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Summary

SUMMARY

Arabidopsis thaliana inhibits its primary root growth to promote topsoil foraging and Pi acquisition upon
Pi limitation. Root tips locally sense external Pi limitation and adjust root growth by rapid inhibition of cell
expansion (<2 h) and progressive arrest of cell division (<2 days). Multicopper oxidases LOW PHOSPHATE
ROOT 1 (LPR1), LPR2 and single P5-type ATPase PHOSPHATE DEFICIENCY RESPONSE2 (PDR2) are key
players in root tip Pi sensing, mediating the accumulation of Fe, reactive oxygen species (ROS), and callose
in stem cell niche (SCN) during Pi limitation. The low Pi-induced arrest of root growth involves
transcriptional reprogramming. Although a set of transcriptomic profiling studies have been performed in
Arabidopsis roots upon Pi limitation, less is known in root tips. The identification of genes and pathways
that are involved in the local Pi deficiency response in root tips and an understanding of the mechanism

by which ROS work as signals were the major aims of this work.

RNA-seq analysis uncovered 373, 2343, and 15 differentially expressed genes (DEGs) in the wild-type (WT),
hypersensitive pdr2 mutant, and insensitive Iprllpr2 line, respectively (upon Pi limitation for one day).
Among those DEGs, 267 are shared between WT and pdr2 only. Four known systemic Pi starvation-induced
genes (SPX1, AT4, PAP17, and GDPD1) were upregulated in all lines, suggesting the maintenance of
systemic responses in all lines. An overrepresentation of genes that are involved in trehalose metabolism,
cell wall biogenesis, ethylene and auxin response as well as regulation of transcription were induced in Pi-
starved WT and pdr2. Moreover, numerous genes associated with ROS generation and scavenging (PRXs,
FSD1, GSTFs, CATs), signaling (ERFs, PDLP1) as well as response to oxidative stress (AER, DIN10, SIP2), were
induced in WT and/or pdr2 upon Pi limitation. Additionally, 11 ROS-related transcription factors were

identified that were commonly induced in Pi-starved WT and pdr2.

PLASMA MEMBRANE INTRINSIC PROTEIN 1;4 (PIP1;4) has been proposed to transport H,O; from apoplast
into cytosol to influence callose deposition. Analysis of RNA-seq and promoter-reporter lines revealed that
some PIPs were differentially expressed in Pi-starved root tips of WT and/or pdr2. However, no obvious
root length phenotypes were observed in all 13 pip single mutants and pip1;3 pip1,;4 upon Pi deficiency.
PIPs seem not essential for low Pi-induced primary root growth inhibition and ROS signaling mediated
callose deposition. In line with the RNA-seq results, a burst of ROS was detected in the SCN of WT and pdr2
after exposed to low Pi for one day. In addition, Pi limitation increased the superoxide level in the root
apical meristem of WT and pdr2. RNA-seq analysis point to the role of ROS in regulating callose deposition,

cell wall dynamics and SCN regeneration as signaling molecules upon Pi limitation.
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Introduction

1. INTRODUCTION

1.1 Importance of phosphorus

Phosphorus (P) is an essential macro element for plant growth and development. Plants only take up free
inorganic phosphate (Pi), mainly in the form of H,POs from the soil (Ullricheberius et al., 1984). After
absorbing the Pi, plants use it for the synthesis of organic molecules such as nucleic acids, membrane
phospholipids, and ATP (Raghothama, 1999; Peret et al., 2011). Pi also plays an essential role in signal
transduction processes and regulation of enzyme activity (Poirier & Bucher, 2002; Chiou & Lin, 2011). In
soil, 20-80% of P is present in the organic form (Schachtman et al., 1998). The organic P pool comprises a
variety of chemical compounds, but the main forms are inositol phosphates, sugar phosphates,
phospholipids, and nucleic acids (Hinsinger et al., 2015). By hydrolysis of organic P substrates, Piis released
and becomes accessible to plants (Hinsinger et al., 2015). The availability of Pi (typically around 1-10 uM)
is quite low due to the firm adsorption of the anion onto the large surface areas of clay minerals and
metallic oxides (Fe, Al, Ca) (Schachtman et al., 1998; Abel, 2017). Therefore, low Pi availability is a common
nutritional stress for plants. Pi limits crop yield on more than 70% of the global cultivated land (Lopez-
Arredondo et al., 2014). To increase or maintain crop productivity, Pi-containing fertilizers are supplied in
large amounts. However, the fertilization efficiency is very low. Much of the P applied to soil is bound to
the soil or is lost through leaching, runoff, and erosion (Bindraban et al., 2020). Over-fertilizing also
accelerates soil degradation and water eutrophication. Moreover, non-renewable phosphorus stocks, the
primary source of P fertilizer, will likely be depleted within the next century (Steen, 1998; Cordell et al.,
2009). Understanding how plants sense and respond to external Pi concentrations at the molecular level

will help to breed crops with improved ability to uptake and utilize Pi.
1.2 Plant adaptation to Pi deficiency

To cope with Pi deficiency, plants have evolved a diverse set of adaptive responses with the aim of
improving Pi acquisition and reallocation and reduction of Pi usage. Some plants can establish symbiotic
associations with fungi (arbuscular mycorrhizae) to increase Pi uptake. The exudation of organic anions,
such as malate and citrate, into the soil and the apoplastic space helps to solubilize Pi from insoluble Pi
metal-complexes (Raghothama, 1999; Plaxton & Tran, 2011). Similarly, plants also secrete
phosphodiesterases, purple acid phosphatases, nucleases, and RNases to liberate and recycle Pi from

organic matter inside the plant and in the soil (Dissanayaka et al., 2021). P availability usually drops
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substantially with soil depth (Lynch & Brown, 2001). Many plants increase the Pi uptake through modifying
their root system architecture (RSA). They usually form a shallower root system with more and longer
lateral roots, and denser root hairs. The strategy is described as “topsoil foraging”, which enables roots to
explore the upper layers of the soil (Lynch & Brown, 2001), which contain larger amounts of Pi. This
strategy has been reported in many plant species like bean, rice, and maize as well as the model plant
Arabidopsis thaliana (Bonser et al., 1996; Lynch & Brown, 2001; Sanchez-Calderon et al., 2005; Zhu et al.,
2005; Liu et al., 2013).

Study of Pi deficiency responses in Arabidopsis thaliana

Arabidopsis thaliana is a member of the Brassicaceae family. Several features of Arabidopsis have made it
an optimal model plant to study the molecular mechanisms of local Pi deficiency responses. Those features
include a short lifecycle, prolific seed production through self-pollination, and small size that require
limited growth facilities. Moreover, Arabidopsis has a small, fully sequenced, and well-characterized
genome, efficient Agrobacterium-mediated transformation procedures, well-established seed libraries,

and centralized database.

In Arabidopsis, Pi starvation responses can be separated into local and systemic responses (Chiou & Lin,
2011). The local responses generally refer to the modification of the RSA, including the inhibition of the
primary root growth, increasing the number and length of lateral roots and root hairs (Fig. 1-1A). These
responses are mainly regulated by the Pi availability in the soil solution surrounding the rhizosphere (Chiou
& Lin, 2011; Peret et al., 2011). Pi limitation in the rhizosphere is thought to be sensed in root tips to locally
inform root development (Ticconi et al., 2004; Svistoonoff et al., 2007). Arabidopsis root tip consists of
four distinct zones (Fig. 1-1B) (Verbelen et al., 2006). Cells proliferate in the root apical meristem (RAM)
and originate in the stem cell niche (SCN), which is composed of the quiescent center (QC) and the stem
cells surrounding the QC (Fig. 1-1B). Cells in the QC are mitotically less active and essential for the
maintenance of undifferentiated stem cell status (van den Berg et al., 1997). After leaving the RAM, cells
enter the transition zone (TZ), where they undergo physiological changes to prepare for their fast
elongation in the elongation zone (EZ) (Fig. 1-1B) (Baluska et al., 1996). In the maturation zone (M2Z), cells
progressively slow down their elongation and root hairs are formed (Fig. 1-1B) (Le et al., 2004). Pi
deprivation-induced arrest of primary root growth begins with a rapid reduction of cell elongation in the
transition zone followed by the progressive exhaustion of the RAM (Ticconi et al., 2009; Miiller et al., 2015;

Balzergue et al., 2017). The local response of the primary root to Pi limitation depends on, and is
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modulated by, external iron (Fe) availability (Svistoonoff et al., 2007; Ward et al., 2008; Ticconi et al., 2009).
Removing Fe from the medium rescues the short primary root phenotype upon Pi deficiency (Svistoonoff
et al., 2007; Ward et al., 2008; Miiller et al., 2015). Furthermore, our recent study showed that low Fe
availability (2.5-25 uM) in Pi deficiency gradually and strongly inhibited primary root growth and higher Fe
supply (50-100 uM) cause a minor effect (Naumann et al., 2022).
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Fig. 1-1: Arabidopsis root architectural adaptation to phosphate limitation and root tip structure

(A) Upon Pi limitation, modification of the root system architecture includes (i) inhibition of the primary root growth,
(ii) increasing the number and length of root hairs, and (iii & iv) promoting the lateral root formation and growth.
Adapted from (Peret et al., 2011). (B) Four distinct zones of the root tip (left figure) and organization of cells in the
root tip (right figure). The red arrowhead points to the first root hair bulge. TZ, transition zone. EZ, elongation zone.
MZ, maturation zone. QC, quiescent center. Adapted from (Band et al., 2012; Takatsuka & Umeda, 2015).

In contrast, systemic responses depend on the internal Pi concentration and involve processes like
enhancement of Pi uptake through activation of Pi transporters, recycling of Pi through catabolism of
phospholipids and nucleic acids, and intense Pi recovery through secretion of phosphatases (Meyer et al.,
2010; Chiou & Lin, 2011; Remy et al., 2012; Robinson et al., 2012). These adaptations are achieved by the
regulation of hundreds of phosphate starvation-induced (PSI) genes (Lan et al., 2015). Several molecular
players that are involved in sensing the external and internal P-status have been identified. MYB
transcription factor PHOSPHATE STARVATION RESPONSE 1 (PHR1) is one of the key players. PHR1 and its
closest homolog PHR1-LIKE1 (PHL1) induce the expression of most PSI genes (Rubio et al., 2001; Bustos et

al., 2010). PHR1 is constitutively expressed and only weakly responsive to Pi deficiency (Rubio et al., 2001).
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SPX domain (SYG1, Pho81 and XPR1)-containing proteins can interact with PHR1/PHL and negatively
regulate their activity (Lv et al., 2014; Puga et al., 2014; Wang et al., 2014). Under Pi sufficient condition,
inositol pyrophosphates (PP-InsPs) are sensed by SPX proteins and lead to the formation of SPX—PHR/PHL
complexes in the cytosol, which prevent PHR/PHL from accessing the promoters of their nuclear target

genes (Wild et al., 2016; Dong et al., 2019; Ried et al., 2021).
1.3 Molecular mechanisms of local Pi sensing at the root tip

Genetic approaches identified the multicopper oxidases LOW PHOSPHATE ROOT 1 (LPR1), LPR2 and the
ATPase PHOSPHATE DEFICIENCY RESPONSE2 (PDR2) as key players in root tip Pi sensing (Ticconi et al.,
2004; Reymond et al., 2006; Svistoonoff et al., 2007; Ticconi et al., 2009). LPR1 codes for a cell wall-
targeted multicopper oxidase with ferroxidase activity (Svistoonoff et al., 2007; Miiller et al., 2015;
Naumann et al., 2022). PDR2 encodes the single P5-type ATPase that is localized in the endoplasmic
reticulum (ER) (Ticconi et al., 2009). Expression pattern of LPR1 and PDR2 overlap in specific cell types of
the RAM (Ticconi et al., 2009; Miiller et al., 2015). The double mutant Iprllpr2 is insensitive to Pi deficiency
and causes unrestricted primary root growth (Mdller et al., 2015; Balzergue et al., 2017). PDR2 works
upstream of LPR1/LPR2 as indicated by the suppression of the hypersensitive short root phenotype of pdr2
by lpr1lpr2 (Ticconi et al., 2009; Miiller et al., 2015). PDR2 is thought to restrict LPR1 function by unknown
mechanisms (Miller et al., 2015). Upon Pi limitation, cell type-specific expressed LPR1 determines the
accumulation of apoplastic Fe3* in the SCN, which is accompanied by the generation of reactive oxygen
species (ROS) and callose (a B-1,3 glucan) at the same site (Miiller et al., 2015) (Fig. 1-2). Callose is a key
modulator of plasmodesmata permeability and thus its deposition at the plasmodesmata neck region can
influence symplastic trafficking (Amsbury et al., 2017). It has been shown that callose deposition impaired
the movement of SHORT-ROOT (SHR), a key transcription factor of the SCN maintenance (Helariutta et al.,

2000), from stele into QC and leads to a reduction of root growth (Mdller et al., 2015) (Fig. 1-2).

In addition to the PDR2-LPR1/LPR2 pathway, ALUMINUM-ACTIVATED MALATE TRANSPORTER1 (ALMT1)
and the transcription factor SENSITIVE TO PROTON TOXICITY1 (STOP1) also play essential roles in low Pi
response. Both genes were identified by a genetic screen for insensitive, lpr1-like mutants (Balzergue et

al., 2017). They were also found in a pdr2 suppressor screen for the rescue of the hypersensitive primary
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Fig. 1-2: Model of local Pi sensing at Arabidopsis root tips

Upon Pi limitation, cell wall localized LPR1 expresses ferroxidase activity and determines the accumulation of
apoplastic Fe3* in the SCN. ER-targeted PDR2, the single P5-type ATPase, restricts the function of LPR1. It is thought
that ROS is generated in the SCN via Fe redox cycling, which leads to callose deposition via unknown ROS signaling.
Callose deposition impairs the movement of SHR, causing inhibition of cell division in the RAM. Ascorbate promotes
the Fe redox cycle by reducing Fe3*to Fe?*. Pi limitation stimulates the accumulation of STOP1 in the nucleus, which
induces ALMT1 expression. ALMT1-mediated malate release into the apoplast mobilizes Fe3* from Fe-Pi or Fe-pectin
complexes. Blue light illumination of translucent agar plates promotes photo-Fenton, which reduces Fe®* to Fe?* for
subsequent Fenton reaction and Fe redox cycle. Hydroxyl radicals generated via the Fenton reaction inhibit cell
elongation. The STOP1-ALMT1 module and LPR1 ferroxidase activity also inhibit cell elongation by peroxidase-
dependent cell wall stiffening. ALMT1-mediated malate exudation in the rhizosphere aids in the solubilization of Pi
and the detoxification of Al?*. Adapted from (Abel, 2017). RAM, root apical meristem; SCN, stem cell niche; TZ,
transition zone; EZ, elongation zone; ER, endoplasmic reticulum; PRXs, class Ill peroxidases; ASC, ascorbate.

root growth inhibition upon Pi deficiency (Ahmed, 2015). ALMT1 encodes a malate efflux channel that is
localized at the plasma membranes of root cells, which is known to facilitate Al exclusion during Al-toxicity
(Hoekenga et al., 2006; Kochian et al., 2015). STOP1 is a zinc finger-type transcription factor that induces
the transcription of ALMT1 by binding to its promoter, resulting in the excretion of malate to cope with Al
toxicity (Tokizawa et al., 2015). Recent studies report that the expression of ALMT1 is induced by Pi
limitation (Balzergue et al., 2017; Mora-Macias et al., 2017). While the expression of STOP1 is not
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responsive to low Pi, STOP1 abundance is enhanced in the nucleus to activate ALMT1 expression, which
triggers malate exudation into the apoplast of root tips and rhizosphere (Balzergue et al., 2017) (Fig. 1-2).
Malate that is excreted into the rhizosphere is likely to mobilize Pi from soil minerals (Narang et al., 2000).
It is thought that release of malate into the apoplast helps to mobilize Fe3* from cell wall-bound Fe-pectin
or Fe-Pi complexes for reduction by ascorbate (Grillet et al., 2014). ROS is generated via Fe redox cycling
which may lead to callose deposition (Mdiller et al., 2015) (Fig. 1-2). It was also proposed that blue light
and Pi deficiency-caused low pH promote the reaction of Fe3* with malate to produce Fe?* via a photo-
Fenton reaction (Zheng et al., 2019) (Fig. 1-2). Subsequently, through the Fenton reaction, Fe?* reacts with
H,0, to produce Fe?* and hydroxyl radicals (OH-) that then inhibits the primary root growth (Zheng et al.,
2019) (Fig. 1-2). Upon Pi starvation, STOP1-ALMT1 modulates the rapid inhibition of cell elongation in the
transition zone, whereas the reduction of the RAM is largely STOP1-ALMT1 independent (Balzergue et al.,
2017). Moreover, it was shown that Pi limitation triggers peroxidase-dependent cell wall stiffening in the

transition zone of WT, and this is absent in stop1 and almt1 (Balzergue et al., 2017) (Fig. 1-2).
1.4 ‘Omics’ approaches towards understanding local Pi sensing

‘Omics’ technologies, such as genomics, transcriptomics, proteomics, and metabolomics, have been
advanced in the last few decades. ‘Omics’ approaches with the focus on the RNA levels have been utilized
extensively to investigate the global gene expression changes during Pi deficiency response. Large suites

of genes have been reported to be regulated by Pi. Several novel players and pathways were highlighted.

Based on a split-root experimental design and a subsequent transcriptomic analysis, Thibaud et al.
identified groups of genes that were locally or systemically regulated by Pi deficiency in the root (Thibaud
et al., 2010). Among the genes that were locally upregulated by Pi limitation, over-representative genes
are associated with stress-related responses (cytochrome P450 dependent monooxygenases, defense
response genes), hormone-related responses (biosynthesis and response to ethylene), and oxidative
processes (peroxidase, oxidoreductase, glutathione S-transferase) (Thibaud et al., 2010). Transcription
factors implicated in development (MYB, MADS) or stress (WRKY) were also induced by low Pi (Thibaud et
al., 2010). Besides, a set of genes involved in cell wall synthesis or cell activity were repressed upon Pi
deficiency (Thibaud et al., 2010). Moreover, they identified genes that were systemically upregulated by
Pi deficiency, including genes related to Pi recovery or recycling (for instance high-affinity Pi transporters,
phosphatases, enzymes involved in phospholipid remobilization, sulfo- and galactolipid synthesis and

nucleases), Pi signaling and sensing (SPX1, SPX2, and SPX3) (Thibaud et al., 2010). Interestingly, strong
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downregulation of genes associated with metal uptake or transport was observed in the systemic

regulation group (Thibaud et al., 2010).

Even though several transcriptomic studies have discovered a surprisingly large number of PS/ genes, many
of these genes are not shared across studies. Through integrating four publicly available transcriptomic
data, Lan et al. identified a group of genes that were robustly affected by Pi limitation across a wider range
of conditions, which were defined as core PS/ genes (Lan et al., 2015). Those core PSI genes consist of 95
genes and 2 genes that were upregulated and downregulated by low Pi, respectively (Lan et al., 2015).
Within these 95 genes, the largest group comprises genes related to lipid metabolism and galactolipid
biosynthesis (Lan et al., 2015). Another group consists of Pi transporters from the PHT family and the
PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1 (PHF1) (Lan et al., 2015). Moreover, several genes that
encode intracellular and secreted purple acid phosphatases (PAPs), pyrophosphorylases, and other
phosphatases exist in the PSl core genes (Lan et al., 2015). High induction was also observed for SPXs (SPX1,
SPX2, and SPX3) and transcription factor ERFO70, which were shown to be essential for root development
under Pi limitation (Ramaiah et al., 2014; Lan et al., 2015). In addition, phosphoenolpyruvate carboxylase
(PPC) kinase (PPCK) 1 and 2, which phosphorylate and thereby activate PPC during Pi starvation to
contribute to malate biosynthesis, were also in core PSI genes (Gregory et al., 2009; Shane et al., 2013;

Lan et al., 2015).

Several mutants with compromised responses to Pi deficiency are available, allowing for comparative
transcriptome/proteomics analysis. Comparative transcriptome analysis using the insensitive mutants
stopl and almtl revealed a preferential loss of local transcriptional responses to Pi limitation in both
mutants, which confirms the role of STOP1 and ALMT1 in regulating local Pi response in root tips (Mora-
Macias et al., 2017). A cluster of gene ontology (GO) categories related to “cell wall organization”, which
has been linked to the local Pi response, was found to be significantly overrepresented in WT root tips
(Mora-Macias et al., 2017). This response was nearly abolished in the root tips of stop1 and almt1, which
suggests that the local Pi response was largely lost in both mutants (Mora-Macias et al., 2017). Expression
of SPX1 and SPX2, systemic key regulators, were normally induced in stop1 and almt1 (Mora-Macias et al.,
2017). Among the systemic genes that were differentially expressed in the Pi-starved WT, over 60% of

them remained responsive in stop1 and almt1 (Mora-Macias et al., 2017).

Taking advantage of the opposite Pi-conditional root phenotype of pdr2 (hypersensitive) and Iprilpr2
(insensitive), our group performed transcriptome and proteome analysis to investigate the Pi dependent

regulation of gene and protein expression in roots (Hoehenwarter et al., 2016). The results showed that
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systemic response to low Pi was maintained in the roots of pdr2 and Ilprllpr2 mutants. An
overrepresentation of genes and proteins that are involved in the regulation of iron homeostasis were
observed in all the genotypes in response to Pi deficiency (Hoehenwarter et al., 2016). Among these genes,
IRON-RELATED TRANSPORTER 1 (IRT1) was repressed by low Pi, whereas IRT3 and FERRETIN 1 (FER1) were
induced by low Pi (Hoehenwarter et al., 2016). Further experiments showed that FERRIC REDUCTASE
DEFECTIVE 3 (FRD3)-mediated apoplastic Fe redistribution, but not general Fe uptake and cellular storage,
triggered the inhibition of primary root growth in response to Pi deficiency (Hoehenwarter et al., 2016).
Expression changes of several cell wall-modifying enzymes were altered by Pi limitation in all genotypes,
but more pronounced in WT and pdr2 (Hoehenwarter et al., 2016). Half of those enzymes have potential
function in pectin modification, mainly pectin methyl esterification (Hoehenwarter et al., 2016). This was
consistent with the pectin staining results, which showed that Pi limitation increased the deposition of
pectin at Fe accumulation sites in WT and pdr2, not in Iprilpr2 (Hoehenwarter et al., 2016). Another
transcriptome study also revealed that pectin-related processes were involved in the early Pi deficiency
responses (Lin et al., 2011). Moreover, more than twenty class lll peroxidases (PRXs), which are plant-
specific heme oxidoreductases, were identified to be regulated on the mRNA and/or protein level in WT
and/or pdr2 in response to low Pi (Hoehenwarter et al., 2016; Shigeto & Tsutsumi, 2016). PRXs have been
shown to be involved in ROS formation and cell wall dynamics (Francoz et al., 2015; Shigeto & Tsutsumi,
2016). Less than five PRXs were identified in Pi-starved Iprllpr2. Based on proteomics analysis, Lan et al.
found that annexin 1, a phospholipid-binding protein that has been linked with cellular defence against
ROS and abiotic stress, was the highest accumulated protein in root upon Pi deficiency response (Clark et
al., 2010; Lan et al., 2012). Other proteomic studies revealed the alteration of the antioxidant enzymes
during the low Pi response, including glutathione S-transferase (GSTF), superoxide dismutase (SOD),
ascorbate peroxidase (APX), PRX, and monodehydroascorbate reductase (Tran & Plaxton, 2008; Chevalier
& Rossignol, 2011). Accumulated evidence has shown that roots regulate ROS-related processes at both

RNA and protein levels to efficiently recalibrate the cellular redox state.
1.5 Reactive oxygen species (ROS) and their role in root development

During plant regular aerobic metabolism, especially respiration, oxygen can be converted to reactive
oxygen species (ROS) by several redox reactions (Apel & Hirt, 2004). ROS were initially described as
cytotoxic for cells due to their oxidative properties that can cause damage to DNA, lipids, and proteins as
well as cell death. However, they have been further shown to be signaling molecules that regulate plant

development and response to biotic and abiotic stresses (Petrov et al., 2015; Mhamdi & Van Breusegem,
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2018; Castro et al., 2021; Eljebbawi et al., 2021). Many studies have reported the essential role of ROS as
growth regulators during root developmental processes, such as in RAM maintenance, root elongation,
lateral root formation, root hair extension, and vascular tissue differentiation (Tsukagoshi, 2016; Eljebbawi

et al., 2021; Mase & Tsukagoshi, 2021).
1.5.1 ROS production and scavenging

ROS exist in various forms including radicals that have free electrons such as superoxide (O,°) and hydroxyl
radical (OH-) as well as non-radicals like hydrogen peroxide (H,0,) and singlet oxygen (*0;) (Foyer & Noctor,
2009). Each type of ROS species has distinct chemical properties. Singlet oxygen, with a half-life time of 1-
4 us, can oxidize proteins, lipids, and guanidine residues of DNA (Laloi & Havaux, 2015; Mittler, 2017,
Ravanat & Dumont, 2022). Superoxide has about the same half-life time as singlet oxygen (Mittler, 2017;
Waszczak et al., 2018). It damages Fe- and FeS-containing proteins and reacts with various cellular
constituents to form reactive radicals, such as thiyl radicals from cysteine thiols (Winterbourn, 2015;
Mittler, 2017; Smirnoff & Arnaud, 2019). Hydrogen peroxide is considered to be the predominant ROS
involved in cellular signaling, due to its relatively long half-life (more than 1ms) and its ability to move
across the plasma membrane via aquaporins (Mittler, 2017; Waszczak et al., 2018). It also damages Fe-
and FeS-containing proteins and oxidizes cysteine thiol and methionine residues (Smirnoff & Arnaud, 2019).
The hydroxyl radical is very unstable with a half-life time of 1 ns and is therefore extremely reactive and

reacts with almost everything at their site of production (Mittler, 2017; Waszczak et al., 2018).

In plants, intracellular ROS are mainly produced as by-products in electron transport chains or redox
reactions in chloroplasts and mitochondria (Borisova et al., 2012; Smirnoff & Arnaud, 2019). Cell wall
peroxidases and plasma membrane localized NAPDH oxidases, also called respiratory burst oxidase
homologs (RBOHs) in plants, are primarily responsible for apoplastic ROS generation (Torres et al., 2002;
Bindschedler et al., 2006; Sagi & Fluhr, 2006; Orman-Ligeza et al., 2016; Chapman et al., 2019). Superoxide,
the precursor of various ROS, is the product of the one-electron reduction of O, that can be generated
through mitochondrial respiration or by RBOHs (Fig. 1-3)(Suzuki et al., 2011; Lazaro et al., 2013). PRXs can
also provide O, molecules from H,0, when the substrates of PRXs are thiol, salicylic acid or NAD(P)H
(Shigeto & Tsutsumi, 2016). O, is converted to H,0, spontaneously or enzymatically via superoxide
dismutase (Fig. 1-3) (Fridovich, 1997). H,0, can give rise to hydroxyl radical in the Haber—Weiss reaction

or Fenton reaction with the aid of iron ions (Chen & Schopfer, 1999; Francoz et al., 2015; Smirnoff &
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Arnaud, 2019). Hydroxyl radical can also be produced by PRXs in accordance with the Fenton reaction (Fig.

1-3) (Chen & Schopfer, 1999; Shigeto & Tsutsumi, 2016).
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Fig. 1-3: An overview of the major ROS production enzymes and processing pathways in plants

Oxygen and oxygen-derived ROS are highlighted in green. The main enzymes that are involved in ROS production are
shown in blue. The key ROS processing pathways are shown in blue and orange. Adapted from (Mhamdi & Van
Breusegem, 2018). Oz, oxygen; Oz, superoxide; 'O, singlet oxygen; H.0>, hydrogen peroxide; OH’, hydroxyl radical;
RBOH, respiratory burst oxidase homolog; SOD, superoxide dismutase; PRX, class Ill peroxidase; CAT, catalase; APX,
ascorbate peroxidase; GSTF, glutathione S-transferase.

Plants have evolved many important ROS-detoxifying machineries as a part of their evolutionary
adaptations to prevent oxidative bursts and the resulting harmful damage as well as to maintain a
threshold boundary between cytotoxicity and redox potential, so called ROS homeostasis (Eljebbawi et al.,
2021). The detoxifying machineries include enzymatic antioxidants and nonenzymatic antioxidants. A large
number of antioxidative enzymes have been identified, such as SOD, catalase (CAT), APX, GSTF,
peroxiredoxin (PRDX), and glutathione reductase (GR) (Willekens et al., 1995; Fridovich, 1997; Asada, 1999;
Wagner et al., 2002; Dietz, 2003; Mittler et al., 2004; Dixon & Edwards, 2010). Nonenzymatic antioxidants
include ascorbate acid (ASC), glutathione (GSH), flavonoids, and carotenoids (Eltayeb et al., 2007; Foyer &
Noctor, 2009; Noctor et al., 2012). The main superoxide-processing enzyme is SOD (Fig. 1-3)(Fridovich,
1997). Hydrogen peroxide can be processed by several enzymes, such as CAT, APX, GSTF, peroxiredoxin
and PRX (Willekens et al., 1995; Sharma & Dubey, 2004; Dixon & Edwards, 2010; Bhatt & Tripathi, 2011;
Francoz et al., 2015), as well as nonenzymatic antioxidants, such as ASC and GSH (Fig. 1-3) (Noctor et al.,
2012; Smirnoff & Arnaud, 2019). Singlet oxygen and hydroxyl radicals are mainly metabolized by non-
enzymatic reactions (Fig. 1-3) (Triantaphylides & Havaux, 2009; Mhamdi & Van Breusegem, 2018)
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1.5.2 Tools for ROS detection

Various methods have been used to detect and visualize ROS in plant tissues and organs. The common
ROS detection tools are summarized in Tab. 1-1. Staining with nitro blue tetrazolium (NBT) and
diaminobenzidine (DAB) are histochemical methods widely used to visualize superoxide and hydrogen
peroxide, respectively (Bielski et al., 1980; Kiernan, 2003). After interacting with intracellular superoxide,
NBT forms an insoluble dark purple formazan precipitate (Bielski et al., 1980). However, NBT staining is
not specific for superoxide. It can also reflect the presence of ascorbate or the activity of dehydrogenases
(Mhamdi & Van Breusegem, 2018). Brownish color accumulates when DAB reacts with H;0; in the
presence of higher peroxidase activity (Kiernan, 2003). However, DAB staining is not suitable for live cell

imaging.

Several fluorescent probes have been developed to monitor the real-time behavior of ROS, such as
dihydroethidium (DHE), H,0,-3’-O-acetyl-6’-O-pentafluorobenzenesulfonyl-2’-7’-difluorofluorescein-Ac
(H202-BES-Ac),  3’-(p-hydroxyphenyl)  fluorescein  (HPF), and 5-(and 6)-carboxy— 2',7’-
dichlorodihydrofluorescein diacetate (Carboxy-H2DCFDA). DHE reacts with Oy~ to produce ethidium,
which can bind DNA or RNA and generate red fluorescence (Zielonka & Kalyanaraman, 2010). H,0,-BES-
Ac is a specific indicator for intracellular H,0, (Maeda et al., 2004). HPF is used to detect OH: and it barely
reacts with O™ and H,0, (Setsukinai et al., 2003; Price et al., 2009). Carboxy-H2DCFDA can visualize the
general production of ROS (Jaenen et al., 2021). Besides, Luminol, which generates chemiluminescence

when oxidized, is widely used to measure extracellular H,0, (Winterbourn, 2014).

Most conventional fluorescent dyes are characterized by at least partial irreversibility, nonspecific
behavior, and lack of compartment specificity. Genetically encoded redox probes, in which fluorescent
proteins have been engineered, are the most advanced and promising tools to solve some of the problems
associated with fluorescent probes (Meyer & Dick, 2010). They are noninvasive, can be targeted in specific
compartments, and are suitable for quantitative and dynamic observations (Meyer & Dick, 2010). Most
widely used genetically encoded sensors include Grx1-roGFP2, roGFP2-Orpl, and HyPer (Meyer et al.,
2007; Schwarzlander et al., 2008; Nietzel et al., 2019; Ugalde et al., 2022). RoGFP2-Orp1 and HyPer can be
used for detecting intracellular H,0, (Belousov et al., 2006; Meyer & Dick, 2010; Nietzel et al., 2019). Grx1-
roGFP2 is a biosensor for the glutathione redox potential (Egsy) (Meyer & Dick, 2010). Since ROS can be
partly detoxified by the glutathione-ascorbate pathway, which may transiently alter the Egsy, Grx1-roGFP2
is also used to indicate ROS level (Meyer et al., 2007; Foyer & Noctor, 2011; Ugalde et al., 2022). A cysteine
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pair have been engineered into the protein barrel of GFP (roGFP2), making roGFP2 be able to respond to
the glutathione redox state in a ratiometric manner (Meyer & Dick, 2010). The two cysteine residues are
close enough to form or cleave disulfide bridge depending on the redox environment of the protein, which
can cause a change in the absorption properties of the protein (Meyer & Dick, 2010). Glutaredoxin (GRX)
catalyzes the reversible electron transfer between GSH and roGFP2 (Meyer et al., 2007). To ensure rapid

and specific equilibration, human Grx1 was fused to roGFP2 (Gutscher et al., 2008).

Tab. 1-1: Overview of ROS detection tools

ROS types Detection tools

blue tetrazolium (NBT) (Bielski et al., 1980),

0,
2 dihydroethidium (DHE) (Zielonka and Kalyanaraman, 2010)

Diaminobenzidine (DAB) (Kiernan, 2003),

H,0,-3’-0-acetyl-6’-O-pentafluorobenzenesulfonyl-2’-7’-

difluorofluorescein-Ac (BES-H,0,-Ac) (Maeda et al., 2004),
H,0, Grx1-roGFP2 (Meyer and Dick, 2010),

roGFP2-Orp1 (Nietzel et al., 2019),

HyPer (Belousov et al., 2006),

luminol (Winterbourn, 2014)

OH- 3’-(p-hydroxyphenyl) fluorescein (HPF) (Setsukinai et al., 2003)

5-(and 6)-carboxy— 2’,7’-dichlorodihydrofluorescein diacetate

General ROS
(Carboxy-H2DCFDA) (Jaenen et al., 2021)

1.5.3 Role of ROS in regulating primary root growth

ROS are generated in root cells and are needed for root growth and development (Dunand et al., 2007;
Yamada et al., 2020). A number of reports supported the role of ROS in regulating root growth as signaling
molecules. ROS have been found to affect cell division in the RAM, to regulate the transition from cell
proliferation to cell differentiation, and are involved in cell elongation, in root hair development as well as
in lateral root emergence. Molecular mechanisms of ROS in regulating primary root growth have been

uncovered (Eljebbawi et al., 2021; Mase & Tsukagoshi, 2021).
SCN maintenance

Multiple signal pathways mediated by ROS have been reported to be implicated in stem cell maintenance
and cell fate determination (Yang et al., 2018). Loss of APP1, which encodes a P-loop NTPase, leads to a
reduction in ROS level and thus causes terminal differentiation of SCN and increased QC cell division (Yu
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et al., 2016). It was demonstrated that prohibitin protein PROHIBITIN3 (PHB3) maintains root SCN through
the regulation of ROS homeostasis in RAM (Kong et al., 2018). The phb3 mutant displays a short-root
phenotype with reduced RAM size, which can be attributed to enhanced root stem cell differentiation and
increased mitotic activity in the QC (Kong et al., 2018). Besides, in the RAM of phb3 mutant, both
superoxide and hydrogen peroxide were over accumulated compared to WT, leading to ectopic expression
of ETHYLENE RESPONSE FACTOR (ERF) 115, 114, and 109 (Kong et al., 2018). Moreover, the ectopic
expression of ERFs was independent of stem cell death signaling (Kong et al., 2018). Additionally, ERF115,
ERF114, and ERF109 were further proven to directly regulate the expression of PHYTOSULFOKINE2 (PSK2)
and PSK5, which are peptide hormone precursors that regulate cellular differentiation and proliferation.
Thus, PHB3 is essential for the maintenance of SCN identity by restricting the spatial expression of the

ROS-responsive transcription factors ERF115, 114, and 109 (Kong et al., 2018).
RAM maintenance

Root growth and development depend on the constant generation of cells in its RAM (De Veylder et al.,
2007). The number of dividing cells and the duration of these divisions are controlled by the cell cycle,
which governs the growth rate of the root (Gonzalez-Garcia et al., 2011). To maintain RAM size and to
prevent premature differentiation, a proper cell cycle is therefore highly important (Gonzalez-Garcia et al.,
2011). Several studies revealed the importance of redox status, adjusted by glutathione and thioredoxins
(TRXs), in regulating the maintenance of RAM. Glutathione-deficient root meristem less 1 (rml1) mutant is
inhibited in forming an active root meristem (Schnaubelt et al., 2015). The level of GSH was found to be
important in controlling the G1 to S cell cycle transition (Schnaubelt et al.,, 2015). The glutathione
reductase (GR) catalyzing the reduction of oxidized glutathione (GSSG) into reduced glutathione (GSH), is
also essential for the maintenance of RAM. Arabidopsis contains two GRs, cytosol/peroxisome-localized
GR1 and plastid-localized GR2 (Marty et al., 2009). Researchers showed that GR2, but not GR1, is crucial
for root growth and RAM maintenance. Complete loss of function of GR2 can cause embryo lethality
(Tzafrir et al., 2004). A weak allele of GR2 mutant, miao, displayed strong inhibition of primary root growth
and severe defects in the RAM (Yu et al.,, 2013). It was also proposed that the regulation of RAM
maintenance by the glutathione redox status is related to auxin (Yu et al., 2013). Moreover, there is an
interplay between thioredoxin and glutathione pathways in regulating RAM maintenance. NADPH-
dependent thioredoxin reductases (NTRs) double mutant (ntra ntrb) exhibited a small RAM phenotype
(Reichheld et al., 2007; Bashandy et al., 2010). The phenotype was more sever after crossing ntra ntrb with
glutathione biosynthesis (rm/1 and cad2) mutants (Reichheld et al., 2007; Bashandy et al., 2010).
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Cell elongation

The dividing cells in the RAM enter a new phase of cellular elongation in the elongation zone (Verbelen et
al., 2006), which is tightly associated to the balance between cell wall stiffening and loosening (Francoz et
al., 2015). Both processes are precisely controlled by ROS homeostasis (Francoz et al., 2015). Cell wall
targeted PRXs have antagonistic activities in regulating cell wall dynamics through adjusting ROS
homeostasis. PRXs help to build a rigid cell wall through oxidizing aromatic cell wall compounds within
proteins and phenolics in the presence of H,0; and thus affect its components cross-links (Marjamaa et
al., 2009). On the other hand, PRXs can produce hydroxyl radicals by utilizing H,0, (Chen & Schopfer, 1999).
Hydroxyl radicals are able to catalyze the oxidative cleavage of xyloglucan and pectin, resulting in cell wall
loosening (Schopfer et al., 2001). Thus, PRXs have a dual role in regulating the cell wall status through ROS.
A MYB transcription factor, MYB30 has been identified to regulate the inhibition of root cell elongation in
response to hydrogen peroxide (Mabuchi et al., 2018). MYB30 is induced by H,O, in the RAM and
elongation zone (Mabuchi et al., 2018). H,0, treatment can lead to a smaller RAM and inhibit the cell
extension in the elongation zone in WT (Mabuchi et al., 2018). The treatment did not inhibit the cell
elongation in myb30 (Mabuchi et al., 2018). Besides, it was shown that MYB30 regulates root cell
elongation in response to H,0, by upregulating the expression of LTPG1, LTPG2, and LTP5, which encode
lipid transfer proteins that transport very-long-chain fatty acids (VLCFAs) (Mabuchi et al., 2018).

Interface between proliferation and differentiation

It has been reported that superoxide mainly accumulates in the RAM and hydrogen peroxide is mainly in
the elongation zone (Dunand et al., 2007; Tsukagoshi et al., 2010; Reyt et al., 2015). The basic helix-loop-
helix transcriptional factor, UPBEAT1 (UPB1) was verified to control the transition of cells from
proliferation to differentiation in the root tips through regulating the ROS homeostasis between O, and
H,0, (Tsukagoshi et al., 2010). UPB1 inhibits expression of several PRXs and thus regulates ROS
homeostasis (Tsukagoshi et al., 2010). The upbl-1 mutant has a larger RAM and accumulates more O~
and less H,0, than WT, because the expression of peroxidases is not suppressed by UPB1 (Tsukagoshi et
al., 2010). The UPB1 overexpression line displays the opposite phenotypes regarding RAM size and ROS
levels (Tsukagoshi et al., 2010).

ROS and low Pi response

Several studies reported the involvement of ROS in primary root adaptation to Pi deficiency. As described

in section 1.3, we previously showed that Pi deficiency triggered the Fe3* accumulation in the apoplast of
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SCN, where LPR1 is expressed (Miiller et al., 2015). At the same site, ROS generation and callose deposition
was observed (Miiller et al., 2015). The produced callose likely interfered with symplastic communication
in the SCN and modulated RAM maintenance (Miller et al., 2015). Growing evidence showed that ROS
and redox signaling mediate callose deposition and symplastic permeability (Benitez-Alfonso et al., 2011,
Tilsner et al., 2016). During Pi deficiency response, ROS may trigger callose deposition (Miiller et al., 2015).
Aquaporins facilitate the passive transport of water, small neutral solutes and gases (Maurel et al., 2008).
In addition, they have been also proposed to translocate H,O, among different cell compartments
(Smirnoff & Arnaud, 2019; Zhang et al., 2019). Tian et al. reported the function of plasma membrane
intrinsic protein (PIP) 1;4 in facilitating the transport of apoplastic H,0, into the cytoplasm to trigger callose
synthesis during plant bacterial defense response in leaves (Tian et al., 2016). Bacterial pathogens induced
the expression of the PIP1;4 gene in leaves, which was accompanied by H,0, accumulation in the
cytoplasm and callose deposition in the apoplast (Tian et al., 2016). Loss-of-function pip1;4 mutant
accumulated more H,0; in the apoplast and produced less callose, which means that removal of PIP1;4
can reduce the translocation of H,0O, into the cytoplasm and thus repress the subsequent immune
responses (Tian et al., 2016). The Arabidopsis PIP family comprises 13 members (Johanson et al., 2001).
They are divided into two subgroups, PIP1 and PIP2, which consist of five PIP1 isoforms and eight PIP2
isoforms, respectively. It has been revealed that PIP2;4 is involved in root hair elongation during Pi
deficiency response (Lin et al., 2011). Expression of PIP2;4 was inhibited by low Pi (Lin et al., 2011).
Moreover, pip2;4 mutant generated longer root hairs compared to WT both under Pi sufficient condition

and deficient condition (Lin et al., 2011). Based on these discovers, PIPs seem play a role in low Pi response.

Balzergue et al. reported that Pi limitation restrained the cell elongation by peroxidase-dependent cell wall
stiffening (Balzergue et al., 2017). Higher peroxidase activity was observed in Pi-deprived WT root tips
(Balzergue et al., 2017). Treatment of peroxidase inhibitors (salicylhydroxamic acid and methimazole) and
DAB, a classical peroxidase substrate, restored the WT root growth under -Pi condition (Balzergue et al.,
2017). It was also shown that Pi limitation promoted ROS accumulation in the EZ (Balzergue et al., 2017).
PRXs were proposed to impede root growth via their peroxidative activity to catalyze intermolecular
covalent bonds between cell wall components that consumes H,0, (Francoz et al., 2015). Expression of
several PRXs have been shown to be influenced by low Pi (Hoehenwarter et al., 2016; Mora-Macias et al.,
2017). Moreover, it was reported that blue light and the low pH in the rhizosphere caused by Pi deficiency
together promote the reaction between Fe3*and malate to produce Fe? (via a photo-Fenton reaction) in

the epidermis (Zheng et al., 2019). The generated Fe?* then reacts with H,0, to produce hydroxyl radicals
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and Fe® (via a Fenton reaction) (Zheng et al., 2019). A higher level of hydroxyl radicals was observed in
the epidermis of Pi-starved WT root tips (Zheng et al., 2019). In contrast, less H,0, was detected in the
root tips, which is explained by the consumption of H,0; to produce hydroxyl radicals (Zheng et al., 2019).
The addition of scavengers of hydroxyl radicals, thiourea and GSH, restored the WT root growth under -Pi

condition (Zheng et al., 2019).

In summary, different results have been reported regarding the level, generation site, and species of ROS.
Consequently, various working modes for the role of ROS in regulating primary root inhibition during Pi
deficiency response have been proposed. Nevertheless, these discoveries support the contribution of ROS
in moderating root response to low Pi. However, there is much more to discover about the molecular

mechanism by which ROS regulate low Pi responses in root tips.
1.6 Aim of the present work

Root tips locally sense external Pi limitation and adjust root growth by rapid inhibition of cell expansion
and progressive arrest of cell division. PDR2-LPR1 module-mediated accumulation of Fe, ROS, and callose
in the stem cell niche (SCN) lead to primary root growth inhibition upon Pi limitation (Miiller et al., 2015).
The low Pi-induced arrest of root growth involves transcriptional reprogramming. From the reports
introduced above, although extensive transcriptomes have been performed, only very few studies were
carried out in root tips with the focus on early Pi deficiency response. ROS have been reported to
participate in the low Pi response in root tips (Mdller et al., 2015; Zheng et al., 2019). However, the
mechanism by which ROS play a role remains unclear. The major objectives of the current study are listed

below.

1) Taking advantage of the opposite Pi-conditional root phenotype of the hypersensitive pdr2 mutant and
the insensitive Iprilpr2 line, we aim to identify key regulators and pathways that are involved in the early

Pi deficiency response through transcriptome analysis in root tips.

2) Aquaporin PIPs have been proposed to transform H,0, from apoplast into cytosol to influence callose
deposition (Tian et al., 2016). To study if PIPs are involved in the ROS signaling cascade during low Pi
response, all thirteen PIPs with respect to the gene expression pattern and mutant phenotype in response

to Pi deficiency will be investigated.

3) Questions still remain if ROS work as toxic molecules or as signals to regulate primary root inhibition in

response to low Pi. Oxidative-responsive genes that maybe implicated in ROS signalling and related
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mutants will be studied. Which ROS species are formed and where do ROS accumulate will be investigated

in more detail using different ROS probes and genetically encoded Grx1-roGFP2.
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2. RESULTS

2.1 Analysis of Pi-dependent transcriptomes in Arabidopsis thaliana root tips

2.1.1 Rationale

Pi deficiency leading to primary root growth inhibition involves rapid inhibition of cell elongation in the
elongation zone (<2 h after transfer) and progressive deterioration of the root meristem (<2 days after
transfer) (Mdller et al., 2015; Balzergue et al., 2017). Previous expression studies (DNA microarrays)
carried out on whole roots by our group (Hoehenwarter et al., 2016), pointed to the involvement of iron
homeostasis, ROS formation, and cell wall remodeling during the local Pi deficiency response. The goal of
this study was to obtain more specific and detailed information about the local Pi deficiency response at
an early time point in growing root tips. Therefore, we performed RNA-seq analysis on root tips of the
reference (WT), the low Pi-hypersensitive (pdr2), and low-Pi insensitive (Ipr1lpr2) genotypes of A. thaliana

to identify genes or pathways that are involved in the local Pi response.

2.1.2 The degree of differential mMRNA expression correlates with genotype-

dependent sensitivity to Pi limitation

Using our experimental setup, we first confirmed primary root growth inhibition within 20-30 h after
transfer from +Pi to -Pi condition (Fig. 2-1A and B). For RNA-seq analysis, seeds were germinated on +Pi
agar plates for 5 days and subsequently transferred to +Pi or -Pi conditions. After 24 h of transfer, root tips
of WT, pdr2, and Iprllpr2 seedlings were collected (Fig. 2-1C). To exclude the possibility that different
tissue types may lead to changes in RNA levels, root tips were cut off between 10% to 20" root hair for all
samples. RNA was extracted from root tips and further processed for RNA-seq analysis (three biological

replicates for each genotype).

Principal component analysis (PCA) was performed to visualize the variation between datasets. Samples
of all datasets were displayed in a 3D score plot with respect to the first three principal components. The
results revealed high similarity within each replicate set and a clear separation between +Pi and -Pi
samples for WT and the hypersensitive pdr2 mutant, but not for the insensitive lprlipr2 line (Fig. 2-2A).
FPKM (Fragments Per Kilobase of transcript sequence per Million base pairs sequenced) was used to
estimate gene expression levels. Genes with FPKM < 0.5 were not considered. Comparisons using a log>

fold change (FC) cutoff of > 1 for upregulated genes and of < -1 for downregulated genes (false discovery
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rate adjusted p-value < 0.05) identified 2641 differentially expressed genes (DEGs) across all genotypes

and treatments.
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Fig. 2-1: Primary root growth inhibition during Pi deficiency and sample collection for RNA-seq analysis

(A) WT seeds were germinated on +Pi agar plates (25 uM Fe) for 5 days and then transferred to +Pi (25 uM Fe) or -Pi
(25 uM Fe) for 20 h, 24 h and 30 h prior to Pl staining. Top graph: length of the root meristem. Bottom graph: length
of the elongation zone. Shown is one out of two independent experiments. (+SD, n = 6-12, **p < 0.001, Student’s t-
test). (B) Confocal microscope images of Pl-stained root tips after transfer to low Pi for 24 h. The end of the meristem
(red arrowheads) and the end of the elongation zone (white arrowheads) are indicated. Scale bar represents 100 um.
(C) Seeds were germinated on +Pi agar plates (25 uM Fe) for 5 days, transferred to +Pi (25 uM Fe) or -Pi (25 uM Fe)
conditions and allowed to grow for one additional day prior harvest for RNA-seq. Root tips were cut off between 10th
to 20th root hair on plate. Arrows point to the site where the root tips were cut. Scale bar = 100 um (B); 1 mm (C).

Low Pi treatment for 24 h altered the expression of 2343 genes (1472 up-, 871 down-regulated), 373 genes
(288 up, 85 down) and 15 genes (14 up, 1 down) in pdr2, WT, and Ipr1lpr2 root tips, respectively (Fig. 2-
2B). Thus, the number of DEGs in the three genotypes correlates with the genotype-specific sensitivity of
primary root growth inhibition in response to Pi deficiency. Comparing the transcriptomes of pdr2 and
Iprllpr2 with WT root tips under Pi sufficient condition (control condition) revealed that dysfunction of
PDR2 resulted in differential expression of 293 genes (259 up, 34 down), whereas only 11 DEGs (5 up, 6

down) were detected in Iprllpr2 (Fig. 2-2B).
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Fig. 2-2: Statistical analysis of comparative gene expression analysis

(A) Principal component analysis of all expressed genes in WT, pdr2 and Iprllpr2 samples after transfer of 5-d-old
seedlings to the +Pi or -Pi conditions for 24 h (three biological replicates). Distances in the 3D plot illustrate the degree
of relationship between samples. (B) Upper boxes: Numbers of up- and down-regulated genes in WT, pdr2 and
Iprllpr2 root tips upon seedling transfer to +Pi or —Pi agar (-Pi/+Pi); and in pdr2 and Ipr1lpr2 compared to WT upon
transfer to +Pi medium (adjusted p-value < 0.05; -1 > log2FC > 1). Lower diagram: Bar graph of the number of DEGs
in the upper boxes.

2.1.3 Genotype-dependent root tip transcriptomes in Pi sufficiency

To get a better understanding of which role PDR2 may play under control condition, Gene Ontology (GO)
enrichment analysis for the 293 DEGs of pdr2 was performed using the Functional Annotation Tool on

DAVID website (https://david.ncifcrf.gov/) (Fig. 2-3). GO term analysis for the biological process of the 259

upregulated genes revealed an overrepresentation of genes that are related to oxidative stress (GO terms:
“response to oxidative stress”, “hydrogen peroxide catabolic process” and “glutathione metabolic
process”). In addition, genes associated with cell wall (GO terms: “cell wall macromolecule catabolic

n "

process,

” o

suberin biosynthetic process”,

4 “"

plant-type cell wall organization”, “polysaccharide catabolic
process”) were highly enriched. Moreover, some defense-related categories including “response to
bacterium”, “indole glucosinolate metabolic process”, “defense response to bacterium”, and “chitin

catabolic process” were significantly enriched.

Analysis of the 34 downregulated genes in pdr2 revealed only one significantly enriched GO category

(“proteolysis involved in cellular protein catabolic process”). Because pdr2 is a single point mutation
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leading to dysfunctional P5-type ATPase (pdr2-1 disrupts ATP-binding), the expression of PDR2 is not

altered in pdr2 compared to WT, which we confirmed in our data set (Tab. S6-14).

Upregulated genes (259)

response to oxidative stress -@
response to bacterium=-@

hydrogen peroxide catabolic process - @
oxidation-reduction process-.

cell wall macromolecule catabolic process- @

cellular response to hypoxia= @ SERETANG
aromatic compound biosynthetic process- @ 0a
amino sugar metabolic process= @ 0.2
suberin biosynthetic process- @
£ indole glucosinolate metabolic process= @ 91
E chitin catabolic process - ®
response to insect= L Count
defense response to bacterium- ® ® 10
response to salt= . ®
glutathione metabolic process - ® . 30
response to cold = ®
response to wounding = ®
response to fungus = ®
response to abscisic acid - [ )
plant-type cell wall organization = ®
O,OIOO 0.0'09 0.(;18

P value

Fig. 2-3: GO biological process term analysis of upregulated genes specific for pdr2 vs. WT under +Pi condition

A subset of 259 genes that were upregulated in pdr2 compared to WT under +Pi was analyzed for GO enrichment
condition (adjusted p-value < 0.05; log2FC > 1). 20 select significantly enriched terms (p-value < 0.05) were included
in the dot plot. Full dataset is available in Tab. S6-1. Count: number of DEGs concerning this GO term. Gene ratio: the
ratio between the number of DEGs in each GO term and all the genes that can be found involved in this GO term in
GO database.

Knockout of LPR1 and LPR2 (Svistoonoff et al., 2007) resulted in the downregulation of four additional
genes, and in the upregulation of five genes (Tab. 2-1). Interestingly, five genes (4 up, 1 down) were
regulated in both Iprilpr2 and pdr2 root tips (Tab. 2-1, Fig. 2-4). Among those genes, /1Q67 DOMAIN 16
(/QD16), which participates in microtubule organization (Burstenbinder et al., 2017) was upregulated in
both lines, reflecting a potential role of PDR2, LPR1 and LPR2 in regulating cell shape together via IQD16
(Burstenbinder et al., 2017). In addition, the RNA abundance of TIP2-2 and TIP2-3, encoding tonoplast

intrinsic proteins, and of AT4G33550, encoding a lipid transporter, were induced in both lines.
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Tab. 2-1: All differentially expressed genes in Iprlipr2 vs. WT.
Adjusted p-value < 0.05; -1 > log2FC > 1. log2FC of genes that are regulated in pdr2 compares to WT is also included.

log,FC
GeneID Genename .75 paravs Gene description
vsWT  WT

AT4G33550 AT4G33550 3.18 3.04 lipid binding; involved in lipid transport
AT4G10640 QD16 2.45 220 1Q-domain 16, microtubule organization
AT5G47450 TIP2-3 2.02 1.78 Tonoplast intrinsic protein, transports ammonium (NH3) and methylammonium

AT1G01060 LHY 1.98 Homeodomain-like superfamily protein; transcription factor
AT4G17340 TIP2-2 1.32 1.37 Tonoplast intrinsic protein 2;2; transports water and small neutral solutes
AT1G71380 CEL3 -1.03 Cellulase 3 (CEL3); hydrolase activity; involved in carbohydrate metabolic process
AT2G40080 ELF4 -1.18 Component of the central CCA1/LHY-TOC1 feedback loop in the circadian clock
AT1G22570 NPF5.15 -1.39 Transporter activity; involved in oligopeptide transport; located in membrane
AT3G20810 JMJ30 -2.16 -1.59 2-oxoglutarate (20G) and Fe (ll)-dependent oxygenase superfamily protein
AT1G71040 LPR2 -2.53 Multicopper oxidase
AT1G23010 LPR1 -2.96 Multicopper oxidase
+Pi
pdr2/WT Iprllpr2/WT

Fig. 2-4: Comparison of differentially expressed genes in pdr2
and Iprllpr2 vs. WT

VENN diagram shows the distribution of DEGs (adjusted p-value <
255 4 1 0.05; -1 > logzFC > 1) between pdr2 and lprllpr2 compared to WT
33 1 5] under +Pi control condition. Red arrows indicate up-, blue arrows
indicate downregulated genes. The overlapping region contains
genes that are commonly regulated in both phenotypes compare
to WT.

2.1.4 Identification of genotype-independent Pi-responsive genes

A Venn diagram was generated to illustrate the distribution of DEGs among the three genotypes in
response to Pi deficiency (Fig. 2-5). WT shared a subset of 275 and 13 low Pi-responsive genes with pdr2
and Iprllpr2, respectively. A core set of eight genes was responsive to low Pi in all three lines, and these
genes were induced by Pi deficiency (Tab. 2-2). The core set comprises four known systemic response
genes (SPX1, AT4, PAP17, and GDPD1) (Thibaud et al., 2010). Two of the remaining genes encode tyrosine
protein phosphatases. Interestingly, MIOX4 which is involved in UDP-glucuronic acid (UDP-GIcA)
biosynthesis and ascorbate metabolism, was more highly induced by low Pi in WT and pdr2 (around 30-
fold) when compared to Ipr1lpr2 (around 5-fold) (Tab. 2-2). This may reflect a role of MIOX4 for both local
and systemic Pi responses. Interestingly, a long noncoding RNA (AT2G08820) of unknown function was

about equally highly upregulated (around 20-fold) in all three genotypes (Tab. 2-2).
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Fig. 2-5: Comparison of Pi-dependent differentially expressed genes

in WT,

VENN

pdr2 and Ipriipr2

diagram illustrates the distribution of Pi-responsive DEGs

(adjusted p-value < 0.05; -1 > log2FC > 1) among all three lines. Red
arrows indicate up-, blue arrows indicate downregulated genes.

Tab. 2-2: Commonly regulated genes in WT, pdr2 and Ipr1lpr2 in response to Pi deficiency.
Adjusted p-value < 0.05; -1 > log2FC > 1.

log2FC_-Pi/+Pi . .
Gene ID Gene name T pdr2_lprilpr2 Gene description

ATAG26260 MIOX4 4.95 4.98 530 Myo—mosﬂpl oxygenase 4; UDP—qucuronlc acid (UDP-GIcA)
biosynthesis; ascorbate metabolism

AT2G08820 AT2G08820 4.73 4.40 4.71 IncRNA

AT3G17790 PAP17 430 544 430 Purple E.lCId phos'phatase 17; involved in Pi metabolism; has
a peroxidase activity

ATSGO3545 AT4 4.09 2 69 414 Pi starvation responsive, response is enhanced by the
presence of IAA

ATS5G20150  SPX1 3.09 1.89 506 SPX domaln—c.ontalnlr.lg prote!n 1; plays a positive role in
plant adaptation to Pi starvation

ATAG03960 DSP4 2.03 1.10 1.69 Probable tyrosine-protein phosphatase DSP4

AT3G02040 GDPD1 1.97 1.08 1921 Glycerophosphodlester phosphodiesterase 1; Pi starvation
responsive

AT1GO5000 PFA-DSPI  1.60 1.60 153 Phosphotyrosine protein phosphatases superfamily

protein; involved in dephosphorylation

2.1.5 Enrichment analysis of genotype-dependent Pi-responsive genes

Genotype-specific analysis of root tip transcriptomes in response to Pi deficiency was one major goal of

our study. We therefore first checked several genes known to be involved in the local and systemic Pi

deficiency response. Relative expression levels of select genes are displayed in a heatmap (Fig. 2-6). It has

been shown that the expression of PDR2 and LPR1 is not responsive to Pi deficiency (Naumann et al., 2022)

which we confirmed in our data set. Interestingly, LPR2 was upregulated in pdr2, which may reflect a role
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of PDR2 in regulating LPR2. STOP1 and ALMT1 are two other key players of the local Pi response. Upon Pi
deficiency, STOP1 accumulates in nucleus to activate the expression of ALMT1 (Balzergue et al., 2017).
Previous studies showed that the expression of STOP1 is not altered by Pi availability, but ALMT1 is induced
by low Pi (Balzergue et al., 2017; Mora-Macias et al., 2017). Based on our RNA-seq data, we observed
upregulation of ALMT1 in pdr2 and Ipr1lpr2 root tips. However, ALMT1 was not significantly induced in WT
root tips. Moreover, PPCK1 and PPCK2 have been shown to be induced by Pi starvation within 6 days of
transfer to low Pi condition (Chutia, 2019). Interestingly, we observed induction of PPCK1 in WT, and of
PPCK2 in pdr2, after low Pi treatment for 24 h. Additionally, several genes (e.g., SPX1, AT4, IPS1, PAP17, or
PHTs), which are involved in systemic responses (Pi signaling or Pi recycling), were induced in at least one
comparison, which suggests that the systemic response to Pi limitations was triggered within 24 h in all
the genotypes. Taken all together, our results demonstrate that our conditions are effective to induce the

local and systemic Pi deficiency response at the transcriptome level.
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Fig. 2-6: Heatmap of select local and systemic Pi response gene expression in WT, pdr2 and Ipr1ipr2 root tips.

Log2(FPKM) which represents relative expression levels of select Pi-responsive genes are shown on a colour scale,
blue = low expression (-3), red = high expression (6.5). “+” = +Pi, “- “= -Pi. Stars mark the DEGs (adjusted p-value <
0.05; -1 > log2FC > 1) in response to Pi deficiency. Full dataset is available in Tab. S6-14.

To obtain a global view of underlying biological processes that are affected by low Pi in WT, pdr2 and
Iprllpr2 root tips, GO enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analysis of Pi deficiency-alerted genes were conducted using the Functional Annotation Tool on DAVID
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website (https://david.ncifcrf.gov/) and visualized with the dot plot in R software v.4.0.4. The data for WT

are summarized in Fig. 2-7. Categorizing the 288 genes that were upregulated in WT revealed a
pronounced overrepresentation of the GO category “trehalose metabolism in response to stress”. Several
genes associated with ROS were highly enriched (GO terms: “response to oxidative stress” and “response
to hydrogen peroxide”). Furthermore, the GO category “cellular phosphate ion homeostasis” was
significantly enriched and thus supports the adjustment of roots to low Pi. Additional overrepresented
categories contain genes involved in hormone responses (GO terms: “ethylene-activated signaling
pathway” and “response to auxin”), “cell wall biogenesis”, “regulation of transcription, DNA-templated”

and flavonoid biogenesis (GO terms: “flavonoid biosynthetic process”, and “flavonoid glucuronidation”).
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Fig. 2-7: GO biological process term analysis of Pi-responsive genes in WT

Pi deficiency induced genes (A) and repressed genes (B) (adjusted p-value < 0.05; -1 > log2FC > 1) were analyzed for
GO enrichment. The top 20 significantly enriched terms (p-value < 0.05) were included in the dot plot. Full dataset is
available in Tab. S6-2 & 3. Count: number of DEGs concerning this GO term. Gene ratio: ratio between the number
of DEGs in each GO term and all the genes that can be found involved in this GO term in GO database.
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In terms of KEGG pathway analysis, upregulated DEGs were significantly enriched in two pathways
including “Starch and sucrose metabolism”, which consist of genes that are related to trehalose

metabolism process, and “ascorbate and aldarate metabolism” (Tab. S6-15).

Analysis of the 85 downregulated genes in WT revealed that they were mainly enriched in GO terms
associated with photoprotection and different light-related categories that comprise similar genes (Fig. 2-
7). Only one KEGG pathway was significantly enriched in downregulated genes, which contained genes

involved in “cysteine and methionine metabolism” (Tab. S6-15).

For the hypersensitive pdr2 mutant, GO analysis of the 1472 upregulated genes revealed 85 highly
enriched categories (Tab. S6-4). The select 20 categories are listed in Fig. 2-8. Like WT, genes associated
with “trehalose metabolism in response to stress”, “response to oxidative stress “, “hydrogen peroxide
catabolic process”, “plant-type cell wall organization” and “transcription, DNA-templated” are
overrepresented in the data set. Regarding ROS homeostasis, the term “glutathione metabolic process”
was enriched only in the pdr2, but not in WT data. Furthermore, hormone-related categories were
significantly enriched including “ethylene-activated signaling pathway”,” response to salicylic acid”,
“response to abscisic acid”, “response to auxin”, and “response to jasmonic acid”. In addition, the
upregulated DEGs were enriched in terms associated with “metal ion transport” and “cellular transition
metal ion homeostasis”. Surprisingly, the upregulated genes were also highly enriched in defense-related
categories (“response to chitin” “defense response to bacterium”, “response to bacterium”) and
“photosynthesis”. Accordingly, KEGG pathways like “starch and sucrose metabolism” (consisting of all the
genes involved in trehalose biosynthetic process), “glutathione metabolism”, “glutathione metabolic
process”, “plant-pathogen interaction”, and “photosynthesis” were significantly enriched (Fig. S6-1).

Meanwhile, KEGG analysis revealed overrepresented pathway “phenylpropanoid biosynthesis” which

consist of many peroxidases and cell wall related genes.

Considering the 871 downregulated genes of pdr2, 30 GO terms were significantly enriched (Tab. S6-5, Fig.
2-8). The most highly enriched included GO terms related to protein synthesis and processes (marked with
green dots), fitting to the KEGG-overrepresentation of “ribosome”, “ribosome biogenesis in eukaryotes”
and “protein processing in endoplasmic reticulum” (Fig. 2-8, Fig. S6-1). Like WT, downregulated genes
were also enriched in GO terms associated with “cellular response to blue light”. Additionally, GO

categories “response to auxin”, “xyloglucan metabolic process” and “cell wall macromolecule catabolic

process” were highly enriched.
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Fig. 2-8: GO biological process term analysis of Pi-responsive genes in pdr2

Pi deficiency induced genes (A) and repressed genes (B) (adjusted p-value < 0.05; -1 > log2FC > 1) were analyzed for
GO enrichment. 20 select significantly enriched terms (p-value < 0.05) were included in the dot plot. Full datasets are
available in Tab. S6-4 & 5. Count: number of DEGs concerning this GO term. Gene ratio: ratio between the number
of DEGs in each GO term and all the genes that can be found involved in this GO term in GO database. Yellow dots
mark the GO terms that shared with WT. Green dots mark the GO terms that are associated with protein synthesis
and process.

GO analysis of the 14 upregulated genes in the insensitive Iprllpr2 line revealed 4 significantly enriched
categories (Fig. 2-9). All those GO terms are related to Pi homeostasis, which indicates that the systemic

Pi response was maintained in Ipr1lpr2 root tips.
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Upregulated genes (14) Fig. 2-9: GO biological process term
analysis of Pi-responsive genes in Iprlipr2
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2.1.6 Identification of local Pi-responsive genes

Analysis of the genes that were regulated in WT and the hypersensitive pdr2 mutant but not in the
insensitive Iprllpr2 line (a total of 2426 DEGs) will help to identify genes that are involved in the local Pi
response. Among those genes, 267 DEGs are shared between WT and pdr2 only (Fig. 2-5). Among these,
218 genes were upregulated, and 41 genes were downregulated in both WT and pdr2 (Fig. S6-2A and B).
Moreover, 146 genes were more highly induced, and 34 genes were more highly suppressed in Pi-starved
pdr2 compared to the WT (Fig. S6-2A). Only eight genes showed different expression pattern between WT
and pdr2 (Fig. S6-2A and B). GO analysis of the upregulated shared genes (218 genes) in Pi-starved WT and
pdr2 and the genes that were more highly induced in Pi-starved pdr2 compared to the WT (146 genes)
revealed similar GO categories (Tab. S6-16 and S6-17) that were illustrated in the GO analysis results of all

upregulated genes in Pi-starved WT (Fig. 2-7).

Hierarchical clustering analysis can be used to group genes according to similar gene expression profiles
and the genes clustered together may work in the same pathway. Hierarchical clustering analysis was
performed with those 2426 DEGs using the TIGR-MEV software. Z-scores were calculated, and the scaled
data were hierarchically clustered. Relative changes in gene expression in root tips between +Pi and -Pi

treatment after transfer of WT and pdr2 seedlings were visualized in a heatmap (Fig. 2-10). The 2426 DEGs
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were grouped into 31 clusters. For further analysis, we focused on the genes that were highly induced in
WT and pdr2 root tips after low Pi treatment compared with Pi sufficient condition. Five distinct gene
clusters which displayed slight differences in expression patterns meet this criterion. (Fig. 2-10, Tab. S6-8).
The expression patterns of genes in cluster 3 reveal a striking difference compared to the other four

clusters. Almost 30 percent of those low Pi-inducible genes showed significantly higher expression levels

in pdr2 under +Pi condition when compared to WT (Tab. S6-8).
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Fig. 2-10: Hierarchical clustering analysis of Pi-responsive genes in WT and pdr2

Scaled expression data of 2426 genes that are differentially regulated in WT and pdr2 in response to Pi deficiency
(adjusted p-value <0.05; -1 > log2FC > 1). Each row represents a gene with z-score that represents relative expression
level on a color scale. Blue = low expression (-2), red = high expression (2). Left panel: Hierarchical clustering was
conducted using “Pearson correlation” and “average linkage clustering”. Distinct clusters are highlighted in purple.
Middle panel: Gene expression heat maps of five identified clusters of interest (increased magnitude). Right panel:

Gene expression profiles for select clusters. Full dataset is available in Tab. S6-8.
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Considering that genes which clustered together may be functionally related or work in the same pathway,
functional protein association networks were generated for each select cluster based on the STRING
database (Szklarczyk et al., 2019) (Fig. 2-11). No interactions were identified between the 30 DEGs in

cluster 1.

In cluster 2 (31 DEGs), five genes group together, four of which are involved in protein degradation or
folding (Fig. 2-11). ACHT5 (Atypical CYS HIS-rich thioredoxin 5) may participate in various redox reactions
and regulate protein degradation through BT5 (Tab. 2-3).

Analysis of cluster 3 (90 DEGs) revealed a group of genes that are associated with redox homeostasis (Fig.
2-11). Interestingly, GLUTATHIONE S-TRANSFERASE 6 (GSTF6) and PHYTOALEXIN DEFICIENT 3 (PAD3) are
involved in camalexin biosynthesis (Tab. 2-3). Additionally, the hub gene AT5G39670 (CALMODULIN-LIKE
46 (CML46)), which is a potential calcium sensor, is connected to GSTF6 (Tab. 2-3).

In cluster 4 (209 DEGs), 9 genes were grouped in a network containing genes associated with
photosynthesis and light harvesting (Fig. 2-11). THIOREDOXIN F2 (TRXF2) and THIOREDOXIN M-TYPE 4
(TRX-M4) are thiol-disulfide oxidoreductases that involved in the redox regulation of enzymes of both
reductive and oxidative pentose phosphate pathway. Notably, all genes mentioned above in cluster 4 were

induced only in the hypersensitive pdr2 mutant but not in WT (Tab. S6-8).

Cluster 5 contained 306 DEGs. Six of them encode enzymes related to trehalose metabolism, including
Tre6P synthase (TPS)6, TPS8, TPS9, TPS11, Tre6P phosphatase (TPP)G and TREHALASE1 (TRE1). A screening
for all TPS and TPP discovered more TPP genes that were upregulated in WT and pdr2 upon Pi limitation
(Tab. S6-13). Trehalose 6-phosphate (Tre6P), a phosphorylated intermediate of trehalose, is synthesized
from UDP-GIc and Glc 6-phosphate by TPS (Cabib & Leloir, 1958). TPP then dephosphorylates Tre6P to
trehalose (Cabib & Leloir, 1958). Trehalose can be hydrolyzed into two glucose monomers by trehalase. In
Arabidopsis, TRE1 is the single gene that encodes trehalase (Miiller et al., 2001; Lunn, 2007). It is
noteworthy that all those trehalose-related genes that were differentially regulated were more highly
induced by Pi deficiency in pdr2 compared to WT root tips (Tab. 2-3, Tab. S6-13). Four hub genes connected
to the trehalose group are AT3G15450 (aluminum induced protein), AT5G22920 (ROS production), TLP1
(putative blue light receptor protein) and AT2G20670 (sugar phosphate exchanger). They may reflect a
role of trehalose in regulating Pi deficiency by coordinating with other pathways. Additionally, there are
four genes grouped together that are associated with oxidative stress and cell wall biosynthesis. Five genes

involved in photosystem constituted another distinct network and were mainly induced in pdr2 but not in
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WT root tips. These results are in line with the enrichment analysis in section 2.1.5 and illustrate the
potential role of trehalose metabolism and ROS in root adaptation to limited phosphate availability. A

selection of prominent genes that may regulate local Pi response are listed in Tab. 2-3.
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Fig. 2-11: STRING network analysis of Pi-responsive genes identified from hierarchical clustering analysis

Protein-protein interactions of genes from 5 clusters in Fig. 2-10 were analyzed in String. Networks containing at least
4 nodes were constructed. Minimum required interaction scores: 0.04, 0.04, 0.04, 0.07, 0.07 were set for genes from

clusterl, 2,3, 4, 5, respectively. Edges represent differ

ent protein-protein associations. Pink shadows mark the genes

that have similar function or hub genes that may play important role in the local Pi response. No network was
constructed in cluster 1. Color of the nodes was generated automatically by the website.
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Tab. 2-3: Select genes that may regulate local Pi response.
log2FC of the genes that were significantly induced (adjusted p-value < 0.05) are labeled in bold.

logFC_-Pi/+Pi
GenelD Genename——— Gene description Cluster
WT pdr2
AT5G61440 ACHTS 1.54 1.02 Atypical CYS HIS rich thioredoxin 5; may participate in various redox reactions 2
AT5G39670 CML46 2,98 3.79 Calcium-binding EF-hand family protein; Potential calcium sensor 3
AT3G26830  PAD3 0.78 1.91 Bifunctional dihydrocamalexate synthase/camalexin synthase 3
AT3G14620 CYP72A8 1.54 2.54 Cytochrome P450, family 72, subfamily A, polypeptide 8 3
AT4G25100 FSD1 1.74  2.75 Superoxide dismutase [Fe] 1, chloroplastic; Destroys superoxide anion radicals 3
AT4G02520 GSTF2 0.93 2.08 Glutathione S-transferase PHI 2; Binds auxin, endogenous flavonoids and the camalexin 3
AT1G02930 GSTF6 2.45 2.80 Glutathione S-transferase F6; Involved in camalexin biosynthesis 3
AT1G02920  GSTF7 2.02 1.75 Glutathione S-transferase F7; conjugation of reduced GSH to hydrophobic electrophiles 3
AT1G69920 GSTU12  2.35 2.48 Glutathione S-transferase TAU 12; conjugation of reduced GSH to hydrophobic electrophiles 3
AT3G14620 CYP72A8 1.54 2.54 Cytochrome P450, family 72, subfamily A, polypeptide 8 3
AT1G68020 ATTPS6 0.75 1.47 UDP-Glycosyltransferase / trehalose-phosphatase family protein; trehalose biosynthesis 5
AT1G70290 TPS8 1.66 3.03 Probable alpha,alpha-trehalose-phosphate synthase [UDP-forming] 8; trehalose biosynthesis 5
AT1G23870 TPS9 1.41 1.65 Probable alpha,alpha-trehalose-phosphate synthase [UDP-forming] 9; trehalose biosynthesis 5
AT4G22590 TPPG 1.10 1.47 Haloacid dehalogenase-like hydrolase (HAD) superfamily protein; produce free trehalose 5
AT2G18700 TPS11 1.56 2.53 Probable alpha,alpha-trehalose-phosphate synthase [UDP-forming] 11; trehalose biosynthesis 5
AT4G24040 TRE1 1.30 2.31 Trehalase 1; regulate trehalose content 5
AT3G15450 AT3G15450 3.06 3.82 Aluminium induced protein with YGL and LRDR motifs 5
AT5G22920 AT5G22920 2.62 2.21 CHY-type/CTCHY-type/RING-type Zinc finger protein; ROS production 5
AT2G20670 AT2G20670 2.80 2.52 Sugar phosphate exchanger, putative (DUF506) 5
AT3G30775 EDR5 2.32 2.41 Methylenetetrahydrofolate reductase family protein; response to oxidative stress 5
AT4G39650 GGT2 131 1.71 Gamma-glutamyl transpeptidase 2; involved in the degradation of glutathione 5
AT2G19800 MIOX2 2.50 3.06 Myo-inositol oxygenase 2; cell wall; ascorbate biosynthesis 5
AT5G14470 GLCAK2 2.43 2.71 GHMP kinase family protein; cell wall 5

2.1.7 Pidepletion alters expression of redox signaling-related genes

The generation of ROS appears to be involved in Pi deficiency response in root tips (Mdller et al., 2015;

Zheng et al., 2019). However, it is not fully understood how ROS work as toxic or signaling molecules to

regulate primary root inhibition in response to low Pi.

To identify genes that may participate in ROS signaling, DEGs of the GO category “response to oxidative

stress”, which are responsive to Pi limitation in WT and pdr2, were analyzed further (Fig. 2-7, Fig. 2-8, Tab.

S6-7). Notably, all 13 oxidative stress-responsive genes in WT were also induced in pdr2 root tips (Fig. 2-

12A). The gene set contains three genes that are presumably involved in ROS homeostasis (GSTF6, PRX54,

PRX21), one gene that participates in detoxification of reactive carbonyls (AER), and two genes associated

with galactose metabolism (DIN10 and SIP2) (Fig. 2-12B, Tab. S6-7). OZF1 encodes an oxidation-related

Zinc Finger 1, which is a plasma membrane protein (Fig. 2-12B, Tab. S6-7). In addition, there are 31

oxidative stress-responsive genes, which were only upregulated in pdr2, not in WT root tips (Fig. 2-12A

and C). Among those DEGs, 12 PRX genes encode Class lll peroxidases and four genes are known to be
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Fig. 2-12: Pi deficiency induced the expression of oxidative stress-responsive genes in WT and pdr2

(A) VENN diagram of oxidative stress responsive genes that were induced by low Pi availability in WT and pdr2 and
these that were induced in pdr2 compared to WT under +Pi condition (adjusted p-value < 0.05; -1> log2 (fold change) >
1). Heat maps show the relative gene expression (z-score) of the oxidative stress responsive genes that were
commonly regulated in both lines (B) or only regulated in pdr2 (C). Full dataset is available in Tab. S6-7. Blue = low
expression (-3); red = high expression (3); GO, gene ontology.

involved in ROS detoxification (APX5, CAT1, CAT2, FSD1) (Fig. 2-12C). A screen for all PRX genes revealed
three (PRX4, PRX27, PRX63) that were downregulated in Pi-depleted pdr2 (Tab. S6-7). Notably, a
comparison with the proteomic analysis that was carried in our group (Hoehenwarter et al., 2016) revealed
that PRX8, PRX37, and FSD1 were stabilized in WT or pdr2 root during Pi deficiency response. Although
expression of 16 oxidative stress-responsive genes was significantly higher in pdr2 compared to WT under
+Pi condition (Fig. 2-12A, Tab. S6-7), only two of those genes are shared with Pi-starved pdr2 (GSTF6 and
PRX70, Fig. 2-12A). Besides, GSTF6 is also induced in Pi-starved WT root tips.

We next focused on identifying transcription factors (TFs) that may be involved in ROS signaling. Using the
integrated gene regulatory network, De Clercq et al. predicted 157 TFs with oxidative stress signaling
and/or responsiveness functions (De Clercq et al., 2021). Among them, 68 genes were differentially

regulated in WT and/or pdr2 during Pi deficiency response (adjusted p-value < 0.05; -0.7> log, (fold

34



Results

change) > 0.7) (Tab. S6-9). Table 2-4 lists 11 ROS-related TFs that were commonly regulated in WT and
pdr2. The gene set consists of five WRKYs (WRKY15, WRKY28, WRKY38, WRKY40, WRKY48), three ERFs
(ERFO13, ERF098, ERF114, ERF115), HHO3 and BEH3. ERF114 was not predicted to be ROS regulator (De
Clercq et al., 2021), however, it has been reported to be H,0,-responsive (Kong et al., 2018). Notably, all
those TFs were more highly induced in pdr2 compared to WT root tips (Tab. 2-4). Considering that the
expression of 14 PRXs genes was induced by Pi deficiency as described above, it would be interesting to
investigate how they are regulated. TFs predictions were therefore performed using Gene Group Analysis

on the Plant Promoter Analysis Navigator (PlantPAN) v2.0 (http://plantpan.itps.ncku.edu.tw/). Of the 331

predicted TFs, 42 coding genes were differentially regulated in WT or pdr2 root tips (adjusted p-value <
0.05; -1> log; (fold change) > 1) (Tab. S6-10). Surprisingly, five TF genes (WRKYs) were commonly induced
in WT and pdr2, and these were those WRKYs predicted to be involved in ROS regulation (Tab. 2-4).

Tab. 2-4: All ROS related transcription factors that were commonly regulated in WT and pdr2.
Adjusted p-value < 0.05, -0.7> log: (fold change) > 0.7. QC: quiescent center. FC: fold change.

log.FC_-Pi/+Pi L.
GeneID Gene name Gene description

WT pdr2
AT5G07310 ERF115 7.23 9.28 Ethylene-responsive TF; rate-limiting factor of QC cell division active
AT5G61890 ERF114 5.65 9.90 Ethylene-responsive TF; cell proliferation regulator
AT3G23230 ERF098 4.48 3.90 Ethylene-responsive TF; stress response
AT4G18170 WRKY28 3.65 4.33 WRKY TF
AT5G49520 WRKY48 3.30 4.75 Probable WRKY TF; stress- and pathogen-induced
AT1G80840 WRKY40 1.37 2.32 Probable WRKY TF; pathogen-induced
AT1G77640 ERFO13 1.21 2.39 Ethylene-responsive TF; stress response
AT5G22570 WRKY38 1.20 2.68 Probable WRKY TF
AT1G25550 HHO3 0.84 1.06 TF HHO3; involved in phosphate signaling in roots
AT2G23320 WRKY15 0.75 191 Probable WRKY TF 15
AT4G18890 BEH3 0.70 1.01 BES1/BZR1 homolog protein 3

PLASMA MEMBRANE INTRINSIC PROTEINS (PIPs) have been proposed to translocate H,0, among different
cell compartments to transduce ROS signaling. For example, it was reported that PIP1;4 can effectively
facilitate the transport of apoplastic H,0; into cytoplasm to trigger callose synthesis during plant bacterial
defense response in leaves (Tian et al., 2016). The expression level of PIP2;4 has been reported to be
downregulated in response to low Pi (Lin et al., 2011). PIPs might be involved in Pi deficiency-triggered
ROS signaling. We therefore screened all PIP genes in our data set. We observed that all PIPs, except PIP1,5,
are expressed in the root tips (FPKM < 0.5) (Fig. 2-13). In addition, the expression level of PIP1;1, PIP1,2,
PIP1,3, PIP2;1, PIP2;2 and PIP2;7 is higher than the rest of the PIP genes (Fig. 2-13). Upon Pi limitation,
PIP2;4 was downregulated in both WT and the hypersensitive pdr2 mutant (Fig. 2-13, Tab. S6-11). PIP2;6
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was upregulated only in WT during low Pi response (Fig. 2-13, Tab. S6-11). Moreover, more PIP genes
(PIP1,5, PIP2;3, PIP2;7 and PIP2,8) were downregulated in Pi-starved pdr2 root tips (Fig. 2-13, Tab. S6-11).
Interestingly, the expression level of all PIPs was not affected by Pi limitation in the insensitive line lpr1ipr2.

Thus, PIPs seem to play, if at all, a role in the local Pi response.

é\' Fig. 2-13: Transcript level heat map of PIPs in WT, pdr2 and Ipriipr2
3? @' S during Pi deficiency
(¢ QI 8
+ - + - + - Log2(FPKM) which represents relative expression levels of PIPs were
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PIP1;3 0.7 > logz2FC > 0.7) in response to Pi deficiency. PIP2;5 which is not
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* PIP1,5 dataset is available in Tab. S6-11.
PIP2;1
PIP2;2
* PIP2;3
* % PIP2;4
* PIP2;6

ok PIP2;7
[ | n PIP2;8

relative expression
. log,(FPKM)
1 5 9.5

ROS have long been associated with plasmodesmata permeability by regulating callose deposition during
plant—pathogen interactions (Cheval & Faulkner, 2018). Callose accumulation is coordinated by the
antagonistic activities of callose synthases (CalSs) (Ellinger & Voigt, 2014) and B-(1,3)-glucanases (BGs)
(Tilsner et al., 2016). Moreover, callose deposition is regulated by plasmodesmata-localized proteins
(PDLPs) and by plasmodesmata callose-binding proteins (PDCBs) (Tilsner et al., 2016). To get a better
understanding of callose accumulation mechanism upon Pi limitation, transcript changes of
plasmodesmata callose associated genes were checked in our RNA-seq data set, including 12 CalSs (Cui &
Lee, 2016), three BGs (BG_PPAP, BG1, BG2) that encode plasmodesmata-localized BGs (Tilsner et al., 2016),
five PDCBs (Simpson et al., 2009), and eight PDLPs (Lee et al., 2011) (Fig. 2-14, Tab. S6-12). The results
show that CalS genes were not regulated in WT upon Pi limitation. Only CalS6 and CalS7 were slightly
induced in pdr2 by low Pi (around 1.6-fold for both genes) (Fig. 2-14, Tab. S6-12). BG1 and BG2 were not
expressed in root tips (FPKM < 0.5). Pi deficiency did not influence the transcripts of BG_PPAP. Besides,
PDCB2 and PDLP1 were highly induced in both WT and pdr2 root tips upon Pi limitation. Whereas PDCB5
and PDLP2 were slightly downregulated in Pi-starved pdr2. Additionally, CALMODULINLIKE41 (CML41),

which encodes a plasmodesmata-localized Ca?* binding protein and participates in callose deposition (Xu
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et al., 2017), was highly induced in pdr2 root tips upon Pi limitation (around 130-fold) (Fig. 2-14, Tab. S6-
12).

é\' Fig. 2-14: Transcript level heat map of callose-related genes in WT,
B? .é\‘ Q\, pdr2 and Ipr1lpr2 during Pi deficiency
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o Cals7 expression (6). “+” = +Pi, “-” = -Pi. Stars mark the DEGs (adjusted p-
. % % | PDLP1 value < 0.05; -0.7 > log2FC > 0.7) in response to Pi deficiency. Full
* | PDLP2 dataset is available in Tab. S6-12.
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2.2 Functional characterization of the PIP gene family during the local Pi

deficiency response

2.2.1 Rationale

Members of the PIP family have been proposed to translocate H,0, among different cell compartments to
transduce ROS signaling. We therefore analyzed the 13 members of the PIP family in Arabidopsis thaliana
(PIP1;1 - PIP1;5 and PIP2;1 — PIP2;8) for a potential role in the local Pi deficiency response. We monitored
(i) the expression patterns of PIP promoters in primary roots and (ii) the primary root growth response to
Pi limitation. Because preliminary tests with the pip2;4 and pip2;6 loss-of-function mutants did not show
an obvious root phenotype in response to low Pi, we added a low concentration of Al (2.5 uM) to the

media, which stimulates the local Pi deficiency response (unpublished data by our group).
2.2.2 Expression analysis of PIP promoter reporter lines

To monitor the expression patterns of the PIP gene family in response to Pi deficiency, histochemical
analysis of GUS reporter expression was performed with transgenic Arabidopsis thaliana lines transformed
with either pPIP::GFP-GUS or pPIP::GUS constructs. GUS reporter activities driven by PIP1,2, PIP1,3, PIP1,4,
PIP2;3, PIP2;4, PIP2;5, PIP2;7 promoters were detected in root tips under Pi sufficiency (Fig. 2-15A).
Stronger PIP1,;3 promoter activity was detected after Pi-starvation treatment, and induction of PIP1;4

promoter activity was also observed in Pi-deficient root tips (Fig. 2-15A). PIP2;3 promoter activity was not
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induced after Pi-starvation treatment (Fig. 2-15A). However, PIP2;3 promoter activity was detected only
in the root meristem where LPR1 is expressed (Fig. 2-15A). The expression domain of PIP2;3 was also
monitored using GFP as a reporter (Fig. 2-15B). GFP-fluorescence was mainly detected in the endodermis
near the stem cell niche. There was no GUS expression driven by promoters of PIP1;1, PIP1,;5, PIP2;1, PIP2;2,
PIP2;6, PIP2;8 in root tips (Fig. 2-15A). However, PIP1;1, PIP1;5 and PIP2;6 promoter activities were
detected in upper part of the root (Fig. S6-4). PIP2;1, PIP2;2 and PIP2;8 were expressed in leaves (Fig. S6-
4).
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Fig. 2-15: Tissue-specific expression analysis of PIPs

GUS staining (A) and GFP fluorescence detection (B) of pPIP::GFP-GUS and pPIP::GUS reporter lines when grown
under Pi-sufficient and Pi-deficient conditions in the primary root tip. Seeds were germinated on +Pi agar plates for
5 days and then transferred to +Pi (50 uM Fe, 2.5 uM Al) or -Pi (50 uM Fe, 2.5 uM Al) conditions. After 1 day of
transfer, GUS staining or GFP fluorescence detection were performed. Shown are representative images (n=5-6).
Scale bars =100 um (A) & 20 um (B). For pPIP1,3::GFP-GUS, pPIP1,4::GFP-GUS, pPIP2;3::GFP-GUS, two independent
lines were analyzed, one representative line for each construct is shown.

2.2.3 Primary root growth characterization of pip mutants

Gain of primary root length of all pip single mutants was recorded. pip1;1, pip1,2, pip1,;3, pip2;3 and pip2,;8
exhibited slightly shorter primary roots compared to WT after Pi-starvation; however, the shorting was
not very striking (< 1.6-fold) (Fig. 2-16). The pip2;7 mutant (Ler background) responds like the respective
WT to Pi deficiency (Fig. 2-16). Since PIP1,;3 and PIP1,;4 promoter activities are induced by Pi deficiency and
both genes may function redundantly, the pip1,3 pip1;4 double mutant was generated. Although primary
root extension of Pi-deficient pip1;3 pip1,;4 was statistically shorter than that of WT, the shorting was only

1.2-fold (Fig. 2-17). In addition, we obtained the quintuple mutant (pip2;1 pip2;2 pip2;4 pip2;6 pip 2;7)
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from our collaborator (Anton R Schaffner, LMU Miinchen, Germany). Gain of primary root length of the
quintuple mutant was recorded. However, upon transfer to low Pi medium, the quintuple mutant

developed a significantly longer primary root than the WT (Fig. 2-17).
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Fig. 2-16: Comparison of primary root inhibition among all pip single mutants and WT seedlings

Seeds were germinated on +Pi agar plates for 5 days, transferred to +Pi (50 uM Fe, 2.5uM Al) or -Pi (50 uM Fe, 2.5uM
Al) conditions. After 3 days of transfer, A primary root length was measured (+SD; n=10-20). pip2;7 is in Ler
background. Asterisks indicate significant differences as determined by Student’s t-test (two-tailed, equal variances,
p < 0.05) compared to Col-0 -Pi condition.
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Fig. 2-17: Comparison of primary root inhibition among pip higher order mutants and WT seedlings

Seeds were germinated on +Pi agar plates for 5 days, transferred to +Pi (50 uM Fe, 2.5 uM Al) or -Pi (50 uM Fe, 2.5
UM Al) conditions. After 3 days of transfer, A primary root length was measured (£SD; n=20). Data is representative
of two independent experiments. Asterisks indicate significant differences as determined by Student’s t-test (two-
tailed, equal variances, p < 0.05) compared to Col-0 -Pi condition.

2.3 Analysis of ROS signaling in root tips during the local Pi deficiency response

2.3.1 Rationale

Previous study showed that Pi deficiency triggers the generation of ROS in root meristems (particularly in
the SCN) of WT and pdr2 seedlings, but not in insensitive lprllpr2 plants (Mdller et al., 2015). Our
transcriptome analysis revealed an overrepresentation of genes related to oxidative stress (Fig. 2-7 and
Fig. 2-8). We also identified a group of TFs that may participate in ROS signaling (Tab. 2-4). To gain insight
into the mechanism of how ROS are involved in the local Pi deficiency response, ROS-related mutants were
investigated. Moreover, using different dyes and genetically encoded probes for ROS detection, we

studied in more detail about ROS formation and accumulation in root tips upon Pi deprivation.
2.3.2 Analysis of select ROS-related mutants

ROS have been shown to act as signal in regulating root growth (Eljebbawi et al., 2021; Mase & Tsukagoshi,
2021). If this is also the case during the local Pi response, one would expect that disturbing the expression
of the oxidative stress responsive genes which are involved in ROS signaling may influence the root
response to low Pi. On the other hand, if ROS only functions as toxic chemical to the cell, disturbing the
ROS detoxifying system might lead to a hypersensitive response to Pi deficiency. To test this hypothesis,

several genes that may participate in ROS signaling and detoxification were selected from our RNA-seq
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dataset for further investigation (Tab. 2-5). The respective mutants were ordered and the mutations were
verified by PCR. To study how those mutants respond to Pi deficiency, primary root extension was
compared to WT upon transfer from Pi-sufficient conditions (5 days) to +Pi or —Pi condition for 4 days.
However, no obvious primary root growth difference was observed among those of mutants when
compared the WT (Fig. 2-18).

Tab. 2-5: Select oxidative stress responsive genes that were studied further.
log2FC of the genes that were significantly induced (adjusted p-value < 0.05) are labeled in bold. FC: fold change.

log2FC_-Pi/+Pi
GenelD Genename — Gene description

WT pdr2
AT5G20250 DIN10 3.13 3.03 Probable galactinol--sucrose galactosyltransferase 6; expression is responding to sugar level
AT5G16970 AER 3.05 5.96 NADPH-dependent oxidoreductase 2-alkenal reductase; detoxification of reactive carbonyls
AT1G02930 GSTF6 2.45 2.80  Glutathione S-transferase F6; camalexin biosynthesis
AT3G30775 EDR5 2.32 2.41  Methylenetetrahydrofolate reductase family protein; Encodes a proline oxidase
AT2G19810 OZF1 1.91 1.38  Encodes Oxidation-related Zinc Finger 1 (OZF1), a plasma membrane protein
AT3G57520 Sip2 1.40 1.97  Probable galactinol--sucrose galactosyltransferase 2; unloading raffinose from the phloem
AT4G25100 FSD1 1.74 2.75 Superoxide dismutase [Fe] 1; Destroys superoxide anion radicals

AT1G35910 TPPD 0.77 5.27  Haloacid dehalogenase-like hydrolase (HAD) superfamily prote
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Fig. 2-18: Comparison of primary root inhibition among oxidative stress-related mutants and WT seedlings

Seeds were germinated on +Pi agar plates for 5 days, transferred to +Pi (25 UM Fe) or -Pi (25 uM Fe) conditions. After
4 days of transfer, A primary root length was measured (xSD; n=11-30). Shown data is from one representative out
of two independent experiments.

2.3.3 Monitoring of ROS accumulation in root tips

ROS exist in various forms and each type of ROS species has distinct chemical properties. Investigation of

which ROS species are formed and where do ROS accumulate in Pi-starved root tips will help to understand
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the mechanisms by which ROS participate in local Pi deficiency responses. We therefore used different

dyes to specifically monitor the formation of O, *~, H,O2and -OH in Pi-starved root tips.

Firstly, root cell integrity of SCN was monitored by propidium iodide (PI) staining. Frequent cell death was
observed in the QC of WT within 20 h after transfer to -Pi (Fig. 2-19A and B). To gain an overview of where
ROS accumulate, Carboxy-H2DCFDA staining that stains a wide variety of ROS was performed. The
fluorescent signal was not detectable in Pi-replete RAM of WT, pdr2 and Ipr1lpr2 (Fig. 2-19C). Strong signals
were observed in the SCN and columella cells of WT and pdr2 after transfer to -Pi for 1 day, which did not

appear in the Pi-starved Iprllpr2 root tips (Fig. 2-19C).
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Fig. 2-19: ROS accumulation in Pi-sufficient and Pi-deprived root tips

(A) Propidium iodide-stained root tips of WT upon transfer of 5-day-old seedlings from +Pi (25 uM Fe) agar plates to
+Pi (25 uM Fe) or -Pi (25 uM Fe) medium for up to 24 h. (B) Percentage of the Pi-starved WT primary roots that have
cell death within QC (n=8 for 16h, n=48 for 20h, n= 36 for 24h). (C) Representative images of ROS accumulation in
the RAM of WT, pdr2 and Ipr1ipr2 revealed by Carboxy-H2DCFDH staining (n=10). Staining was performed after 1 day
of transfer from +Pi (25 uM Fe) agar plates to +Pi (25 uM Fe) or -Pi (25 uM Fe) medium. Asterisks mark the QC. Scale
bars (A and C) = 25 um.

By performing nitro blue tetrazolium (NBT) staining we could observe the presence of O, *~ mainly in the
inner tissues of the transition zone, and which extended to the meristematic zone and elongation zone in
all genotypes on Pi-replete condition (Fig. 2-20). In Pi-deprived WT, the staining in the RAM appeared more
intense after 20 h of transfer compared to Pi-replete root tips (Fig. 2-20). Moreover, the difference became

more obvious after 24 h of transfer to low Pi (Fig. 2-20). Higher level of O, *”in the RAM of Pi-starved pdr2
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was observed within 10 h on -Pi and the level increased 20 h after transfer (Fig. 2-20). The enhanced O, *~

level was suppressed in the insensitive /prilpr2 line during low Pi response (Fig. 2-20).

10h 20h 24h
+Pi -Pi +Pi -Pi +Pi -Pi

Col-0

pdr2

Iprllpr2

Fig. 2-20: Distribution of superoxide in root tips visualized by NBT staining during low Pi response

Representative images of Oz *~ distribution in the root tips of WT, pdr2 and Iprllpr2 (n=10). Seeds were germinated
on +Pi (25 UM Fe) agar plates for 5 days and then transferred to +Pi (25 uM Fe) or -Pi (25 uM Fe) conditions. After
10h, 20h, 24h of transfer, NBT staining was performed. Transition zones are indicated by arrows. Asterisks mark the
site where the difference of staining triggered by -Pi was observed. Scale bar = 100 um.

We used a second dye, dihydroethidium (DHE), to detect O; *~. There was fluorescent signal in the root
tips, especially in the meristematic zone (Fig. 2-21A). In response to Pi deficiency, no obvious difference of
the fluorescence level was observed in WT, pdr2 and Iprllpr2 root tips (Fig. 2-21A). However, the signal
was significantly increased in the QC of WT after 17 h of Pi starvation treatment (Fig. 2-21B and C).

Overaccumulation of O, *~in QC was not evident in the insensitive Ipr1lpr2 mutant (Fig. 2-21B and C).
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Fig. 2-21: Distribution of superoxide in root tips visualized by DHE staining during low Pi response

Seeds were germinated on +Pi (50 uM Fe, 2.5 uM Al) agar plates for 5 days and then transferred to +Pi (50 uM Fe,
2.5 uM Al) or -Pi (50 uM Fe, 2.5 uM Al) conditions. (A) Representative images of O2°~ distribution in the root tips of
WT, pdr2 and Iprllpr2 after 1 day of transfer (n=5). (B) Representative images of 0" distribution in the QC of WT
and lprllpr2 after 17h of transfer (n=15-21). (C) Quantification of 02"~ levels in the QC from (B). Asterisks indicate
significant differences as determined by Student’s t-test (two-tailed, equal variances, *p < 0.001) compared to +Pi
condition. Error bars represent + SD. Scale bars = 100 um (A); 10 um (B).

To determine the distribution of H,0,, we stained the roots with BES- H,0,-Ac, which responds specifically
to hydrogen peroxide (Maeda et al., 2004). Fluorescence was detected in the whole root tip and was
brighter in the transition zone and elongation zone (Fig. 2-22). Results of the Pi deficiency treatment

showed that it did not alter the H,O; level in WT, pdr2 and Iprllpr2 (Fig. 2-22).

In addition, -OH levels were assessed using 3’-(p-hydroxyphenyl) fluorescein (HPF) staining in WT. Strong
fluorescence signal was observed in root cap and epidermis of the elongation zone under Pi-sufficient

condition (Fig. 2-23). After Pi starvation, the signal was not affected (Fig. 2-23).

Taken together, after Pi starvation, a burst of ROS was detected in the SCN where cell death eventually
occurred. Moreover, Pi deficiency triggered the overaccumulation of O, in the cytosol of the QC and the

meristematic zone.
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Fig. 2-22: H,0: levels in root tips during low Pi response

Representative images of H202-BES-Ac-stained RAM (top images) and root tips (bottom images) of WT, pdr2 and
Iprllpr2 (n=5). Seeds were germinated on +Pi (50 uM Fe, 2.5 uM Al) agar plates for 5 days and then transferred to
+Pi (50 uM Fe, 2.5 uM Al) or -Pi (50 uM Fe, 2.5 uM Al) conditions. After 1 day of transfer, staining was performed.
Scale bars = 25 um (top images); 50 um (bottom images).
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Fig. 2-23: Distribution of -:OH in root tips during low Pi response

-Pi

Five-day-old +Pi (10 uM Fe) seedlings of WT were transferred to +Pi (10 uM Fe) or -Pi (10 uM Fe) medium for 1 day
or 2 days. Then the levels of -OH were analyzed by HPF staining (n=5). Scale bars = 100 um.
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2.3.4 Effect of diphenylene iodonium on primary root length in low Pi

To investigate the role of O,"” in low Pi regulated primary root growth inhibition, we treated seedlings with
diphenylene iodonium (DPI). DPI primarily inhibits the activities of RBOHs which are known as O,""
generators. DPI treatment decreased the primary root length in WT, pdr2 and lprllpr2 in a concentration
dependent manner under +Pi condition (Fig. 2-24). An inhibition of primary root growth was also observed
in DPI-treated /prllpr2 on -Pi medium (Fig. 2-24). In contrast, no obvious difference of the primary root

growth was observed between DPI treated and no DPI treated WT and pdr2 under - Pi condition (Fig. 2-

24).
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Fig. 2-24: Effect of a superoxide scavenger on the primary root growth during low Pi response

Primary root growth analysis of DPI (a Oz scavenger) treated seedlings of WT, pdr2 and Iprllpr2. Seeds were
germinated on +Pi (25 uM Fe) agar plates for 5 days, transferred to +Pi (25 uM Fe) or -Pi (25 uM Fe) conditions. After
3 days of transfer, A primary root length was measured (n=10). Asterisks indicate significant differences as
determined by Student’s t-test (two-tailed, equal variances, **p <0.01, ***p < 0.001) compared to control condition.
Error bars represent £ SD.

2.3.5 Monitoring of cellular redox potential in root tips

ROS can be partly detoxified by the glutathione-ascorbate pathway, which may transiently alter the
glutathione redox potential (Ecsu). It has been shown that the genetically encoded redox probe Grx1-
roGFP2 can dynamically measure the Egsh in vivo (Meyer et al., 2007; Ugalde et al., 2020). Reduced and
oxidized roGFP2 can be excited at 488nm and 405nm respectively. The emission peaks of both roGFP2
forms are same. By measuring the fluorescence ratio of 405/488nm, cytosolic Ecsy and ROS level can

therefore be estimated.
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Atransgenic line expressing Grx1-roGFP2 under the control of the UBQ10 promoter (pUBQ10:Grx1-roGFP2)
in the Col-0 background was obtained from our collaborator (Rainer Waadt, Centre for Organismal Studies
Heidelberg, Germany) and crossed into pdr2 and Iprllpr2. Genotyping and Basta selection were performed
to obtain homogenous lines of pUBQ10:Grx1-roGFP2 in the pdr2 and Ipr1lpr2 background. To establish the

method in our working condition, some tests were performed first.

Excitation at 405 nm triggered autofluorescence in WT seedlings containing no roGFP2 (Fig. S6-5), but not
at 488 nm. To elucidate if the low Pi treatment affects the autofluorescence, root tips of WT, pdr2 and
Iprllpr2 were checked after 20 h of -Pi treatment. Pi deficiency did not alter the autofluorescence level in
WT and Iprllpr2 root tips (Fig. 2-25A and B). However, the level was reduced in Pi-deficient root tips of
pdr2. In addition, ratio measurement of 405/488nm should avoid dead cell. Because on one hand, the
construct is designed for cytosolic Ecsy measurement, and on the other hand, cell death enhanced the

autofluorescence triggered by 405nm.
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Fig. 2-25: 405 nm triggered autofluorescence and detection of Grx1-roGFP2 in response to Pi deficiency

(A) Representative confocal images of WT, pdr2 and Iprlipr2 excited by 405 nm (n=9-12). Seeds were germinated on
+Pi (25 uM Fe) agar plates for 5 days and then transferred to +Pi (25 uM Fe) or -Pi (25 uM Fe) conditions. After 20h
of transfer, root tips were scanned. Scale bars = 50 um. (B) Quantification of autofluorescence in root tips marked
with white rectangle from (A). Asterisks indicate significant difference as determined by Student’s t-test (two-tailed,
equal variances, ***p < 0.001) compared to +Pi condition. Error bars represent + SD. (C) Total protein was extracted
from whole roots of in stably transformed WT Arabidopsis seedlings after transfer from +Pi (25 uM Fe) to +Pi (25 uM
Fe) or -Pi (25 uM Fe) medium (1 day). Protein extracts were separated by SDS-PAGE (bottom image, Coomassie-
stained gel) and transferred to membranes for immunoblot analysis using anti-GFP antibody (top image).

Western blot analysis was performed using an anti-GFP antibody to detect if free GFP is formed during Pi

deficiency in WT. A band of around 43 kDa was expected for Grx1-roGFP2 (MW of Grx1, linker and roGFP2
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is 11.8 kDa, 1.9 kDa and 28.9 kDa, respectively). In both +Pi sample and -Pi sample, only a band around 43

kDa was detected, which indicated that no free GFP was formed (Fig. 2-25C).

To investigate the influence of Pi starvation on the cytosolic Egsy at root tip, a time series was performed
first in WT to find out the most promising time point. We noticed that the ratio of 405/488nmn in Pi-
deficient RAM was higher than Pi-replete RAM (around 1.3-fold) after 6 h of transfer, which indicates the
oxidation of the roGFP2 during low Pi (Fig. 2-26). Treatment with 10 mM H,0, resulted in a stronger
increase of the ratio (around 2-fold). However, we could not obtain consistent results in repeated
experiments. The result from the second replicate showed that low Pi led to the decrease of the
405/488nmn ratio (around 1.2-fold), whereas the last two replicates revealed no influence of -Pi on the
ratio. Therefore, no conclusion can be draw based on those results. The redox sensor was investigated in
pdr2 and Iprllpr2 one time after low Pi treatment for 6 h. No ratio difference was observed in Pi-replete

and Pi-deficient RAM of both lines (Fig. 2-27).
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Fig. 2-26: Response of cytosolic Grx1-roGFP2 to Pi deficiency in the RAM of WT

Opartl Opart2 Epart3

n = 14 (for control, n=7)

(A) Representative 405/488 nm ratio images of WT from four independent biological replicates (1%, 29, 3, 4th),
Seeds were germinated on +Pi (25 uM Fe) agar plates for 5 days and then transferred to +Pi (25 uM Fe) or -Pi (25 uM
Fe) conditions. After 6h of transfer, stacks of images were taken with excitation at 405 and 488 nm, respectively, and
then used to calculate ratio images. To oxidize roGFP2, root tips were treated with 10 mM H,0: for 5 min before the
images were taken. The color scale indicates reduced roGFP2 in blue and oxidized roGFP2 in red. Scale bars = 50 um.
(B) Quantification of ratio in the RAM marked with red rectangle from (A). Asterisks indicate significant difference as
determined by Student’s t-test (two-tailed, equal variances, **p < 0.01, ***p < 0.001) compared to +Pi condition.
Error bars represent + SD.

49



Results

A B
lprllrp2
1.4 4
* %k %
£ 12 1
c
0 14 _I-
g
+Pi = 08 A
o
3 o6 A
o
O 0.4 A
=}
(©
0
+Pi Pi H,0,
Opartl Opart2 Epart3
-Pi c
1.8 1 * % %
16
€
cC 14
® %
0 1.2
<
S~
N 1
o
< o038
e
O o6
o
H,0, B o4
1 |+||+|I ﬂrll
0
+Pi -Pi

H,0,

Opartl Opart2 Epart3

Fig. 2-27: Response of cytosolic Grx1-roGFP2 to Pi deficiency in the RAM of Ipr1ipr2 and pdr2

(A) Representative 405/488 nm ratio images of Ipr1lpr2 (n=11-15) and pdr2 (n=10-14). Seeds were germinated on +Pi
(25 uM Fe) agar plates for 5 days and then transferred to +Pi (25 uM Fe) or -Pi (25 uM Fe) conditions. After 6h of
transfer, stacks of images were taken with excitation at 405 and 488 nm, respectively, and then used to calculate
ratio images. To oxidize roGFP2, root tips were treated with 10 mM H20: for 5 min before the images were taken.
The color scale indicates reduced roGFP2 in blue and oxidized roGFP2 in red. Scale bars = 50 um. Quantification of
ratio in the RAM of Iprllpr2 (B) and pdr2 (C) marked with pink rectangle from (A). Asterisks indicate significant
difference as determined by Student’s t-test (two-tailed, equal variances, ***p < 0.001) compared to +Pi condition.
Error bars represent £ SD.

To specifically monitor the Egsw in the QC, transgenic line transformed with pWOX5:Grx1-roGFP2 was
generated. The expression site of Grx1-roGFP2 was checked first. Main signals were observed in the QC
while weaker signals were also visible in QC-surrounding cells, which could be caused by the diffusion of
RNA or protein through plasmodesmata (Fig. 2-28A). Furthermore, the ratio of 405/488nmn was measured
for the QC. Treatment with 10 mM H,0, resulted in an increase of the 405/488nmn ratio in QC compared
to +Pi condition (around 3-fold). Pi starvation did not alter the ratio values in QC after 18 h of transfer (Fig.
2-28B). For other time points (2h, 4h, 6h) studied, no ratio difference was observed between Pi-replete

and Pi-deficient QC as well (Fig. S6-6).
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Fig. 2-28: Response of cytosolic Grx1-roGFP2 to Pi deficiency in the QC of WT

(A) Expression of pWOX5:Grx1-roGFP2 in 6-day-old WT counterstained with propidium iodide. Scale bars = 25 pum.
(B) Quantification of 405/488 nm ratio in the QC of WT after transfer from +Pi (25 uM Fe) agar plates to +Pi (25 uM
Fe) or -Pi (25 uM Fe) conditions (18h) (n=9-12 for +Pi and -Pi samples; n=5 for H,0, samples). To oxidize roGFP2, root
tips were treated with 10 mM H20: for 2 min before the images were taken. Asterisks indicate significant difference
as determined by Student’s t-test (two-tailed, equal variances, ***p < 0.001) compared to +Pi condition. Error bars
represent + SD.
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3. DISCUSSION AND FUTURE PERSPECTIVES

3.1 Transcriptome analysis of Pi-deficient root tips

Our previous study and work from other groups have shown that Pi limitation triggers prominent changes
in the transcriptional profile of whole roots (Thibaud et al., 2010; Lan et al., 2015; Hoehenwarter et al.,
2016). Root tips are proposed to play an essential role in sensing Pi limitation in the rhizosphere and locally
inform root development (Ticconi et al., 2004; Svistoonoff et al., 2007). In this study, our transcriptomic
analysis of WT, pdr2, and Iprllpr2, which show contrasting Pi-dependent root phenotypes upon Pi
limitation, gives insight into Pi-dependent acclimation processes specifically in root tips. In line with the
hypersensitive primary root response phenotype, we observed many genes that were differentially
expressed in pdr2 (2343) compared to WT (373), while only 15 genes were regulated in insensitive lprilpr2
upon Pi deficiency (Fig. 2-2). Four systemic PSI genes (SPX1, AT4, PAP17, GDPD1) were upregulated in all
lines (Fig. 2-5 and 2-6, Tab. 2-2), demonstrating the validity of our survey. It also revealed that the systemic
response to Pi limitation was already initiated and was likely kept in pdr2 and lprilpr2 mutants. Our
transcriptomic analysis also confirms the observations that the key regulators of local response, PDR2,
LPR1, and STOP1, are not regulated transcriptionally by low Pi (Fig. 2-6) (Balzergue et al., 2017; Mora-
Macias et al., 2017; Naumann et al., 2022). Induction of ALMT1 expression by Pi limitation was only
observed in pdr2 and Iprllpr2, not in WT, which contradicts some studies that showed the upregulation of
ALMT1 in Pi-starved WT (Fig. 2-6) (Balzergue et al., 2017; Mora-Macias et al., 2017; Chutia, 2019). This
could be due to the difference in treatment time. In those studies, increased mRNA abundance of ALMT1
was all observed at least two days after low Pi treatment. In this study, RNA-seq was performed one day
after exposure to Pi limitation, at a time when the transcriptional response of ALMT1 was probably not
started. In addition, our observation of upregulation of ALMT1 in Pi-starved Iprllpr2 root tips is consistent
with the study, which reported that stronger GUS reporter activity driven by the ALMT1 promoter was

detected in lpr1 after Pi-starvation (Balzergue et al., 2017).

Genes related to oxidative stress, ethylene and auxin response, regulation of transcription as well as cell
wall biogenesis were upregulated in Pi-starved root tips of WT and pdr2 upon Pi limitation (Fig. 2-7, Fig. 2-
8), suggesting that these processes are involved in the local Pi response. This analysis confirms the previous
observations in whole root (Thibaud et al., 2010; Lan et al., 2015; Hoehenwarter et al., 2016) and shows
more accurate information about how root tips of young seedlings respond to Pi deficiency. In addition,

we observed overrepresented categories contain genes involved in metal ion homeostasis only in pdr2
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upon Pi limitation (Fig. 2-8), reflecting the function of PDR2 in regulating metal ion homeostasis. This is in
agreement with the findings that the root tips of Pi-starved pdr2 accumulate more Fe compared to WT
(Mdller et al., 2015; Naumann et al., 2022). Interestingly, we found several genes which participate in
protein degradation and chaperone-mediated protein folding were upregulated in root tips of Pi-starved
pdr2 (Fig. 2-8, Tab. S6-4), while many genes involved in protein synthesis were suppressed in pdr2 upon Pi
limitation (Fig. 2-8). This likely points to the ER stress response. When facing ER stress, a situation of
accumulating misfolded proteins in ER, plant activates the unfolded protein response (UPR) to restore
proteostasis (Angelos et al., 2017; De Clercq et al., 2021). The UPR moderates the development of ER stress
through stimulating ER-associated degradation, up-regulating molecular chaperones to aid protein folding,
and attenuating synthesis of secretory proteins to reduce ER protein load (Pastor-Cantizano et al., 2020;
Singh et al., 2021). We previously reported the augmented ER stress in pdr2 upon Pi limitation (Naumann
et al., 2019). Thus, the regulation of the genes associated with protein synthesis, degradation and folding

in Pi-starved root tips supports this notion.
3.1.1 Trehalose metabolism may involve in local Pi response

We observed upregulation of many trehalose metabolism-related genes in WT and pdr2 upon Pi limitation,
including TRE1, several TPS and TPP genes (Fig. 2-7 and 2-8, Fig. 2-11, Tab. 2-3, Tab. 13). Interestingly, all
those genes were more upregulated in pdr2 compared to WT upon Pi limitation. TPS catalyzes the
formation of Tre6P from UDP-Glc and Glc 6-phosphate (Cabib & Leloir, 1958). Tre6P can be then
dephosphorylated to trehalose by TPP (Cabib & Leloir, 1958). TRE1 hydrolyzes trehalose into glucose
(Mdaller et al., 2001; Lunn, 2007). Our data indicate that trehalose metabolism is likely altered during Pi
deficiency response. The functions of Tre6P have been proposed in the sucrose-Tre6P nexus model, which
postulates that Tre6P can act as a signal and a negative feedback regulator of sucrose levels (Yadav et al.,
2014). Shoot-to-root transport of sucrose appears to be a systemic regulator of Pi starvation responses in
roots (Chiou & Lin, 2011). It could also be a source of malate production in roots (Abel, 2017). Moreover,
Shane et al. reported that elevated intracellular levels of sucrose, Tre6P and organic acids (e.g., malate,
citrate, fumarate) were correlated with phosphorylation of PPC in cluster roots of Pi-starved white lupin
(Lupinus albus) (Shane et al., 2016). High Tre6P levels was also shown to lead to phosphorylation of PPC
and increased levels of organic acids in leaves (Figueroa et al., 2016). Hence, Tre6P may constitute a
potential link between sucrose availability and malate synthesis by phosphorylation of PPC which may lead

to malate exudation and primary root shorting during Pi deficiency response.
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To figure out if trehalose metabolism is involved in local Pi response, influence of Pi deficiency on various
metabolites levels, such as sucrose, malate, Tre6P, and trehalose, needs to be analyzed in root tips first.
Phosphorylation of PPCs is conducted by PPCKs upon Pi limitation (Gregory et al., 2009). It would be
interesting to ascertain if the levels of Tre6P and trehalose influence PPCK enzyme activity. TRE1 is the
only trehalase in Arabidopsis (Mdller et al., 2001; Lunn, 2007). Manipulation of Tre6P and trehalose levels
might be achieved through knock out (down) of TRE1 or overexpression of TRE1 in Arabidopsis. Phenotypic
comparisons regarding primary root growth, PPCK enzyme activity and metabolites levels between Pi-
starved WT and the generated lines could reveal if disturbing trehalose metabolism will influence primary

root responses to Pi limitation.
3.1.2 ROS may involve in local Pi response as signaling molecules

Our results and previous studies from other groups point to the essential role of ROS in regulating primary
root response to Pi deficiency. However, the principles of how ROS are involved in this process are not
fully understood. Our transcriptome analysis identifies some pathways in which ROS may work as signaling

to modulate primary root responses to Pi limitation.
ROS may regulate callose deposition

Fe accumulation and callose deposition were reported in Pi-starved SCN of WT and pdr2 (Miller et al.,
2015; Naumann et al., 2022), the same site where a burst of ROS was observed in this study. Our recent
study supports the speculation that ROS could be generated during Fe redox cycling and lead to callose
deposition in SCN (Naumann et al., 2022). After treating the seedlings with dimethylthiourea (DMTU), a
scavenger of OH- generated in Fe redox cycling, ROS generation and callose deposition in SCN were

reduced. However, the molecular mechanisms by which ROS trigger callose deposition is unclear.

It is known that CalSs are responsible for callose synthesis (Ellinger & Voigt, 2014). As revealed in RNA-seq
analysis, none of the CalS genes was regulated in WT upon Pi limitation (Fig. 2-14, Tab. S6-12). Only two
CalS genes (CalS6 and CalS7) were slightly induced (around 1.6-fold) in pdr2 (Fig. 2-14, Tab. S6-12),
indicating that transcriptional regulation of those CalSs is likely not essential during Pi deficiency response.
However, RNA-seq experiment was performed 1 day after seedlings were exposed to -Pi, when QC already
started dying (Fig. 2-19A). We cannot exclude the possibility that there may be transcriptional regulation
of those CalSs in QC at earlier time point. Besides, whether CalSs are responsible for low Pi-triggered

callose synthesis still need to be investigated regarding the protein levels and activities of CalSs.
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Interestingly, we observed the expression changes of PDLPs and PDCBs, which encode two regulatory
protein families that regulate callose accumulation (Fig. 2-14, Tab. S6-12). Pi limitation led to the
upregulation of PDLP1 in both WT and pdr2. Whereas PDLP2 was slightly reduced by low Pi only in pdr2.
PDLPs have been reported to have multiple functions in regulating ROS signal and callose deposition in
response to biotic and abiotic stress. Several studies showed that PDLP1 and PDLP5 promote
plasmodesmata callose deposition, probably by recruiting or regulating the activity of CalSs in response to
ROS (Thomas et al., 2008; Lee et al., 2011; Caillaud et al., 2014; Cui & Lee, 2016). One recent study reported
that high light stress-induced local ROS generation increased pore size of plasmodesmata and cell-to-cell
transport in a manner dependent on PDLP1 and PDLP5 (Fichman et al., 2021). This process was further
shown to be important for the generation of systemic ROS signals (Fichman et al., 2021). The PDLP family
encompasses two extracellular Domain of Unknown Function 26 (DUF26) domains (Thomas et al., 2008),
which contains three cysteine residues and have been proposed to function in sensing and/or signaling of
ROS (Bourdais et al., 2015). It is possible that low Pi-induced ROS are sensed by PDLPs and subsequently
regulate callose deposition. Opposite expression pattern of PDLP1 and PDLP2 in pdr2 suggests that they
may play different roles in regulating callose deposition. PDCBs have also been shown to regulate callose
deposition at the neck of plasmodesmata (Simpson et al., 2009). PDCB2 was highly induced in WT and pdr2
upon Pi limitation. It was reported that PDCB1 and PDCB2 can bind callose in vitro (Simpson et al., 2009).
Overexpression of PDCB1 led to an increase in callose deposition and thus reduced plasmodesmata
permeability (Simpson et al., 2009). However, it is not known if PDCB2 has a similar function like PDCB1.
Moreover, we observed extreme upregulation of CML41, which encodes a plasmodesmata-localized Ca%
binding protein, in Pi-starved pdr2 (around 130-fold) (Fig. 2-14, Tab. S6-12). CML41 was reported to be
upregulated by flg22 and facilitated rapid callose deposition at plasmodesmata (Xu et al., 2017). Putative
links between Ca?* signaling and callose deposition have also been described in other studies (Tucker &
Boss, 1996; Holdaway-Clarke et al., 2000; Sager & Lee, 2014). In addition, Ca% influx has long been thought
to play a role in H,0, perception and signaling (Pei et al., 2000; Foreman et al., 2003; Demidchik & Shabala,
2018; Waszczak et al., 2018; Matthus et al., 2019).

Collectively, callose deposition could be regulated by ROS, Ca%, and regulatory proteins during Pi
deficiency response. To determine if transcriptional regulation of CalSs exists in QC, real-time quantitative
reverse transcription PCR (qRT-PCR) needs to be performed at earlier time point. Analysis of the levels and
activities of CalSs upon Pi limitation could reveal how and which CalSs are involved in callose deposition.

Furthermore, analyzing the primary root growth response and callose deposition in knock out mutants of
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PDLP1, PDCB2 and CML41 will provide important hints on how callose deposition is regulated. To further
study if ROS signaling is dependent on PDLP1, PDCB2 and CML41, how ROS scavenging chemicals (eg., DPI,
KI, DMTU)(Chung et al., 2008; Zheng et al., 2019) influence the expression levels of these genes could be
investigated. Additionally, it would be desirable to study if disturbance of the extracellular Cys-rich of
PDLP1 in WT will abolish primary root growth inhibition and callose accumulation in response to Pi

deficiency, which will help to reveal if ROS signaling is sensed by PDLP1.
Peroxidases may regulate ROS formation and cell wall dynamics

We identified in total 17 PRXs that were differentially expressed in WT and/or pdr2 upon Pi limitation (Fig.
2-12, Tab. S6-7). Our analysis confirmed 7 PRXs (PRX8, PRX12, PRX25, PRX37, PRX38, PRX52, PRX54) that
were previously reported to be upregulated and 2 PRXs (PRX4, PRX27) to be downregulated in whole root
of WT and/or pdr2 upon Pi limitation (Hoehenwarter et al., 2016). PRXs are mainly considered as cell wall
targeted proteins (Francoz et al., 2015). They are involved in superoxide generation (Shigeto & Tsutsumi,
2016) as well as H,0, scavenging, which lead to the formation of OH- (Chen & Schopfer, 1999; Francoz et
al., 2015). Hydroxyl radicals are able to break covalent bonds in cell wall polymers and loosen cell walls
(Schopfer et al., 2001). In contrast, PRXs can also oxidize cell wall aromatic compounds within proteins and
phenolics, using H,0, for oxidative power, and thus build a rigid cell wall (Marjamaa et al., 2009). Therefore,

PRXs are tightly connected to cell wall loosening and stiffening.

Balzergue et al. reported that Pi deficiency induced PRX activity in root tips of WT but not in lprllpr2
(Balzergue et al., 2017). Cell wall stiffness, probably caused by the upregulated PRXs activity, inhibit the
cell elongation in the transition zone (Balzergue et al., 2017). Although PRXs consist of 73 members in
Arabidopsis, several studies have demonstrated that each isoform could have specific functions (Francoz
et al., 2015; Marzol et al., 2022; Pacheco et al., 2022). Among 17 class PRXs that were identified in our
data set, of particular interest are seven PRXs (PRX4, PRX10, PRX21, PRX25, PRX37, PRX53, PRX54), which
all expressed in RAM and/or elongation zone, based on the published data (Brady et al., 2007; Wendrich
et al., 2020). Disruption of AtPRX4 did not influence plant growth but reduced lignin content (Fernandez-
Perez et al., 2015). PRX25 and PRX37 have also been proposed to be involved in cell wall stiffening mostly
through lignin polymerization (Pedreira et al., 2011; Shigeto et al., 2013). Decrease in the total lignin
content and altered lignin structures were observed in AtPRX25 deficient mutants (Shigeto et al., 2013).
Overexpression of AtPRX37 caused a dwarf phenotype with smaller plants compared to WT (Pedreira et
al., 2011). We previously reported the increased lignification in the root tips of Pi-starved WT and pdr2

(Ziegler et al., 2016). Therefore, those PRXs may contribute to Pi deficiency-triggered lignin deposition in
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root tips and may thus be implicated in primary root growth inhibition. Upregulation of PRX10 led to a
restriction of the leaf expansion probably through increasing H,0, level (Schmidt et al., 2016). Moreover,
AtPRX53 has been shown to play a strong negative effect on cell elongation of hypocotyl, possibly through
catalyzing the cross linking of cell wall compounds (Jin et al., 2011). It is noteworthy that only two PRXs
(PRX21 and PRX54) without well-defined function were unregulated in Pi-starved WT (Fig. 2-12B). Because
one day after transfer, the elongation zone is already shorter in WT-deficient root tips, PRX21 and PRX54
could be the very early responded PRXs that regulate cell elongation upon Pi limitation. Together, those
PRXs discussed above may play specific role in modulating ROS levels, lignin formation and CW dynamics,

which lead to inhibition of cell elongation upon Pi deficiency.

UPB1 has been reported to be a key TF that regulate the expression of a group of PRXs during root growth
(Tsukagoshi et al., 2010). However, Balzergue et al., showed that UPB1 is not essential for primary root
response to low Pi (Balzergue et al., 2017), which is also confirmed in this study (Fig. S6-3). In line with this,
expression levels of PRXs that are regulated by UPB1 were not influenced by Pi limitation in our data set.
Based on the prediction on PlantPAN, we identified five WRKYs (WRKY15, WRKY28, WRKY38, WRKY40 and
WRKY48) that may regulate the PRXs that were differentially expressed in WT and/or pdr2 during low Pi
response (Tab. 2-4). All five WRKYs were upregulated in WT and pdr2 upon Pi limitation (Tab. 2-4). WRKY15
is H,O,-responsive and expresses in root tips as shown with GUS reporter assay (Vanderauwera et al., 2005;
Vanderauwera et al., 2012). Overexpression of WRKY15 promoted leaf growth by increasing cell expansion,
whereas WRKY15-amiR plants that had reduced WRKY15 expression level showed a deceased leaf cell area,
which support its involvement in plant growth (Vanderauwera et al., 2012). It has been shown that
WRKY28 were upregulated exclusively in leaves by methyl viologen (MV) treatment, which induce the
generation of superoxide (Scarpeci et al., 2008). Co-expression of AtWRKY28 and AtbHLH17 improved the

resistance to MV-induced oxidative stress in Arabidopsis leaves (Babitha et al., 2013).

Since only PRX21 and PRX54 were upregulated in both WT and pdr2 upon Pi limitation, they could be the
key PRXs that regulate cell elongation upon Pi limitation. Whether the length of elongation zone and ROS
formation can be influenced by knockout (down) or overexpression of PRX21 and PRX54 upon Pi limitation
need to be studied. To figure out if identified WRKYs are responsible for the upregulation of PRXs during Pi
deficiency, chromatin immunoprecipitation (ChIP) assays could be performed. As discussed above, ROS may
induce the expression of WRKY15 and WRKY28 and modulates primary root response to low. To test this
hypothesis, ROS scavengers could be applied to determine if the upregulation of WRKY15 and WRKY28

could be dismissed. Moreover, phenotypic comparisons regarding primary root growth and ROS formation
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between WT and knockout mutants of WRKY15 and WRKY28 could reveal if these two genes are involved

in ROS signaling and local Pi response.
ROS may involve in SCN regeneration

We identified eleven ROS signaling regulators (Kong et al., 2018; De Clercq et al., 2021) that were induced
in both WT and pdr2 upon Pi limitation. Those regulators consist of five WRKYs that have been discussed
above, four ethylene-responsive transcription factors (ERFO13, ERF098, ERF114, ERF115), BES1/BZR1
homolog protein 3 (BEH3) (Tab. 2-4).

It has been reported that ERF115, 114, and 109 are ROS-responsive factors that mediate PHB3-modulated
ROS signaling and control QC cell division as well as stem cell differentiation (Kong et al., 2018). PHB3 was
shown to be essential in maintaining the SCN identity by restricting ROS (superoxide and H,0,) levels and
spatial expression of the ROS-responsive factors ERF115, 114, and 109 in root tips (Kong et al., 2018).
Besides, those ERFs regulate SCN maintenance by directly activating the expression of phytosulfokine 5
(PSK5) and PSK2 peptide hormones in response to PHB3-modulated ROS signaling. Interestingly,
upregulation of PSK5 was also observed in Pi-starved WT and pdr2 (Tab. S6-9). It is likely that the increased
transcript of ERF115 and ERF114 are triggered by ROS signaling upon Pi starvation and further led to the
activation of PSK5. It is noteworthy that cell death in SCN was already observed in WT after 20 hours of
low Pi treatment (Fig. 2-19A). However, WOX5 expression was highly induced in WT and pdr2 after 1 day
of transfer to low Pi (Tab. S6-9), indicating the regeneration of QC cells. This is reminiscent to the role of
ERFs in promoting SCN regeneration after cell death (Heyman et al., 2013; Heyman et al., 2016; Zhou et
al., 2019). Upon Pi limitation, ROS accumulation likely activate ERF115/ERF114-PSK5 signaling pathway
and contribute to the SCN regeneration, which will allow roots to resume growth after release from the

low Pi stress.

Brassinosteroids (BRs) also play a key role in maintaining QC identity (Gonzalez-Garcia et al., 2011; Heyman
et al., 2013; Planas-Riverola et al., 2019). In addition, BRs-induced QC divisions are partially dependent on
ERF115/PSK5 signaling pathway (Heyman et al., 2013). Among the six BZR/BEH family members that are
involved in BRs signaling (Wang et al., 2002), only BEH3 was upregulated in both WT and pdr2 in response
to Pi deficiency. Apart from the prediction of BEH3 being ROS signaling regulators (De Clercq et al., 2021),
it has been reported that H,0; level was lower in beh3 mutant compared to WT upon osmotic stress (Van

Nguyen et al., 2021). BEH3 seems involve in ROS accumulation and SCN regeneration upon Pi limitation.
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To determine if ROS is responsible for the upregulation of ERF115 and ERF114 as well as QC regeneration,
influence of ROS scavenging chemicals on the gene expression levels of ERFs and WOX5 should be
evaluated in WT upon Pi limitation. Comparison of the root recovering length between WT, erf115
knockout mutant and ERF115-SRDX, a dominant-negative form of ERF115 by fusing it with the SUPERMAN
repression domain (SRDX) (lkeda & Ohme-Takagi, 2009), after releasing from the low Pi stress will help to
find out if ERF115 is necessary for QC regeneration. The same study strategy also applies for ERF114 and
BEH3. In addition, it would be interesting to monitor ROS levels in beh3 knockout mutant in order to find

out if BEH3 regulate ROS formation upon Pi limitation.

Taken together, our analysis show that the ROS generated during Pi deficiency may work as signaling
molecules and play multiple roles in regulating Pi deficiency responses. ROS likely induce callose deposition
by regulating CalSs, PDLPs, and PDCBs, which probably involve Ca?* signals, and thus contribute for the
primary root inhibition upon Pi limitation. Several PRXs may modulate ROS generation and cell wall
dynamics to restrain cell elongation in response to Pi deficiency. Moreover, ROS may be implicated in SCN
regeneration through ERFs-PSK5 signaling pathway and BEH3. Further investigations on each direction will

extend our understanding on the mechanism by which ROS work as signaling molecules.
3.2 Influence of Pi deficiency on ROS generation

Different ROS staining results showed that O, *” mainly accumulates in the apical meristem, whereas H,0,
and OH- are mainly distributed in the elongation zone (Fig. 2-20-23). This is in agreement with the
published data (Dunand et al., 2007; Tsukagoshi et al., 2010; Reyt et al., 2015; Zheng et al., 2019; Yamada
et al., 2020). Overaccumulation of O, *"(DHE) was observed in Pi-starved QC of WT (Fig. 2-21B and C). Since
0O, "~ has a potential role in damaging Fe- and FeS-containing proteins and reacts with various cellular
constituents to form reactive radicals, it might ultimately cause cell death (Choudhary et al., 2020).
Frequent QC death was indeed observed in WT after being exposed to low Pi for 20h (Fig. 2-19 A and B).
However, the mechanisms by which O, *~ triggers cell death need to be further studied. A burst of ROS
(Carboxy-H2DCFDA) was detected in the SCN of Pi-starved WT and pdr2 after the QC started dying (Fig. 2-
19C). In the pathogen field, several studies have reported the presence of rapid and long-distance ROS
signals in leaves (Fichman & Mittler, 2020; Castro et al., 2021), the ROS generated in SCN during low Pi
response could also be a signal for neighbor cells and lead to transcriptional changes of ROS-related genes.

The potential role of ROS work as signaling molecules has been discussed in section 3.1.2.
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In addition, Pi deficiency increased O, *~ (NBT) level in the RAM of WT and the hypersensitive pdr2 mutant
(Fig. 2-20). This is consistent with some published data (Miiller et al., 2015; Gao et al., 2021). However,
Suen et al. observed weaker NBT staining in the RAM of Pi-deplete WT (Suen et al., 2018). One reason for
such discrepancy is probably due to the differences in the age of the seedlings used for analysis. Suen et
al. let the seedlings grow for 7 days and then transferred to the +Pi or -Pi conditions for another 7 days
before performing the NBT staining. Whereas in this study, staining was performed within 2 days after
transferring 5-day-old seedlings to +Pi or -Pi medium. O2 °~ may play different roles in regulating primary
root adjusting to low Pi at different response stages. In addition, DPI treatment, which inhibits the activities
of RBOHs, supports the view that O, *"is required for the low Pi response (Fig. 2-24). It has been shown
that O, " is necessary for proper root growth and decreasing the O, *~ levels by DPI can lead to root shorting
(Dunand et al., 2007; Tsukagoshi et al., 2010; Yamada et al., 2020). In line with this, inhibition of primary
root growth in DPI-treated WT, pdr2, and Iprllpr2 was observed under +Pi condition (Fig. 2-24). DPI
treatment did not further inhibit root growth of WT and pdr2 upon Pi limitation (Fig. 24), indicating that
decreasing O, *” level by DPI can partly rescue the low Pi response. However, DPI treatment did not bloke
the root shorting response completely. This could because that O, *” may be generated via other ways as

well, such as mitochondrial respiration, not only via RBOHs, to regulate primary root response to low Pi.

H,0,and OH: levels in root tips were not altered by low Piin WT (Fig. 2-22 and 23). However, Zhang showed
a decrease in H;0, and an increase in OH- upon Pi deficiency response (Zheng et al., 2019). This
contradiction could again be due to the differences in growth conditions. Fe availability in the medium has
been shown to influence the primary root responses to Pi deficiency (Naumann et al., 2022). For instance,
the inhibition of primary root growth of seedlings grown on -Pi medium supplied with 50 uM Fe is weaker
than on 25 uM Fe (Naumann et al., 2022). Accordingly, it is possible that ROS generation is not constant
and may happen at different response stages. Since the Fe concentration of the medium used in Zhang’s
study was not claimed, although the time point at which we performed the experiment was same, the ROS
staining results we got might be different. Another group reported opposite results in which they showed
less accumulation of OH- in the RAM and the elongation zone (Suen et al., 2018). As discussed above, the
contradicting results could be caused by differences in the age of the seedlings we used. Nevertheless,
Zhang et al. showed that H,0; scavenger (KI) and OH- scavengers (thiourea and glutathione) can rescue
the primary root inhibition phenotype upon Pi limitation, indicating that H,0, and OH- are necessary for

primary root response to low Pi (Zheng et al., 2019). It was proposed that the toxicity of OH- leads to root
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shorting. However, the over-accumulated OH- was only observed in the epidermis (Zheng et al., 2019).

How OH- influences the inner cell layers remains unclear.

Genetically encoded sensor Grx1-roGFP2 has been developed to monitor cytosolic glutathione redox
potential (Essk) in vivo, which may reflect ROS level as well (Meyer & Dick, 2010; Ugalde et al., 2022). How
Pi limitation influences Egsn in the RAM of WT was investigated with the transgenic line pUBQ10:Grx1-
roGFP2. However, no consistent results were obtained (Fig. 2-26). One possible reason for the
inconsistency could be that the changes of the Egsy are transient. There might be a short peak of Egsh that
could not be captured in every single replicate. To figure out if the short peak exists or not, light-sheet
microscope can be used to constantly monitor roGFP2. In addition, no obvious difference in Egsy was
observed in the QC where O,°”accumulated in response to low Pi (Fig. 2-28). Although superoxide reacts
with GSH and thus influences Ecsy, the reaction is relatively slow (Winterbourn & Metodiewa, 1994,
Winterbourn, 2016). Besides, O, *~ can also be detoxified by SOD. Therefore, the over-accumulated O; *~

may not translate into an increase in Egsp.

Collectively, O, *~ generation was observed in the QC of Pi-starved WT, which may lead to cell death. In
response to Pi deficiency, a burst of ROS was detected in the SCN of WT and pdr2 where QC identity has
been disturbed. In addition, Pi limitation triggered the overaccumulation of O, *~ in the RAM of WT and
pdr2. These are consistent with our RNA-seq analysis which revealed that several genes associated with
ROS generation and scavenging (PRXs, FSD1, GSTFs, CATs), as well as response to oxidative stress (AER,
DIN10, SIP2), were upregulated in WT and pdr2 during Pi deficiency response (Fig. 2-12, Tab. 2-3). In line
with higher levels of ROS in Pi-starved pdr2 compared to WT (Fig. 2-19 and 20), more ROS-related genes
were upregulated in pdr2 upon Pi limitation (Fig. 2-12). Besides, no ROS related gene was upregulated in
Pi-starved insensitive Iprllpr2 line, consistent with the observations that level of ROS was not altered in
Iprllpr2 upon Pi limitation (Fig. 2-19 and 20). Apart from the possibilities that mitochondrial respiration,
RBOHSs, PRXs, and FSD1 may contribute to the ROS generation in response to Pi deficiency, LPR1 and Fe
redox cycling play an essential role in ROS generation. Upon Pi limitation, LPR1 activity was proposed to
be related to Fe?* acquisition processes and LPR1 mediated Fe?* oxidation promote the Fe redox cycling
(Naumann et al., 2022). Fe** could be reduced by ascorbate and via Photo-Fenton reaction and further

support the Fenton reaction which generate OH- (Naumann et al., 2022) (Zheng et al., 2019).
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3.3 Role of PIPs in Pi deficiency response

The tissue-specific expression analysis by GUS staining revealed that out of 13 PIPs, only PIP1;2, PIP1;3,
PIP1,4, PIP2;3, PIP2;4, PIP2;5, PIP2;7 were expressed in root tips (Fig. 2-15). This is partly in agreement
with our RNA-seq results which showed that all PIPs were expressed in root tips except PIP2;5 (Fig. 2-13).
The reason for such contradiction could be that the growth conditions used in the two experiments were
different. For GUS staining, seedlings were grown on the medium supplemented with 50 uM Fe and 2.5uM
Al. Whereas the seedlings used for the RNA-seq experiment were cultured on medium containing 25 uM
Fe and no Al. Cavalheiro et al. reported downregulation of CIPIP1;1 and CIPIP2 and upregulation of CIPIP1,;2
in ‘Rangpur’ lime plants (Citrus limonia L.) when exposed to Al (Cavalheiro et al., 2020). Expression of PIPs

in root tips seems to be regulated by the presence of Al.

Low Pi treatment induced the promoter activities of PIP1;3 and PIP1;4 in root tips based on GUS staining
(Fig. 2-15). However, the transcript levels of PIP1;3 and PIP1,;4 were not influenced by low Pi as revealed
in RNA-seq results (Fig. 2-13). This again could be caused by the presence of Al as discussed above.
Arabidopsis nodulin 26-like intrinsic protein (NIP) 1;2 has been shown to facilitate the transport of Al-
malate from the root cell wall into the symplasm and thus play a key role in Al detoxification (Wang et al.,
2017). Upregulation of PIP1;3 and PIP1;4 as revealed by GUS staining could be caused by Al, not Pi
deficiency. Besides, RNA-seq analysis showed that PIP2;4 was downregulated in Pi-starved root tips of WT
and hypersensitive pdr2 mutant (Fig. 2-13). In line with this, Wen-Dar Lin showed with microarray
experiment that expression of PIP2;4 was inhibited in response to low Pi (Lin et al., 2011). Moreover,
longer root hairs were observed in pip2;4 compared to WT under +Pi condition and -Pi condition,
respectively. However, the researchers didn’t perform a two-way ANOVA analysis, it’s not clear if the root
hairs of pip2;4 were longer than WT during low Pi response. What role PIP2;4 may play in response to Pi
deficiency need to be studied further. In addition, apart from PIP2;4, more PIPs (PIP1,5, PIP2;3, PIP2;7 and
PIP2;8) were downregulated in Pi-starved pdr2. Based on our initial hypothesis, upon Pi deficiency, if PIPs
work not only as water channels but can transfer H,O, from apoplast into cytosol and trigger the callose
deposition, we will expect upregulation of PIPs. Therefore, those PIPs likely only function as water channels
in response to Pi deficiency. It has been shown that water transport in the root of 15-day-old Arabidopsis
seedlings was inhibited after 6 days of low Pi treatment (di Pietro et al., 2013). The low Pi-triggered
inhibition of root water permeability may also happen to younger seedlings (in our case, 6 days old) by
regulating those PIPs. Moreover, since continuous uptake of water into cells is required for cell expansion

(Fricke & Chaumont, 2007; Liu et al., 2008), downregulation of those P/Ps could contribute to the inhibition
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of root cell elongation upon Pi limitation. How the roots of pip mutants respond to Pi deficiency was further
studied. Although statistically, slightly primary root inhibition of pip1;1, pip1,2, pip1,3, pip1;3pip1;4, pip2;3
and pip2;8 was observed compared to Pi-starved WT (Fig. 2-16 and 17), it may not help to explain any
biological question. After low Pi treatment, the quintuple mutant was significantly longer than WT (Fig. 2-
17). However, since the mutant was generated by crossing, it contains Ler background. The insensitive
phenotype of the quintuple mutant might be caused by Ler. In summary, single PIPs were not essential in
regulating low Pi-induced primary root growth inhibition. ROS generated during Pi deficiency did not likely

play a role through PIPs.
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4. MATERIALS AND METHODS

4.1 Materials

4.1.1 Chemicals

Unless otherwise indicated, all chemicals were obtained from Carl Roth (Karlsruhe, Germany), Duchefa
Biochemie, Merck (Darmstadt, Germany), Sigma-Aldrich (St Louis, MO, USA), AppliChem GmbH
(Darmstadt, Germany), Serva (Heidelberg, Germany), and BioRad (Hercules, USA). Molecular biology
supplies and kits were ordered from Thermo Fischer Scientific and Life Technologies (California, USA).

Primer syntheses were carried out by Eurofins Genomics (Ebersberg, Germany).
4.1.2 Media

Media used for growing Arabidopsis and for culturing E. coli and Agrobacterium are listed with their
composition in Table 4-1. To remove residual phosphate in the agar (Duchefa) that was used to prepare
the ATS medium, the agar was routinely purified by repeated washings in deionized water and subsequent
dialysis using Dowex 1X8, 200-400 mesh, ion-exchange (ThermoFisher). The agar was then dried at 60° C
in the oven (100% ventilation) for 1 day. All media were sterilized at 121° C for 20 min. Al, Basta, and

antibiotics were filter sterilized and added to autoclaved growth media.

Tab. 4-1: Media composition

Medium Composition

2.5 mM (+Pi) or 0 mM (-Pi) KH,PQ4, 0.5% D-Sucrose, 5mM
KNOs, 0.01 mM/0.025 mM /0.05 mM Fe3**-EDTA, 2 mM
Ca(NO3s),, 2 mM MgS0g, 2.5 mM MES-KOH, 0.005 mM CuSQOs,
0.001 mM ZnS04, 0.07 mM H3BOs, 0.014 mM MnCl,, 0.0002
mM Na;Mo0Q,, 0.010 mM CoCl,, 0.0025 mM Al (if state in the
legend) pH 5.6. 1% Washed Agar were added for solid
medium.

Modified ATS medium
(A. thaliana)

Lysogeny broth (LB) medium
yReE (LB) 10 g/l tryptone; 5 g/l NaCl; 10 g/l yeast extract. 15 g/l Agar-

E. coli, A. tumefaciens; bacterial
( f agar were added for the preparation of solid medium.

transformation)
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4.1.3 Plant materials and cultivation

4.1.3.1 Plant lines

For all experiments, Arabidopsis thaliana ecotype Columbia-0 (Col-0) or mutants in Col-0 background were

used if not specified otherwise. pip2;7is in Landsberg erecta (Ler) background. Seeds of pip single mutants

except for pip2;4, Ler, pPIP::GFP-GUS lines and pPIP:: GUS lines were obtained from Anton R Schaffner’s

lab. pip2:4 was obtained from Wolfgang Schmidt’s lab. Seeds of pUBQ10:Grx1-roGFP2 in WT background

were obtained from Rainer Waadt (Institute of Biochemical Plant Pathology, Helmholtz Zentrum Minchen,

Germany). All other T-DNA insertion lines were purchased from the Nottingham Arabidopsis Stock Centre

(NASC).

Tab. 4-2: Mutants analyzed in this study

Mutant name Locus T-DNA insertion line  Additional information ?lel'mzlf:cl::l:ization
pip1;1 AT3G61430 GABI_437B11 (Ines, 2008) Knockdown
pip1;2 AT2G45960 SALK_ 019794 (Postaire et al., 2010) Knockout
pip1;3 AT1G01620  SALK_ 051107 (Liu, 2015) Knockout
pip1;4 ATAGO0430  SAIL_808_A10 (Liu, 2015) Knockout
pip1;5 AT4G23400 SALK_056898 This work N/A
pip2;1 AT3G53420 SM_3 35928 (Ines, 2008) Knockout
pip2;2 AT2G37170 SAIL_169 A03 (Ines, 2008) Knockout
pip2;3 AT2G37180 SAIL_1215 D03 (Ines, 2008) Knockout
pip2;4 AT5G60660  SAIL_535_DO05 (Lin et al., 2011) Knock down
pip2;5 AT3G54820  SAIL_452H09 (Ines, 2008) Knockout
pip2;6 AT2G39010 SALK 092140 (Prado et al., 2013) Knockout
pip2;7 AT4G35100 CSHL_GT19652 (Prado et al., 2013) Knockout
pip2;8 AT2G16850  SALK_099098 (Ines, 2008) Knockout
pip1;3 pipl1;4 2;11282)258’ :2:‘5_ _800581_1,:)17 c') This work Knockout
SM_3 35928,
51231;2’ 224 :ﬂi@.ﬁ%@gg,& Anton R Schaffner Knockout
T SALK_092140,
CSHL_GT19652
din10-1 AT5G20250  SALK_066490C (Christ, 2013) NA
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Tab. 4-2 (continued)

Mutant name Locus T-DNA insertion line Additional information Molecular. .
Characterization

aer-1 AT5G16970 SALK_005324C (Mata-Perez et al., 2020) Knockdown

gstfé6 AT1G02930 SALK_026398 (Suetal., 2011) Knockout

edr5-1 AT3G30775  SALK_119334C (zcoall;a)ssa'Hourton EChy o

0zf1-1 AT2G19810 SALK_151571C (Huang et al., 2011) NA

sip2-1 AT3G57520 SALK_038166C (Egert, 2011) NA

fsd1-1 AT4G25100 SALK_029455 (Dvorak et al., 2021) Knockout

tppd-1 AT1G35910 SALK 120962C This work NA

AT1G23010, SALK 016297, .

Iprilpr2 AT1G71040 SALK_091930 (Svistoonoff et al., 2007) Knockout

Mutant name Locus Point mutation line  Additional information Molecular. .
Characterization

pdr2 At5G23630 T699I (Ticconi et al., 2009)

Tab. 4-3: Transgenic lines analyzed in this study

Transgenic lines

Background Purpose

PIP1;1::GUS C24 Tissue-specific localization
PIP1,2::GFP-GUS C24 Tissue-specific localization
PIP1;3::GFP-GUS Col-0 Tissue-specific localization
PIP1;4::GFP-GUS Col-0 Tissue-specific localization
PIP1;5::GFP-GUS Col-0 Tissue-specific localization
PIP2;1::GUS C24 Tissue-specific localization
PIP2;2::GUS C24 Tissue-specific localization
PIP2;3::GUS C24 Tissue-specific localization
PIP2;3-GFP-GUS Col-0 Tissue-specific localization
PIP2;4::GFP-GUS Col-0 Tissue-specific localization
PIP2;5::GFP-GUS Col-0 Tissue-specific localization
PIP2;6::GFP-GUS Col-0 Tissue-specific localization
PIP2;7::GFP-GUS Col-0 Tissue-specific localization
PIP2;8::GFP-GUS Cc24 Tissue-specific localization
pUBQ10:Grx1-roGFP2 Col-0 Ecs# measurement
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Tab. 4-3 continued

Transgenic lines Background Purpose Additional information
pUBQ10:Grx1-roGFP2 pdr2 Essy measurement This study
pUBQ10:Grx1-roGFP2 Iprllpr2 Essy measurement This study
pWOX5:Grx1-roGFP2 Col-0 This study; plasmid was

obtained from Rainer Waadt

4.1.3.2 Plant cultivation

Plants for transformation, selection, and propagation purposes were grown on soil in the greenhouse at
18-20° C and 55-65% relative humidity under long-day conditions (16 h light/8 h dark). The substrate used
was "Einheitserde Classic Kokos" (45% (w/w) white peat, 20% (w/w) clay, 20% (w/w) coco fibers, 15% (w/w)

block peat; Balster Einheitserdewerk, Germany) mixed with vermiculite (1-2 mm) in a 4:3 ratio.

For experiments on solid agar media, seeds were surface sterilized, placed on modified ATS medium, and
then stratified at 4 ° C in the dark for 2 days. Thereafter, the plates were placed vertically in a growth
chamber at 22° C under around 160 umol s m?2 light (Protec. class, Leuchtstofflampe 36W/840, PLSL
36WTS8, Germany), with a 16 h light/8 h dark photoperiod.

4.1.4 Bacteria

The Escherichia coli strain TOP10 (Thermo) was used for the propagation of plasmids. Agrobacterium

tumefaciens strain GV3101 was used for A. thaliana transformation via the floral dip method.

Antibiotics were used in the following concentrations: Spectinomycin (50 pg/ml), Gentamycin (25 ug/ml),

Rifampicin (100 pg/ml).
4.2 Methods
4.2.1 Molecular biology methods

4.2.1.1 Isolation of genomic DNA for genotyping

Plant leaves were collected in 2 ml Eppendorf tubes and 5 mm steel beads were added for grinding the
sample. After being frozen in liquid nitrogen, samples were ground using a Tissue Lyser Il (QIAGEN) bead
mill at 30 s-1 for 60 s. 400 ul of DNA extraction buffer (consisting of 200 mM Tris-Hcl (pH-7.5), 25 mM EDTA

(pH-8), 250 mM NacCl, 0.5% w/v SDS) was added to the tube, followed by mixing properly. After centrifuging
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at 13000 rpm for 5 min, 300 pl of supernatant was transferred to a 1.5 ml Eppendorf tube containing 300
ul of isopropanol. After being inverted 6-7 times, the tubes were centrifuged at 13000 rpm for 5 min. The
supernatant was then discarded, and the DNA pellet was washed with 300 ul of 70% ethanol. After
centrifuging at 13000 rpm for 5 min, ethanol was discarded, and the pellet was air-dried followed by
resuspending in 30-50 pl of sterile Millipore water. The extracted DNA was stored at -20° C or 4° C till

further use.
4.2.1.2 Isolation of genomic DNA from E. coli

Plasmid DNA was extracted with the GenelET Plasmid Mini Prep Kit (Thermo Fisher Scientific) following
the supplier's protocol. The concentration of isolated plasmid was measured using Infinite® 200

NanoQuant (Tecan) device.
4.2.1.3 Genotyping

Genotyping of T-DNA insertion lines, single point mutation line (pdr2), and GFP lines was conducted using
homemade polymerase. Genotyping of GUS lines was performed using DreamTaqg polymerase (Thermo
Fischer Scientific). A reaction volume of 20 ul was used and all the components are listed in Tab. 4-4. The
thermal profile is shown in Tab. 4-5. Primers used for genotyping are listed in Tab. S6-18. PCR
products >300 bp were analyzed through electrophoretic separation on 1% agarose gels and <300bp

products were separated on 2% agarose gels.

Tab. 4-4: Components of PCR reaction

Components Volume

Dream Taq Polymerase Green buffer (10 x) 2 ul

dNTPs (10 mM) 0.5 ul

Forward primer (10 uM) 0.5 ul

Reverse primer (10 uM) 0.5 ul

Template 1l

DNA polymerase 0.5 ul*or 0.1 pl?
Millipore water 15 plt or 15.4 pl?

1. homemade polymerase; 2. DreamTaq polymerase
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Tab. 4-5: PCR program

Homemade polymerase DreamTaq polymerase
Phase No. of cycles
Temperature Duration Temperature Duration

Initial denaturation 95 °C 2 min 95 °C 1 min 1
Denaturation 95 °C 30s 95 °C 30s 35
Annealing "Tm-5°C 30s "Tm-5°C 30s 35

Extension 72 °C 1kb/min 72 °C 1kb/min 35

Final extension 72 °C 7 min 72 °C 5 min 1

4.2.2 Transformation

4.2.2.1 E.coli heat-shock transformation

Escherichia coli (E. coli) strains were transformed through heat shock method. Competent cells (50 pl)
were thawed on ice and the plasmid (10 pg to 100 ng) were added. Cells with plasmids were incubated on
ice for 30 min before applying a heat shock (37°C, 2 min). Subsequently, cells were incubated on ice for 2
min and 700 pl of LB Medium were added. After incubating cells at 37°C for 1h, they were plated on solid

LB media containing respective antibiotics and cultivated overnight at 37°C.
4.2.2.2 Agrobacterium tumefaciens cold-shock transformation

For transformation of Agrobacterium strain GV3101, 150 ng to 500 ng plasmids were mixed with 50ul
competent cells followed by incubation on ice for 30 min. Cells were then shock-frozen in liquid nitrogen
for 5 min and subsequently incubated at 37°C for 5 min and stayed in ice for 5 min. After adding 1 ml LB
medium, cells were incubated at 28°C for 3-4 h before being plated on solid LB medium supplemented

with respective antibiotics. Cells were then cultured for 48 at 28°C
4.2.2.3 Agrobacterium-mediated plant stable transformation

Transgenic A. thaliana lines were generated by A. tumefaciens mediated transfection with the floral dip
method as described in (Clough & Bent, 1998). Agrobacteria harboring the gene were incubated on LB
plates with respective antibiotics for 2 days at 28° C. The cells were resuspended in 60 ml liquid LB medium
till the OD600 reached 2.0. A 5 % (w/v) sucrose solution of 4x volume was subsequently added to the
bacterial suspension. Before dipping, Silwet-L77 in a final concentration of 0.03% (v/v) was added to the

suspension. Arabidopsis plants that had more closed buds were dipped into the suspension solution for
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10-15 s under gently agitating. The plants were then placed horizontally on a tray and covered with plastic
foil to keep them moist. After 2 days, the plastic foil was removed. The plants were kept vertically and

cultivated in the greenhouse for setting seeds.
4.2.2.4 Selection of transformed Arabidopsis plants

Transformed seeds expressing Grx1-roGFP2 in T1 were sowed densely on soil and selected by Basta (80
mg/|) spraying. T2 and T3 generations were selected on Basta (10 pg/ml) plates. Segregation analysis in a
3:1 ratio was performed in 15 independent T2 lines. T3 seeds were then selected for homozygous lines

based on the survival rate (100%).

4.2.3 Histochemical analysis

4.2.3.1 GUS (B-glucuronidase) staining

Seedlings were vacuum infiltrated with GUS staining solution [50 mM Na-phosphate (pH 7.2), 10 mM EDTA
(pH 8), 0.5 mM KsFe(CN)e, 0.5 mM KsFe(CN)s, 0,1% (v/v) Triton X-100 and 2 mM X-Gluc] for few minutes
and incubated in this staining solution for 15 min up to 24 h at 37° C, depending on the intensity of staining.
Stop the staining reaction with pure ethanol. Seedlings were thereafter mounted in chloral hydrate and
photographed immediately using a Zeiss Apotome 2 microscope with a 10x DIC objective. The scheme of

experiment procedure is shown in Fig. 4-1.
4.2.3.2 NBT staining

The presence of superoxide was determined by NBT (Abcam) staining as described (Dunand et al., 2007)
with some changes. Seedlings were submerged in staining solution (0.05% NBT in 20 mM phosphate buffer
(pH 6.1)) in the dark for 10 min and rinsed twice with phosphate buffer. After rinsing, wait for 10 min to
let the reaction finish. Chloral hydrate-mounted seedlings were then photographed using a Zeiss Apotome
2 microscope with a 10x DIC objective within 30 min. The scheme of experiment procedure is shown in Fig.

4-1.
4.2.4 Fluorescence ROS probes staining

All the staining procedures were performed under darkness. To avoid autofluorescence of the dyes and
toxicity may triggered by the dyes which will lead to ROS formation, photographing was finished within 30

min in the dark right after the staining finished. The scheme of experiment procedure is shown in Fig. 4-1.
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4.2.4.1 Carboxy-H2DCFDA staining

The presence of ROS was monitored in root tips as described (Freeman et al., 2004). Seedlings were stained
with 10 uM Carboxy-H2DCFDA (Invitrogen) in 1x Phosphate Buffered Saline (PBS) buffer for 10 min. Root
tips were subsequently mounted with 1x PBS and imaged with LSM 780. Excitation/emission range:

488/530-560 nm.
4.2.4.2 DHE staining

Superoxide was determined using DHE (Sigma-Aldrich) as described (Reyt et al., 2015). Seedlings were
incubated in liquid +Pi or -Pi medium containing 10 uM DHE (Sigma-Aldrich) for 25 min. Thereafter, the
roots were mounted with liquid medium and imaged with LSM 780. Excitation/emission range: 535/550-

650 nm.
4.2.4.3 BES- H,0:-Ac

BES- H,0,-Ac (WAKO, Japan) was used for H,0, staining as described (Maeda et al., 2004; Yamada et al.,
2020). Seedlings were incubated in 50uM of BES-H202-Ac for 30 min. Roots were mounted with water
and observed using LSM 700. Excitation/emission range: 488/500-550 nm.

4.2.4.4 HPF

Detection of ‘OH was performed with HPF (Goryo Chemical) as described (Zheng et al., 2019) with some
changes. Seedlings were incubated in staining solution (10 uM HPF in 100 mM phosphate buffer (pH 7.4))
for 30 min. Roots were then mounted with phosphate buffer and observed using LSM 780.

Excitation/emission range: 488/490-520 nm.
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Transfer to +Pi or -Pi Measure PR root length/
prepare samples for RNA-seq

{ 1 APRroot length

5 days on +Pi

VN Stain seedlings LSM/Apotome
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;

(A) A primary root measurement and sample preparation for RNA-seq. (B) ROS probs staining and (C) Grx1-roGFP2
analysis of seedlings transferred from +Pi plates to +Pi or -Pi plates. PR, primary root

Fig. 4-1: Scheme of the experiment procedure

4.2.5 Confocal laser scanning microscopy (CLSM)

Images were acquired with Zeiss LSM700, LSM780 and LSM880 confocal microscopes. 20x or 40x Water
immersion objectives were used, if not stated otherwise. To operate the microscope, Zen Software (Zeiss)

was used. Images were processed with Zen or Fiji software.

For staining with PI (propidium iodide, Sigma-Aldrich), seedlings were directly mounted in 10 pg/ml Pl and
observed by confocal microscope. Excitation/emission range within different experiments were set as

follows: GFP: 488/492-550 nm; PI: 561/570-650 nm.

For Grx1-roGPP2, 5-day-old seedlings were transferred to +Pi or -Pi chamber plates with thin membrane
bottom (lumox” dish 50, Sarstedt, diameter: 5cm). 2 ml medium was used to prepare one chamber plate.
Seedlings were directly imaged on the plate as shown in Fig. 4-1C. To rule out of the position influence on
the results, five seedlings were transferred to one chamber plate but only the three seedlings in the middle
were imaged. Two tracks were set up for imaging roGFP2 with excitation at 405nm and 488 nm,
respectively. The fluorescence was collected between 508 nm and 530 nm for both tracks. Imaging of
seedlings expressing pUBQ10:Grx1-roGFP2 and pWOX5:Grx1-roGFP2 was performed using LSM780 and
LSM880, respectively. For pUBQ10:Grx1-roGFP2, 405nm and 488 nm laser power were set as 3. For
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pWOX5:Grx1-roGFP2, 405nm and 488 nm laser power was set as 4 and 3, respectively. Rest of the settings
remain the same for both channels. One drop of 10 mM H,0, was applied to the root tip directly on the

plate. After 2 min or 5 min, the drop was removed, and seedling was imaged.
4.2.6 Ratiometric analysis of roGFP2

Ratio images were calculated as previously described (Meyer et al., 2007) with Fiji. Set threshold for both
405nm and 488 nm images after converting the original images to 32-bit to lower the background using
the ‘Threshold’ function under ‘Image’. Images were then saved as ‘Tiff’ form. Ratio image was generated
through dividing 405 nm image by 488 nm image (32-bit float result). The grayscale was then converted to
color using the Fiji look-up table ‘royal’ to illustrate the evaluated 405 nm/488 nm intensity ratio images.
To measure the ratio, regions of interest was cropped directly after the ratio images were generated and
average ratio measured using ‘Measure’ under ‘Analyze’. To speed up the image process from original

images to ratio images, a Macro script was applied. Script is available in the Supplementary method.
4.2.7 Root length measurement assay

After growing on vertically placed medium for 5 days, seedlings were transferred to +Pi or -Pi medium (Fig.
4-1). Images of seedlings growing on the plates for additional 3 to 4 days were taken with a Nikon camera.
A primary root length measurement was performed using Fiji software (https://fiji.sc/) (Schindelin et al.,
2012) with NeuronlJ plugin (Meijering et al., 2004). Original images were converted to 8-bit images first.

To make the processing faster, a Macro script was applied. Script is available in the supplementary method.

4.2.8 Analysis of protein from plant tissues

4.2.8.1 Protein extraction from seedlings

Around 50 roots of Arabidopsis seedlings were collected for one sample and frozen in liquid nitrogen.
Samples were ground in a Tissue Lyser Il (QIAGEN) at 25 s for 30s. Total protein was extracted by adding
100 pl RIPA buffer (50 mM Tris-Cl pH 7.5; 150 mM NaCl; 20 mM NaF; 0.1% (v/v) Nonidet P40; 0.05% (w/v)
Deoxycholate; 10 mM NasP,07; 1 mM EDTA; 0.5 mM EGTA). The samples were briefly vortexed and kept
on a rotator at 4° C for 30 min. After extraction, the samples were centrifuged at 10000 rpm for 10 min at

4° C and 40 pl supernatant was collected in an Eppendorf tube.
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4.2.8.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

and immunoblotting

Protein samples were mixed with 5x loading buffer (350 mM Tris-HCI, pH 6.8, 10% SDS, 30% glycerol, and
600mM DTT), incubated for 5 min at 96° C and electrophoretically separated on an SDS-PAGE gel with 10%
separating gel and 4% stacking gel. SDS-PAGE was performed at 85 V in 1x running buffer (25 mM Tris, 192
mM glycine, and 0.1% SDS) for 15 min and then at 135 V until the dye front reaches the lower rim of the
gel. The composition of separating and stacking gel is mentioned in Tab. 4-6. Proteins separated on the
SDS-PAGE gel were subsequently transferred semi-dry to a nitrocellulose membrane (Amersham Protran
0.45 pum) in towbin transfer buffer (25 mM Tris-HCI, 20% methanol, 192 mM Glycine, 1.3 mM SDS, pH 8.3
(without adjustment)) for 1 h at 20 V. After blocking the membrane with 5% milk powder in 1x TBST for 1
h, primary antibody (3H9 anti-GFP, rat mAb, Chromotek) was applied over the membrane at a dilution of
1:2000 with 3% milk powder in 1x TBST and incubated overnight at 4° C with gentle shaking. After washing
the membrane three times for 10 min with TBST, the secondary antibody (Anti-rat IgG-HRP, Thermo) was
added at a dilution of 1: 5000 with 3 % milk powder in 1x TBST buffer and incubated for 1 h with gentle
shaking. Then the membrane was washed three times for 10 min with TBST. Detection of signals was

preformed using ECL Prime Kit (Amersham) according to manufacturer’s instructions.

Tab. 4-6: Composition of SDS-PAGE Gel

Components Stacking gel (4%) Separating gel (12%)
Millipore water 1.4 4

1M Tris pH 6.8 0.25 -

1.5 M Tris pH 8.8 - 2.5

10% SDS 0.02 0.1

30% Acrylamide 0.33 33

10% APS 0.02 0.1

TEMED 0.002 0.004

Total Volume 2ml 10 ml

4.2.9 Diphenylene iodonium (DPI) treatment

To decrease O, *~ levels, filter sterilized DPI (Tocris) which was dissolved in DMSO was added into the
autoclaved medium. Seedlings were grown on +Pi medium for 5 days, then transferred to +Pi or -Pi

medium containing 0.1 uM or 0.3 uM DPI. For control, same amount of DMSO was added.
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4.2.10 RNA preparation and RNA-seq analysis

Seedlings (5-days-old) were transferred from +Pi (25 uM Fe) to either +Pi (25 uM Fe) or -Pi (25 uM Fe)
medium. After 1 day of transfer, root tips were cut off between 10™ to 20" root hair on the plate and
frozen in liquid nitrogen. Each sample consisted of 150 root tips except the -Pi sample of pdr2 which
contained 300 root tips. Total RNA was extracted using the peqGOLD Plant Kit from VWR and meanwhile,
the on-column DNA digestion was performed using Qiagen RNase-free DNase Set following the
manufacturer’s protocol. The quality of RNA was verified with Agilent 2100 Bioanalyzer (Agilent). RNA
samples (2.2 pg for each) with an RNA integrity number (RIN) 2 6.5 were sent to Novogene. Three biological
replicates were sequenced per genotype and treatment. Sequencing libraries (strand specific) were
prepared using NEBNext® Ultra TM RNA Library Prep Kit for lllumina® (NEB, USA). Samples were sequenced
on an lllumina NovaSeq platform with 150bp paired end (PE) read. Reads were quality filtered through
fastp (v. 0.20.0) (Chen et al., 2018) and mapped to the A. thaliana genome (TAIR10) using HISAT2 (v. 2.2.0)
(Kim et al., 2019). Differential gene expression analysis was conducted using the DESeq2 R package (Love
et al., 2014). Benjamini and Hochberg’s approach for controlling the False Discovery Rate (FDR) was used

to adjust p values (Benjamini & Hochberg, 1995).
4.2.11 Insilico data analysis

Principal component analysis (PCA) was performed in R software (v. 4.0.4). FPKM of all the expressed genes
in WT, pdr2 and Ipr1lpr2 were normalized by log, transformation and then conducted for further analysis.
R script is available in the supplementary method. 3D plot with respect to the first three principal
components was performed using Data Visualization (Cubemarker) on Altius Institute-Tools website

(https://tools.altiusinstitute.org/overview/).

Gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analysis were performed using the Functional Annotation Tool on DAVID server (https://david.ncifcrf.gov/)

(Huang et al., 2009b; Huang et al., 2009a). Enrichment of GO terms KEGG pathways were tested by
modified Fisher exact test. Results were visualized with dot plots generated in R. R script was provided by

colleague Pinelopi Moutesidi.

For Hierarchical clustering analysis, z-scores were calculated from FPKM values, and the scaled data was
clustered in TIGR-MEV (v. 4.9.0) (http://mev.tm4.org) using Pearson correlation and average linkage

clustering (Saeed et al., 2003). All heatmaps were generated in TIGR-MEV as well.
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Groups of DEGs identified by Hierarchical clustering were analyzed for functional protein association

networks with the STRING tool (v. 11.5) (https://string-db.org/) (Szklarczyk et al., 2019). Networks for the

genes from cluster 1, 2 and 3 were created with medium confidence interaction score of 0.4 due to
relatively low number of genes in the lists. High confidence interaction score of 0.7 was applied for genes

form cluster 4 and 5.

Venn diagrams that visualize the overlaps in gene lists were generated using jvenn

(http://jvenn.toulouse.inra.fr/app/index.html) (Bardou et al., 2014).

Transcription factors that may regulate a given list of genes were predicted using Gene Group Analysis on
the Plant Promoter Analysis Navigator (PlantPAN) v2.0 (http://plantpan2.itps.ncku.edu.tw/) (Chow et al.,
2016).
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Fig. S6-1: KEGG pathway analysis of Pi-responsive genes in pdr2

Pi deficiency induced genes (A) and repressed genes (B) (adjusted p-value < 0.05; -1 > log2FC > 1) were analyzed for
KEGG pathway enrichment. All significantly enriched pathways (p-value < 0.05) were included in the dot plot. Count:
number of DEGs concerning this pathway. Gene ratio: ratio between the number of DEGs in each pathway and all
the genes that can be found involved in this pathway in KEGG database.
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Fig. S6-2: Analysis of low Pi-responsive genes that were shared between WT and pdr2

log2FC

(A) Number of DEGs that were shared between WT and pdr2 upon Pi limitation (adjusted p-value < 0.05; -1 > log2FC >
1). 218 genes were upregulated, and 41 genes were downregulated in both WT and pdr2. One gene was upregulated
in WT but downregulated in pdr2. Seven genes were downregulated in WT but upregulated in pdr2. 146 genes were
more highly induced, and 34 genes were more highly suppressed in Pi-starved pdr2 compared to the WT (-1 > (log2FC
of pdr2/ log2FC of WT) > 1). (B) A heatmap of 267 shared low Pi-responsive genes between WT and pdr2. Each row
represents a gene with log2FC that was shown on a color scale. Blue = downregulated, red = upregulated.
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Fig. S6-3: Comparison of primary root inhibition between upbl and WT

Seeds were germinated on +Pi agar plates for 5 days, transferred to +Pi (50 uM Fe, 2.5uM Al) or —Pi (50 uM Fe, 2.5uM
Al) conditions. After 3 days of transfer, A primary root length was measured (+SD; n=10). Asterisks indicate significant
differences as determined by Student’s t-test (two-tailed, equal variances, p < 0.001) compared to Col-0 -Pi condition.
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Fig. S6-4: Expression analysis of PIPs in seedlings by GUS staining

GUS staining of pPIP::GFP-GUS and pPIP::GUS reporter lines when grown under Pi-sufficient and Pi-deficient
condition. Seeds were germinated on +Pi agar plates for 5 days and then transferred to +Pi (50 uM Fe, 2.5uM Al) or
-Pi (50 uM Fe, 2.5uM Al) conditions. After 1 day of transfer, GUS staining was performed.

pUBQ10: Grx1-roGFP2 WT
(WT)

405 nm

488 nm

Fig. S6-5: 405 nm triggered autofluorescence in root tips of WT

Six-day-old seedlings of transgenic line (pUBQ10:Grx1-roGFP2) and WT were excited by 405 nm and 488 nm. Scale
bars =50 um.

95



Appendix

O+Pi O-Pi

0.8 A

0.6 A1

0.4 A

Ratio of 405/488 nm

% % ¥

-0 11

Fig. S6-6: Response of cytosolic Grx1-roGFP2 to Pi deficiency in the QC of WT, related to Fig. 2-28

H,0,

Quantification of 405/488 nm ratio in the QC of WT after transfer from +Pi (25 uM Fe) agar plates to +Pi (25 uM Fe)
or -Pi (25 uM Fe) conditions (n=10-11 for +Pi and -Pi samples; n=5 for H.02 samples). To oxidize roGFP2, root tips
were treated with 10 mM H20: for 2 min before the images were taken. Asterisks indicate significant difference as
determined by Student’s t-test (two-tailed, equal variances, ***p < 0.001) compared to +Pi condition. Error bars

represent + SD.

Tab. S6-1: GO-enrichment analysis of 259 genes that were upregulated in pdr2 vs. WT under +Pi

condition
# of genes in # of genesin Gene
GO Biological process upload list genome ratio P value
(259) (A) (18499) (B) (A/B)
response to oxidative stress 17 291 0.06 1.8E-07
response to bacterium 10 102 0.10 2.1E-06
hydrogen peroxide catabolic process 9 89 0.10 6.7E-06
oxidation-reduction process 34 1330 0.03 1.2E-05
cellular response to hypoxia 5 26 0.19 1.8E-04
cell wall macromolecule catabolic process 5 26 0.19 1.8E-04
amino sugar metabolic process 4 15 0.27 5.6E-04
aromatic compound biosynthetic process 4 15 0.27 5.6E-04
suberin biosynthetic process 4 19 0.21 1.2E-03
indole glucosinolate metabolic process 4 21 0.19 1.6E-03
chitin catabolic process 4 25 0.16 2.6E-03
response to insect 4 26 0.15 2.9E-03
defense response to bacterium 10 276 0.04 3.9E-03
response to salt 3 9 0.33 4.2E-03
glutathione metabolic process 5 62 0.08 5.0E-03
response to cold 10 299 0.03 6.5E-03
defense response 16 658 0.02 7.0E-03
response to wounding 8 199 0.04 7.0E-03
response to fungus 5 72 0.07 8.5E-03
response to abscisic acid 11 394 0.03 1.3E-02
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toxin catabolic process 4 46 0.09 1.5E-02
response to chitin 6 133 0.05 1.7E-02
plant-type cell wall organization 5 91 0.05 1.9E-02
response to salt stress 12 484 0.02 2.0E-02
polysaccharide catabolic process 3 20 0.15 2.1E-02
selenate transport 2 2 1.00 2.2E-02
response to salicylic acid 6 155 0.04 3.0E-02
response to toxic substance 4 61 0.07 3.1E-02
methylation 7 212 0.03 3.2E-02
cellular response to ethylene stimulus 3 26 0.12 3.4E-02
defense response to fungus 11 464 0.02 3.6E-02
amino acid export 2 4 0.50 4.4E-02
cell differentiation 8 296 0.03 4.8E-02
Tab. S6-2: GO-enrichment analysis of 288 genes that were upregulated in Pi-starved WT
# of genes in #of genesin Gene
GO Biological process upload list genome ratio P value
(288) (A) (18499) (B)  (A/B)
trehalose metabolism in response to stress 5 21 0.24 6.7E-05
response to oxidative stress 13 291 0.04 7.7E-05
trehalose biosynthetic process 5 25 0.20 1.4E-04
glutamine metabolic process 5 35 0.14 5.2E-04
response to absence of light 4 26 0.15 2.7E-03
ethylene-activated signaling pathway 8 179 0.04 3.3E-03
cellular phosphate ion homeostasis 3 9 0.33 3.9E-03
response to wounding 8 199 0.04 5.8E-03
flavonoid glucuronidation 6 112 0.05 7.3E-03
syncytium formation 3 15 0.20 1.1E-02
response to chitin 6 133 0.05 1.5E-02
transcription, DNA-templated 31 1886 0.02 1.9E-02
response to hydrogen peroxide 4 54 0.07 2.0E-02
flavonoid biosynthetic process 6 145 0.04 2.0E-02
proline catabolic process 2 2 1.00 2.1E-02
cell wall biogenesis 4 60 0.07 2.7E-02
regulation of transcription, DNA-templated 33 2119 0.02 3.0E-02
proline catabolic process to glutamate 2 3 0.67 3.2E-02
glycerophospholipid catabolic process 2 3 0.67 3.2E-02
response to auxin 8 290 0.03 3.8E-02
cellular response to sucrose starvation 2 4 0.50 4.2E-02
inositol catabolic process 2 4 0.50 4.2E-02
response to karrikin 5 128 0.04 5.0E-02

97



Appendix

Tab. S6-3: GO-enrichment analysis of 85 genes that were downregulated in Pi-starved WT

# of genes in # of genesin Gene

GO Biological process upload list genome ratio P value
(85) (A) (18499) (B)  (A/B)
cellular response to blue light 3 6 0.50 1.8E-04
response to UV-B 4 61 0.07 1.2E-03
cellular response to far red light 2 2 1.00 6.9E-03
cellular response to red light 2 2 1.00 6.9E-03
cellular response to UV-A 2 5 0.40 1.7E-02
photoprotection 2 7 0.29 2.4E-02
cellular response to high light intensity 2 8 0.25 2.7E-02
fruit ripening 2 13 0.15 4.4E-02
regulation of chlorophyll biosynthetic process 2 14 0.14 4.7E-02

Tab. S6-4: GO-enrichment analysis of 1472 genes that were upregulated in Pi-starved pdr2

#of genesin #of genesin Gene

GO Biological process upload list genome ratio P value
(1472) (A) (18499) (B)  (A/B)

response to chitin 44 133 0.33 6.0E-22
defense response to bacterium 49 276 0.18 1.6E-12
defense response 76 658 0.12 2.6E-09
response to oxidative stress 44 291 0.15 4.6E-09
response to bacterium 24 102 0.24 6.9E-09
ethylene-activated signaling pathway 30 179 0.17 2.1E-07
Iphotosynthe5|s, light harvesting in photosystem 10 29 0.45 1.3E-06
photosynthesis 24 138 0.17 2.2E-06
plant-type hypersensitive response 17 74 0.23 2.4E-06
response to cold 38 299 0.13 4.6E-06
oxidation-reduction process 113 1330 0.08 6.3E-06
response to salicylic acid 24 155 0.15 1.6E-05
regulation of systemic acquired resistance 7 12 0.58 2.0E-05
response to karrikin 21 128 0.16 2.7E-05
hydrogen peroxide catabolic process 17 89 0.19 2.9E-05
photosynthesis, light harvesting 7 13 0.54 3.6E-05
signal transduction 47 450 0.10 5.4E-05
vasculature development 9 26 0.35 5.7E-05
trehalose metabolism in response to stress 8 21 0.38 9.5E-05
response to toxic substance 13 61 0.21 1.2E-04
fjefense. response to bacterium, incompatible 11 44 0.95 1.2E-04
interaction

protein-chromophore linkage 11 45 0.24 1.5E-04
response to water deprivation 32 279 0.11 2.0E-04
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response to wounding

metal ion transport

trehalose biosynthetic process

response to abscisic acid

response to absence of light

response to sucrose

glutamine metabolic process
glutathione metabolic process
transcription, DNA-templated

response to other organism

toxin catabolic process

syncytium formation

cation transmembrane transport
cellular transition metal ion homeostasis
developmental process involved in
secondary shoot formation

response to insect

response to jasmonic acid

response to high light intensity

response to molecule of bacterial origin
regulation of proteolysis

response to auxin

regulation of transcription, DNA-templated
sucrose biosynthetic process

reductive pentose-phosphate cycle
positive regulation of transcription, DNA-
response to low light intensity stimulus
aging

defense response to fungus

response to blue light

glucose metabolic process

positive regulation of leaf senescence
response to salt stress

cell death

sucrose metabolic process

oxidative photosynthetic carbon pathway
cellular response to hypoxia

leaf senescence

camalexin biosynthetic process
response to fructose

inositol catabolic process

transport of virus in host, tissue to tissue
cellular response to sucrose starvation
response to fungus

response to ethylene

25
17

40

11

12

138

11
10

12

)]

19
10

29
147

199
108
25
394
26
52
35
62
1886
55
46
15
16
70
17
18
26
156
55
19
36
290
2119
20
20
217

41
464
52
23

484
44
25

26
92
10
18

IS

72
124

0.13
0.16
0.32
0.10
0.31
0.21
0.26
0.19
0.07
0.20
0.22
0.40
0.38
0.17
0.35
0.33
0.27
0.12
0.18
0.32
0.22
0.10
0.07
0.30
0.30
0.11
0.57
0.20
0.09
0.17
0.26
0.50
0.08
0.18
0.24
0.44
0.23
0.13
0.40
0.28
0.75
0.75
0.75
0.14
0.11

3.1E-04
3.1E-04
3.2E-04
3.7E-04
4.2E-04
5.1E-04
5.5E-04
5.7E-04
6.8E-04
8.2E-04
8.5E-04
1.0E-03
1.4E-03
1.6E-03
1.9E-03
2.5E-03
2.6E-03
2.7E-03
3.1E-03
3.2E-03
3.3E-03
3.4E-03
3.6E-03
4.1E-03
4.1E-03
4.9E-03
5.1E-03
7.0E-03
7.0E-03
7.7E-03
7.7E-03
7.8E-03
8.4E-03
1.0E-02
1.1E-02
1.1E-02
1.3E-02
1.3E-02
1.5E-02
1.6E-02
1.7E-02
1.7E-02
1.7E-02
1.8E-02
2.1E-02
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flavonoid glucuronidation

response to cadmium ion
strigolactone biosynthetic process
positive regulation of sequence-specific DNA
binding transcription factor activity
response to hydrogen peroxide
plant-type cell wall organization
response to glucose
chaperone-mediated protein folding
fruit ripening

response to ozone

peptidyl-proline modification
multicellular organism development
leucine catabolic process

regulation of salicylic acid biosynthetic process

lipid metabolic process
cellular response to nitrogen starvation

13
29

112
342

54
91
32
32
13
33
23
384

181
25

0.12
0.08
0.60

0.60

0.15
0.12
0.19
0.19
0.31
0.18
0.22
0.08
0.50
0.50
0.09
0.20

2.2E-02
2.7E-02
2.8E-02

2.8E-02

3.0E-02
3.0E-02
3.1E-02
3.1E-02
3.2E-02
3.5E-02
3.6E-02
3.9E-02
4.0E-02
4.0E-02
4.6E-02
4.8E-02

Tab. S6-5: GO-enrichment analysis of 871 genes that were downregulated in Pi-starved pdr2

#of genesin #ofgenesin Gene
GO Biological process upload list genome ratio P value
(871) (A) (18499) (B) (A/B)

ribosome biogenesis 27 142 0.19 3.7E-13
cytoplasmic translation 16 52 0.31 4.0E-11
rRNA modification 15 71 0.21 3.9E-08
response to heat 21 160 0.13 1.7E-07
rRNA processing 14 77 0.18 8.0E-07
protein refolding 5 9 0.56 1.1E-04
translation 59 1121 0.05 1.6E-04
amino acid transmembrane transport 8 45 0.18 4.9E-04
amino acid transport 8 49 0.16 8.3E-04
regulation of growth 11 101 0.11 1.3E-03
maturation of LSU-rRNA 6 27 0.22 1.4E-03
ribosomal large subunit biogenesis 6 28 0.21 1.7E-03
response to cytokinin 15 183 0.08 2.1E-03
ribosomal small subunit assembly 7 45 0.16 2.8E-03
ribosomal large subunit assembly 6 35 0.17 4.6E-03
maturation of SSU-rRNA from tricistronic rRNA

transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA) 41 0.15 9-18-03
flavonoid glucuronidation 10 112 0.09 9.1E-03
xyloglucan metabolic process 6 42 0.14 1.0E-02
protein folding 18 288 0.06 1.0E-02
seed dormancy process 4 15 0.27 1.1E-02
aromatic compound biosynthetic process 4 15 0.27 1.1E-02
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response to auxin 18 290 0.06 1.1E-02
root development 12 158 0.08 1.2E-02
cellular response to blue light 3 6 0.50 1.4E-02
purine nucleotide biosynthetic process 3 6 0.50 1.4E-02
response to karrikin 10 128 0.08 2.0E-02
polarity specification of adaxial/abaxial axis 4 23 0.17 3.5E-02
chaperone-mediated protein complex assembly 3 11 0.27 4.5E-02
cell wall macromolecule catabolic process 4 26 0.15 4.8E-02
Tab. S6-6: GO-enrichment analysis of 14 genes that were upregulated in Pi-starved Ipr1lpr2
#of genesin #ofgenesin Gene
GO Biological process upload list genome ratio P value
(14) (A) (18499) (B)  (A/B)
cellular response to phosphate starvation 4 99 0.04 4,1E-05
phosphate ion transport 3 27 0.11 1.6E-04
cellular phosphate ion homeostasis 2 9 0.22 6.3E-03
transmembrane transport 3 212 0.01 9.4E-03

Tab. S6-7: Differentially expressed oxidative stress responsive genes in Pi-starved WT and pdr2 and in
pdr2 compared to WT under +Pi condition

WT -/+ pdr2 -[+ pdr2/WT + L.
Gene ID |Gene name Gene description
log2FC | p-value | log2FC | p-value | log2FC | p-value

Rhodanese/Cell cycle control

AT4G35770 STR15 5.59 | 2.2E-06 | 3.84 | 8.8E-15 | 2.70 | 5.7E-01 |phosphatase superfamily
protein

AT5G56550 OXS3 3.70 | 4.6E-03 | 4.01 | 4.6E-29 | -0.82 | 1.0E+00 |OXIDATIVE STRESS 3 (OXS3)

AT5G20250 | DIN10 | 3.13 | 7.36-05| 3.03 | 3.1€-51 | -0.02 | 1.0+00 | rOPaPle galactinol--sucrose
galactosyltransferase 6
NADPH-dependent

AT5G16970 AER 3.05 | 8.7E-07 | 5.96 | 5.7E-59 | 0.49 | 1.0E+00 |oxidoreductase 2-alkenal
reductase

AT1G02930 GSTF6 2.45 | 2.0E-09 | 2.80 | 9.9E-21 | 4.44 | 1.6E-37 |Glutathione S-transferase F6

AT3G30775 POX1 2.32 | 2.7E-05| 2.41 | 5.4E-55 | 0.62 | 1.9E-01 |Methylenetetrahydrofolate

AT3G20340 |AT3G20340| 2.25 | 6.9E-12 | 1.71 | 9.0E-28 | 0.35 | 1.0E+00 |Protein expression protein

AT5G06730 PER54 2.05 | 1.9E-10 | 3.18 | 9.8E-38 | 0.18 | 1.0E+00 |[Peroxidase superfamily protein

AT2G19810 OZF1 1.91 | 4.7E-07 | 1.38 | 2.2E-05 | -0.23 | 1.0E+00 [Encodes Oxidation-related Zinc

AT1G21520 |AT1G21520( 1.88 | 4.3E-02 | 2.09 | 1.9E-05 | 2.02 | 5.8E-02 |hypothetical protein

AT3G10020 |AT3G10020( 1.41 |4.1E-05| 4.10 | 3.0E-70 | -0.96 | 5.4E-02 [Uncharacterized protein

AT3G57520 |  SIP2 140 | 1.66-09 | 1.97 | 2.0e-35 | 0.25 | 7.56-01 | robable galactinol-sucrose
galactosyltransferase 2

AT2G37130 PER21 1.03 |2.4E-09| 1.32 | 2.1E-12 | 0.27 | 8.3E-01 |Peroxidase 21

AT1G34510 PER8 0.69 | 1.4E-01| 1.41 | 2.3E-06 | 0.69 | 1.6E-01 [Peroxidase 8

AT1G49570 PER10 -5.50 | 6.1E-01 | 5.52 | 1.7E-09 | -3.19 | 1.0E+00 [Peroxidase 10

AT1G71695 PER12 -0.51 | 3.5E-01 | 1.24 | 1.8E-09 | 0.44 | 7.1E-01 |Peroxidase 12
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AT2G41480 | PER25 | NA | NA | 2.84 | 3.6E-03 | 0.79 | 1.0E+00 |Peroxidase 25

AT3G49110 | PER33 | 1.75 |5.3E-01| 3.00 | 8.4E-04 | NA NA  [Peroxidase 33

AT4G08770 | PER37 | 047 |7.1E-02| 1.26 | 8.7E-11 | -0.18 | 1.0E+00 |Peroxidase 37

AT4G0O8780 | PER38 | 0.86 |8.3E-01| 2.93 | 2.4E-04 | 0.67 | 1.0E+00 |Peroxidase 38

AT4G37520 | PERSO | 0.62 |5.1E-03 | 1.41 | 3.3E-18 | -0.11 | 1.0E+00 |Peroxidase 50

AT5G06720 | PERS3 | NA | NA | 5.80 | 3.8E-14 | -1.35 | 1.0E+00 |Peroxidase 53

AT5G19890 | PERS9 | -3.36 | 8.2E-01 | 6.59 | 9.8E-05 | -5.18 | 1.0E+00 |Peroxidase 59

AT5G64110 | PER70 | 0.86 | 6.6E-01| 1.02 | 8.0E-03 | 2.73 | 1.4E-06 |Peroxidase 70

AT5G05340 | PERS2 | 0.67 | 8.7E-01| 4.78 | 5.3E-32 | -0.04 | 1.0E+00 [Peroxidase 52

AT4G35970 APX5 0.52 | 6.5E-01| 2.06 | 1.1E-08 | 0.09 | 1.0E+00 [Encodes a microsomal ascorbate

AT1G20630 | CATL | 0.39 |2.96-01| 2.42 | 2.56-28 | -0.58 | 1.6E-01 |Catalase-1

AT4G25100 FSD1 1.74 | 1.9E-01| 2.75 | 8.3E-04 | 3.15 | 4.6E-06 [Superoxide dismutase [Fe] 1

AT1G35910 | TPPD | 0.77 |3.56-01| 527 |1.1E-146| 0.11 | 1.0e+00 | OP2ble trehalose-phosphate
phosphatase D

AT3G15360 | ATHM4 | 0.50 | 1.7E-01 | 1.06 | 1.4E-07 | 0.13 | 1.0E+00 [Thiol-disulfide oxidoreductase
Pyridoxal phosphate (PLP)-

AT3G22200 POP2 0.55 | 3.5E-04 | 1.04 | 9.4E-17 | 0.18 | 7.9E-01 |dependent transferases
superfamily protein

AT3G45640 | MPK3 | -0.02 |9.9E-01| 1.36 | 1.8E-12 | 0.25 | 1.0E+00 |MPK3

AT3G46090 |  ZAT7 NA | NA | 174 | 11602 | 422 | 1.66-01 [(2H2 and C2HCzincfingers
superfamily protein

AT1G13340 |AT1G13340| 1.20 | 2.86-01 | 2.17 | 1.8E-10 | 0.82 | 8.26-01 | c8ulator of Vpsd activity in the
MVB pathway protein

AT1G27730 | ZzAT10 | 044 |7.3E-01| 2.27 | 3.56-22 | 0.11 | 1.0E+00 [zinc finger protein ZAT10

AT1G58030 | CAT2 | -0.02 |9.9€-01| 1.10 | 1.0E-11 | -0.13 | 1.0E+00 gat'on'c amino acid transporter

AT2G40000 | HSPRO2 | 1.10 | 4.8€-01 | 2.45 | 1.1E-54 | -0.60 | 1.0E+00 |\eMatode resistance protein-
like HSPRO2

AT4G11830 [PLDGAMMA| -0.67 | 6.3E-02 | 1.23 | 2.1E-04 | -0.42 | 8.2E-01 |Phospholipase D gamma 2

AT4G12720 | AtNUDT7 | 0.50 |6.0E-02 | 1.38 | 7.56-22 | 0.67 | 2.2E-04 |MutT/nudix family protein

AT5G20230 | BCB 132 |2.3E01| 3.86 | 1.1E-25 | 0.41 | 1.0E+00 [Blue-copper-binding protein

AT5G39610 | NAC92 | NA NA | 2.58 | 4.6E-07 | 1.35 | 9.4E-01 QAC domain containing protein

AT1G11210 DUF761 -0.54 | 7.6E-01 | 1.80 | 2.6E-05 | -0.02 | 1.0E+00 [Cotton fiber protein, putative

AT5G59080 |AT5G59080| 0.02 |1.0E+00| 1.07 | 3.8E-02 | 0.00 | 1.0E+00 [Unknown protein

AT2G04795 |AT2G04795| -0.61 | 8.6E-01 | 2.05 | 4.2E-03 | 0.01 | 1.0E+00 [Unknown protein

AT1G14540 | PER4 | -0.97 | 1.2E-02 | -2.29 | 6.86-36 | 1.16 | 2.6E-07 |Peroxidase 49

AT3G49120 | PER34 | 041 |9.3E-01| -0.57 | 6.1E-01 | 2.28 | 8.0E-03 |Peroxidase 34

AT1G14550 | PERS | -1.64 | 1.3E-01 | -4.42 | 4.6E-63 | 1.37 | 4.2E-07 [Peroxidase 5

AT4G23190 | CRK11 | -0.01 |1.0E+00| 0.36 | 8.3E-02 | 1.08 | 5.8E-04 E‘r’z:z::ek'i:zzgicleptor"'ke

AT4G02380 SAG21 -0.10 | 9.1E-01 | 0.47 | 6.1E-02 | 1.07 | 7.6E-08 |senescence-associated gene 21

AT5G64120 | PER71 | -0.83 | 1.8E-01 | -0.11 | 8.0E-01 | 2.24 | 1.6E-04 |Peroxidase 71

AT2G21640 - 030 | 7.76:01 | -1.29 | 1.26-03 | 1.18 | 1.1€-02 [V1arker for oxidative stress
response prOteln
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AT2G18150 PER15 NA NA 0.82 | 6.6E-02 | 6.56 | 3.7E-16 |[Peroxidase 15
Protein PLANT CADMIUM
AT1G52200 PCR8 -0.25 | 8.7E-01 | 0.01 | 9.9E-01 | 1.01 | 3.0E-02 RESISTANCE 8
CDP-diacylglycerol-glycerol-3-
AT1G19020 - 0.50 | 6.2E-01 | 0.01 | 9.9E-01 | 1.56 | 8.8E-12 |phosphate 3-
phosphatidyltransferase
ATAG37900 | GRDP2 | -0.25 | 8.9E-01 | -0.02 | 9.66-01 | 1.19 | 7.9e-03 [°YCine-rich domain-containing
protein 2
ATA4G33420 - -1.25 | 3.6E-01 | -0.42 | 7.6E-01 | 1.51 | 1.1E-02 |Peroxidase superfamily protein
AT5G39580 PER62 -0.84 | 7.6E-01 | 0.59 | 6.5E-02 | 2.28 | 5.3E-14 |Peroxidase 62
AT4G36430 PER49 0.12 | 9.7E-01 | 1.30 | 7.3E-02 | 3.34 | 2.7E-03 [Peroxidase 49
AT1G14540 PER4 -0.97 | 1.2E-02 | -2.29 | 6.8E-36 | 1.16 | 2.6E-07 [Peroxidase 4
AT3G01190 PER27 -0.24 | 5.9E-01 | -1.35 | 2.7E-15 | -0.22 | 1.0E+00 [Peroxidase 27
AT5G40150 PER63 -0.04 | 9.7E-01 | -1.00 | 1.1E-05 | -0.04 | 1.0E+00 |Peroxidase 63
Tab. S6-8: 5 clusters of genes that were identified in hierarchical clustering analysis
Cluster 1
WT -/+ pdr2 -/+ oL
Gene ID |Gene name ene description
log2FC |p-value|logzFC | p-value
ATAG27590 i 293 [356-17| 1.39 |8.2E-09 HeavY metal transport/detoxification superfamily
protein
AT3G20110 |CYP705A20| 1.38 |4.2E-12| 0.79 |1.6E-06 %t“hrome P450, family 705, subfamily A, polypeptide
AT4G32950 - 2.18 |1.4E-10| 0.41 |2.1E-01 |Protein phosphatase 2C family protein
AT2G34655 - 2.17 |1.4E-09| 1.06 |1.2E-03 NA
AT4G39780 | ERFO60 1.72 |4.0E-08| 1.17 |1.6E-07 [Ethylene-responsive transcription factor ERFO60
AT3G07255 - 3.04 |6.2E-08| 1.40 |2.3E-02 NA
AT5G66650 - 2.17 |9.2E-08| 1.41 |2.6E-05 [Calcium uniporter protein 3
AT5G44260 TZF5 1.42 |2.5E-07| 0.90 |1.7E-03 [Zinc finger C-x8-C-x5-C-x3-H type family protein
AT4G03510 | RMA1 1.50 |7.0E-07| 0.89 |3.5E-07 |E3 ubiquitin-protein ligase RMA1
ATAG35770 | STR1S 559 |2.26-06| 3.84 |8.8E-15 Rhod:?mese/CeII cycle control phosphatase superfamily
protein
ATAGO0130 i 217 |2.26-06| 0.72 |1.96-01 DNA-binding storekeeper protein-related transcriptional
regulator
AT2G38210 | PDX1L4 1.97 |3.1E-06| 1.29 |5.6E-04 |Pyridoxal 5'-phosphate synthase PDX1-like 4
AT2G42900 - 1.50 [4.9E-06| 0.70 |1.8E-02 |Plant basic secretory protein (BSP) family protein
AT4G27460 | CBSX5 1.76 |3.2E-05| 0.91 |4.5E-02 |Cystathionine beta-synthase (CBS) family protein
AT3G48240 - 1.43 |1.3E-04| 0.60 |7.7E-03 |Octicosapeptide/Phox/Bem1p family protein
AT2G31085 CLE6 1.08 |2.1E-04| 0.41 |7.9E-02 |CLAVATA3/ESR (CLE)-related protein 6
AT1G62360 STM 6.40 |3.0E-04| 3.48 |6.1E-04 KNOX/ELK homeobox transcription factor
AT2G05330 - 1.99 [3.1E-04| 0.52 |4.1E-01 |Putative BTB/POZ domain-containing protein
AT5G11410 - 6.38 |3.8E-04| 5.27 |6.2E-07 |Protein kinase superfamily protein
ATSGAT740 i 151 |1.0e-03] 0.90 |2.76-02 ﬁ:ljtzli:e nucleotide alpha hydrolases-like superfamily
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AT2G16005 | ROSY1 637 |1.16-03| 238 |2.56-01 MD-Z.-reIated lipid recognition domain-containing
protein
AT3G62690 ATL5 1.16 |2.4E-03| 0.58 |2.4E-01 [Encodes a RING-H2 zinc finger protein related to ATL2
AT4G22620 - 2.47 |4.4E-03| 1.48 |7.1E-02 [SAUR-like auxin-responsive protein family
AT2G44380 - 1.83 [6.9E-03| 1.07 |1.3E-03 |Cysteine/Histidine-rich C1 domain family protein
AT5G46360 KCO3 2.21 |1.1E-02| 0.90 |2.3E-01 |Potassium inward rectifier (Kir)-like channel 3
AT3G15170 | NACOS54 | 5.14 |1.4E-02| 2.98 |4.9€-03 :\'e/';fjIg':gr/zz'gzL::;E:itsg)t:izma'” transcriptional
AT2G01913 - 1.45 [2.5E-02| 0.29 |6.1E-01|NA
AT3G52770 ZPR3 1.34 |3.2E-02| 0.64 |2.3E-01 |Protein LITTLE ZIPPER 3
AT1G01570 - 1.07 |3.6E-02| 0.18 |7.2E-01 [transferase activity
Selection/upkeep of intraepithelial T-cells protein,
AT4G35660 - 111 |4.06:02( 070 |19E-01 " -0 (DLFJJFZ 4?) P P
Cluster 2
WT -/+ pdr2 -/+ L.
Gene ID |Gene name ene description
log2FC |p-value|logzFC | p-value
AT3G22060 | CRRSP38 | 1.38 [3.8E-13| 0.60 |7.6E-03 [Receptor-like protein kinase-related family protein
AT5G42720 - 1.42 |4.4E-11| 0.42 |2.9E-01 |Glycosyl hydrolase family 17 protein
AT3G45060 | NRT2.6 5.60 |5.8E-09| 1.52 |5.1E-02 [High affinity nitrate transporter 2.6
AT3G48390 - 2.80 |8.8E-09| 3.01 |8.2E-12 [Uncharacterized protein T29H11_90
AT3G61060 |AtPP2-A13| 3.15 [9.8E-08| 1.90 |1.2E-15 [F-box protein PP2-A13
AT1G68440 - 1.36 |4.1E-07| 0.90 |2.6E-07 |Uncharacterized protein T2E12.1
AT2G19810 - 1.91 |4.7E-07| 1.38 |2.2E-05 |CCCH-type zinc finger family protein
AT4G37540 | LBD39 1.28 [1.1E-06| 0.34 |3.0E-02|LOB domain-containing protein 39 (LBD39)
AT3G48610 NPC6 1.27 |4.5E-06| 0.25 |4.1E-01 |Non-specific phospholipase C6 (NPC6)
AT2G43610 - 0.85 |8.0E-06| 1.14 |1.5E-07 [Chitinase family protein
AT3G52060 - 112 |8.66-06| 0.56 |2.26-03 [cOr&-2/\-branching beta-1,6-N- .
acetylglucosaminyltransferase family protein
AT1G72820 - 1.26 |4.1E-05| 0.63 |2.1E-03 |Mitochondrial substrate carrier family protein
AT1G64660 MGL 1.10 |4.8E-05| 0.29 |3.6E-01 [Methionine gamma-lyase
AT5G23360 i 138 |6.0e-05| 0.74 |1.0E-03 GRAM domain-containing protein / ABA-responsive
protein-related
AT1G11380 - 1.05 [1.2E-04| 0.56 |2.8E-02 |PLACS8 family protein
AT5G23370 ) 1.47 |2.86-04| 0.71 |5.86-03 GRAM domain-containing protein / ABA-responsive
protein-related
AT3G51910 | HSFA7A | 2.81 |1.6E-03| 2.13 |1.3E-23 [Heat stress transcription factor A-7a
AT5G59590 | UGT76E2 | 1.32 |2.5E-03| 0.55 |1.6E-01 |[UDP-glucosyl transferase 76E2
AT4G12690 - 1.26 |2.8E-03| 0.85 |1.2E-03 |Plant protein of unknown function (DUF868)
AT5G18670 BAM9 2.38 (3.1E-03| 1.36 |1.7E-09 |Inactive beta-amylase 9
AT5G17960 - 1.52 |4.8E-03| 1.05 |3.0E-02 |Cysteine/Histidine-rich C1 domain family protein
AT5G26270 - 1.23 |6.9E-03| 0.80 |1.2E-01 [Unknown protein
AT5G61440 | ACHTS 1.54 |8.3E-03| 1.02 |2.0E-07 |Atypical CYS HIS rich thioredoxin 5
AT2G15880 PEX3 1.79 |1.5E-02| 2.23 |4.2E-04 |Pollen-specific leucine-rich repeat extensin-like protein 3
AT2G34180 | CIPK13 2.60 |1.6E-02| 1.92 |4.4E-14 [CBL-interacting serine/threonine-protein kinase 13

104




Appendix

AT5G61590 | ERF107 1.29 |2.4E-02| 1.29 |2.3E-02 [Ethylene-responsive transcription factor ERF107

AT1G13260 RAV1 151 |1.36-01| 1.15 |4.2E-09 s:\z//lERF and B3 domain-containing transcription factor

AT2G25900 | ATCTH 1.72 |1.46-01| 2.22 |5.26-12 Putative Cys3His zinc finger protein (ATCTH) mRNA,
complete

AT5G21940 i 200 |1.88-01| 1.93 |1.76-20 Hybrifi signal transduction histidine kinase M-like
protein

AT2G17880 - 1.84 |2.1E-01| 1.34 |3.3E-06 |Chaperone Dnal-domain superfamily protein

AT4G37610 BT5 1.51 |3.4E-01| 1.28 |1.2E-09 BTB/POZ and TAZ domain-containing protein 5

Cluster 3
WT -/+ pdr2 -/+ L.
Gene ID |Gene name ene description
log2FC |p-value|logzFC | p-value

AT5G57540 | XTH13 1.05 |5.46-13| 0.35 |1.5E-01 Putati.ve xyloglucan endotransglucosylase/hydrolase
protein 13

AT2G02990 RNS1 1.87 |1.1E-12| 1.77 |2.5E-15|Member of the ribonuclease T2 family

AT1G02930 | GSTF6 2.45 |2.0E-09| 2.80 |9.9E-21 [Glutathione S-transferase F6

AT5G18840 - 1.31 |5.2E-09| 1.30 |1.5E-09 |Major facilitator superfamily protein

AT2G43620 - 3.15 |1.4E-08| 2.32 |1.5E-06 [Chitinase family protein

AT4G37390 YDK1 2.89 |4.9E-05| 0.96 |4.3E-02 [Indole-3-acetic acid-amido synthetase GH3.2

AT4G34950 - 1.23 |6.0E-05| 0.60 |1.1E-02 |[Major facilitator superfamily protein

AT5G65870 PSK5 1.64 |6.7E-05| 1.88 |6.2E-09 |Phytosulfokine 5 precursor

AT1G09932 - 1.83 |9.4E-04| 1.10 |8.6E-06 |Phosphoglycerate mutase family protein

AT1G25240 - 1.41 |1.2E-03| 0.54 |7.4E-02 |Putative clathrin assembly protein At1g25240

AT5G40010 | AATP1 2.86 |2.0E-03| 1.27 |9.2E-03 |AAA-ATPase ASD, mitochondrial

AT4G18170 | WRKY28 | 3.65 [3.6E-03| 4.33 |8.3E-27 [Probable WRKY transcription factor 28

ATA4G17980 | anac071 | 5.38 |4.9E-03| 3.01 |2.3E-06 NAC domain containing protein 71

AT3G50950 | RPP13L4 | 1.45 |6.3E-03| 2.58 |1.0E-40 |Disease resistance RPP13-like protein 4

AT5G45630 - 1.90 [6.5E-03| 2.12 |7.6E-19 |Plant protein of unknown function

AT1G17147 vQl 1.20 |1.6E-02| 0.78 |1.3E-01 [VQ motif-containing protein 1

AT4G15490 | UGT84A3 | 2.90 [1.6E-02| 2.88 |4.3E-05 [UDP-Glycosyltransferase superfamily protein

AT5G39670 | CML46 2.98 |1.6E-02| 3.79 |1.2E-30 [Calcium-binding EF-hand family protein

AT1G65500 - 5.44 |1.7E-02| 2.71 |5.3E-03 [Unknown protein

AT4G30370 | ATL14 1.45 |2.1E-02| 1.56 |1.3E-05 |RING/U-box superfamily protein

AT4G35180 LHT7 1.69 |2.5E-02| 1.21 |3.1E-03 |Lysine histidine transporter-like 7

AT2G26480 | UGT76D1 | 1.04 [3.4E-02| 0.88 |4.1E-04 [UDP-glucosyl transferase 76D1

AT2G18470 | PERK4 5.28 |4.2E-02| 4.17 |1.4E-05 |Proline-rich receptor-like protein kinase PERK4

AT1G21520 - 1.88 [4.3E-02| 2.09 |[1.9E-05 |Uncharacterized protein At1g21520/F2418_4

AT2G32960 DSP2 1.09 |2.48-02| 0.78 |3.45-02 Phosphotyrosine protein phosphatases superfamily
protein

ATSG43175 | BHLH139 | 1.88 |5.2E-02| 2.05 |5.96-06 Basic helix-loop-helix (bHLH) DNA-binding superfamily
protein

AT3G20570 | ENODL9 | 1.17 [6.3E-02| 1.23 |2.8E-05 [Predicted GPl-anchored protein

AT2G27505 - 4.54 |6.6E-02| 2.10 |3.9E-03 |FBD-like domain family protein

AT3G51890 - 0.98 |7.6E-02| 1.27 |1.4E-06 [Clathrin light chain protein

AT1G31290 AGO3 4.37 |8.5E-02| 5.00 |[3.3E-18 |Protein argonaute 3
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AT2G47560 | ATL64 2.98 |9.6E-02| 2.37 |1.4E-04 RING/U-box superfamily protein

AT5G46530 - 1.17 |1.4E-01| 1.60 |6.4E-05|AWPM-19-like family protein

AT4G02520 | GSTF2 0.93 |1.4E-01| 2.08 |1.1E-11 Glutathione S-transferase PHI 2

AT5G38770 | GDU7 3.21 |1.5E-01| 1.97 |1.6E-02 GDU (glutamine dumper) family protein

AT5G62490 | HVA22B | 1.96 |1.5E-01| 2.19 |2.2E-03 HVA22-like protein b

AT5G16010 - 0.67 |1.6E-01| 1.34 |4.0E-05 [3-oxo-5-alpha-steroid 4-dehydrogenase family protein

AT4G25100 FSD1 1.74 |1.9E-01| 2.75 |8.3E-04 [Superoxide dismutase [Fe] 1, chloroplastic

AT2G34540 - 1.90 |2.0E-01| 1.83 |5.5E-03 [Uncharacterized protein At2g34540

AT4G24260 KOR3 3.32 |2.5E-01| 2.86 |3.4E-06 [Glycosyl hydrolase 9A3

AT2G05940 RIPK 0.65 |2.7E-01| 1.10 |9.9E-08 [Serine/threonine-protein kinase RIPK

AT1G69920 | GSTU12 | 2.35 [3.1E-01| 2.48 |3.7E-09 [Glutathione S-transferase TAU 12

AT1G02920 | GSTF7 2.02 |3.1E-01| 1.75 |1.5E-05 [Glutathione S-transferase F7

AT1G24140| 3MMP 2.17 |3.4E-01| 2.33 |2.6E-05 |Metalloendoproteinase 3-MMP

AT3G04220 - 1.52 |4.1E-01| 1.78 |1.1E-05 |Disease resistance protein (TIR-NBS-LRR class) family

AT3G26830 PAD3 078 |ase-o1l 1.91 |6.4E-11 Bifunctional dihydrocamalexate synthase/camalexin
synthase

AT5G25190 | ERFO03 0.90 |4.7E-01| 1.43 |5.1E-04 [Ethylene-responsive transcription factor ERFO03

AT4G23880 - 1.42 |4.8E-01| 1.17 |4.7E-02 |Uncharacterized protein

AT1G73330 | ATDR4 2.20 |5.1E-01| 2.25 |1.5E-02 plant-specific protease inhibitor-like protein

AT1G15010 - 1.04 |5.6E-01| 1.45 |5.0E-04 [Mediator of RNA polymerase Il transcription subunit

AT3G21530 - 0.98 |5.6E-01| 1.39 |8.4E-04 |Uncharacterized protein

AT3G51540 - 0.68 |5.9E-01| 1.30 |3.0E-07 Uncharacterized protein F26013.180

AT3G14620 | CYP72A8 | 1.54 |6.2E-01| 2.54 |1.5E-08 [Cytochrome P450, family 72, subfamily A, polypeptide 8

AT1G67470 - 1.26 |6.4E-01| 1.75 |1.9E-04 |Inactive serine/threonine-protein kinase At1g67470

AT5G22540 - 1.25 |6.5E-01| 1.91 |2.0E-03 |Plant protein of unknown function

AT1G10340 - 1.19 |6.5E-01| 1.18 |5.0E-04 |Ankyrin repeat family protein

AT1G66090 - 0.76 |6.5E-01| 2.27 |2.0E-14 |Disease resistance protein (TIR-NBS class)

AT5G64110| PER70 0.86 |6.6E-01| 1.02 |8.0E-03 [Peroxidase superfamily protein

AT3G63540 i 101 l6.76:01| 127 |a6e-02 Mogl/PsbP/DUF.1795-Iik'e photosystem Il reaction
center PsbP family protein

AT5G41740 - 1.43 |6.9E-01| 2.06 |4.4E-05 |Disease resistance protein (TIR-NBS-LRR class) family

AT2G25940 |ALPHA-VPE| 0.67 [6.9E-01| 1.17 |5.9E-03 |Vacuolar-processing enzyme alpha-isozyme

AT2G09735 - 1.11 |6.9E-01| 1.76 |6.5E-03 [NA

AT1G70800 CARG 0.80 |7.2:01! 1.19 |5.66-03 Calciu.m-dependent lipid-binding (CaLB domain) family
protein

AT5G48690 - 0.87 |7.3E-01| 1.29 |4.5E-02 |Plant protein of unknown function

AT1G20520 - 0.99 |8.1E-01| 1.71 |2.5E-02 |Arabidopsis protein of unknown function (DUF241)

ATAG19840 | PP2A1 0.51 |8.6E-01| 1.33 |6.7E-05 [Protein PHLOEM PROTEIN 2-LIKE Al

AT3G04070 | NAC047 | 0.76 [8.8E-01| 1.41 |1.4E-04 NAC domain containing protein 47

AT1G07680 - NA NA 1.39 |3.6E-02 [Unknown protein

AT1G24147 - NA NA 5.87 |2.6E-04 [Unknown protein

AT1G30190 - NA NA 6.05 |2.0E-09 [Uncharacterized protein T2H7.2

AT1G52342 - NA NA 2.43 | 1.1E-03 [Unknown protein

AT1G56060 - NA NA 5.58 |1.4E-07 Unknown protein
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AT1G57630 - NA NA 2.15 |4.4E-03 [Toll-Interleukin-Resistance (TIR) domain family protein
AT2G04515 - NA NA 2.25 |1.8E-03 |Unknown protein
AT3G05015 - NA NA 2.46 |1.6E-02 NA
AT3G09525 - NA NA 1.98 |5.0E-02 NA
AT3G14060 - NA NA 3.37 |6.7E-05 NA
AT3G27027 - NA NA 2.33 |3.5E-02 |Protein of unknown function
AT3G27400 - NA NA 3.39 |2.7E-06 |Pectin lyase-like superfamily protein
AT4G21903 - NA NA 2.07 |5.4E-03 |MATE efflux family protein
AT4G33930 - NA NA 2.93 |5.9E-03 |Uncharacterized protein
AT5G07165 - NA NA 4.46 |2.0E-04 NA
AT5G22460 - NA NA 3.78 |5.2E-04 [alpha/beta-Hydrolases superfamily protein
AT5G22530 - NA NA 4.42 | 1.8E-16 [Uncharacterized protein
AT5G43064 - NA NA 3.18 | 8.0E-03 NA
AT4G09120 | ATL36 NA NA 2.35 |2.6E-02 Putative RING-H2 finger protein ATL36
AT3G23120 | AtRLP38 NA NA 4.36 |1.1E-05 [Disease resistance protein
AT3G14210 ESM1 NA NA 2.81 |2.6E-07 [Epithiospecifier modifier 1
AT1G01680 | PUB54 NA NA 6.92 |6.9E-07 |U-box domain-containing protein 54
ATAG39770 TPPH NA NA 430 |4.6E-00 Haloa.cid dehalogenase-like hydrolase (HAD) superfamily
protein
AT3G46090 ZAT7 NA NA 1.74 |1.1E-02|C2H2 and C2HC zinc fingers superfamily protein
Cluster 4
WT -/+ pdr2 -/+ oL
Gene ID |Gene name ene description
log2FC |p-value|logzFC | p-value
AT5G49520 | WRKY48 | 3.30 |7.9E-22| 4.75 |7.0E-89 |WRKY Transcription Factor 48
AT3G25717 | RTFL16 1.72 |1.1E-14| 2.04 |6.4E-17 ROTUNDIFOLIA like 16 (RTFL16)
AT1G14860 | NUDT18 | 1.53 [1.0E-10| 1.67 |5.6E-20 |[Nudix hydrolase 18
AT2G37130 PER21 1.03 |2.4E-09| 1.32 |2.1E-12 |Peroxidase superfamily protein
AT1G23800 | ALDH2B7 | 2.20 [3.9E-09| 2.56 |1.1E-29 |Aldehyde dehydrogenase family 2 member B7
ATSG17760 i 112 |8.2E-08] 3.18 |1.4E-90 P-loop cohtaining'nucleoside triphosphate hydrolases
superfamily protein
AT1G21680 - 1.93 |2.5E-07| 2.15 |4.5E-09 |DPP6 N-terminal domain-like protein
AT3G11340 | UGT76B1 | 1.04 [6.4E-06| 1.32 |2.4E-18 [UDP-Glycosyltransferase superfamily protein
AT3G22910 | ACA13 | 1.74 |6.66-06| 4.43 |5.86-60 (1" 25¢ E1-E2 type family protein / haloacid
dehalogenase-like hydrolase family protein
AT3G60690 - 1.18 |1.3E-05| 0.85 |3.5E-04 [SAUR-like auxin-responsive protein family
AT3G22930 | CML11 1.10 |1.4E-05| 1.91 |2.3E-37 [Encodes a calmodulin-like protein
AT5G65660 - 0.96 |(2.0E-05| 1.19 |7.9E-18 Hydroxyproline-rich glycoprotein family protein
AT5G49450 BzIP1 2.25 |2.0E-05| 3.58 |1.3E-27 Basic leucine zipper 1
AT4G23700 | CHX17 1.62 |3.6E-05| 2.44 |2.9E-26 |Cation/H(+) antiporter 17
AT5G43980 | CRRSP56 | 3.23 [6.8E-05| 3.79 |2.3E-14 Cysteine-rich repeat secretory protein 56
AT5G06370 - 0.77 |1.6E-04| 1.12 |8.9E-08 [INC domain-containing protein-related
ATSG65140 TPPJ 121 |1.86-04| 2.75 |6.4E-26 Haloa.cid dehalogenase-like hydrolase (HAD) superfamily
protein
AT4G19700 BOI 0.91 |1.8E-04| 1.58 |1.1E-14 [SBP (S-ribonuclease binding protein) family protein
AT3G51860 CAX3 1.47 |2.3E-04| 2.40 |1.7E-34 |Vacuolar cation/proton exchanger 3
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AT5G20830 SUS1 0.85 |(3.1E-04| 2.59 |7.1E-41 Sucrose synthase 1

AT3G22200 POP2 055 |3.5604| 1.04 |9.4E-17 Pyridoxal.phospha!te (PLP)-dependent transferases
superfamily protein

AT1G27290 - 0.93 |5.8E-04| 1.22 |1.6E-13 |Uncharacterized protein

AT5G02020 SIS 1.48 |6.3E-04| 1.82 |2.2E-07 [E3 ubiquitin-protein ligase RLIM-like protein
C2 calcium/lipid-binding plant

AT5G17980 i 0.97 17.2E-04) 1.98 19.2E-31 phoc:phzrib/osy(ljtrk’:mg‘erga:e family protein

AT1G67900 - 0.99 |8.7E-04| 1.10 |9.9E-07 BTB/POZ domain-containing protein

AT5G16120 - 0.75 |2.5E-03| 1.62 |3.1E-13 [alpha/beta-Hydrolases superfamily protein

AT3G24770| CLE41 1.21 |3.1E-03| 2.50 |3.1E-18|CLAVATA3/ESR (CLE)-related protein 41

AT5G21120 EIL2 1.27 [3.2E-03| 0.95 |[2.3E-03 |[ETHYLENE INSENSITIVE 3-like 2 protein

AT2G39660 BIK1 0.74 |6.6E-03| 1.35 |2.0E-13 [Serine/threonine-protein kinase BIK1

AT2G47260 | WRKY23 | 1.43 |6.8E-03| 3.17 |1.9E-28 |Probable WRKY transcription factor 23

AT5G61890 | ERF114 | 5.65 |8.3E-03| 9.90 |7.1E-15 [Ethylene-responsive transcription factor ERF114

AT2G23320 | WRKY15 | 0.75 [8.7E-03| 1.91 |9.7E-28 [Probable WRKY transcription factor 15

AT1G77640 | ERFO13 1.21 |9.3E-03| 2.39 |5.3E-23 [Ethylene-responsive transcription factor ERF013

AT5G54500 FQR1 041 l9.96-03 1.02 |2.36-09 flavin mononucleotide-binding flavodoxin-like quinone
reductase

AT1G19380 - 0.98 |1.1E-02| 1.88 |8.0E-22 Protein of unknown function

AT4G19160 - 0.70 |1.1E-02| 2.03 |2.2E-18 [Transglutaminase family protein

AT3G10985 | SAG20 0.57 |1.2E-02| 1.35 |8.6E-13 |A senescence-associated gene

AT5G64410 OPT4 0.87 |1.3E-02| 2.09 |1.2E-22|Oligopeptide transporter 4

AT3G60670 - 2.63 |1.5E-02| 3.11 |1.6E-08 |PLATZ transcription factor family protein

AT4G21120 CAT1 1.39 |1.7E-02| 3.18 |8.5E-22 [Cationic amino acid transporter 1

AT5G22520 - 5.59 [1.7E-02| 8.83 |1.3E-11|Uncharacterized protein

AT1G50570 i 054 |176-02| 128 |2.96-13 Calcil{m-dependent lipid-binding (CaLB domain) family
protein

AT1G60010 - 0.82 |2.4E-02| 1.04 |1.7E-05 |Uncharacterized protein

AT1G34300 i 051 |2.66-02| 1.09 |6.0E-08 q-type lectin S-receptor-like serine/threonine-protein
kinase

AT3G11260 | WOX5 2.50 |2.7E-02| 3.27 |1.8E-09 WUSCHEL related homeobox 5

AT2G22880 - 1.43 |2.8E-02| 2.10 |3.0E-08 [Uncharacterized protein

AT5G47070 PBL19 1.01 [2.8E-02| 2.43 |1.9E-32 |Probable serine/threonine-protein kinase PBL19

ATSG62350 i 063 12.86:02| 1.56 |1.8E-15 Plant inve.rtase/pe'ctin methylesterase inhibitor
superfamily protein

AT1G02850 | BGLU11 | 0.60 |2.8E-02| 1.75 |2.7E-17 |Beta glucosidase 11 (BGLU11)

AT3G47480 | CML47 2.14 |2.9E-02| 7.92 |3.4E-30 [Calcium-binding EF-hand family protein

ATSG57560 | XTH22 116 13.06:02| 314 |2.36-34 Xylog!ucan endotransglucosylase/hydrolase family
protein

AT3G19660 - 1.08 |3.8E-02| 1.69 |1.8E-06 [Uncharacterized protein

AT2G36950 | HIPPOS 084 13.8602| 151 |1.96-12 HeavY metal transport/detoxification superfamily
protein

AT3G48440 - 0.73 |4.0E-02| 1.41 |9.3E-13 [Zinc finger C-x8-C-x5-C-x3-H type family protein

AT4G34220 - 0.96 |4.3E-02| 2.37 |6.3E-27 |Leucine-rich repeat protein kinase family protein

AT1G21910| ERFO12 0.72 |4.5E-02| 1.56 |1.8E-13 |[Ethylene-responsive transcription factor ERF012

108




Appendix

AT5G01380 | GT-3A 1.53 |5.8E-02| 3.23 |9.7E-30 Homeodomain-like superfamily protein

AT3G49700 ACS9 3.96 |5.8E-02| 3.35 |1.2E-06 [1-aminocyclopropane-1-carboxylate (ACC) synthase

AT2G30500 | NET4B 0.49 |6.5E-02| 1.14 |6.2E-11 [Kinase interacting (KIP1-like) family protein

AT3G53210 - 0.54 |6.6E-02| 1.09 |2.2E-07 Nodulin MtN21 /EamA-like transporter family protein

AT1G34180 | anac016 | 1.70 [6.9E-02| 2.63 |6.5E-10 [NAC domain containing protein 16

AT1G34540 | CYP94D1 | 1.01 |7.3E-02| 1.33 |8.7E-05 [Cytochrome P450, family 94, subfamily D, polypeptide 1

AT5G04080 - 0.93 |7.3E-02| 1.39 |9.2E-07 [Cysteine-rich TM module stress tolerance protein

AT1G78080 | RAP2-4 0.41 |7.5E-02| 1.06 |8.4E-13 [Ethylene-responsive transcription factor RAP2-4

AT3G03310| LCAT3 0.47 |7.6E-02| 1.19 |6.0E-11 |Lecithin:cholesterol acyltransferase 3

AT1G58360 AAP1 0.63 |7.9E-02| 1.17 |4.8E-05 |Amino acid permease 1

AT1G32700 - 0.55 |7.9E-02| 1.09 |1.6E-11 |PLATZ transcription factor family protein

AT1G62422 - 0.90 |8.0E-02| 1.26 |3.0E-05 |Uncharacterized protein

AT3G14260 - 1.70 |8.3E-02| 2.42 |8.9E-08 |Uncharacterized protein

AT5G40780 LHT1 0.43 |8.6E-02| 1.22 |4.6E-27 |Lysine histidine transporter 1

AT1G71040 LPR2 0.63 |8.7E-02| 1.41 |1.5E-15 |Cupredoxin superfamily protein

AT5G44005 - 1.84 |9.2E-02| 1.60 |6.0E-03 |NA

AT4G17490 ERF6 0.55 |1.0E-01| 1.74 |2.1E-09 [Ethylene responsive element binding factor 6

AT1G50420 scL3 042 |1.06-01l 1.29 |9 .6E-09 scarecrow-like protein (SCL3) Putative transcription
factor

AT1G60030 NAT7 1.04 |1.1E-01| 1.98 |5.1E-10 |Nucleobase-ascorbate transporter 7

AT3G09070 OPS 0.52 |1.1E-01| 1.59 |1.4E-12 |Uncharacterized protein

AT1G50090 | BCATY 114 |1.16-01| 1.51 |2.66-02 D-aminoacid aminc?transfer.ase-like PLP-dependent
enzymes superfamily protein

AT1G33560 ADR1 0.48 |1.1E-01| 1.55 |3.7E-23 |Disease resistance protein (CC-NBS-LRR class) family

AT1G06573 - 1.14 |1.2E-01| 1.14 |2.9E-03|NA

AT1G51700| DOF1.7 1.98 |1.2E-01| 4.08 |1.6E-29 |Dof zinc finger protein DOF1.7

AT1G29930 | LHCB1.3 | 0.93 |1.2E-01| 2.25 |2.2E-11 [Chlorophyll a-b binding protein 1

AT5G20970 - 0.64 |1.3E-01| 1.39 |2.0E-06 [HSP20-like chaperones superfamily protein

AT3G61198 - 1.04 |1.3E-01| 1.50 |9.6E-05 |NA

AT3G07040 RPM1 1.22 |1.4E-01| 2.01 |4.1E-10 |NB-ARC domain-containing disease resistance protein

AT4G28040 - 0.87 |1.4E-01| 2.12 |3.5E-27 [Nodulin MtN21 /EamA-like transporter family protein

AT1G34510 PER8 0.69 |1.4E-01| 1.41 |2.3E-06 |Peroxidase superfamily protein

AT2G41190 | AVT1A 0.55 |1.5E-01| 1.13 |1.7E-05 [Transmembrane amino acid transporter family protein

AT2G37760 | AKR4C8 | 0.44 [1.5E-01| 1.03 |6.8E-06 [NAD(P)-linked oxidoreductase superfamily protein

AT3G56400 | WRKY70 | 0.99 [1.5E-01| 3.75 |2.3E-10 [Member of WRKY Transcription Factor

AT1G73500 MKK9 0.51 |1.6E-01| 1.42 |1.3E-06 |Mitogen-activated protein kinase kinase 9

AT5G53880 - 1.57 |1.7E-01| 4.17 |6.8E-25 |[Uncharacterized protein

AT3G15360 | TRX-M4 | 0.50 [1.7E-01| 1.06 |1.4E-07 [Thioredoxin M4, chloroplastic

AT5G47050 - 0.44 |1.8E-01| 1.41 |3.4E-14 |SBP (S-ribonuclease binding protein) family protein

AT1G26930 - 0.36 |1.8E-01| 1.15 |1.1E-18 [Galactose oxidase/kelch repeat superfamily protein

ATAG35480 | ATL45 1.01 |2.0E-01| 2.04 |2.0E-06 [Probable E3 ubiquitin-protein ligase ATL45

AT3G46600 SCL30 0.38 [2.0E-01| 1.08 |3.3E-09 |GRAS family transcription factor

AT1G14890 i 088 |>1e-01] 1.10 |9.66-03 Plant invertase/pectin methylesterase inhibitor

superfamily protein
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AT4G28390 AAC3 0.65 |2.2E-01| 1.13 |7.9E-05 |mitochondrial ADP/ATP carrier protein

AT5G02790 | GSTL3 0.71 |2.2E-01| 1.76 |5.2E-09 [Glutathione S-transferase family protein

AT3G46110 - 1.78 |2.3E-01| 3.02 |2.7E-13 |Uncharacterized protein

AT5G20230 BCB 1.32 |2.3E-01| 3.86 |[1.1E-25 |Blue-copper-binding protein

AT1G49730 - 0.43 |2.3E-01| 1.36 |2.5E-06 |Probable receptor-like protein kinase

AT5G58787 - 0.51 |2.3E-01| 1.49 |8.2E-14 |Uncharacterized protein

AT2G46400 | WRKY46 | 1.62 [2.5E-01| 5.68 |2.0E-65 [Probable WRKY transcription factor 46

AT1G28260 | SMG7L 1.24 |2.5E-01| 2.38 |8.9E-12 [Telomerase activating protein Estl

AT1G65510 - 0.81 |2.7E-01| 1.72 |3.4E-10 [Unknown protein

AT4G33467 - 1.35 |2.7E-01| 1.21 |2.0E-02|Unknown protein

AT1G13340 - 1.20 [2.8E-01| 2.17 |1.8E-10 |Regulator of Vps4 activity in the MVB pathway protein

ATAG18880 | HSFA4A | 0.66 |2.8E-01| 2.07 |5.4E-23 [Heat stress transcription factor A-4a

AT2G46950 | CYP709B2 | 0.54 |2.8E-01| 1.30 |4.5E-10 gyt‘xhrome P450, family 709, subfamily B, polypeptide

AT5G60270 | LECRK17 | 1.03 |2.9E-01| 2.75 |4.9E-13 |Concanavalin A-like lectin protein kinase family protein

AT4G33490 - 0.53 |3.1E-01| 1.17 |1.8E-08 [Eukaryotic aspartyl protease family protein

ATAG13030 i 151 |3.26-01| 3.12 |4.4E-09 P-loop corltaining'nucleoside triphosphate hydrolases
superfamily protein

AT2G30140 | UGT87A2 | 0.53 [3.2E-01| 1.71 |1.4E-15 |UDP-Glycosyltransferase superfamily protein

AT4G01026 PYL7 0.84 |(3.2E-01| 2.23 |1.1E-13 |Abscisic acid receptor PYL7

AT5G54080 HGO 0.42 |3.3E-01| 1.14 |8.0E-10|Homogentisate 1,2-dioxygenase

AT5G41610 | CHX18 0.43 (3.4E-01| 1.08 |2.5E-06 Cation/H(+) antiporter 18

AT1G61520 | LHCA3 0.68 |3.6E-01| 1.43 |2.9E-05 [Photosystem | chlorophyll a/b-binding protein 3-1

AT1G63600 - 0.57 |3.7E-01| 1.03 |9.6E-04 Receptor-like protein kinase-related family protein

AT3G02840 - 1.74 |3.8E-01| 2.91 |2.1E-06 |Uncharacterized protein

AT1G10140 - 0.68 |3.9E-01| 1.12 |2.1E-04 |Uncharacterized protein

AT3G13590 - 1.34 |4.0E-01| 2.02 |1.2E-03 |Cysteine/Histidine-rich C1 domain family protein

AT1G76040 | CPK29 0.41 |4.2E-01| 1.16 |7.6E-07 |Calcium-dependent protein kinase 29

AT2G41010 | CAMBP25 | 0.94 |4.2E-01| 2.16 |2.8E-14 [Calmodulin (CAM)-binding protein of 25 kDa

AT1G21550| CML44 0.89 |4.2E-01| 1.87 |1.2E-04 [Calcium-binding EF-hand family protein

AT1G01480 ACS2 0.52 |4.2E-01| 1.53 |3.8E-06 |1l-amino-cyclopropane-1-carboxylate synthase 2

AT4G37730 | AtbzZIP7 | 0.73 |4.3E-01| 1.11 |2.1E-03 BZIP transcription factor-like protein

AT2G27140 - 0.44 |4.4E-01| 1.47 |1.4E-06 |HSP20-like chaperones superfamily protein

AT5G01760 TOL7 1.22 |4.4E-01| 2.31 |5.1E-06 ENTH/VHS/GAT family protein

AT2G42820 | HVA22F | 0.70 |4.4E-01| 1.47 |9.2E-04 HVA22-like protein F (HVA22F)

AT4G27730 OPT6 0.71 |4.4E-01| 1.89 |2.2E-08 |Oligopeptide transporter 6

AT4G22780 ACR7 0.65 |4.5E-01| 1.50 |2.1E-07 |ACT domain containing protein

AT3G04530 | PPCK2 0.81 |4.5E-01| 1.04 |2.2E-02 |phosphoenolpyruvate carboxylase kinase

ATMGO00030| ORF107A | 0.84 |4.5E-01| 1.72 |6.0E-04 Uncharacterized mitochondrial protein

AT1G73270| SCPL6 0.68 [4.5E-01| 1.43 |4.7E-04 [Serine carboxypeptidase-like 6

AT5G39330 - 0.69 |[4.5E-01| 1.07 |6.3E-04 [Transmembrane protein

AT1G75160 - 0.64 |4.5E-01| 1.57 |2.5E-06 [Protein of unknown function

AT3G62150 | ABCB21 | 1.54 |4.6E-01| 2.99 |2.1E-07 |ABC transporter B family member 21

AT1G69430 - 0.90 |4.6E-01| 1.36 |4.4E-03 |Uncharacterized protein
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AT5G16400 | TRXF2 0.90 |4.7E-01| 1.06 |3.2E-02 [Thioredoxin F2, chloroplastic

AT1G33030 - 1.46 |4.9E-01| 2.53 |1.0E-04 |0-methyltransferase family protein

ATSG64870 | FLOT3 | 162 |4.96-01| 3.27 |7.56-10 " +/Band 7/PHB domain-containing membrane-
associated protein family

AT2G44840 | ERF13 1.04 |5.0E-01| 1.69 |8.3E-05 [Ethylene-responsive element binding factor 13

AT3G15770 - 0.48 |5.2E-01| 1.26 |1.9E-06 [Unknown protein

AT1G28370 | ERF11 0.97 |5.6E-01| 1.46 |1.1E-02 [Ethylene-responsive transcription factor 11

AT5G17850 CCX2 0.68 |5.6E-01| 1.37 |7.2E-06 [Sodium/calcium exchanger family protein

AT2G38465 - 1.44 |5.6E-01| 1.83 |3.9E-02 [Uncharacterized protein At2g38465

AT5G64040 PSAN 0.61 |5.6E-01| 1.75 |3.1E-09 |Photosystem | reaction center subunit PSI-N

AT3G17380 - 0.57 |5.7E-01| 1.59 |4.1E-05 [TRAF-like family protein

AT3G49380 iqd15 0.69 |5.8E-01| 1.27 |3.2E-03 |Putative calmodulin-binding protein

AT3G10510 - 1.18 [5.9E-01| 1.72 |1.5E-02 |Galactose oxidase/kelch repeat superfamily protein

AT2G47450 CAO 0.39 |6.0E-01| 1.22 |4.9E-06 [Signal recognition particle 43 kDa protein

AT2G39400 - 0.99 |6.2E-01| 2.09 |2.6E-03 alpha/beta-Hydrolases superfamily protein

AT1G51400 - 0.71 |6.2E-01| 1.25 |1.6E-02 |Uncharacterized protein

AT4G17250 - 0.87 |6.2E-01| 2.90 |1.3E-09 [Unknown protein

AT2G16700 ADF5 0.53 |6.3E-01| 1.51 |9.4E-06 |Actin-depolymerizing factor 5

AT1G12900 | GAPA-2 | 1.17 |6.3E-01| 2.22 |8.5E-04 [Glyceraldehyde-3-phosphate dehydrogenase GAPA2

AT5G58830 | SBT4.8 1.28 [6.3E-01| 1.94 |2.3E-02 [Subtilisin-like serine endopeptidase family protein

AT2G37925| COPT4 0.88 |6.4E-01| 1.28 |4.1E-02 [copper transporter family

AT2G09500 - 0.62 |6.4E-01| 1.09 |3.6E-02 NA

AT4G19390 - 0.70 |6.5E-01| 2.13 |3.2E-07 Uncharacterised protein family

AT5G65130 - 1.10 [6.5E-01| 2.29 |9.4E-04 [Ethylene-responsive transcription factor ERFO57

AT1G28480 | GRXC9 0.50 |6.5E-01| 1.16 |6.4E-04 [Thioredoxin superfamily protein

AT1G17020 SRG1 1.28 |6.6E-01| 2.62 |1.8E-04 [Senescence-related gene 1

AT4G03270 | CYCD6-1 | 0.55 |6.7E-01| 1.10 |4.6E-02 |Putative cyclin-D6-1

AT4G03280 | PETC | 0.67 |6.76-:01| 2.46 |3.16-10 [CYtochrome bé-fcomplexiron-sulfur subunit,
chloroplastic

AT1G70420 - 0.54 |6.8E-01| 1.51 |8.2E-06 |[DNA ligase-like protein

AT3GA44880 PAO 035 |6.96-01| 1.03 |1.96-03 Pheophorbide .a oxygenase family protein with Rieske
[2Fe-2S] domain

AT2G44578 - 0.59 |6.9E-01| 2.02 |1.0E-04 RING/U-box superfamily protein

AT3G18950 - 0.74 |7.0E-01| 2.04 |4.8E-05 [Transducin/WD40 repeat-like superfamily protein

AT4G39580 - 0.51 |7.0E-01| 1.03 |2.6E-02 [Galactose oxidase/kelch repeat superfamily protein

ATA4G04640 | ATPC1 0.35 |7.1E-01| 1.00 |2.0E-03 |JATP synthase gamma chain 1, chloroplastic

AT2G34530 - 0.57 |7.4E-01| 1.48 |1.1E-03 |Unknown protein

AT3G02150 | TCP13 1.44 |7.4E-01| 2.82 |5.2E-03 |Plastid transcription factor 1

AT1G77700 - 0.38 |7.5E-01| 1.29 |4.3E-04 |Pathogenesis-related thaumatin superfamily protein

AT1G60360 - 0.71 |7.5E-01| 2.07 |7.3E-04 RING/U-box superfamily protein

AT1G75060 - 0.52 |7.6E-01| 1.36 |1.4E-02 |Histone deacetylase complex subunit

AT3G59930 - 0.58 |7.7E-01| 1.56 |2.8E-02 [Encodes a defensin-like (DEFL) family protein

AT3G57760 - 0.50 |7.7E-01| 1.21 |3.5E-03 |Protein kinase superfamily protein

AT2G46940 - 0.67 |7.7E-01| 1.41 |8.0E-03 Unknown protein

AT5G13790 | AGL15 0.64 |7.8E-01| 1.40 |2.2E-02 AGAMOUS-Like 15
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AT5G05735 - 0.41 |7.9E-01| 1.09 |1.2E-02 NA
AT1G07135 - 0.65 |7.9E-01| 1.38 |9.5E-07 |Predicted GPl-anchored protein
AT5G25910 | AtRLP52 | 0.90 (8.0E-01| 2.57 |2.3E-04 |Receptor like protein 52
AT1G02450 | NIMIN-1 | 0.65 |8.0E-01| 1.93 |1.2E-03 |Protein NIM1-INTERACTING 1
AT4G08780 | PER38 0.86 |8.3E-01| 2.93 |2.4E-04 [Peroxidase superfamily protein
AT5G22555 - 0.45 |8.4E-01| 1.49 |1.3E-02 [Unknown protein
AT5G03890 - 0.41 |8.4E-01| 1.35 |7.7E-03 |Uncharacterized protein
AT4G25434 |ATNUDT10| 0.60 |8.5E-01| 2.18 |1.0E-03 |Nudix hydrolase homolog 10
AT3G02850 SKOR 0.65 |8.6E-01| 1.85 |3.5E-02 [STELAR K+ outward rectifier
AT5G67550 - 0.71 |8.6E-01| 2.48 |2.0E-04 [Unknown protein
AT3G02480 i 052 |see-01l 165 |1.1E-02 Late etmbryogenesis abundant protein (LEA) family
protein
AT2G45760 BAP2 0.73 |8.7E-01| 2.22 |2.6E-03 |BON association protein 2
AT1G52315 - 0.55 |8.7E-01| 1.99 |2.2E-03 Regulator of Vps4 activity in the MVB pathway protein
AT5G56510 | APUM12 | NA NA 7.34 |2.8E-15 [Pumilio homolog 12
AT5G24316 - NA NA 2.56 |8.7E-03 |Proline-rich family protein
AT4G35485 - NA NA 2.27 |2.4E-02 NA
AT3G61470 | LHCA2 NA NA 2.32 |3.6E-02 [Photosystem | chlorophyll a/b-binding protein 2
AT3G01175 - NA NA 3.89 |1.5E-06 |Protein of unknown function
AT2G28500 | LBD11 NA NA 6.16 |3.6E-10 [LOB domain-containing protein 11
AT5G10380| ATL55 NA NA 4.52 |6.7E-11 |RING finger domain protein
AT1G30560 - NA NA 3.58 |9.7E-05 |Putative glycerol-3-phosphate transporter 3
AT4G11655 - NA NA 4.73 | 8.8E-08 |Uncharacterised protein family
Cluster 5
WT -/+ pdr2 -/+ L.
Gene ID |Gene name ene description
log2FC |p-value|logzFC | p-value
AT5G22580 - 2.76 |3.3E-48| 2.23 |4.1E-14 Stress-response A/B barrel domain-containing protein
ATAG35750 i 1.97 |9.96-47| 1.69 |3.1E-30 SEC14 cytosc?lic factqr family protein / phosphoglyceride
transfer family protein
AT5G01600 FER1 1.65 |9.7E-41| 1.81 |4.5E-21 [Ferritin-1, chloroplastic
AT1G33790 JALA 3.19 |2.8E-29| 6.48 |2.3E-120Jacalin lectin family protein
AT1G68290 | ENDO2 4.56 |2.0E-19| 4.92 |6.0E-35 [Endonuclease 2
AT1G55200 i 537 le.8e-17| 2.95 |6.66-19 Protein kina§e proteir.1 with adenine nucleotide alpha
hydrolases-like domain
AT5G46590 | anac096 | 2.67 |2.1E-16| 3.27 |3.8E-52 [NAC domain containing protein 96
AT5G51550 EXL3 1.67 [3.4E-16| 1.56 |2.6E-12 |Protein EXORDIUM-like 3
AT3G47340 ASN1 5.85 |6.8E-16| 8.02 |3.8E-56 |Glutamine-dependent asparagine synthetase
AT1G14960 i 165 |2.26-15| 1.94 |8.5E-17 Polyketidg cyclase-/dehydrase and lipid transport
superfamily protein
AT3G07540 FH10 2.68 |6.6E-15| 3.92 |3.8E-52 |Actin-binding FH2 (formin homology 2) family protein
AT5G38710 POX2 2.85 |1.5E-14| 2.91 |1.1E-29 Methylenetetrahydrofolate reductase family protein
AT2G33830 | DRMH1 | 3.25 |1.9E-14| 6.15 |3.4E-10 |[Dormancy/auxin associated family protein
AT3G22120| CWLP | 1.75 |3.96-13| 2.47 [1.3E-10 fg\i{/ma)”'p'asma membrane linker protein homolog
AT2G22430 | ATHB-6 1.09 |5.2E-13| 1.34 |5.7E-23 Homeobox-leucine zipper protein ATHB-6
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AT2G39570 ACR9 1.66 |1.1E-12| 1.92 |1.3E-25|ACT domain-containing protein ACR9

AT4G19980 - 2.20 |5.8E-12| 2.01 |2.6E-13 [Unknown protein

AT1G18460 - 1.39 [5.9E-12| 1.05 |6.7E-07 [alpha/beta-Hydrolases superfamily protein

AT3G20340 - 2.25 |6.9E-12| 1.71 |9.0E-28 |Protein expression protein

AT3G04350 - 1.36 |2.8E-11| 1.09 |1.4E-10|Uncharacterized protein

AT5G54490 PBP1 1.74 |2.8E-11| 2.56 |3.8E-24 |Calcium-binding protein PBP1

AT2G32150 i 295 133611 3.09 |8.56-57 ;lf!g:;:d dehalogenase-like hydrolase (HAD) superfamily

AT5G06730 | PER54 2.05 |1.9E-10| 3.18 |9.8E-38 [Peroxidase superfamily protein

AT1G70290 PS8 1.66 |1.96-10| 3.03 |9 3E-26 Probable a!pha,alpha-trehalose-phosphate synthase
[UDP-forming] 8

AT1G22400 | UGT85A1 | 1.20 [2.0E-10| 1.00 |1.8E-11 [UDP-Glycosyltransferase superfamily protein

AT1G76990 ACR3 1.19 |2.0E-10| 1.29 |3.3E-20|ACT domain-containing protein ACR3

AT5G14180 LIP2 2.03 |2.2E-10| 2.92 |5.2E-38 [Myzus persicae-induced lipase 1

AT1G32510 | ANACO011 | 4.75 |3.0E-10| 6.72 |1.9E-16 NAC domain containing protein 11

AT1G80380 GLYK 187 |3.66-10l 1.96 |9 56-15 P-loop corltaining'nucleoside triphosphate hydrolases
superfamily protein

AT2G15890 | MEE14 1.81 |4.8E-10| 2.37 |6.5E-26 |Maternal effect embryo arrest 14

AT3G57520 RFS2 1.40 |1.6E-09| 1.97 |2.0E-35 |Probable galactinol--sucrose galactosyltransferase 2

AT1G30820 - 1.49 |2.5E-09| 2.36 |3.1E-27 |CTP synthase family protein

AT5G63450 | CYP94B1 | 2.08 [2.9E-09| 2.00 |1.6E-08 [Cytochrome P450, family 94, subfamily B, polypeptide 1

AT4G38470 STY46 1.69 |4.0E-09| 2.05 |1.4E-20|ACT-like protein tyrosine kinase family protein

AT5G14920 | GASA14 | 1.23 [4.3E-09| 1.34 |6.9E-08 [Gibberellin-regulated family protein

AT5G28770 | BZIP63 1.59 |5.4E-09| 1.95 |2.0E-13 |bZIP transcription factor family protein

AT1G78830 - 1.61 |7.8E-09| 1.88 |9.3E-11 |Curculin-like (mannose-binding) lectin family protein

AT3G26740 CCL 5.28 |7.8E-09| 5.28 |2.2E-17 |Light-regulated protein 1, chloroplastic

AT4G24230| ACBP3 1.84 |1.7E-08| 2.38 |6.4E-34 Jacyl-CoA-binding protein ACBP3

AT3G53620 PPA4 0.92 |2.3E-08| 1.27 |2.6E-21 |Soluble inorganic pyrophosphatase 4

AT1G15040 | GAT1 2.1 | 2.63 |2.6E-08 456 |2.6E-83 Class I glutamine amidotransferase-like superfamily

- protein

AT5G01370 ACI1 1.78 |6.2E-08| 2.28 |2.3E-18 [Uncharacterized protein

AT1G09460 - 1.08 |6.4E-08| 0.77 |3.5E-04 |Carbohydrate-binding X8 domain superfamily protein

AT4G02050 STP7 1.16 |7.8E-08| 1.29 |2.3E-13 [Sugar transporter protein 7

AT1G73260 KTI1 2.58 |7.8E-08| 3.80 |1.6E-14 [Kunitz trypsin inhibitor 1

AT1G23870 TPS9 141 |7.96-08] 165 |2.96-31 Probable a!pha,alpha-trehaIose-phosphate synthase
[UDP-forming] 9

AT5G10510 AlL6 0.91 |8.2E-08| 1.62 |6.0E-33|AP2-like ethylene-responsive transcription factor AIL6

AT3G25130 i 366 |s.9c-08| 3.78 |1.4E-09 Q:(i)ctli:irl]eucine-rich nuclear phosphoprotein 32 family B

AT5G08000 E13L3 4.78 [1.2E-07| 4.94 |4.7E-12 Glucan endo-1,3-beta-glucosidase-like protein 3

AT2G39700 | EXPA4 0.94 |1.3E-07| 1.58 |2.9E-21 [Expansin-A4

AT4G18340 - 1.37 |1.7E-07| 1.67 |1.7E-29 |Glycosyl hydrolase superfamily protein

AT3G43270 | PME32 111 |1.96-07| 2.02 |3.1E-27 Plant invertase/pectin methylesterase inhibitor

superfamily
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AT5G24490 - 1.59 |1.9E-07| 2.42 |1.2E-27 [Uncharacterized protein

AT3G19200 - 1.36 [2.2E-07| 2.07 |7.4E-15|Unknown protein

AT1G62770 | PMEIS 1.05 12.96-07| 1.26 |2.76-12 Plant invgrtase/pgctin methylesterase inhibitor
superfamily protein

AT2G43535 ATTI4 1.02 |3.1E-07| 1.38 |4.5E-12 [Scorpion toxin-like knottin superfamily protein

AT2G18700| TPS11 | 1.56 |4.4E-07| 2.53 |7.2E-59 '[DJOD?EO":S:Egla’lal'pha‘trehalose'phos"hate synthase

AT1G25400 - 1.42 |6.1E-07| 1.24 |8.1E-11 |[Uncharacterized protein

AT3G04300 - 3.44 |7.7E-07| 4.85 |4.1E-35 RmlIC-like cupins superfamily protein

AT5G16970 AER 3.05 |8.7E-07| 5.96 |5.7E-59 NADPH-dependent oxidoreductase 2-alkenal reductase

AT1G21830 - 1.40 |1.1E-06| 1.26 |2.8E-08 |[Uncharacterized protein

ATAG32300 D25 1.05 |1.16-06| 1.15 |1.6E-07 G.-type lectin S-receptor-like serine/threonine-protein
kinase SD2-5

AT5G27920 - 1.24 |1.3E-06| 1.11 |1.0E-08 |Uncharacterized protein

AT4G38210 | EXPA20 1.14 |1.3E-06| 1.85 |1.8E-11 [Expansin-A20

AT3G03150 - 0.86 |1.5E-06| 1.34 |1.3E-13 |Uncharacterized protein

AT3G43430 - 1.44 |1.6E-06| 2.14 |1.1E-27 [Uncharacterized protein

AT2G24560 - 3.85 |2.5E-06| 3.59 |9.6E-10 [GDSL-like Lipase/Acylhydrolase family protein

AT1G62500 i 1.40 |3.06-06| 0.99 |1.8€-05 Bifunctiorlal inhibitor./lipid-tra.nsfer protein/seed storage
2S albumin superfamily protein

AT3G23570 - 1.17 [3.7E-06| 1.96 |4.7E-18 [alpha/beta-Hydrolases superfamily protein

AT1G05147 - 3.97 |3.8E-06| 4.21 |1.9E-16 NA

AT5G65690 PCK2 2.42 |3.8E-06| 2.57 |2.3E-33 |Putative phosphoenolpyruvate carboxykinase

AT2G38230 | PDX11 1.74 |4.4E-06| 1.40 |1.2E-09 |Pyridoxal 5'-phosphate synthase subunit PDX1.1

AT1G30720 - 1.66 |4.9E-06| 1.27 |3.6E-06 [FAD-binding Berberine family protein

AT5G07310 | ERF115 7.23 |6.2E-06| 9.28 |1.3E-12 [Ethylene-responsive transcription factor ERF115

AT3G21670 | NPF6.4 1.72 |6.6E-06| 1.31 |4.7E-05 |[Major facilitator superfamily protein

AT1G22710 SuUC2 1.54 |6.9E-06| 1.42 |3.4E-09 [Sucrose transport protein SUC2

AT3G19930 STP4 1.00 |6.9E-06| 1.41 |1.8E-10 [Sugar transport protein 4

AT5G16110 - 1.11 |7.9E-06| 1.41 |3.8E-31|Uncharacterized protein

AT3G07310 - 2.06 |9.1E-06| 1.99 |3.0E-06 Phosphoserine aminotransferase, putative

AT5G07440 GDH2 0.98 [1.5E-05| 1.57 |6.7E-33 |Glutamate dehydrogenase 2

AT3G07350 - 1.44 |1.7E-05| 2.27 |2.2E-10 [Sulfate/thiosulfate import ATP-binding protein, putative

ATAG22590 TPPG 110 |1.86-05| 1.47 | 16612 Haloa'cid dehalogenase-like hydrolase (HAD) superfamily
protein

AT3G46690 | UGT76E4 | 1.29 [2.0E-05| 1.33 |2.6E-11 [UDP-Glycosyltransferase superfamily protein

AT3G13430 - 1.14 |2.0E-05| 0.87 |1.1E-07 |RING/U-box superfamily protein

AT3G30775 EDR5S 2.32 |2.7E-05| 2.41 |5.4E-55 |Methylenetetrahydrofolate reductase family protein

AT5G08350 - 1.38 |3.2E-05| 1.17 |7.4E-07 GRAM domain-containing proteind

AT3G10020 - 1.41 |4.1E-05| 4.10 |3.0E-70 [Uncharacterized protein

AT1G68840 | RAV2 | 0.81 |4.8E-05| 1.31 |2.1E-13 f:;r/e iizf;:\?; domain-containing transcription

AT2G19800 | MIOX2 2.50 |4.9E-05| 3.06 |3.2E-48 [Myo-inositol oxygenase 2
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AT1G15085 - 1.64 |5.1E-05| 1.64 |1.4E-05|NA

AT4G22730 - 1.84 |5.8E-05| 2.76 |1.8E-15 |Leucine-rich repeat protein kinase family protein

AT2G41430| ERD15 0.76 |6.2E-05| 1.05 |1.4E-21 [Protein EARLY RESPONSIVE TO DEHYDRATION 15

AT4G27970 | SLAH2 1.26 |7.1E-05| 2.49 |3.0E-41 [S-type anion channel SLAH2

AT5G20250 DIN10 3.13 |7.3E-05| 3.03 |3.1E-51 |Probable galactinol--sucrose galactosyltransferase 6

AT2G20520 FLA6 1.09 |7.4E-05| 1.05 |3.8E-04 |Fasciclin-like arabinogalactan-protein 6 (Fla6)

AT2G43510 | ATTI1 3.97 |8.6E-05| 7.68 |5.6E-22 [Trypsin inhibitor protein 1

AT1G19850 ARF5 0.66 |9.2E-05| 1.36 |2.2E-28 [Transcriptional factor B3 family protein

AT5G22920 | RZPF34 2.62 |9.9E-05| 2.21 |1.8E-24 [CHY-type/CTCHY-type/RING-type Zinc finger protein

AT3G16350 - 0.81 |1.0E-04| 1.03 |6.9E-08 Homeodomain-like superfamily protein

AT1G69490 | NACO029 1.91 [1.1E-04| 4.09 |2.1E-36 |NAC-like, activated by AP3/PI

AT1G31650 |ROPGEF14 | 0.78 |1.1E-04| 1.81 |2.3E-28 |Rop guanine nucleotide exchange factor 14

AT4G16190 | RD19C 0.90 |1.1E-04| 1.60 |1.4E-10 |Probable cysteine protease RD19C

AT3G48360 BT2 2.90 |1.1E-04| 2.84 |4.3E-24 BTB/POZ and TAZ domain-containing protein 2

AT5G19650 OFP8 2.09 |1.2E-04| 3.27 |4.4E-19 [Transcription repressor OFP8

AT1G32460 - 0.97 |1.3E-04| 1.05 |8.7E-16 |Uncharacterized protein

AT4G32480 - 3.00 |1.5E-04| 2.42 |7.9E-37 |Putative sugar phosphate exchanger

AT1G25550 HHO3 0.84 |1.9E-04| 1.06 |5.1E-07 [Myb-like transcription factor family protein

AT2G19970 ) 321 |1.96-04| 4.70 |3.1E-09 CAP (Cysteir.me-rich secretory Proteins, Ant.igen 5, a.nd
Pathogenesis-related 1 protein) superfamily protein
HMG (high mobility group) box protein with

AT1G55650 | HMGB11 | 6.50 |2.0E-04| 530 |4.2E-03 AR|D/(BR|gGHT DNA\_’bgindi:g) N

AT3G63210 | MARD1 0.67 |2.3E-04| 1.03 |4.3E-07 Uncharacterized protein

AT1G52245 - 2.34 |2.3E-04| 2.04 |1.9E-31|NA

AT5G02580 - 1.01 |2.4E-04| 0.93 |6.3E-05 |Uncharacterized protein

AT1G71520 | ERF020 1.45 |2.7E-04| 1.23 |9.2E-04 [Ethylene-responsive transcription factor ERF020

AT3G07650 coL9 0.83 |2.9E-04| 1.53 |1.3E-08 Zinc finger protein CONSTANS-LIKE 9

AT3G47380 | PMEM1 | 0.92 35604 1.71 |1.36-10 Plant invgrtase/pgctin methylesterase inhibitor
superfamily protein

AT4G34138 | UGT73B1 | 0.77 |4.1E-04| 1.48 |8.5E-18 [UDP-glucosyl transferase 73B1

AT5G04040 SDP1 0.92 |4.1E-04| 1.09 |5.6E-10 |Patatin-like phospholipase family protein

AT1G23390 - 1.16 |4.7E-04| 1.99 |5.1E-15 [Kelch repeat-containing F-box family protein

AT4G08950 EXO 0.95 |5.0E-04| 2.26 |1.1E-29 |Phosphate-responsive 1 family protein

AT1G67480 - 0.63 |5.2E-04| 1.07 |6.8E-21 [Galactose oxidase/kelch repeat superfamily protein

AT2G02710 TLP1 2.02 |5.4E-04| 2.53 |2.6E-29 |Protein TWIN LOV 1

AT3G20660 OCT4 0.86 |5.7E-04| 1.83 |1.3E-22 [Organic cation/carnitine transporter 4

AT5G05770 | WOX7 4,17 |7.0E-04| 5.79 |4.1E-22 WUSCHEL-related homeobox gene family member

ATSG19090 | HIPP33 0.60 |7.26-0a| 1.27 112620 HeavY metal transport/detoxification superfamily
protein

AT4G24040 TRE1 1.30 |7.5E-04| 2.31 |2.4E-26Trehalase 1

AT3GO6850 BCE2 110 |7.86-04] 221 |9.86:21 2-0xqacid dehydrogenases acyltransferase family
protein

AT3G24450 i 0.96 |8.3c-04| 1.44 |3.6E-13 HeavY metal transport/detoxification superfamily
protein

AT4G37260 | MYB73 0.63 |8.6E-04| 1.13 |1.4E-10 [Transcription factor MYB73
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AT4G29610 CDA6 1.20 [8.9E-04| 2.00 |[1.5E-10 |Cytidine/deoxycytidylate deaminase family protein

AT5G41080 | GDPD2 1.63 |1.0E-03| 1.52 |1.7E-06 |PLC-like phosphodiesterases superfamily protein

AT1G28330 | DRM1 2.31 |1.1E-03| 3.51 |3.0E-56 [Dormancy-associated protein (DRM1)

AT1G28190 - 1.43 |1.1E-03| 1.96 |1.8E-08|Unknown protein

AT2G42960 - 0.79 |1.2E-03| 1.41 |2.5E-09 |Probable receptor-like protein kinase

AT3G42725 - 3.34 |1.4E-03| 4.18 |9.0E-09 |Uncharacterized protein

AT3G54880 - 0.76 |1.5E-03| 1.39 |1.0E-07 Uncharacterized protein

AT2G25090 | CIPK16 1.74 |1.5E-03| 1.53 |3.2E-04 |CBL-interacting serine/threonine-protein kinase 16

AT1G25560 | TEM1 067 |1.86:03] 132 |55612 AP2/ERF and B3 domain-containing transcription
repressor TEM1

AT2G33020 | AtRLP24 | 3.29 [2.1E-03| 6.61 |1.9E-21 [Putative leucine-rich repeat disease resistance protein

AT3G49160 PKP4 0.77 |2.2E-03| 1.38 |5.1E-12 PPlastidial pyruvate kinase 4

AT2G20670 - 2.80 |2.5E-03| 2.52 |5.6E-33 Sugar phosphate exchanger, putative

AT2G40420 | AVT6D 0.86 |2.5E-03| 1.38 |2.6E-10|Encodes a putative amino acid transporter

AT4G00200 AHL7 0.79 |3.0E-03| 1.13 |1.0E-07 |AT-hook motif nuclear-localized protein 7

AT5G12890 | UGT92A1 | 1.34 [3.1E-03| 1.93 |2.1E-07 [UDP-Glycosyltransferase superfamily protein

AT2G19460 - 0.79 |3.2E-03| 1.03 |3.9E-10 |Uncharacterized protein

AT1G12890 | ERFO088 3.42 |3.3E-03| 5.04 |6.7E-10 [Ethylene-responsive transcription factor ERFO88

AT1G11440 - 1.13 |3.8E-03| 1.16 |6.0E-05 |Putative serine/threonine protein kinase

AT2G17440 PIRLS 0.66 |3.86-03| 1.16 |9.66-17 Intrac.ellular Ras-group-related LRRs (Leucine rich repeat
proteins)

AT1G72610 GLP1 1.30 |3.9E-03| 1.55 |3.2E-05 |Germin-like protein subfamily 3 member 1

AT3G47160 - 0.75 |4.0E-03| 1.33 |1.2E-19 RING/U-box superfamily protein

AT1G30730 - 1.83 |4.1E-03| 1.83 |1.1E-15 |[FAD-binding Berberine family protein

AT1G13245| RTFL17 1.22 |4.2E-03| 0.86 |3.9E-02 [Uncharacterized protein

AT1G13250 | GATL3 1.05 |4.3E-03| 1.02 |1.8E-05 |Probable galacturonosyltransferase-like 3

AT1G16110 | WAKL6 1.57 |4.4E-03| 2.74 |1.6E-10|Wall-associated receptor kinase-like 6

AT5G65207 - 1.27 |4.6E-03| 1.07 |3.4E-04 [Uncharacterized protein

AT5G56550 0OXS3 3.70 |4.6E-03| 4.01 |4.6E-29 |Uncharacterized protein At5g56550

AT3G23880 i 1.89 |4.96-03| 2.21 |6.76-05 F-box.and associated interaction domains-containing
protein

AT4G37520 | PER50 0.62 |5.1E-03| 1.41 |3.3E-18 |Peroxidase superfamily protein

AT5G26340| STP13 0.78 |5.1E-03| 1.30 |7.6E-10 |[Major facilitator superfamily protein

AT5G53490 - 2.85 |5.4E-03| 2.07 |2.5E-02 [Tetratricopeptide repeat (TPR)-like superfamily protein

AT3G15630 - 2.54 |5.4E-03| 3.06 |1.3E-44 NA

AT4G18890 BEH3 0.70 |5.5E-03| 1.01 |6.1E-07 BES1/BZR1 homolog 3 (BEH3)

AT4G34560 - 1.36 |5.6E-03| 1.11 |2.1E-03 [Uncharacterized protein

AT5G19120 - 2.41 |6.4E-03| 2.30 |3.7E-17 [Eukaryotic aspartyl protease family protein

AT3G16120 - 4.41 |6.6E-03| 6.17 |8.5E-13 |Dynein light chain type 1 family protein

AT5G58650 PSY1 2.33 |6.9E-03| 2.45 |1.5E-26 [18-aa tyrosine-sulfated glycopeptide

AT4G34139 - 1.18 |8.0E-03| 1.61 |6.8E-05|NA

AT1G66890 - 1.08 |8.8E-03| 0.85 |7.3E-03 [Uncharacterized protein

AT4G28170 - 1.44 |1.0E-02| 1.67 |1.3E-05 [Unknown protein
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AT4G38580 | HIPP26 0.78 |1.1E-02| 1.75 |5.1E-12 Heavy metal-associated isoprenylated plant protein 26

AT3G60140 | BGLU30 | 3.20 [1.2E-02| 3.76 |1.1E-05 [Glycosyl hydrolase superfamily protein

AT5G16370 AAES5 1.96 |1.2E-02| 1.86 |4.6E-22 |Probable acyl-activating enzyme 5

AT3G23230| ERF098 4.48 |1.3E-02| 3.90 |3.2E-04 [Ethylene-responsive transcription factor ERF098

AT5G47240 | atnudt8 | 1.04 |1.3E-02| 0.76 |7.9E-03 |[Nudix hydrolase homolog 8

AT1G03600 | PSB27-1 | 1.74 |1.4E-02| 1.80 |1.7E-03 Photosystem Il repair protein PSB27-H1

AT1G68020 | ATTPSS | 0.75 |1.56:02| 1.47 |5.1E-14 UDP-QchosyItransferase / trehalose-phosphatase family
protein

AT5G49320 - 1.44 |1.5E-02| 1.27 |7.4E-03 |Putative transmembrane protein

AT3G15370 | ATEXPA12 | 0.80 |1.5E-02| 1.44 |4.2E-12 [Expansin-A12

AT3G50740 | UGT72E1 | 0.90 |1.5E-02| 1.41 |2.1E-04 |UDP-glucosyl transferase 72E1

AT3G15450 - 3.06 |1.6E-02| 3.82 |1.9E-49 |Aluminium induced protein with YGL and LRDR motifs

AT5G62940 | DOF5.6 1.39 |1.7E-02| 1.50 |4.3E-05 |Dof-type zinc finger DNA-binding family protein

AT5G66050 - 0.99 |1.7E-02| 1.45 |8.4E-09 |Uncharacterized protein

AT1G58180 BCA6 1.03 |1.7E-02| 1.76 |4.2E-11 |Beta carbonic anhydrase 6, mitochondrial

AT1G03610 - 0.77 |1.8E-02| 1.17 |3.6E-09 Uncharacterized protein

AT5G14360 - 1.06 |2.0E-02| 2.16 |2.4E-07 |Ubiquitin-like superfamily protein

AT3G15440 - 4.00 |2.2E-02| 3.87 |3.1E-03 |[NA

AT1G80920 ATI8 1.91 |2.2E-02| 1.99 |6.6E-43 |Chaperone Dnal-domain superfamily protein

AT5G39080 - 1.51 |2.3E-02| 3.23 |4.9E-09 HXXXD-type acyl-transferase family protein

AT5G14470 | GLCAK2 | 2.43 |2.5E-02| 2.71 |7.4E-08 |GHMP kinase family protein

AT3G01940 - 1.63 |2.6E-02| 1.31 |1.7E-02[Transmembrane protein, putative

AT3G53232 | RTFL1 4.31 |2.7E-02| 6.33 |3.3E-07 ROTUNDIFOLIA like 1

AT5G28650 | WRKY74 | 1.73 |3.0E-02| 2.24 |9.6E-07 |Probable WRKY transcription factor 74

AT3G22740 | HMT3 0.85 |3.1E-02| 1.26 |2.2E-06 |Homocysteine S-methyltransferase 3

AT1G23052 - 1.69 |3.1E-02| 1.35 |3.9E-03 NA

AT1G80840 | WRKY40 | 1.37 [3.1E-02| 2.32 |1.1E-14 |Probable WRKY transcription factor 40

AT1G72890 - 1.73 |3.2E-02| 2.57 |7.5E-10 |Disease resistance protein (TIR-NBS class)

AT2G05380 | GRP3S 219 13.38:02| 3.66 |4.76-09 Glycine-rich protein 3 short isoform (GRP3S) mRNA,
complete

AT5G22570 | WRKY38 | 1.20 [3.3E-02| 2.68 |1.4E-12 [Probable WRKY transcription factor 38

AT5G49120 FLZ15 1.11 |3.4E-02| 1.23 |7.7E-05 |DUF581 family protein, putative

AT3G45730 - 2.75 |3.5E-02| 3.70 |4.4E-27 Uncharacterized protein

AT4G27450 - 1.08 |3.5E-02| 2.96 |5.1E-21 |Aluminium induced protein with YGL and LRDR motifs

AT5G03230 - 0.92 |3.5E-02| 1.77 |2.8E-10 |NA

AT3G46490 i 0.94 |3.86:02] 1.05 |9.66:03 2-oxoglut§rate (ZQG) and Fe(ll)-dependent oxygenase
superfamily protein

AT5G59570 BOA 0.73 |3.8E-02| 1.67 |2.8E-09 |Homeodomain-like superfamily protein

AT4G38932 - 0.69 |4.2E-02| 1.05 |5.1E-08 [NA

AT4G29190 - 0.95 |4.3E-02| 2.14 |7.3E-10 [Zinc finger C-x8-C-x5-C-x3-H type family protein

AT4G11370| RHA1lA 1.43 |4.6E-02| 1.21 |4.0E-02 [Probable E3 ubiquitin-protein ligase RHA1A

AT5G12270 i 128 |a.66-02| 1.23 |8.96-03 2-oxoglut§rate (ZQG) and Fe(ll)-dependent oxygenase
superfamily protein

AT1G80160 - 2.78 |4.7E-02| 4.26 |2.6E-09 |Lactoylglutathione lyase / glyoxalase | family protein
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SNF1-related protein kinase regulatory subunit gamma-

AT1G15330| PV42A 4.66 |4.8E-02| 4.85 |7.2E-26 like PV422

AT5G48175 - 0.89 |5.0E-02| 2.37 |3.6E-19 [Transmembrane protein

AT2G43540 - 0.56 |5.6E-02| 1.07 |8.8E-04 [Unknown protein

AT1G76600 - 1.52 |6.0E-02| 1.38 |2.7E-11 |Uncharacterized protein

AT3G49790 - 1.03 |6.1E-02| 1.04 |2.4E-03 |Uncharacterized protein

AT1G56220 - 0.67 |6.2E-02| 1.21 |1.7E-12 Dormancy/auxin associated family protein

AT4G01250 | WRKY22 | 1.13 [6.3E-02| 1.55 |3.8E-06 WRKY family transcription factor

AT4G39650 GGT2 1.31 |6.9E-02| 1.71 |5.0E-03 |Gamma-glutamyl transpeptidase 2

AT5G23350 - 1.68 |7.2E-02| 1.18 |1.4E-07 |GRAM domain-containing protein

AT1G25230 i 0.63 |7.26-02| 1.26 |8.26-07 Calcin.eurin-like metallo-phosphoesterase superfamily
protein

ATSG58660 i 0.99 |7.76:02| 151 |9.16:07 2—oxoglut§rate (ZQG) and Fe(ll)-dependent oxygenase
superfamily protein

AT4G36820 - 1.61 |8.5E-02| 1.64 |2.8E-03 |Calcium uniporter protein 1, mitochondrial

AT2G37640 | EXPA3 1.02 [8.9E-02| 1.82 |2.8E-06 |Barwin-like endoglucanases superfamily protein

AT2G18670 | ATL56 1.12 [9.0E-02| 1.73 |4.2E-05 |RING/U-box superfamily protein

AT3G54780 - 1.01 |9.0E-02| 1.51 |2.5E-05 [Zinc finger (C3HC4-type RING finger) family protein

AT1G15670 - 0.52 |9.2E-02| 1.03 |2.6E-06 [Galactose oxidase/kelch repeat superfamily protein

AT2G38530 LTP2 2.53 |9.4E-02| 4.83 |2.2E-10 [Non-specific lipid-transfer protein 2

AT2G31160 LSH3 1.22 |9.7E-02| 1.38 |4.9E-03 [Protein LIGHT-DEPENDENT SHORT HYPOCOTYLS 3

AT1G10690 | SMR8 0.67 |1.0E-01| 1.03 |8.5E-05 [Cyclin-dependent protein kinase inhibitor SMR8

AT5G42900| COR27 0.87 |1.1E-01| 2.29 |5.3E-03 |Uncharacterized protein

AT4G10500| DLO1 | 098 |1.16-:01| 1.55 |2.1€-04 [~ O*08lutarate (20G) and Fe(ll)-dependent oxygenase
superfamily protein

AT5G44460 | CML43 0.73 |1.1E-01| 1.42 |2.0E-04 |Probable calcium-binding protein CML43

AT4G23410 TETS 0.93 [1.2E-01| 1.41 |6.7E-05 Tetraspanin-5

AT1G60870 MEE9 1.20 |1.2E-01| 2.63 |8.8E-09 [Uncharacterized protein

AT4G02770 | PSAD1 0.84 |1.2E-01| 1.56 |5.4E-10|Photosystem | reaction center subunit II-1

AT1G26800 | MPSR1 1.25 [1.4E-01| 1.20 |2.1E-02 |RING/U-box superfamily protein

AT4G36040 ATJ11 1.90 |1.5E-01| 2.54 |2.2E-24 |Chaperone Dnal-domain superfamily protein

AT2G34140 CDF4 0.70 |1.6E-01| 1.17 |1.4E-04 Dof-type zinc finger DNA-binding family protein

AT5G13080 | WRKY75 | 1.15 [1.7E-01| 2.26 |1.5E-09 |WRKY transcription factor 75

AT3G50410| DOF3.4 2.28 |1.7E-01| 4.53 |4.8E-11 |Dof zinc finger protein DOF3.4

AT2G39920 - 1.18 |1.7E-01| 2.45 |2.5E-07 HAD superfamily, subfamily IlIB acid phosphatase

AT3G47180 - 1.25 [1.8E-01| 1.97 |3.4E-03 |RING/U-box superfamily protein

AT1G25440| COL16 2.02 [1.9E-01| 1.62 |4.3E-02 |B-box type zinc finger protein with CCT domain

AT3G59940 | SKIP20 0.92 |2.0E-01| 2.02 |2.0E-12 (Galactose oxidase/kelch repeat superfamily protein

AT2G13610| ABCG5 1.42 |2.1E-01| 2.62 |1.5E-06 |JABC-2 type transporter family protein

AT1G32928 - 1.66 [2.3E-01| 1.96 |1.1E-09 |Avr9/Cf-9 rapidly elicited protein

AT5G02030 BLH9 1.59 |2.3E-01| 2.00 |7.2E-04 |POX (plant homeobox) family protein

AT1G01240 - 0.62 (2.4E-01| 1.51 |2.8E-06|Uncharacterized protein

AT1G05562 - 0.61 |2.4E-01| 1.03 |2.8E-03 |NA

AT3G03200 | NAC045 | 0.92 |2.4E-01| 1.89 |3.6E-05|NAC domain containing protein 45
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Polyketide cyclase/dehydrase and lipid transport

AT4G23670 - 1.25 [2.4E-01| 1.56 |1.5E-02 superfamily protein

AT1G11530 | CXXS1 0.98 |2.5E-01| 2.21 |6.8E-08 [C-terminal cysteine residue is changed to a serine 1

AT1G74000 | SSL11 0.65 |2.5E-01| 1.30 |3.2E-04 A protein similar to strictosidine synthase

AT1G62290 APA2 1.10 |2.5E-01| 2.01 |6.4E-05 [Saposin-like aspartyl protease family protein

AT1G74440 - 0.76 |2.5E-01| 1.19 |2.1E-04 ER membrane protein, putative

AT4G00210 | LBD31 1.92 [2.6E-01| 2.25 |6.9E-03 |LOB domain-containing protein 31 (LBD31)

AT5G53950 | NAC098 | 1.56 |2.8E-01| 3.71 |3.5E-08 [NAC domain containing protein 98

AT3G08940 | LHCB4.2 | 0.62 |2.9E-01| 1.10 |7.5E-04 [Chlorophyll a-b binding protein CP29.2

AT5G60680 - 0.96 |3.0E-01| 1.15 |2.5E-06 [Protein of unknown function

AT3G26580 - 0.66 |3.0E-01| 1.20 |7.6E-04 [Tetratricopeptide repeat (TPR)-like superfamily protein

AT1G75960 AAE8 1.71 [3.4E-01| 2.12 |2.9E-03 |AMP-dependent synthetase and ligase family protein

AT3G06360 | AGP27 0.83 |3.5E-01| 1.14 |1.2E-02 [Classical arabinogalactan protein 27

AT5G48590 - 0.60 |3.5E-01| 1.06 |2.7E-04 |Putative phosphoserine aminotransferase

AT1G23850 - 0.48 |3.5E-01| 1.04 |6.3E-06 [Uncharacterized protein

AT3G16770 | RAP2-3 0.68 |3.5E-01| 1.03 |3.2E-03 [Ethylene-responsive transcription factor RAP2-3

AT4G09770 - 0.63 |3.6E-01| 1.19 |2.2E-03 [TRAF-like family protein

AT3G22121 - 1.11 |3.6E-01| 2.11 |1.3E-03 |NA

AT4G28240 - 1.29 [3.6E-01| 1.56 |4.4E-11|Wound-responsive family protein

AT4G30090 - 0.77 |3.8E-01| 1.02 |1.4E-02 |Golgin family A protein

AT5G38850 - 0.48 |4.1E-01| 1.00 |2.8E-04 |Disease resistance protein (TIR-NBS-LRR class)

AT2G30570 PSBW 1.23 |4.2E-01| 2.37 |1.7E-07 |Photosystem Il reaction center W protein

AT1G05575 - 0.82 |4.2E-01| 1.36 |1.2E-02 |Uncharacterized protein

AT1G80650 RTL1 0.82 |4.3E-01| 1.74 |6.8E-05 |RNAse THREE-like protein 1

AT4G16745 - 0.68 |4.4E-01| 1.06 |6.4E-03 [Exostosin family protein

AT1G20340 | DRT112 | 0.47 |4.4E-01| 1.05 |1.1E-06 [Plastocyanin major isoform, chloroplastic

AT4G14830 HSP1 0.75 |4.6E-01| 1.14 |6.1E-03[17.6 kDa class Il heat shock protein

AT2G18500 OFP7 1.34 |4.6E-01| 2.08 |1.9E-03 [Transcription repressor OFP7

AT2G32670 | VAMP725 | 1.20 |4.7E-01| 1.89 |1.3E-02 |Vesicle-associated membrane protein 725

AT5G02160 - 0.59 |4.7E-01| 1.05 |8.2E-03 |Uncharacterized protein

AT3G52070 - 1.07 |4.7E-01| 2.76 |3.7E-06 RNA/RNP complex-1-interacting phosphatase

AT5G17260 | NAC086 | 0.75 |4.8E-01| 1.45 |1.1E-03 [NAC domain containing protein 86

AT2G40000 | HSPRO2 | 1.10 |4.8E-01| 2.45 |1.1E-54 |Nematode resistance protein-like HSPRO2

AT3G28540 i 092 |5.06-01| 2.08 |2.66-02 P-loop coptaining'nucleoside triphosphate hydrolases
superfamily protein

AT4G24110 - 1.06 |5.0E-01| 2.51 |5.2E-31 [NADP-specific glutamate dehydrogenase

AT3G49110| PER33 1.75 |5.3E-01| 3.00 |8.4E-04 |Peroxidase 33

AT2G19210 i 130 |5.36-01] 2.88 |8.7E-06 Leucir?e-rich repeat transmembrane protein kinase
protein

ATAG30140 | CDEF1 1.08 |5.4E-01| 1.93 |9.7E-04 |GDSL-like Lipase/Acylhydrolase superfamily protein

AT3G09050 - 0.83 |(5.4E-01| 1.69 |1.9E-03 |Uncharacterized protein

AT3G30580 - 1.17 |6.0E-01| 1.93 |1.4E-02 [Unknown protein

AT5G03668 - 0.89 |6.4E-01| 2.01 |1.1E-03 |NA

AT1G69572 - 0.76 |6.5E-01| 1.46 |4.3E-02 |NA
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AT1G66783 | MIR157A | 1.18 |6.6E-01| 1.81 |3.9E-02 [NA

AT4G27440 PORB 0.59 |7.1E-01| 1.40 |2.5E-02 |Protochlorophyllide reductase B

AT4G39795 FLZ7 NA NA 2.12 |4.9E-02 |Uncharacterized protein

AT4G29305 LCR25 NA NA 4.69 |3.9E-02 |Low-molecular-weight cysteine-rich 25

AT3G45490 - NA NA 3.56 |2.1E-02 [Reverse transcriptase-like protein

AT1G15610 - NA NA 3.81 |8.2E-03 [Unknown protein

AT1G19530 - NA NA 4.79 |7.8E-03 IDNA polymerase epsilon catalytic subunit A

ATAG22630 i NA NA 3.80 |7.36-03 Bifunctim?lal inhibitor./lipid-tra'nsfer protein/seed storage
2S albumin superfamily protein

AT5G22545 - NA NA 5.14 |2.2E-03 |Uncharacterized protein

AT1G22630 - NA NA 5.66 |1.3E-03 |Unknown protein

ATSG43650 | BHLH92 NA NA 6.03 |2.2E-04 Basic helix-loop-helix (bHLH) DNA-binding superfamily
protein

AT5G06775 - NA NA 6.25 |1.3E-04 INA

AT2G29310 - NA NA 6.20 |1.1E-04 [NAD(P)-binding Rossmann-fold superfamily protein

AT1G75490 | DREB2D NA NA 6.22 |1.6E-05 |Dehydration-responsive element-binding protein 2D

AT2G25370 - NA NA 7.07 | 1.0E-06 RING/U-box superfamily protein

AT5G52760 | HIPP14 NA NA | 10.88 |6.9E-18 Heavy metal-associated isoprenylated plant protein 14

AT3G60415 - NA NA | 11.00 | 5.0E-18 [Uncharacterized protein

Tab. S6-9: 68 differentially expressed ROS related transcription factors in Pi-starved WT and pdr2 and
expression level of PSK5 and WOX5

WT -/+ pdr2 -/+ L.
Gene ID Gene name Gene description
log2FC| p-value |(log:FC| p-value
AT5G49520 | WRKY48 | 3.30 | 7.9E-22 | 4.75 | 7.0E-89 |Probable WRKY transcription factor 48
AT5G07310 ERF115 7.23 | 6.2E-06 | 9.28 | 1.3E-12 |[Ethylene-responsive transcription factor ERF115
AT1G25550 HHO3 0.84 | 1.9E-04 | 1.06 | 5.1E-07 [Transcription factor HHO3
ATAG18170 | WRKY28 3.65 | 3.6E-03 | 4.33 | 8.3E-27 |WRKY transcription factor
AT4G18890 BEH3 0.70 | 5.5E-03 | 1.01 | 6.1E-07 |BES1/BZR1 homolog protein 3
AT2G23320 | WRKY15 | 0.75 | 8.7E-03 | 1.91 | 9.7E-28 [Probable WRKY transcription factor 15
AT1G77640 ERFO13 1.21 | 9.3E-03 | 2.39 | 5.3E-23 |Ethylene-responsive transcription factor ERFO13
AT3G23230 ERF098 4.48 | 1.3E-02 | 3.90 | 3.2E-04 |[Ethylene-responsive transcription factor ERF098
AT1G62300 WRKY6 0.57 | 1.4E-02 | 0.93 | 1.1E-11 |Uncharacterized protein
AT1G80840 | WRKY40 | 1.37 | 3.1E-02 | 2.32 | 1.1E-14 |Probable WRKY transcription factor 40
AT5G22570 | WRKY38 | 1.20 | 3.3E-02 | 2.68 | 1.4E-12 |Probable WRKY transcription factor 38
AT5G61890 ERF114 5.65 | 8.3E-03 | 9.90 | 7.1E-15 [Ethylene-responsive transcription factor ERF114
AT5G01380 GT-3A 1.53 | 5.8E-02 | 3.23 | 9.7E-30 (Trihelix transcription factor GT-3a
AT4G01250 | WRKY22 1.13 | 6.3E-02 | 1.55 | 3.8E-06 [WRKY transcription factor 22
AT4G17490 ERF6 0.55 | 1.0E-01 | 1.74 | 2.1E-09 [Ethylene-responsive transcription factor 6
AT1G51700 DOF1.7 1.98 | 1.2E-01 | 4.08 | 1.6E-29 |Dof zinc finger protein DOF1.7
AT1G13260 RAV1 151 | 1.36:01 | 1.15 | 4.26-09 AP2/ERF and B3 domain-containing transcription
factor RAV1
AT5G59820 ZAT12 0.58 | 1.3E-01 | 0.85 | 5.2E-05 [Zinc finger protein ZAT12
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AT4G23550 | WRKY29 |-1.26 | 1.3E-01 |-2.00 | 1.0E-08 |WRKY29

AT3G56400 | WRKY70 | 0.99 | 1.5E-01 | 3.75 | 2.3E-10 |Probable WRKY transcription factor 70

AT5G13080 | WRKY75 | 1.15 | 1.7E-01 | 2.26 | 1.5E-09 |WRKY75

AT3G46600 SCL30 0.38 | 2.0E-01 | 1.08 | 3.3E-09 [Scarecrow-like protein 30

AT4G31800 | WRKY18 0.71 | 2.3E-01 | 2.71 | 1.5E-55 |WRKY like transcription factor

AT4G17230 SCL13 0.38 | 2.4E-01 | 0.82 | 6.7E-07 |[SCARECROW-like 13

AT2G46400 | WRKY46 | 1.62 | 2.5E-01 | 5.68 | 2.0E-65 |Probable WRKY transcription factor 46

AT4G18880 HSFA4A 0.66 | 2.8E-01 | 2.07 | 5.4E-23 [HSF A4A

AT3G55980 SZF1 0.58 | 3.3E-01 | 1.74 | 4.0E-17 [Salt-inducible zinc finger 1

AT2G42280 - 0.38 | 4.76-01 | 0.71 | 1.16-03 [°3sic helix-loop-helix (bHLH) DNA-binding
superfamily protein

AT2G44840 ERF13 1.04 | 5.0E-01 | 1.69 | 8.3E-05 |Ethylene-responsive transcription factor 13

AT1G28370 ERF11 0.97 | 5.6E-01 | 1.46 | 1.1E-02 [ERF domain protein 11

AT2G40140 CZF1 0.25 | 5.8E-01 | 1.20 | 2.6E-07 [Zinc finger CCCH domain-containing protein 29

AT2G38470 | WRKY33 | 0.35 | 5.9E-01 | 1.61 | 1.0E-18 |[WRKY33

AT2G26150 HSFA2 -0.41 | 6.3E-01 | -2.65 | 3.4E-15 [Heat stress transcription factor A-2

AT5G66730 ENY 0.16 | 6.6E-01 | 0.79 | 2.2E-08 |IDD1

AT3G19290 ABF4 -0.25| 6.8E-01 | 0.83 | 1.4E-05 |ABRE binding factor 4

AT5G24590 NAC091 0.24 | 6.9E-01 | 0.80 | 5.3E-07 |NAC domain-containing protein 91

AT4G17500 ERF1A 0.39 | 7.1E-01 | 1.90 | 5.5E-17 |[Ethylene-responsive transcription factor 1A

AT1G27730 ZAT10 0.44 | 7.3E-01 | 2.27 | 3.5E-22 [Zinc finger protein ZAT10

AT5G47220 ERF2 0.79 | 7.7E-01 | 5.09 | 2.9E-31 [ERF2

AT5G24110 | WRKY30 | 0.66 | 7.7E-01 | -1.84 | 7.9E-04 |Probable WRKY transcription factor 30

AT1G67970 HSFA8 0.24 | 7.8E-01 | 1.13 | 3.6E-05 |Heat stress transcription factor A-8

AT5G13790 AGL15 0.64 | 7.8E-01 | 1.40 | 2.2E-02 |AGL15

AT5G64060 anacl03 |[-0.28 | 7.8E-01 |-1.41| 9.3E-04 |NAC domain containing protein 103

AT5G46350 WRKY8 0.56 | 7.9E-01 | 2.50 | 4.3E-13 |WRKY transcription factor 8

AT1G74080 MYB122 |-0.61| 7.9E-01 | 2.92 | 3.0E-18 [Transcription factor MYB122

AT1G01010 NAC001 |-0.24| 7.9E-01 | 0.79 | 2.9E-05 |NAC domain-containing protein 1

AT4G36990 HSFB1 0.19 | 8.0E-01 | 0.73 | 2.6E-03 |Heat stress transcription factor B-1

AT1G54330 | ANAC020 | 0.36 | 8.1E-01 |-1.31| 3.6E-02 |NAC domain containing protein 20

AT5G13330 ERF113 0.16 | 8.1E-01 | 1.61 | 2.8E-34 |Rap2.6L

AT3G15500 NACO55 0.43 | 8.5E-01 | 1.51 | 1.0E-02 |NAC3

AT4G36780 BEH2 0.11 | 8.5E-01 | 0.88 | 4.3E-07 |BES1/BZR1 homolog 2

AT1G02220 NACO003 0.20 | 8.5E-01 | 1.17 | 4.3E-04 |[NAC domain-containing protein 3

AT2G33860 ARF3 -0.12 | 8.6E-01 |-1.18 | 1.0E-07 |Auxin response factor 3

AT1G18570 MYB51 0.22 | 8.9E-01 | 1.21 | 1.0E-08 [Transcription factor MYB51

AT3G23250 MYB15 0.60 | 9.2E-01 | 2.65 | 4.6E-27 [Transcription factor MYB15

AT2G46510 AlIB -0.11 | 9.5E-01 | 0.69 | 3.3E-02 [Transcription factor ABA-INDUCIBLE bHLH-TYPE

AT3G15210 ERF4 0.14 | 9.6E-01 | 0.77 | 5.1E-05 |Ethylene-responsive transcription factor 4

AT1G18860 | WRKY61 |-0.09| 9.6E-01 |-0.75| 8.0E-03 |[WRKY DNA-binding protein 61

AT5G51190 ERF105 0.15 | 9.7E-01 | 2.65 | 1.8E-12 |[Ethylene-responsive transcription factor ERF105

AT2G31230 ERF15 0.07 | 9.7E-01 |-1.02 | 4.3E-04 |[Ethylene-responsive transcription factor 15

AT3G49530 NACO062 0.04 | 9.7E-01 | 1.21 | 3.7E-18 |NAC domain-containing protein 62
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Basic helix-loop-helix (BHLH) DNA-binding

AT5G57150 - -0.05 | 9.8E-01 | 0.93 | 7.0E-06 - .
superfamily protein

AT4G34410 ERF109 0.06 | 9.9E-01 | 1.27 | 2.9E-03 |[Ethylene-responsive transcription factor ERF109

AT3G01970 | WRKY45 |-0.04 | 9.9E-01 | 2.92 | 1.4E-14 |Probable WRKY transcription factor 45

AT2G38250 GT-3B -0.03 | 9.9E-01 | 2.14 | 1.3E-09 [Trihelix transcription factor GT-3b

AT1G77920 TGA7 0.00 | 1.0E+00 | 0.67 | 1.5E-04 [Transcription factor TGA7

AT3G44350 | anac061 NA NA 6.88 | 8.5E-07 |[NAC domain containing protein 61

AT2G47190 | ATMYB2 NA NA 4.52 | 1.1E-02 ATMYB2

AT3G23240 ERF1B NA NA 5.69 | 2.5E-03 |Ethylene-responsive transcription factor 1B

AT3G11260 WOX5 2.50 | 2.7E-02 | 3.27 | 1.8E-09 |WUSCHEL-related homeobox 5

AT5G65870 PSK5 1.64 | 6.7E-05 | 1.88 | 6.2E-09 [Phytosulfokines 5

Tab. S6-10: 42 predicted differentially expressed transcription factors in Pi-starved WT and pdr2 that
may regulate PRXs

WT-/+ pdr2 -[+ L.
Gene ID Gene name Gene description
log2FC| p-value |(log:FC| p-value

AT5G49520 WRKY48 3.30 | 7.9E-22 | 4.75 | 7.0E-89 |Probable WRKY transcription factor 48

AT2G22430 ATHB-6 1.09 | 5.2E-13 | 1.34 | 5.7E-23 |Homeobox-leucine zipper protein ATHB-6

AT3G16350 ] 0.81 | 1.0E-04 | 1.03 | 6.9E-08 [NA
AT1G69490 | NAC029 | 1.91 | 1.1E-04 | 4.09 | 2.1E-36 [NAC DOMAIN CONTAINING PROTEIN 29
AT1G62360 STM 6.40 | 3.0E-04 | 3.48 | 6.1E-04 |Homeobox protein SHOOT MERISTEMLESS
AT1G25560 TEM1 | 0.67 | 1.8E-03 | 1.32 | 5.5E-12 feppzr/e i':zra;‘;jf domain-containing transcription
AT5G21120 EIL2 127 | 3.2E:03 | 0.95 | 2.3E-03 [ETHYLENE-INSENSITIVE3-like 2

AT4G18170 WRKY28 3.65 | 3.6E-03 | 4.33 | 8.3E-27 |WRKY transcription factor

AT2G47260 WRKY23 1.43 | 6.8E-03 | 3.17 | 1.9E-28 |WRKY transcription factor 23

IAT2G23320 WRKY15 0.75 | 8.7E-03 | 1.91 | 9.7E-28 |Probable WRKY transcription factor 15

AT5G62940 DOF5.6 1.39 | 1.7E-02 | 1.50 | 4.3E-05 |[HCA2

AT5G28650 WRKY74 1.73 | 3.0E-02 | 2.24 | 9.6E-07 |Probable WRKY transcription factor 74

IAT1G80840 WRKY40 1.37 | 3.1E-02 | 2.32 | 1.1E-14 |Probable WRKY transcription factor 40

IAT5G22570 WRKY38 1.20 | 3.3E-02 | 2.68 | 1.4E-12 |Probable WRKY transcription factor 38

IAT4G36740 HB-5 -2.95 | 3.8E-02 |-1.77 | 1.6E-01 |homeobox protein 40

AT5G01380 GT-3A 1.53 | 5.8E-02 | 3.23 | 9.7E-30 ([Trihelix transcription factor GT-3a

AT4G01250 WRKY22 1.13 | 6.3E-02 | 1.55 | 3.8E-06 |WRKY transcription factor 22

AT1G51700 DOF1.7 1.98 | 1.2E-01 | 4.08 | 1.6E-29 |Dof zinc finger protein DOF1.7

AP2/ERF and B3 domain-containing transcription

AT1G13260 RAV1 1.51 | 1.3E-01 | 1.15 | 4.2E-09 factor RAVL

IAT3G56400 WRKY70 0.99 | 1.5E-01 | 3.75 | 2.3E-10 [Probable WRKY transcription factor 70

IAT2G34140 CDF4 0.70 | 1.6E-01 | 1.17 | 1.4E-04 |Cyclic dof factor 4

AT5G13080 WRKY75 1.15 | 1.7E-01 | 2.26 | 1.5E-09 |WRKY75

AT3G50410 DOF3.4 2.28 | 1.7E-01 | 4.53 | 4.8E-11 |DOF PROTEIN 3.4

ATAG31800 WRKY18 | 0.71 | 2.3E-01 | 2.71 | 1.5E-55 |WRKY like transcription factor

AT2G46400 WRKY46 1.62 | 2.5E-01 | 5.68 | 2.0E-65 |Probable WRKY transcription factor 46

IAT5G38140 NFYC10 -1.02 | 3.5E-01 | 1.38 | 2.5E-02 |Nuclear transcription factor Y subunit C-10
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AT5G66700 ATHB-53 1.53 | 5.4E-01 | 7.80 | 5.7E-23 |Homeobox-leucine zipper protein ATHB-53
AT5G62430 CDF1 -0.66 | 5.8E-01 |-1.02 | 3.6E-02 |Cyclic dof factor 1
AT2G38470 WRKY33 | 0.35 | 5.9E-01 | 1.61 | 1.0E-18 [WRKY33
AT4G04450 WRKY42 0.40 | 6.2E-01 | 1.39 | 3.0E-06 |WRKY transcription factor 42
IAT5G02460 DOF5.1 0.44 | 6.7E-01 | -1.37 | 5.4E-03 |Dof zinc finger protein DOF5.1
AT5G24110 WRKY30 0.66 | 7.7E-01 | -1.84 | 7.9E-04 |Probable WRKY transcription factor 30
AT5G46350 WRKY8 0.56 | 7.9E-01 | 2.50 | 4.3E-13 |WRKY transcription factor 8
AT1G69570 CDF5 0.33 | 8.2E-01 | 1.10 | 4.6E-02 |Cyclic dof factor 5
AT3G15500 NACO055 0.43 | 8.5E-01 | 1.51 | 1.0E-02 |[NAC DOMAIN CONTAINING PROTEIN 55
IAT3G04070 NAC047 0.76 | 8.8E-01 | 1.41 | 1.4E-04 |INAC DOMAIN CONTAINING PROTEIN 47
IAT1G68640 PAN 0.13 | 9.0E-01 |-1.81 | 5.7E-07 [Transcription factor PERIANTHIA
IAT5G12330 LRP1 0.11 | 9.4E-01 | 1.54 | 7.3E-10 |Lateral root primordium (LRP) protein-related
AT3G50870 GATA18 0.10 | 9.4E-01 |-2.71 | 1.7E-16 |GATA transcription factor 18
AT3G52440 i 017 | 95601 |-1.84 | 1.36-02 Dof-type zinc finger DNA-binding family protein
(Fragment)
AT2G37590 DOF2.4 0.10 | 9.6E-01 |-1.13 | 2.8E-02 |Dof zinc finger protein DOF2.4
AT3G01970 WRKY45 | -0.04 | 9.9E-01 | 2.92 | 1.4E-14 |Probable WRKY transcription factor 45
Tab. S6-11: Expression levels of 13 PIPs in WT, pdr2 and Ipr1ipr2
Gene ID Gene WT -/+ pdr2 -[+ Iprilpr2 -/+ FPKM average
name | |og,FC | p-value | log,FC | p-value | log>FC | p-value | WT+ | WT- | pdr2+ | pdr2- | Ipriipr2+ | Ipriipr2-

IAT3G61430| PIP1;1 -0.42 | 1.5E-01| -0.44 |3.6E-02| -0.14 |1.0E+00| 159 117 166 136 216 189
IAT2G45960| PIP1;2 0.00 |1.0E+00| -0.55 |2.1E-05| -0.11 |1.0E+00| 490 | 479 491 374 584 527
IAT1G01620| PIP1;3 0.40 |8.2E-02| 0.30 |7.4E-02| 0.22 |1.0E+00| 232 299 196 271 237 266
IATAGO0430| PIP1;4 0.14 |7.5E-01| -0.28 |1.6E-01| 0.03 |1.0E+00| 59 63 51 47 60 59
IATAG23400| PIP1;5 -0.14 | 7.7E-01| -0.82 |2.7E-09| -0.03 |1.0E+00| 79 70 81 51 78 74
IAT3G53420| PIP2;1 -0.06 | 9.6E-01| -0.05 |8.7E-01| -0.20 |1.0E+00| 231 218 306 327 301 253
IAT2G37170| PIP2;2 -0.08 | 9.0E-01| -0.18 |3.7E-01| -0.18 |1.0E+00| 175 162 185 182 219 186
IAT2G37180| PIP2;3 -0.13 | 9.0E-01| -0.74 |1.0E-06| -0.23 |1.0E+00| 21 19 30 20 33 27
IAT5G60660 | PIP2;4 -0.72 | 1.4E-08 | -1.33 |3.8E-26| -0.10 |1.0E+00| 89 53 70 31 86 78
IAT3G54820| PIP2;5 1.11 |7.8E-01| 0.67 |5.1E-01| -0.35 |1.0E+00 0 0 0 0 0 0
IAT2G39010| PIP2;6 0.82 | 1.1E-03| -0.22 |3.7E-01| 0.07 |1.0E+00 9 15 12 11 8 8
IATAG35100| PIP2;7 -0.07 | 9.1E-01| -1.17 |6.4E-22| 0.08 |1.0E+00| 504 | 471 462 230 501 514
IAT2G16850| PIP2;8 0.26 |6.6E-01| -1.60 |3.7E-09| -0.01 |1.0E+00 6 7 6 2 6 5
Tab. S6-12: Differentially expressed callose related genes in Pi-starved WT and pdr2

Gene WT -/+ pdr2 -[+ Iprilpr2 -[+ o

Gene ID Gene description

name |log:FC| p-value |log:FC| p-value |log:FC| p-value
AT1G05570 | CALS1 -0.60 | 5.2E-02 | 0.52 | 3.3E-02 | -0.23 | 1.0E+00 [Callose synthase 1
AT2G31960 | CALS2 | -0.34 | 2.5E-01 | 0.32 | 7.3E-02 | -0.14 | 1.0E+00 |Callose synthase 2
AT5G13000 | CALS3 | -0.17 | 6.4E-01 | 0.32 | 1.6E-02 | 0.00 | 1.0E+00 [Callose synthase 3
IAT5G36870 | CALS4 | -1.02 | 7.4E-01 | 0.19 | 9.2E-01 | 0.32 | 1.0E+00 [Callose synthase 4
IAT2G13680 CALS5 0.51 | 8.3E-01 | -0.70 | 3.9E-01 | 0.54 | 1.0E+00 |Callose synthase 5
IAT3G59100 CALS6 -0.32 | 6.1E-01 | 0.69 | 1.5E-03 | -0.15 | 1.0E+00 |Putative callose synthase 6
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AT1G06490 | CALS7 | -0.27 | 8.1E-01 | 0.70 | 2.0E-03 | -0.22 | 1.0E+00 |Callose synthase 7

AT3G14570 | CALS8 | -0.51 | 2.3E-01 | 0.09 | 8.4E-01 | -0.11 | 1.0E+00 [Putative callose synthase 8

AT3G07160 | CALS9 | -0.31 | 3.4E-01 | 0.63 | 5.5E-06 | -0.03 | 1.0E+00 |Glucan synthase-like 10

AT2G36850 | CALS10 | -0.28 | 4.1E-01 | 0.32 | 1.4E-02 | -0.06 | 1.0E+00 |Callose synthase 10

IATAG04970 | CALS11 | -0.10 | 8.6E-01 | -0.14 | 4.3E-01 | -0.09 | 1.0E+00 |Callose synthase 11

AT4G03550 | CALS12 | -0.09 | 8.5E-01 | 0.08 | 6.4E-01 | -0.02 | 1.0E+00 |Callose synthase 12

IAT5G42100 | BG_PPAP | 0.15 | 6.9E-01 | -0.28 | 4.0E-02 | 0.11 | 1.0E+00 (Glucan endo-1,3-beta-glucosidase 10

IAT5G43980 | PDLP1 3.23 | 6.8E-05 | 3.79 | 2.3E-14 | 0.45 | 1.0E+00 |Plasmodesmata-located protein 1

AT1G04520 | PDLP2 0.08 | 8.8E-01 | -0.79 | 2.2E-07 | -0.04 | 1.0E+00 |Plasmodesmata-located protein 2

AT2G33330 PDLP3 0.33 | 7.0E-01 | 0.69 | 3.8E-02 | 0.00 | 1.0E+00 |Plasmodesmata-located protein 3

IAT3G04370 | PDLP4 NA NA 1.62 | 5.4E-01 | 1.84 |1.0E+00 |Plasmodesmata-located protein 4

AT1G70690 PDLP5 -0.28 | 8.4E-01 | -0.57 | 1.6E-01 | 0.35 | 1.0E+00 |Plasmodesmata-located protein 5

AT2G01660 | PDLP6 | -0.48 | 5.7E-01 | -0.31 | 3.9E-01 | 0.06 | 1.0E+00 |Cysteine-rich repeat secretory protein

AT5G37660 PDLP7 | -0.03 | 9.7E-01 | -0.51 | 1.6E-03 | -0.20 | 1.0E+00 |Cysteine-rich repeat secretory protein

AT3G60720 PDLP8 -0.32 | 8.5E-01 | 0.72 | 1.5E-01 | -0.06 | 1.0E+00 |Plasmodesmata-located protein 8

AT5G61130 | PDCB1 0.16 | 7.5E-01 | -0.19 | 3.7E-01 | 0.17 | 1.0E+00 [Plasmodesmata callose-binding

AT5G08000 | PDCB2 4.78 | 1.2E-07 | 4.94 | 4.7E-12 | 3.40 |1.0E+00 [Plasmodesmata callose-binding

AT1G18650 | PDCB3 | 0.56 |2.3E-01 | -0.05 | 9.2E-01 | 0.05 | 1.0E+00 [Plasmodesmata callose-binding

AT1G69295 | PDCB4 | -0.01 | 9.9E-01 | -0.35 | 1.1E-02 | 0.04 | 1.0E+00 [Plasmodesmata callose-binding

AT3G58100 | PDCB5 0.11 | 8.7E-01 | -0.72 | 1.1E-03 | 0.31 | 1.0E+00 |Plasmodesmata callose-binding

AT3G50770 | CML41 | -0.01 | 1.0E+00| 7.26 | 1.2E-65 | -0.27 | 1.0E+00 [Probable calcium-binding protein

Tab. S6-13: Differentially expressed TPS and TPP in WT and pdr2
WT -/+ pdr2 -[+
log,FC | p-value | log.FC | p-value

Gene ID |Gene name Gene description

AT1G68020 TPS6 0.75 1.5E-02 | 1.47 5.1E-14 [Trehalose-6-phosphatase synthase S6

AT1G70290 TPS8 1.66 1.9E-10 | 3.03 9.3E-46 [Trehalose-6-phosphatase synthase S8

AT1G23870 TPS9 1.41 7.9E-08 | 1.65 2.9E-31 [Trehalose-6-phosphatase synthase S9

AT2G18700| TPS11 1.56 4.4E-07 | 2.53 7.2E-59 [Trehalose-6-phosphatase synthase 11

AT1G78090 TPPB -0.21 | 8.8E-01 | 0.73 1.4E-03 [Trehalose-6-phosphate phosphatase B

AT1G35910 TPPD 0.77 3.5E-01 | 5.27 | 1.1E-146 [Trehalose-7-phosphate phosphatase D

AT2G22190 TPPE NA NA 2.96 2.6E-01 [Trehalose-8-phosphate phosphatase E
AT4G22590 TPPG 1.10 1.8E-05 | 1.47 1.6E-12 [Trehalose-9-phosphate phosphatase G
ATA4G39770 TPPH NA NA 4.30 4.6E-04 ([Trehalose-10-phosphate phosphatase H
AT5G10100 TPPI -1.07 | 4.7E-03 | -1.74 | 1.3E-10 [Trehalose-11-phosphate phosphatase |

AT5G65140 TPPJ 1.21 1.8E-04 | 2.75 6.4E-26 [Trehalose-12-phosphate phosphatase J

ATAG24040 TRE1 1.30 7.5E-04 | 2.31 2.4E-26 [Trehalase 1

Tab. S6-14: Expression levels of select local and systemic low Pi responsive genes in WT, pdr2 and
Iprlipr2

Gene WT -/+ pdr2 -/+ Iprilpr2 -/+ FPKM average

Gene ID
name |log,FC| p-value |log,FC| p-value (log,FC| p-value | WT + | WT - |pdr2 +|pdr2 - | Iprlipr2 + | Ipriipr2 -

IAT5G23630 PDR2 -0.25|3.7E-01| -0.24 | 1.7E-01| 0.01 | 1.0E+00 | 32.61 | 26.70 | 30.34 | 28.89 29.68 28.79

AT1G23010 LPR1 -0.46 | 3.8E-01| 0.41 | 3.5E-01|-0.97 |1.0E+00| 3.06 | 2.16 | 2.97 | 4.32 0.39 0.20
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AT1G71040 LPR2 0.63 |8.7E-02 | 1.41 |1.5E-15|-0.05|1.0E+00| 3.09 | 4.66 | 3.57 |10.57 0.54 0.51
AT1G34370 STOP1 0.14 |6.7E-01| 0.34 | 4.5E-02 |-0.11 | 1.0E+00 | 53.89 | 57.83 | 60.90 | 85.81 60.38 54.18
AT1G08430 | ALMT1 | 1.40 |5.4E-01| 2.92 |2.4E-07| 3.03 | 7.5E-05| 0.18 | 0.47 | 0.30 | 2.56 0.21 1.66
IAT1G08650 PPCK1 1.02 | 7.2E-06 | 0.11 | 6.9E-01 | 0.21 |1.0E+00| 34.83 | 68.24 | 31.45 | 38.21 35.86 40.18
AT3G04530 PPCK2 | 0.81 [4.5E-01| 1.04 |2.2E-02| 0.88 |1.0E+00| 0.71 | 1.21 | 0.90 | 2.06 0.76 1.32
AT5G20150 SPX1 3.09 |5.9E-37| 1.89 |1.3E-22| 2.06 | 1.8E-14| 6.09 |50.26 | 5.23 | 21.57 7.00 27.72
IAT5G03545 AT4 4.09 | 1.2E-25| 2.69 | 2.5E-15| 4.14 | 1.2E-26| 1.03 | 17.08 | 1.75 | 12.42 1.20 19.97
IAT3G09922 IPS1 2.62 |1.5E-01| 2.01 |5.0E-02 | 3.64 | 6.1E-04| 0.25 | 1.46 | 0.47 | 2.03 0.32 3.67
AT1G25550 HHO3 0.84 |1.9E-04| 1.06 |5.1E-07 | 0.06 | 1.0E+00 | 24.66 | 42.73 | 24.53 | 57.51 29.79 29.66
AT3G17790 PAP17 | 4.30 |1.0E-07| 2.44 | 6.5E-06| 4.30 | 1.8E-30| 0.47 | 8.85 | 0.73 | 4.35 0.36 6.74
AT1G68740 | PHO1-H1 | 0.05 | 9.9E-01| 1.37 |3.1E-03 | -0.09 | 1.0E+00| 0.21 | 0.20 | 0.51 | 1.44 0.69 0.60
AT2G03240 | PHO1-H5 | 0.33 | 4.9E-01| 1.13 |4.8E-17 |-0.12 |1.0E+00| 7.42 | 9.00 | 8.07 | 19.86 7.42 6.55
AT1G26730 | PHO1-H7 | 0.09 |9.7E-01 | 1.85 |9.3E-08 | -0.34 | 1.0E+00| 0.45 | 0.46 | 0.41 | 1.66 0.42 0.32
AT5G43370 | PHT1-2 | 3.47 |9.7E-06 | 0.65 | 6.3E-01 | 4.48 | 1.4E-17| 0.18 | 1.92 | 0.13 | 0.22 0.21 4.41
IAT2G38940 | PHT1-4 | 1.38 |1.8E-08 | 0.40 |1.6E-01| 1.15 | 2.8E-03 | 18.71 | 47.80 | 19.97 | 29.20 17.97 38.80
AT5G20380 | PHT4;5 |-0.47|5.8E-01| 1.18 |1.2E-03|-0.45|1.0E+00| 1.92 | 1.34 | 1.71 | 4.34 2.14 1.50

Tab. S6-15: KEGG pathway analysis of up- and down-regulated genes in Pi-starved WT

Analysis of the upregulated genes

KEGG pathway term iplosd ot 038) gonome ez Pvalue
Starch and sucrose metabolism 6 125 3.7E-03
Ascorbate and aldarate metabolism 4 41 4.8E-03
Plant hormone signal transduction 6 265 7.1E-02
Arginine and proline metabolism 3 53 7.3E-02
Analysis of the downregulated genes

e L
Cysteine and methionine metabolism 3 99 3.8E-02

Tab. S6-16: GO-enrichment analysis of 218 genes that were upregulated in both WT and pdr2 upon Pi
limitation

# of genesin upload  # of genesin

GO Biological process list (218) genome (18499) P value
response to oxidative stress 13 291 6.0E-06
trehalose metabolism in response to stress 5 21 2.5E-05
trehalose biosynthetic process 5 25 5.1E-05
glutamine metabolic process 5 35 2.0E-04
response to absence of light 4 26 1.3E-03
ethylene-activated signaling pathway 7 179 3.9E-03
response to chitin 6 133 5.1E-03
response to wounding 7 199 6.5E-03
transcription, DNA-templated 27 1886 6.9E-03
regulation of transcription, DNA-templated 29 2119 8.9E-03
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proline catabolic process 2 2 1.7E-02
proline catabolic process to glutamate 2 3 2.5E-02
defense response to bacterium 7 276 2.8E-02
response to water deprivation 7 279 2.9E-02
cellular response to sucrose starvation 2 4 3.3E-02
pyridoxal phosphate biosynthetic process 2 5 4.1E-02
vitamin B6 biosynthetic process 2 5 4.1E-02
glutamate biosynthetic process 2 5 4.1E-02

Tab. S6-17: GO-enrichment analysis of 146 genes that were more highly induced in Pi-starved pdr2
compared to WT

# of genes in upload  # of genes in

GO Biological process list (146) genome (18499) P value

trehalose metabolism in response to stress 5 21 6.32E-06
trehalose biosynthetic process 5 25 1.31E-05
response to oxidative stress 9 291 3.28E-04
response to absence of light 4 26 4.69E-04
glutamine metabolic process 4 35 1.14E-03
defense response to bacterium 7 276 5.88E-03
proline catabolic process 2 2 1.18E-02
transcription, DNA-templated 20 1886 1.38E-02
proline catabolic process to glutamate 2 3 1.76E-02
response to bacterium 4 102 2.24E-02
cellular response to sucrose starvation 2 4 2.34E-02
glutamate biosynthetic process 2 5 2.91E-02
response to sucrose 3 52 3.77E-02
regulation of transcription, DNA-templated 20 2119 4.05E-02

Tab. S6-18: Primers used for genotyping
LP, RP, F and R denotes left primer, right primer, forward and reverse primers, respectively. Unless otherwise
indicated, the T-DNA border primer used is LBb1.3.

For T-DNA insertion line

Gene name Gene ID T-DNA insertion line Primer 5'->3' sequence

PIP1;1 AT3G61430 GABI_437B11 PIP1;1-F CAGAGCTTTACAATTTCTCTCTACA
PIP1;1-R CACAGTGTTAGCTCCTCCTCCT
GABI_LB2 CCCATTTGGACGTGAATGTAGACAC

PIP1,2 AT2G45960 SALK_019794 PIP1;2-F CTGGTTTCTCCGATCTAACGA
PIP1;2-R GCATTTTGATCCGATGTTACAA
LBal GGTTCACGTAGTGGGCCATC

PIP1;3 AT1G01620  SALK_051107 LP-PIP1;3 TAACGTGGCCCATAAAGAGTG
RP-PIP1;3 AATTGGTCTTTTGTTGCATGC
LBal GGTTCACGTAGTGGGCCATC

PIP1;4 AT4G00430 SAIL_808_A10 PIP1;4-F TTGTTGATTCAATTCGGTTCTGT
PIP1;4-R CTCAGCTATTCCGGCTCTGT
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SAIL_L TTCATAACCAATCTCGATACAC
PIP1;5 AT4G23400 SALK_056898 LP-PIP1;5 CTTGCTGCTCTGTACCATCAG
RP-PIP1;5 GGGTTTTGTTTTGTATTGCAAG
PIP2;1 AT3G53420 SM_3_35928 PIP2;1-F AACATATAACGTTGGCAAAAAaaa
PIP2;1-R TGGTTAAGACAGGGTTAGTCA
dSpm1 CTTATTTCAGTAAGAGTGTGGGGTTTTGG
PIP2;2 AT2G37170  SAIL_169_A03 primer pairs for verification on genomic DNA
PIP2;2-F AAGTTATAGAAATGGCCAAAGAC
PIP2;2-R CTCAAACGTTGGCTGCACTTCTG
primer pairs for dentifying T-DNA insertion
SAIL_L TTCATAACCAATCTCGATACAC
SAIL_169A03-R ACCGGAACGTGGGAGTCTC
PIP2;3 AT2G37180 SAIL_1215_D03 PIP2;3-F GGACTCGCGGCAGAGATCA
PIP2;3-R GAAGAAAAAGTTGTCTTTCTC
SAIL_L TTCATAACCAATCTCGATACAC
PIP2;4 AT5G60660  SAIL_535_DO05 LP-PIP2;4 AGCCGGATTTATATGACCACC
RP-PIP2;4 TGGTGTAGACAAAGGATTGGC
PIP2;5 AT3G54820  SAIL_452H09 PIP2;5-F CGAAGGAAGTGGTTGGTGATA
PIP2;5-R AGGCACTGAGCCACCATGTA
SAIL_L TTCATAACCAATCTCGATACAC
PIP2;6 AT2G39010 SALK_092140 PIP2;6-F CTATCTCATCTGGATCAGCTGGTT
PIP2;6-R TACACACAAACCTCCCCCACA
LBal GGTTCACGTAGTGGGCCATC
PIP2;7 ATAG35100  CSHL_GT19652 PIP2;7-F GCTGTGACTTTCGGTCTGTTC
PIP2;7-R AAACCAAAGGCAAACGATTAAC
CSHL_Ds3-4 CCGTCCCGCAAGTTAAATATG
PIP2;8 AT2G16850 SALK_099098 PIP2;8-F AAATACCTTTTTAGCAAGTTGG
PIP2;8-R AACTGGTTTGCAAAGTTTTACT
LBal GGTTCACGTAGTGGGCCATC
DIN10 AT5G20250  SALK_066490C LP-DIN10-1 TTGCTTCGAGCAGTAAAGAGC
RP-DIN10-1 GAGAAATGGGCCGAGATATTC
AER AT5G16970 SALK_005324C LP-AER-1 TTGGATTGGCTACACCAAAAC
RP-AER-1 ATCAATTGGCAAAGTGGACTG
GSTF6 AT1G02930  SALK_026398 LP-GSTF6 CTCGAGCATCTAACGATCCAC
RP-GSTF6 TGAACCAACTGGGTCAAACTC
ERD5 AT3G30775  SALK_119334C LP-ERD5-1 CGTGGGTCATGAGCTCTAAAC
RP-ERD5-1 TAAACGATTGGTCGGTCTTTG
OZF1 AT2G19810  SALK_151571C LP-OZF1-1 TCACATCACCAGCACTTTACG
RP-OZF1-1 GTTGTTGCAAGAGAGGAGACG
SiP2 AT3G57520  SALK_038166C LP-SIP2-1 TCGAATTGTTTGGCTAAGACG
RP-SIP2-1 GCTTCAATTCCTCTCACCCTC
FSD1 AT4G25100 SALK_029455 LP-FSD1-1 TTTGTTTGGTCTCCCAACAAC
RP-FSD1-1 GTTGAAAGCAGGGAGGAGATC
TPPD AT1G35910  SALK_120962C LP-TPPD-1 CATAGGCAAAAACTCATTCGC
RP-TPPD-1 TGTCTTTCTCACACCAAACCC
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LPR1 AT1G23010 SALK_016297 mod.lprl_LP CGGCGTGGTGGCGAAGAATAT
mod.lprl_RP GTCAGAAACACACACACACAC
LPR2 AT1G71040 SALK_091930 mod.lpr2_LP GTGGTAAACATAGCCTGGCTC
mod.lpr2_RP CCGGTTTGTTAGGCTCTTACA
For other lines
Primer 5'->3'sequence
GFP GFP_rev AAGTCGTGCTGCTTCATGTG
GFP_for ACGTAAACGGCCACAAGTTC
GUS GUS L7 CGTCCTGTAGAAACCCCAAC
GUS R1791 CGGTTTTTCACCGAAGTTCA
pdr2 AT5G23630 pdr2 LP (for dCAPS) TTATCCTTCTTTCATGATTCCAGGTGATGATAT

pdr2 RP (for dCAPS) TGACTGCACCTGTAGGGGATG

Supplementary methods

1. R script for Principal component analysis (PCA)

# set working directory and load data

setwd('P:/project/directions/RNA-seq/Results/data_processing/hcluster_PCA')

gene_exp <- read.table(file = 'P:/project/directions/RNA-

seq/Results/data_processing/hcluster_PCA/fpkm all samples.txt',
sep ='\t', header =T, row.names = 1)

sample_info <- read.table(file = 'P:/project/directions/RNA-

seq/Results/data_processing/hcluster PCA/sample information.txt',

sep = '\t', header =T, row.names = 1)

#log2 transformation of data

##treplace 0 with the minimum value in the data set

gene_exp_1 <- gene_exp

gene_exp_1[gene_exp_1==0] <- NA

gene_exp_1[is.na(gene_exp_1)] <- min(gene_exp_1,na.rm =T)

##log2 transformation

gene_exp_1 <- log2(gene_exp_1)

#PCA
install.packages("PCAtools")
library(PCAtools)

## PC analysis
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p <- pca(gene_exp_1, metadata = sample_info, removeVar = 0.05,scale = T)

pca_loadings <- pSloadings

pca_rotated <- pSrotated

## Plot the result

screeplot (p)

biplot (p,
x="PC1’,
y='PC2',

colby ='genotype’,

shape = 'treatment’,

legendPosition = 'top')

## find out genes that influence PCs

plotloadings(p)

# save results
write.table(pca_loadings, file = "P:/project/directions/RNA-
seq/Results/data_processing/hcluster_PCA/pca_loadings.txt", sep = "\t")

write.table(pca_rotated, file = "P:/project/directions/RNA-

seq/Results/data_processing/hcluster PCA/pca_rotated.xIsx", sep = "\t")

pca_rotated 3 _columns <- pca_rotated[,1:3]

write.table(pca_rotated_3_columns, file = "P:/project/directions/RNA-

seq/Results/data_processing/hcluster_PCA/pca_rotated_3_columns.txt", sep = "\t")

Example tables used in the script:

“fpkm all samples.txt”

Table need to save as Text (Tab delimited) file.

gene_id

AT3G56890
AT3G18870
AT3G59440
AT2G38823
ATAG19560
AT5G52900
AT5G60350
ATAG34345

WT_P1

1.425375
0.909624
1.319397
0.676028
0.789847
0.736821
0.185681
0.410701

1.470374
1.140344
1.891207
0.090803
1.121538
1.367573
0.718286
1.213629

“sample information.txt”

WT_nP2 WT_P3

1.232845
0.600996
1.019376
0.365447
1.067437
0.724201
0.401501
2.109158

1.301208

0.73812
1.090247
0.578567
0.978557
1.008953
0.101704
0.749348

0.878078
1.141471
1.677953
1.041139
0.839915
0.687737
3.202793

1.05419

Table need to save as Text (Tab delimited) file.

0.916671
1.051448
1.188938
1.358624
0.720318
0.791872

1.40486

1.16526
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1.141658
1.655832
0.114432
1.230605
1.181046
0.914503
1.832822
1.214881

1.200796

0.9391
1.245962
1.151551
1.642532
1.655704
2.300375
0.508812

WT_nP3 pdr2 P1 pdr2 nP1 pdr2 P2 pdr2_nP2 pdr2 P3 pdr2 nP3 [112 P1

1.161702
0.921278
0.674071
1.721751
1.058778
0.861991
0.318596
0.550539

1112_nP2 1112_P3

0.385392
0.634379

0.91046
0.979201
0.430313
1.261305
0.215162
0.991475

1112_nP3

1.090656
0.814056
0.126569
0.723167
1.050828
0.944153
0.299111
0.620244
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sample genotype treatment

WT P1 WT +Pi
WT_nP1 WT -Pi
WT P2 WT +Pi
WT_nP2 WT -Pi
WT P3 WT +Pi
WT _nP3 WT -Pi
pdr2_P1 pdr2 +Pi
pdr2_nP1 pdr2 -Pi
pdr2_P2 pdr2 +Pi
pdr2_nP2 pdr2 -Pi
pdr2_P3 pdr2 +Pi
pdr2_nP3 pdr2 -Pi
1112_P1 Iprilpr2 +Pi
1112_nP1  lprilpr2 -Pi
1112_P2 Iprilpr2 +Pi
1112_nP2  lprilpr2 -Pi
1112_P3 Iprilpr2 +Pi
1112_nP3  lprilpr2 -Pi

2. Macro script for converting images into 8-bit images

// Select images folder

dir = getDirectory("Choose a Directory ");

// Folder management

getDateAndTime(year, month, dayOfWeek, dayOfMonth, hour, minute, second, msec);
MonthNames = newArray("lan","Feb","Mar","Apr","May","Jun","Jul","Aug","Sep","Oct","Nov","Dec");
DayNames = newArray("Sun", "Mon","Tue","Wed","Thu","Fri","Sat");

if (hour<10) {hours = "0"+hour;}

else {hours=hour;}

if (minute<10) {minutes = "0"+minute;}

else {minutes=minute;}

if (month<10) {months = "0"+(month+1);}

else {months=month+1;}

if (dayOfMonth<10) {dayOfMonths = "0"+dayOfMonth;}

else {dayOfMonths=dayOfMonth;}

results_Dir = dir + "Results"+year+"-"+months+"-"+dayOfMonths+" "+hours+"h"+minutes+
File.separator;

File.makeDirectory(results_Dir);

// change image type and save as tiff

listdir = getFileList(dir);

vars=0;

for (i = 0; i < listdir.length; i++) {
if (endsWith(listdir[i], ".JPG")) {
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open(dir + listdir[i]);

selectWindow(listdir([i]);

run("8-bit");

saveAs("tiff", results_Dir + listdir[i]);
close();
1}

3. Macro script for GRX1-roGPF2 images processing
// Select images folder
dir = getDirectory("Choose a Directory ");
time0 = getTime();
setBatchMode(true);
// Folder management
getDateAndTime(year, month, dayOfWeek, dayOfMonth, hour, minute, second, msec);
MonthNames = newArray("Jan","Feb","Mar","Apr","May","Jun","Jul","Aug","Sep","Oct","Nov","Dec");
DayNames = newArray("Sun", "Mon","Tue","Wed","Thu","Fri","Sat");
if (hour<10) {hours = "0"+hour;}
else {hours=hour;}
if (minute<10) {minutes = "0"+minute;}
else {minutes=minute;}
if (month<10) {months = "0"+(month+1);}
else {months=month+1;}
if (dayOfMonth<10) {dayOfMonths = "0"+dayOfMonth;}
else {dayOfMonths=dayOfMonth;}
results_Dir = dir + "Results"+year+"-"+months+"-"+dayOfMonths+" "+hours+"h"+minutes+
File.separator;
File.makeDirectory(results_Dir);
images_405_Dir = results_Dir + "Images 405" + File.separator;
File.makeDirectory(images_405_Dir);
images_488_Dir = results_Dir + "Images 488" + File.separator;
File.makeDirectory(images_488_Dir);
images_ratio_Dir = results_Dir + "ratio images" + File.separator;

File.makeDirectory(images_ratio_Dir);
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//split images and save as 32 bit
listDir = getFileList(dir);
vars=0;
for (i = 0; i < listDir.length; i++) {
if (endsWith(listDir[i], ".czi")) {
open(dir + listDir[i]);
selectWindow(listDirl[i]);
run("Stack to Images");
run("32-bit");
//run("Threshold..."); Note: the number used for setting Threshold need to change according to your
own experiment
setThreshold(200.0000, 1000000000000000000000000000000.0000);
run("NaN Background");
saveAs("tiff", images_405_Dir + listDir[i] +"_405");
close();
close();
run("32-bit");
//run("Threshold...")
setThreshold(130.0000, 1000000000000000000000000000000.0000);
run("NaN Background");
saveAs("tiff", images_488_Dir + listDir[i] + "_488");
close();
1
//generate ratio images
list405 = getFileList(images_405_Dir);
Array.print(list405);
list488 = getFileList(images_488 Dir);
Array.print(list488);
var histoDir=0;
for (h =0, j=h;j<list488.length; h++, j++) {
open(images_405_Dir+list405[h]);

Imagel=getTitle();
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open(images_488_Dir+list488[j]);
Image2=getTitle();
imageCalculator("Divide create 32-bit", Imagel, Image2);
saveAs("tiff", images_ratio_Dir + list405[h]+"vs"+list488[j]);
}
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