrogen-free medium (—N) was prepared by
substituting CaCl, for Ca(NOs),, and omitting KNOs. For nitrate and phosphate free medium
(-=N/-Pi) 3 mM KCI was substituted for KNO3; and KH2POy4, respectively. Amino acids were
used for chemical complementation or as nitrogen sources, they were filter sterilized and
added to the autoclaved medium. The agar was routinely purified and contributed 8-10 uM P
and 3-6 UM Fe to the growth medium (Ticconi et al., 2009). After stratification at 4°C for 2
days, the seeds were germinated in a controlled environmental chamber at 25°C under 16h
daily light. To facilitate analysis of roots, plants were grown on vertically oriented square agar
plate.

4.3. EMS Mutagenesis

EMS (Ethyl Methyl Sulfonate) was purchased from the Sigma Aldrich, Germany for inducing
the mutation on pdr2 mutant that carries ProCycB1::GUS marker gene. The pdr2 mutant was
isolated and characterized previously (Chen et al., 2000; Ticonni et al., 2004; Ticconi et al.,
2009). Two different final concentrations, 0.2% and 0.4% of EMS was used for the screening
while 1% used as a negative control for only 1000 seeds. Phosphate buffer was used to dilute
the EMS to reach a final concentration of the solution. The volume of the solution was 25
times the volume of the seeds. On an average, each 1 mg seeds contained 35 seeds and we
used 15000 seeds for the treatment of each of the 0.2% or 0.4% concentration that
corresponds to 428.6 mg seeds with an equivalent volume of 0.6-0.7 ml. Accordingly, a total
of 17.5 ml of EMS solution was prepared for each concentration (0.2% or 0.4%) and 1ml for
the 1% EMS concentration. Seeds were soaked in the EMS solution in the 50 mL tube and
kept in the table shaker with 500 rpm at room temperature for 15 hours (overnight). Followed
by 30 times washing with water, seeds were mixed up with 0.1% agar solution (5 L for agar
solution for each concentration) of which 10 mL contained approximately 30 seeds that were
sown in each 11x11 cm sized pot by using the 10ml pipette and transferred to the greenhouse.
The immediate EMS treated seeds was termed M1 and the progeny from it called M2. After
harvesting the seeds from each pot that called as one parental group (alltogether 1 had 500
parental group for each treatment), seeds were sterilized and approximately 200-250 seeds of

each parental groups were sown on the vertically oriented agar plate containing the —Pi
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medium. For comparison, Col-0 and pdr2 were used in each plate as control and 4 putative
candidates that restored the short root phenotype of pdr2 to WT like was rescued, transferred
to +Pi for 5 more days before transferred to the soil for the generation of M3 seeds. M3
generation was further validated for the inheritance of the phenotype and the confirmed
suppressors were isolated for the identification and characterization of the corresponding loci.

4.4. Purification of herring sperm DNA

Free-acid crude oligo-nucleotides from herring sperm purchased from Sigma (Reidstr. 2, D-
89555 Steinheim, Germany), were used as organic phosphorus supplements in plant growth
media and purified as described in Chen et al., (2000). Briefly, 5 g of the nucleic acids was
dissolved in 50 ml 1 M Tris-HCI (pH 9). The suspension was diluted to 100 ml with 10 mM
Tris-HCI (pH 8), 1 mM EDTA and cleared by centrifugation (10,000 x g for 15 min). The
crude nucleic acid solution was extracted six to eight times with 50 ml of buffer-saturated
phenol/chloroform (1 vol/1 vol) until the aqueous-organic interface became transparent. After
precipitation with 70% ethanol, the nucleic acid pellet was dissolved in 30 ml 10 mM Tris-
HCI (pH 8), 1 mM EDTA and desalted by gel permeation chromatography on a Sephadex G-
25 column (superdex 200 prep grade 16/60). The column was developed with buffer (10 mM
Tris-HCI, 1 mM EDTA, 50 mM NacCl, pH 8) and connected to AKTA pure chromatography
systems at a flow rate of 40 ml h™, and 50 ml fractions were collected. Fractions containing
high-molecular-weight nucleic acids were combined. After ethanol precipitation, nucleic acids
were dissolved in 10 mM Tris-HCI (pH 8), 1 mM EDTA, and the concentration was
determined spectrophotometrically, assuming that one A260 unit equals 33 pg ml™ DNA.

4.5. Genetic Mapping and identification of the PDR1 locus

The pdrl mutant was back crossed with the WT Col-0 three times prior to any genetic
analysis. To obtain a chromosomal map position for the mutation in pdrl, homozygous pdrl
plants were outcrossed with polymorphic mapping ecotype of accession Landsberg erecta
(Ler-0). The resulting F1 progeny of this cross was subsequently selfed to establish a F2
generation and subsequently in F2, short root phenotype of pdrl was scored on —Pi. Based on
the score, 50 individual plants were selected and transferred to the soil for bulk genomic DNA
isolation. F3 population from each of the parental group of 50 individual F2 plants were
evaluated again for short root phenotype on —Pi and +Pi/+N to confirm that causal mutation

was homozygous in the sequencing pool and 10 F3 plants from each of 50 F2 parental plants
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were used for fine mapping. All the 50 F2 leaf tissues were pooled to isolate the bulk DNA.
After quantifying the extracted DNA and checking the integrity in gel, total 76 uG DNA was
sent to BGI, Hongkong for the Whole Genome Resequencing by Illumina Hiseq2000
sequencing platform with 60X coverage.

The sequencing reads (79.87 Million) were aligned onto the public data of the reference Col-0
genome (Tair 10) using SOAP2 (http://soap.genomics.org.cn/soapaligner.html). The SNPs
variation of the sequenced genome of pdrl pooled DNA was detected by using SOAPsnp
(http://soap.genomics.org.cn/soapsnp.html). Fine mapping was done using around 500 F3

plants generated from the 50 F2 mother plants (10 from each). Taking the advantage of the
Ler-0 alleles in the mapping population that serve as a genetic marker, | used the TAIR
website to map the insertion/deletion (INDEL) between Col-0 and Ler-O at different
chromosomal positions within the candidate region of the chromosomal segment for
genotyping the simple sequence length polymorphism (SSLP). The presence of the SNP was
confirmed by sequencing the corresponding locus of PCR amplicon and by Cleaved-amplified

polymorphic sequences (CAPS).

4.6. Hydroponic culture for DNA utilization experiment

The nutrient constituents used in hydroponic culture were exactly similar to the agar plates
mentioned in section 4.2. Purified filter sterilized DNA (0.6 mg L™ ) and 3 pM His were
supplemented in the respective growth media. Sterilized WT and pdrl seeds were grown on 6
well plates containing liquid media for 20 days. The 6 well plates were incubated for 20 days
on an orbital shaker (110 rpm) at the room temperature for 16 hours daily light. Every 5 d, 10
pL aliquots of the liquid media were collected from the cultures and diluted to 1:4 for gel

electrophoresis on 0.8% agarose gel.

4.7.  Split-root experiments

WT and pdrl plants were grown on +Pi for 6 days after germination on vertically oriented
square agar plates. Subsequently, the seedlings were transferred to agar-splitted round plates
in such a way that the shoot and most part of the primary root were placed on the upper and
just the primary root tips (~1 mm) on the lower compartment. The media composition of each

compartment (i.e., +Pi, —Pi, +Pi+His, or —Pi+His). For simplicity, +Pi on upper and —Pi on
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lower compartments referred as +Pi/-Pi. . Filter-sterilized 3 pM L-His was supplemented in
the respective autoclaved medium. PR lengths were determined after 3 days of transfer.

4.8. Quantitative analysis of cellular free Pi content

Plants were grown on + Pi and transferred to +Pi and —Pi after 5 days of germination. After 3
days of transfer, root and shots were harvested and biomass (fresh weight) was determined
separately before grounded using a 5 mm steel bead in a bead mill at 25 s™ for 50 s in liquid
N. The resulting powder was extracted by vigorous shaking for 20 min with 50 pl of 70 %
(v/v) of methanol containing 2 nmol norvaline and 5 nmol each [2,2,4,4?H]-citric acid, [2,3,3"
?H]-malic acid, and [2,2,3,3H]- succinic acid as internal standards. After two centrifugations
at 10,000 rpm for 5 min, the resulting supernatant was stored at -80 °C until further

processing.

10 pl of the root extract was evaporated to dryness, methoxylated with 20 mg ml™
methoxyamine in pyridine for 1.5 hrs at room temperature and silylated for 30 min at 37°C
using Silyl 991. GC-MS/MS analysis was performed using an Agilent 7890 GC system
equipped with an Agilent 7000B triple quadrupole mass spectrometer operated in the positive
chemical ionization mode (reagent gas: methane, gas flow: 20 %; ion source temperature:
230°C). One ul was injected (pulsed [25 psi] splitless injection, 220 °C) and separations were
performed on an Rxi®-5ms column (15 m x 0.25 mm, 0.25 um; Restek GmbH, Bad
Homburg, Germany) using helium as a carrier gas (2.39 ml min-1). The initial temperature of
70°C was hold for 1 min, followed by increases with 9°C min-1 to 150°C and 30°C min™ to
300°C. The final hold at 300°C was 5 min. The transfer line was set to a temperature of
250°C and N2 and He were used a collision and quench gasses, respectively (1.5 and 2.25 ml
min?). Data were acquired by multiple reaction monitoring using compound specific
parameters. Peak areas were automatically integrated using the Agile algorithm of the
MassHunter Quantitative Analysis software (version B.06.00) and manually adjusted if
necessary. All subsequent calculations were performed with Excel (Microsoft Office
Professional Plus 2010), using the peak areas of the respective internal standards for

quantification.
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4.9. Amino acid measurements

Plants were grown on +Pi for 5 days and then transferred to +Pi and —Pi. After transfer of two
days, roots and shoots were separated, weighed, and processed for measuring the free amino
acid contents according to the method described by Ziegler and Abel (2014).

4.10. Root growth analysis

For root growth measurements, at least 20 sterilized seeds were sown in a single row on
square plates containing solid media with different nutrient or amino acid sources. The plates
were oriented vertically to allow for root growth along the agar surface. Root length and
lateral root number were scored for respective transfer or continuous growth experiment.
Images of the roots were captured with a COHU high-performance CCD camera and
quantitative analysis was done by Image J.

4.11. Root meristem size and cell elongation

Cell biological assay was done under the confocal lase scanning microscopy (LSM-7100, Carl
Zeiss). Roots were mounted on the glass side then stained with propodium iodide and covered
with the glass cover slip. Images were captured using different objects under reflector AF488,
2D and/or 3D projections were generated, and anatomical parameters were calculated as
described previously (Berger et al., 1998). Root meristem size was determined as the number
of cells in a single trichoblast cell file, starting from the QC to the first elongating cell. The
average number of elongating cells in the same cell file was calculated from the first
elongating to the first differentiating cell, as determined by the appearance of a root hair

bulge.

4.12. Starch staining

6 days old seedlings grown on +Pi, —Pi+His, —Pi, —Pi+His, -Pi+DNA and —Pi+DNA+His
containing media were incubated overnight in 96% ethanol to remove the pigments. After
washing with water, the samples were then incubated in 1.5% KI and 0.3% I, for 30 minutes.

Images were then captured under the stereo microscope after extensive washing with water.
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4.13. Anthocyanin quantification

Accumulation of anthocyanin of seedlings grown on +Pi, +Pi+His, —Pi, —Pi+His for 3 days
after transferring 5 days old seedlings from +Pi were determined according to a slight
modification of Schmidt and Mohr (1981). Filter-sterilized 3 uM L - His was supplemented in
the respective media. Shoots were dissected from the roots, weighed and frozen immediately
before preceding the next step. The pigment was extracted from the tissues incubated in a heat
block at 100°C for 3 minutes in 1 mL of propanol: HCI: water (18:1:81) and then kept at room
temperature overnight. After centrifugation at 1000xg to clean the extracts, absorption at 535
and 650nm was measured spectrophotometrically and anthocyanoins was calculated as AAsss-

650//g FW. Four replicates were measured for each treatment.

4.14. Measurement of NO; and NH," content

NO3™ was measured according to Cataldo et al. (1975). Plants were grown vertically on agar
plates for 8 days after germination on +Pi, +Pi+H and —N containing growth medium before
harvesting the shoot and root separately. The sample weight was determined and immediately
frozen in liquid nitrogen. The tissues were homogenized using a 5 mm steel bead in a bead
mill at 30s™ for 1 minute. Phosphate buffer (PH 7.2) was then added to the resulting powder
in a ratio of 1:6 (w/v), briefly mixed and centrifuged at 15,000xg for 15 minutes. 200uL
supernatant were pipetted into a 50 mL tube and mixed thoroughly with 0.8 mL of 5%
salicylic acid in concentrated H,SO; (SA-H,SO,) and kept for 20 minutes at room
temperature. 19 mL of 2N NaOH was then added to raise the pH above 12. Samples were
cooled to room temperature before measuring the absorption. The blank used in this
experiment was the 0.8 mL concentrated H,SO, without salicylic acid in 19 mL of 2N NaOH.
500uL aliquot was used to read the absorption at 410 nm in TECAN Infinite® PRO M1000
microplate reader connected with a UV silicon photodiode detector. —N grown plants were
used as negative control. NH," was determined according to Baethgen and Alley (1989).
Briefly, root and shoot were harvested as described above. (NH;),SO,4 was used as a standard
stock solution and reading of absorbance at 650 nm was recorded for the determination of
NH,".

4.15. Analysis of photosynthetic pigments (chlorophyll a and b)

WT, pdrl and prtl-2 mutants were grown on +Pi for 5 days and then transferred to +Pi, —Pi,

+Pi+H, —Pi+H for growing another 3 days before harvesting the leaf. The chlorophyll
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extraction and concentration was calculated according to the method described by Ni et al.,
(2009) modified from Mochizuki et al., (2001). Reading for absorption was taken at 663 and
645 in the TECAN Infinite® PRO M1000 microplate reader connected with a UV silicon
photodiode detector.

4.16. RT-and qRT-PCR analysis

Total RNAs from various tissues were isolated using Trizol reagent (Invitrogen) according to
the protocol, and first-strand cDNA was synthesized from 5 pg RNA using an oligo(dT)18
primer and reverse transcriptase using the SuperScript Il Reverse Transcriptase (RT) kit (Life
tecjnology). As an internal control, Actin (F: 5"-CAAAGACCAGCTCTTCCATC-3, R: 5"~
CTGTGAACGATTCCTGGACCT-3) was used for RT-PCR and PP2A (F: 5'-
AGCCAACTAGGACGGATCTGGT-3, R: 5'-CTATCCGAACTTCTGCCTCATTA-3" for
gRT-PCR analyses. Quantitative RT-PCR analysis was performed using a Fast SYBR® green
master mix (Applied biosystem). The florescence detection of the sample was quantified in
ABI 7500 fast real time PCR system. The PSI genes including primers tested are ATPT2
(AT2G38940 F: 5-CTAGGAGAAGAAGAATGGCAAGGG-3; R:
AGAATCCCATTCCGGCGATTATG-3) RNS2 AT2G39780 (F:5°-
TCATCATGCAATGGTGGGAAAGGG-3"; R:5-AAGTCCCATGTTTCTCCCACTCG-3"),
AT3G17790 ATACP5 (F:5-GTCTCTCGTTGCTTATCAGATGGG-3"; R: 5'-
TCTCCCGTAGACACCACGAAATC-3) and  AT4  AT5G03545.1 (F: 5-
GCGATGAAGATTGCATGAAGGTTG-3"; R: 5'-GGATCGAAGTTGCCCAAACGAG-3).
Data were normalized with respect to the PP2A to calculate the relative expression of
AtACP5, AtAt4, AtPT2, AtRNase2 and AtSPX3. Three biological replications with two
technical replications for each sample were analysed, significant difference from the WT was

determined by two-sample t-test (P<0.05).

4.17. Construction of transgenic plant (overexpression and promoter GUS/GFP
lines)

To create CaMV Pro35S::PDR1/ATP-PRT1::GFP, Gateway® Technology with Clonase™ II
was used. The full length cDNA of PDR1/ATP-PRT1 was amplified By PCR using gene
specific primer. The forward primers (5"-ATGTCTCTCCTTCTCCC-3") and reverse primer
(5"-ATCCCGAGGTTTCTCAGG-3") were attached with the 3"-end of ATTB1 (5'-
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GGGGACAAGTTTGTACAAAAAAGCAGGCTTC-3) and ATTB2 (5°-
GGGGACCACTTTGTACAAGAAAGCTGGGTCA-3") site respectively. Entry clone was
then generated by BP recombination reaction with the amplified ATTB-PCR product by
mixing 1-3pl PCR product of 150 ng/ul with 1pl pDONR221 of 150ng/pl and 1pL BP
Clonase™ I enzyme. Total Sul volume was adjusted with double distilled (ddest) water and
incubated the reaction at 25°C for 1 hour. To stop the reaction, 1 pl of the Proteinase K
solution was added and incubated at 37°C for 10 minutes. The BP reaction was then
transformed to 50 ul TOP10 competent E. coli cells by incubating on ice for 30 minutes
followed by heat shock at 42°C for 30 seconds returned to the ice for 2 minutes respectively.
The cells were then incubated with 250 pL SOC media at 37°C with 150 rpm for 1 hour
before plating to the LB agar containing selective antibiotics growth medium which was
incubated overnight at 37°C. The positive colonies was then confirmed by PCR amplification
with M13 primers (For. 5-GTAAAACGACGGCCAG-3; Rev. 5-
CAGGAAACAGCTATGAC-3") to make sure the fidelity of the construct before further

generating the destination clone.

To create CaMV35SPro::ATP-PRT2::GFP, pENTR™ Directional TOPO® Cloning Kits
from Invitrogen was used. The full length cDNA was amplified using gene specific forward
primer with four additional CACC bases (5°-cacCATGCCAATCTCAATTCCCC-3") and
reverse primer (5-AAGGCCGAGGTTACTCAGAAG-3"). The pENTR™/D-TOPO vector
allows rapid directional TOPO® cloning of the blunt PCR products for entry into the
Gateway® system without any ligase or restriction enzyme. The protocol according to the
manufacturer’s instruction was followed throughout the cloning procedure. In brief, the gel
purified PCR products of 10-15 ng/ul was incubated with 15ng/ul pENTR™ D-TOPO®
vector for 30 minutes followed by transformation into TOP10 chemically competent E. coli

cells as described above.

For the promoter GUS/GFP construct of ATP-PRT1and ATP-PRT2, Gateway® Technology
with Clonase™ II was used. Forward primer (5-GAGGTTCAAGAAGTCGGCTG-3") and
reverse primer (5"-TGTTGTGTGGCTTTTCGAGA-3") for ATP-PRT1 and forward 5'-
CGATTTTGATGGTGAAGTGCT-3" and reverse- 5 -TGTAGAGTGGCGTTAAGGGG-3’
for ATP-PRT2 were generated with proper ATTB site (ATTB1 and ATTB2 as mentioned
above). The ATP-PRT1 primer amplified 2355bp promoter of the gene, while ATP-PRT2
primer amplified 1324 bp including the full length (993 bp except ATG) of the neighbouring

upstream gene (AT1G09794, COX 19 family protein, no expression according to EST data
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base). | included the neighboring gene because the promoter of ATP PRT2 is only 279 bp
long.

After subsequent plasmid isolation from the positive colony, the construct was PCR amplified
with M13 primers (For. 5-GTAAAACGACGGCCAG-3; Rev. 5-
CAGGAAACAGCTATGAC-3") and sequenced to check the fidelity of the insert with respect

to the WT copy using ‘Clone Manager Professional 9’ before generating the destination clone.

The entry plasmids for over expression and promoter activity study of ATP-PRT1and ATP-
PRT2 were then subjected to LR clonase reactions with the Gateway-compatible binary
destination vectors pB7WGF2 to generate CaMV Pro35S::PDR1/ATP-PRT1::GFP, CaMV
Pro35S::ATP-PRT2::GFP and pBGWFS7 vector for generating the promoter GUS/GFP line
of ATP-PRT1 and ATP-PRT2. LR reaction was then done with 1-3pl entry clone isolated and
purified plasmid of 150 ng/ul with 1ul destination vector plasmid of 150ng/ul and 1pL LR
Clonase™ [I enzyme and the volume was adjusted to 5 ul. Transformation to competent
TOP10 E. coli cell and subsequent plating on the LB plate were done in the same way as
described above for entry clone. The positive colonies were analyzed by restriction analysis to

confirm the presence and correct orientation of the cassette.

For transforming to the Agrobacterium tumefaciens cell, 5 pl of the purified positive plasmid
from destination clone was added with thawed 50 pl A. tumefaciens cells by cold shock (30
minutes on ice followed by freezing in liquid nitrogen for 5 minutes and at 37°C for 5 minutes
respectively) which was then mixed with 250 pul SOC media to incubate 2 hours at 37°C. The
cells were then plated to LB plate with the right antibiotics and cultured for 48 hours at 30°C

in an incubating shaker with 180rpm.

For transient transformation, p19 cells, a viral-encoded suppressor of post-transcriptional gene
silencing protein (Voinnet et al., 2003) were grown in parallel to the A. tumefaciens colonoies
carrying the plasmid constructs in the selective liquid media at 30°C for two days. The cells
were then harvested by centrifugation (10000 rpm, 5 min) and washed twice by infiltration
buffer and mixed with the P19 cells in a ratio of 1:1 after determining the optical density (0.6-
0.8). The mixture was infiltrated to the abaxial surface of Nicotiana benthamiana leaves after
incubation of 1 hour at room temperature and subsequently after three days, the GFP tagged
fusion proteins were analyzed under Confocal Laser Scanning Microscopy (CLSM). For
stable transformation, the constructs were transformed according to the protocol of Clough

and Bent (1998). In brief, Agrobacterium tumefaciens strain harboring the gene of interest on
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a binary vector was grown in LB agar plate with antibiotics at 28°C. The cells were collected
from the surface, resuspended in 5% freshly made sucrose solution to OD600 = 0.8. Before
dipping, Silwet L-77 added to a concentration of 0.05% (500 ul/L) and mixed well. The
healthy flowering plants were dipped (above-ground parts) in Agrobacterium solution for 15
seconds with gentle agitation. Dipped plants were then kept horizontally in the tray under a
white thin polythene sheet cover for the overnight to maintain high humidity. The following
day plants were exposed to the normal greenhouse condition till harvesting the T1seeds.

4.18. Subcellular localization study

The subcellular localization the GFP tagged ATP-PRT1 and ATP-PRT2 proteins transiently
transformed to tobacco leaves (Nicotiana benthamiana) and stable transformed to Arabidopsis
via Agrobacterium were conducted under confocal laser scanning microscope. The samples
were collected after 3 days of infiltration in tobacco leaves and the 5 days old T2 homozygous
overexpression lines grown vertically on agar plates and GFP fluorescence was visualized on
a Zeiss LSM 710 confocal laser scanning microscope. All images were obtained using a 40x
water-immersion objective. The excitation wavelength was 488 nm; emission was detected
between 493 and 580 nm. For All images were obtained using the sequential mode to prevent
false positive signals. Transgenic Arabidopsis plants were generated by Agrobacterium-
mediated transformation. T2 lines showing a segregation ratio of 3:1 for resistance to Basta®

were selected for subsequent microscopic analysis.

4.19. Promoter GUS/GFP study

The T2 generation of Agrobacterium-mediated transformed ATP-PRT1 promoter in WT
Arabidopsis was tested in the vertically oriented agar plate containing the complete growth
medium supplemented with Basta®. The lines showing segregation ratio of 3:1 for resistance
to Basta® were selected for subsequent microscopic analysis. The GUS was detected in the 5

days old seedlings grown on +Pi/+N under stereo microscope.
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4.20. Histochemical staining

Propodium iodide (PI1), Fe and callose staining were done as described in Muller et al., (2015).
Plants were grown on vertically oriented agar plates containing the complete Pi medium as
described in the respective results section. Likewise, GUS staining for the ProCycB1 was
done after 3 days of transfer.

4.21. AI"® sensitivity test

The test was carried out in hydroponic culture containing the growth medium of 2.1mM
NHsNO3, 1.9 mM KNOs, 0.4 mM CacCl,, 0.15 mM MgSO,, 2mM HomoPipes (pH 4.4) and
0.5% sucrose. 10 uM AICI; was supplemented in the autoclaved growth medium for the
sensitivity test while the medium without AICI; supplement used as a control. The sterile
seeds (20 approximately for each genotype) of WT (Col-0), RO1A1 suppressor, almtl mutant
were germinated and grown for 4 days for the assay in 3 ml cultured media in the six well
plate. Of note, No EDTA, vitamins, Pi, Fe or microelements were used in the growth media.
Identification of ALMT1

4.22. Genotyping of pdrl and almtl mutants

The derived Cleaved-amplified polymorphic sequences (dCAPS) markers were developed
using web based tool dCAPS Finder 2.0 (helix.wustl.edu/dcaps/dcaps.html) to genotype the
mutation in pdrl and almtl. For pdrl, SNP was genotyped by amplifying PCR product with
forward 5-ATATCTTTTGGCCGTTGAAACCA-3° and  reverse  primer 5'-
ATGTGAAGTGTTGTTTGCGTTTG-3" followed by the restriction digestion of the PCR
product with Ddel restriction enzyme. While for almtl, PCR product was amplified by
forward 5-GTTGTCTTTGAATTCTCCGTG-3" and reverse primer 5-
GCACCCGACAATCTTGCTAG-3" followed by digestion the PCR amplicon with BsaJl

restriction enzyme that cut the WT version.
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LIST OF ABBREVIATION

AA - Amino acid

ACPS5 - Acid phosphatase

ALMT - Aluminum-activated malate
transporter 1

AM - Arbuscular mycorrhizal

Arg (R) - Arginine

Asn - Asparagine

ATP-PRT1 - ATP-phosphoribosyl
transferease 1

bHLH- Basic helix-loop-helix
Col-0-Arabidopsis thaliana
dCAPS- derived cleaved-amplified
polymorphic sequences

DNA- Deoxyribonucleic acid
EMS- Ethyl methanesulfonate
ER- Endoplasmic reticulum
Fe- lron

FW - Fresh weight

GIn- Glutamine

Glu -Glutamate

His- Histidine

KNOjs. Potassium nitrate
Ler-0- Landsberg erecta
LPR1-Low phosphate rootl
LPI-low phosphate insensitive
LR -Lateral root

Lys or K- lysine

M- Molar

MiRNA- microRNA

mM -millimolar

UM- micromolar

N-Nitrogen

NH,;-Ammonium

NH4CIl- Ammonium chloride
(NH4)2SO4-Ammonium sulfate

NO;- Nitrate

P- Phosphorus

Pi-Phosphate

P1BS- PHR1 binding sequences

PDR1 -Phosphate deficiency response 1

PEPC -Phosphoenolpyruvate carboxylase
Phe- Phenylalanine

PHF1-Transporter traffic facilitator 1
Phi -Phosphite

PHO2 -Phosphate2

PHR1-Phosphate starvation response 1
PI- Propidium iodide

PR- Primary root

Pro- Proline

PSI -Phosphate Starvation induced
QC- quiescent center

RBR -Retinoblastoma-related
RNS-Ribonuclease

RSA -Root system architecture

SCN- Stem cell niche

SCR -Scarecrow

SD-standard deviation

SHR- Short-root

SNP -Single nucleotide polymorphism
Trp- Tryptophan

Val- Valine

WT- Wild-type

Xprl-Xenotropic and polytropic retrovirus
receptor 1
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