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1.0 INTRODUCTION

1.1 Importance of phosphorus

Phosphorus (P) is the second most essential macronutrient required for plant growth and development
along with nitrogen (N) (Roch et al., 2019). It regulates various physiological and molecular plant
processes (Razaqg et al., 2017), e.g. phospholipid biosynthesis, and is a structural element of DNA and
RNA. Chemical energy stored in adenosine triphosphate (ATP), cytidine triphosphate (CTP), guanosine
triphosphate (GTP), uridine triphosphate (UTP), phosphoenolpyruvate and other phosphorylated
compounds drive cellular endergonic processes (Lambers & Plaxton, 2018; Razaq et al., 2017; Stigter
& Plaxton, 2015; D. Wang et al., 2017; Zhang et al., 2009). P limitation negatively impacts crop yield
and grain quality, and it is estimated that P deficiency reduces crop yields on 30-40% of the world’s
arable land. This necessitates the use of large amounts of P fertilizers to ameliorate its deficiency since
P application and availability stimulates seed germination, is essential for all developmental stages, and
increases the N-fixing capacity of leguminous plants (Malhotra et al., 2018). However, the P use
efficiency (PUE), estimated to be as low as 15-20% in arable agricultural fields, indicate that most of
the soil-applied P is not available to plants and leaches into ground and surface waters leading to
eutrophication (Correll, 1998; L. Smith & Monaghan, 2003). Considering the increasing world
population set to reach 9 billion by the year 2050, the need to increase food production by up to 70% is
necessary to feed the human population (Bechtaoui et al., 2021). This requires a better understanding

and efficient utilization of the limited P resource to meet the increased food demand and production.

1.2 Phosphorus availability in soil and plants

Bioavailable P concentration in plants ranges from 0.05% to 0.5% of total plant dry weight, and in the
soil P concentration is on average 2000-fold higher than in plants. However, as the only form that can
be assimilated by plants from soil, Pi is present at low concentrations in soil solution (usually less than
2 uM). At low and high soil pH, Pi forms insoluble complexes with aluminum or iron and with calcium
or magnesium respectively, which reduces its mobility in soil, leading to an uneven distribution and low
Pi availability for plant uptake (Hinsinger, 2001; Raghothama, 1999b; Shen et al., 2011; Tetsuro
Mimura, 1999). As a result, Pi availability in the soil is rarely sufficient for optimum plant growth and
development. Thus, plants often face the problem of Pi deficiency in agricultural fields. Approximately
60% of applied P fertilizers are produced from non-renewable phosphate rock (Cordell, 2010; Liu et al.,
2008; Smit et al., 2009). Due to the high P demand, several studies suggest that the phosphate rock
reserves could be depleted within the next 100 years (Cordell, 2010; Haes et al., 2009; Smit et al., 2009;
Vaccari, 2009).



1.3 Symptoms of phosphorus deficiency in plants

Diagnosing P deficiency is a tedious task, since crops generally display no visual symptoms at an early
growth stage, which is often confused with N deficiency because the veins of young leaves appear red
under both deficiencies. P deficiency in plants disturbs the production of chlorophyll, causing leaf
chlorosis (Choi et al., 2013; Viégas, Ismael de Jesus Matos et al., 2018), which leads to reduced plant
growth because of reduced photosynthetic activity. P-deficient plants additionally have stunted thin
stems, which are spindly. Their foliage, rather than being bright green, is often dark, almost bluish-
green, and prolonged P deficiency results in the accumulation of anthocyanins, consequently leading to
purple discoloration on the leaf surface (Osbourne et al., 2002; Ticconi & Abel, 2004). Delayed
maturity, sparse flowering, poor seed quality and even leaf senescence have been reported in very severe
cases (Weil & Brady, 2017). However, due to its mobile nature within the plant, Pi is recycled and
transferred from older to younger leaves when in short supply; thus, older leaves show P deficiency

symptoms first.
1.4 Phosphorus sensing and acquisition by plants

Pi acquisition from soil occurs at the roots due to their contact with the soil interface. Due to its very
immobile nature in soils, plant roots preferentially grow towards Pi patches (Aerts, 1999). Plants have
evolved various morphological, physiological, and biochemical adaptations to improve Pi acquisition
and utilization under Pi-deficient conditions (Abel, 2011; Kopriva & Chu, 2018; van de Wiel et al.,
2016). These strategies could be broadly categorized into:

(1) Formation of symbiotic relations with mycorrhiza fungi.

(i) Change in root system architecture via local Pi sensing.

(iii))  Adjustment of cellular metabolism via systemic Pi sensing.

(iv) Exudation of phospho-hydrolases and carboxylic acids.

1.4.1 Formation of symbiotic relations with mycorrhiza fungi

The nutrient uptake system of crops includes not only their unique transport system on the root
epidermis but also a transport system mediated by interaction with specific soil microorganisms. Among
these interactions, symbiosis with arbuscular mycorrhizal fungi (AMF) in the roots is an ancient and
ubiquitous relationship that began over 400 million years ago (Fonseca & Berbara, 2008) and has been
observed in many economically important crops such as soybean, wheat, and corn. AMF hyphae
growing outside the roots allow plants to access Pi further away from the root surface and provide an
enhanced foraging system that improves the acquisition of nutrients such as Pi and water while the
plants provide compounds such as carbohydrates, lipids or organic acids in a mutually beneficial way
for both organisms (Smith & Smith, 2011).



1.4.2 Change in root system architecture via local Pi sensing

Root system architecture (RSA) is highly plastic and its developmental response to Pi-deficient
conditions in various plants is well studied and documented. Since Pi availability is generally higher in
the topsoil layers, plants change their RSA to access this Pi-rich layer in what is termed as the local
response. Plants develop shallow root systems to increase the surface area for Pi exploration from the
topsoil. In the case of common bean (Phaseolus vulgaris) and soybean (Glycine max.), the shallow root
system arises from repeated branching of the primary root while in rice (Oryza sativa) and maize (Zea
mays), the existing adventitious root system explores the topsoil for Pi absorption (Hochholdinger et
al., 2004; Lynch, 1995; Lynch & Brown, 2008; Osmont et al., 2007). Other plant species such as white
lupin (Lupinus albus), develop cluster roots with dense and determinant lateral roots which are covered
by large numbers of root hairs (Lambers et al., 2006; Vance, 2008). In Arabidopsis thaliana
(Arabidopsis), significant low Pi reduces primary root growth accompanied by the emergence of lateral
roots and root hairs, which increase Pi exploration, solubilization and absorption (Jain et al., 2007;
Lynch & Brown, 2008; Williamson et al., 2001)

The local response in Arabidopsis is regulated by external Pi and Fe availability in the soil solution
surrounding the rhizosphere and requires direct contact with the root tip (Bates & Lynch, 1996; Miiller
et al., 2015; Svistoonoff et al., 2007; Ward et al., 2008). During Pi starvation, Arabidopsis root tips,
including the root stem cell niche (SCN), accumulate Fe in the apoplast, which is thought to trigger the
generation of reactive oxygen species (ROS) (Mdiller et al., 2015). ROS generation leads to callose
deposition in the cell walls and plasmodesmata of the root apex (Benitez-Alfonso et al., 2009; Miiller
et al., 2015; Petricka et al., 2012). This prevents cell-to-cell movement of SHORT ROOT (SHR) and
SCARECROW (SCR), which are essential regulators of WUSCHEL-RELATED HOMEOBOX 5
(WOXB5) (Helariutta et al., 2000; Vatén et al., 2011). Ultimately the SCN and dividing cells are
exhausted, resulting in growth inhibition and short roots (Mdller et al., 2015). Two modules (Figure 1)
have so far been proposed, which further explain the local response, i.e. LOW PHOSPHATE ROOT 1-
PHOSPHATE DEFICIENCY RESPONSE 2 (LPR1-PDR2) module and the SENSITIVE TO PROTON
RHIZOTOXICITY 1-ALUMINIUM ACTIVATED MALATE TRANSPORTER 1 (STOP1-ALMT1)
module (Abel, 2017; Mora-Macias et al., 2017; Muller et al., 2015)

During Pi starvation, the PDR2-LPR1 module mediates Fe accumulation in the SCN and root elongation
zone (EZ) triggering accumulation of ROS and callose deposition in cell walls of the SCN and EZ
(Hoehenwarter et al., 2016; Midiller et al., 2015). LPR1 encodes a cell wall-resident bacterial-type
multicopper ferroxidase, which oxidizes Fe?* to Fe®* in the apoplast of the root apical meristem (RAM),
while PDR2 encodes a P5-type ATPase of unknown specificity residing in the endoplasmic reticulum
(Mdller et al., 2015; Naumann et al., 2022; Naumann et al., 2019; Sgrensen et al., 2015). The Iprl

mutant is insensitive to low Pi and neither accumulates Fe nor attenuates its primary root growth during



Pi starvation as opposed to the pdr2 mutant, which is hypersensitive to low Pi, over-accumulates Fe,
and its primary growth is strongly inhibited during Pi starvation (Mdiller et al., 2015; Naumann et al.,
2022; Naumann et al., 2019).

The second module implicated in local Pi sensing involves citrate and malate extrusion (Maruyama et
al., 2019; Peng et al., 2018; Sawaki et al., 2009). STOP1, which is a zinc finger transcription factor,
induces during Pi starvation one of its target genes, ALMT1, which encodes a malate transporter
(Balzergue et al., 2017; Sawaki et al., 2009). Once induced, ALMT1 effluxes malate into the apoplast
where it liberates Fe bound to Pi, which is then absorbed. Both stopl and almtl mutants show
insensitivity to low Pi as evidenced by their long roots compared to the wild type (Mora-Macias et al.,
2017).
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Figure 1: Schematic diagram representing major players involved in the local Pi deficiency response

ALMT1 releases malate into the rhizosphere as well as into the root apoplast, resulting in the remobilization of Pi
from Fe-Pi complexes by Fe®*chelation. Subsequent reduction of Fe®*-malate promotes reactive oxygen species
(ROS) formation, while LPR1 dependent Fe?* oxidation ameliorates ROS production and possibly mediates ROS
signaling in the SCN. PDR2 counteracts LPR1 function by maintaining Fe homeostasis in root tips. Adapted from
Naumann et al., (2022).

1.4.3 Adjustment of cellular metabolism via systemic phosphate sensing

Systemic or long-distance responses depend on the internal Pi concentration and participate in the
overall enhancement of Pi uptake, reallocation and recycling to ensure the metabolic balance of P at the
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whole-plant level (Thibaud et al., 2010). Systemic signals are conveyed by internal Pi, sugars, hormones
and RNAs (Lin etal., 2014). These signals are generated at one site and due to their mobile nature move
in the vasculature to elicit their function at a distance. During Pi starvation, hydrolysis of phosphorylated
compounds and internal Pi stores increases. For example, phospholipids which are a reserve for internal
Pi are hydrolyzed to release Pi and diacylglycerol (DAG), which is then subsequently converted into
galactolipids or sulfolipids to compensate for reduced phospholipids (Hértel et al., 2000; Yu et al.,
2002). Expression of genes involved in phospholipid turnover (e.g., PLD{1 and PLD(2 encoding
lipases) and sulfolipid biosynthesis (e.g., SQD1 and SQD?2) are highly induced leading to reduced
phospholipid content and increased sulfolipids and galactolipids in membranes of plants growing under
low Pi (Cruz-Ramirez et al., 2006; Qin et al., 2006; Welti & Wang, 2006). A model that explains the
systemic phosphate starvation response (PSR) involves the transcription factor PHOSPHATE
STARVATION RESPONSE 1 (PHR1) and the SPX domain proteins which control the transcription of
the majority of PSR genes (Bustos et al., 2010). The SPX domain named after SYGL1 (suppressor of
yeast gpal), Pho81 (CDK inhibitor in yeast PHO pathway) and XPR1 (xenotropic and polytropic
retrovirus receptor) negatively regulates the systemic PSR. In contrast, transcription factor PHR1 and
its close PHR1-like (PHLS) relatives, which are transcription factors, positively regulate the PSR by
binding to the promoters of phosphate starvation inducible (PSI) genes (Puga et al., 2014; Zhou et al.,
2008). During sufficient Pi conditions, SPX proteins interact with PHR1/PHLs due to high levels of a
‘molecular glue’, inositol pyrophosphate 8 (InsPs), in the cytosol and nucleus, preventing binding of
PHR1/PHLs to the promoters of PSI genes (Dong et al., 2019; Ried et al., 2021).

Pi sufficient conditions Pi deficient conditions

Degradation

P1BS PSI genes P1BS PSI genes

Figure 2: A model for the action of InsP8 in controlling Pi homeostasis.

Under Pi sufficient conditions, high InsPs levels facilitate binding of SPX to PHR1 inhibiting its activation of PSI
genes, while in the Pi deficient conditions, low levels of InsPg favors dissociation of the SPX-PHR1 complex,
allowing nuclear localization and binding of PHR1 to P1BS promoter elements, which activates the expression of
PSI genes. Adapted and modified from Dong et al., (2019).

However, during Pi starvation, low levels of cytosolic InsPg result in the dissociation of the SPX-

PHR1/PHLs complexes followed by degradation of SPX proteins (Figure 2). This allows the movement



of PHR1/PHLs from the cytosol to the cell nucleus where they activate transcription of PSI genes (Zhou
etal., 2015).

1.4.4 Exudation of phospho-hydrolases and carboxylic acids

Induction and exudation of P-hydrolases such as phosphatases is another strategy involved in Pi
acquisition and plays a role in both local and systemic Pi deficiency response (Tran et al., 2010; Zhang
et al., 2014). Once secreted, the extracellular or secreted phosphatases are believed to release Pi groups
from organophosphates by hydrolysis of P-esters and P-anhydrides at low pH and thereby increase Pi
availability for plants (Schmidt & Laskowski, 1961).

Another Pi acquisition mechanism is the exudation of carboxylic acids. The free organic acids (OAS)
and corresponding carboxylate anions constitute the major fraction of root exudates during Pi
deficiency. The most common OAs anions found in the rhizosphere are lactate, acetate, oxalate,
succinate, fumarate, malate, citrate, isocitrate, and aconitate (Jones & Brassington, 1998). These
carboxylates were suggested to improve P availability by remobilizing the sparingly available Pi forms
from the soil solution (Jones & Brassington, 1998; Koyama et al., 1988). This occurs by chelation of
metals ions like Al, Fe or Ca due to the negative charges of carboxylates, resulting in the displacement
of anions, such as Pi, from the soil matrix (Delgado et al., 2013; Jones & Brassington, 1998; Vance et
al., 2003). Pi deficiency-induced OAs exudation from roots was first identified in white lupin (Lupinus
albus L.) (Gardner et al., 1983; Gardner et al., 1981). When grown on P-limited soils, this pioneer crop
develops cluster roots as the sites of profuse OAs exudation, which synergistically enhances Pi
acquisition from soil (Johnson et al., 1994; Kochian et al., 2004; Larsen & Gunary, 1961; Neumann et
al., 1999; Wu et al., 2011). Exudation of OAs in response to metal stress and Pi starvation also occurs
in other plant species in a time- and tissue-specific manner. Under Al toxicity, exudation of OAs such
as malate, citrate and oxalate is quick and instant while under low Pi induction exudation occurs after a

few days of low Pi exposure (Dong et al., 2004; Wang et al., 2007).
1.5 Biosynthesis and role of organic acids in plants

OAs are produced in the mitochondria via the tricarboxylic acid (TCA) cycle and to a lesser extent in
the glyoxysome as part of the glyoxylate cycle. As products of the oxidation of photosynthetic
assimilates, OAs can either be converted back to carbohydrates or undergo terminal oxidation yielding
CO; and H;O (lgamberdiev & Eprintsev, 2016). OAs metabolism is fundamentally important at the
cellular level for several biochemical pathways including energy production, formation of precursors
for amino acid biosynthesis, and at the whole plant level in modulating adaptation to the environment
(L6pez-Bucio et al., 2000). Being negatively charged, OAs play a critical role in balancing excess of
positively charged ions and regulating osmotic potential and cellular pH (Xiang et al., 2019).

In addition to their role inside plant cells, OAs are also secreted into in the rhizosphere where they act

as chemo-attractants by providing carbon and energy sources to microbes, which promotes symbiotic



microbial root associations leading to increased plant mineral uptake (Macias-Benitez et al., 2020;
Zhang et al., 2014). Because of their cation chelating potential, OAs play crucial roles during plant
responses to various stresses (Panchal et al., 2021). Plants secrete OAs in response to metal stresses, a
mechanism which enhances their tolerance to metal toxicities. Binding affinities to metal cations
increases with the number of carboxyl groups, making OAs such as citrate and malate very efficient
metal chelators, as exemplified by the Al-induced exudation of malate by wheat and Arabidopsis roots
(Ryan et al., 2011; Yang et al., 2013), and of citrate by maize, sorghum, barley, and soybean roots
(Meyer et al., 2010; Ryan et al., 2011; Wu et al., 2014).

Chelation of metal cations by OAs results in solubilization of Pi from Pi-metal complexes and their
exudation plays a pivotal role in Pi acquisition. In transgenic tobacco plants, increased OAs biosynthesis
and secretion led to enhanced Pi uptake by dissolving insoluble Pi compounds present in the soil (L6pez-
Bucio et al., 2000). In the Proteaceae family, plants bear specialized roots, called proteoid or cluster
roots, which secrete OAs in response to Pi deficiency in soil (Dinkelaker et al., 1995; Shahbaz et al.,
2006). Due to their negative charges and ability to form complexes with positively charged ions, OAs,
especially malate and citrate, provide a great tool with which alleviation of several different plant stresses
such as Pi starvation can be studied (Zhang et al., 2018).

1.5.1 Biosynthesis and role of citrate in plants

Citrate belongs to compounds, which plant tissues usually contain in considerable amounts. It is
synthesized from the condensation of oxalacetate with the acetyl-CoA in both the TCA and glyoxylate
pathways, a reaction which is catalyzed by citrate synthase (Fernie et al., 2004; Popova & Pinheiro de
Carvalho, 1998). As an intermediate of the TCA cycle, citrate sustains the regeneration of nicotinamide
adenine dinucleotide (NADH) and flavine adenine dinucleotide (FADH>) molecules resulting in energy
production in form of ATP (Icard et al., 2012). It is a key regulator of several catabolic and anabolic
pathways such as fatty acid synthesis p-oxidation, Fatty acid synthesis, glycolysis or gluconeogenesis.
It is stored in the vacuoles where it maintains cytosolic pH (Etienne et al., 2013; Pracharoenwattana et
al., 2005) Citrate is degraded through the GABA shunt which results in succinate synthesis or it is
converted back to oxaloacetate and acetyl-CoA (Etienne et al., 2013). Movement of citrate in the plant
occurs through channels and transporters and among the well characterized citrate transporters is the
multidrug and toxic compound extrusion proteins (MATE) which exports citrate and other small organic
molecules (Kuroda & Tsuchiya, 2009).

Facilitation of Fe distribution and transport throughout the plant was shown to be a major role for citrate.
In iron deficient conditions, enhanced citrate concentration in the xylem sap and exudation into the
rhizosphere has been reported (Durrett et al., 2007; Martinez-Cuenca et al., 2013). Upon exudation into
the rhizosphere, citrate acidifies the local environment which facilitates the reduction of the insoluble

Fe 3* to the more soluble Fe 2* which is then taken up by plants (Carvalhais et al., 2011). Once inside



the plant, iron is complexed to citrate secreted by a specialized MATE transporter ferric reductase
defective 3 (FRD3), loaded into the xylem and transported to distal tissues (Durrett et al., 2007;
Roschzttardtz et al., 2011).

Other studies have also shown citrate importance in alleviating different stresses such as lead
phytotoxicity in castor beans, aluminum phytotoxicity in sorghum, barley, wheat, maize and
Arabidopsis, phosphorus in white lupin, soybean and in tobacco and alkaline tolerance in Medicago
(Furukawa et al., 2007; Liu et al., 2009; Lopez-Bucio et al., 2000; Magalhaes et al., 2007; Mallhi et al.,
2019; Maron et al., 2010; Peng., et al., 2018; Ryan et al., 2009; Tiziani et al., 2020).

1.5.2 Biosynthesis and role of malate in plants

Like citrate, malate is among the most accumulated OAs in many plants. Malate is synthesized in three
main compartments in plants i.e. mitochondria, glysosome and the cytoplasm (Wu et al., 2020). In the
cytoplasm, phosphoenolpyruvate carboxylases (PPCs) catalyze the reaction of phosphoenolpyruvate
(PEP) with hydrogen carbonate ions in the presence of Mg?* to form oxaloacetate which is then reduced
to malate by cytosolic malate dehydrogenase (cMDH). Malate participates in the transfer of redox
equivalents between cell compartments (Geigenberger & Fernie, 2014; Maurino & Engqvist, 2015). It
also plays an important role in carbon metabolism, ionic homeostasis and is the origin of carbon
skeletons for amino acid biosynthesis in plants (Cheffings et al., 1997; Schneidereit et al., 2006). Malate
also acts as an osmolyte and an anion where it compensates for the positive charge of potassium, which
is particularly important in stomatal responses (Meyer et al., 2010). Disruption of malate metabolism
has a specific effect on root growth that is independent of alterations in leaf metabolism (van der Merwe
et al., 2008).

Malate plays a pivotal role when exuded into the rhizosphere (Schulze et al., 2002). It is the primary
substrate for bacteroid respiration that fuels nitrogenase as it is easily taken up via transporters such as
the dicarboxylate transporter A (Udvardi & Day, 1997) while the conversion of malate to oxaloacetate
by malate dehydrogenases provides carbon skeletons for the assimilation of fixed nitrogen into amino
acids (Driscoll & Finan, 1993; Rosendahl et al., 1990). Malate secretion promotes plant adaptation to
aluminum toxicity (Dinkelaker et al., 1995; Raghothama, 1999; Skene, 2001) which has been confirmed
by identification of a family of aluminum activated malate transporters (ALMT) in various plants such
as wheat (Sasaki et al., 2004), barley (Delhaize et al., 2004), rye (Fontecha et al., 2007), rapeseed
(Ligaba et al., 2006) and Arabidopsis (Hoekenga et al., 2006). In a study by (Tesfaye et al., 2001) and
its follow up (Tesfaye et al., 2003), increased malate levels resulting from overexpressing malate
dehydrogenase (MDH) in alfalfa roots enhanced Pi uptake in the transgenic plants compared to the
control. In soybean, Pi starvation increased the secretion of organic acid such as malate which enabled
plants to survive when insoluble Pi fertilizer was applied (Wei et al., 2013). In Arabidopsis, AtALMT3

upregulation during Pi deficiency was accompanied by increased malate exudation inferring the



important role of malate exudation and Pi liberation from bound metal complexes (Maruyama et al.,
2019).

1.6 Phosphoenolpyruvate carboxylases (PPCs) and their role in plants

Phosphoenolpyruvate carboxylase (PPC) is largely a cytosolic carbon dioxide fixing enzyme that in an
irreversible manner and in the presence of Mg?*, converts phosphoenolpyruvate and bicarbonate into
oxaloacetate and Pi (Figure 3) (O'Leary et al., 2011). It is widely present in algae, bacteria (including
cyanobacteria) and plants but has not been identified in fungi or animals (Durall & Lindblad, 2015; lzui
et al., 2004; Mamedov et al., 2005).

Phosphoenolpyruvate carboxylase (PPC) reaction
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Figure 3: Phosphoenolpyruvate carboxylase reaction.
In the cytoplasm, PPC in the presence of HCOs and Mg?* converts phosphoenolpyruvate to oxaloacetate liberating

Pi in the process.

Two distinct classes of PPCs are known to occur in plants and are classified as either bacterial-type
(BTPPC) or plant type (PTPPC) enzymes (O’ leary et al., 2011; Sanchez & Cejudo, 2003). The BTPPC
gene encodes a polypeptide of approximately 116-118 kDa that lack the classic N-terminal regulatory
phosphorylation site present in PTPPCs but contains a prokaryotic-like R(K)NTG tetrapeptide at the C-
terminus (Sanchez & Cejudo, 2003; Sanchez et al., 2006; Sullivan et al., 2004; Yasushi et al., 1999).
Interestingly, BTPPCs possess inhibitory phosphorylation sites identified in developing castor oil seed
(Uhrig et al., 2008), which is embedded in an intrinsically disordered region absent in PTPPCs (Dalziel
etal., 2012; O’leary et al., 2011). BTPPCs exhibit lower affinity for PEP and PPC allosteric activators
but also show a higher insensitivity to allosteric inhibitors such as malate and aspartate (O'Leary et al.,
2009). PTPPCs and BTPPCs also interact to form larger 900 kDa hetero- octameric proteins (class 2),
which have been identified in unicellular green algae, lily, and castor bean (O’leary et al., 2011). Unlike
class 1 PPC proteins (homo-tetramers), the class 2 PPC proteins are highly desensitized to allosteric
effectors (Blonde & Plaxton, 2003; Gennidakis et al., 2007; Moellering et al., 2007).

On the other hand, plant-type PPCs belong to a small multigene family, whose members encode smaller
polypeptides of approximately 100-110k Da, with a conserved N-terminal serine phosphorylation site
and a critical C-terminal tetra peptide QNTG (Chollet et al., 1996; Gennidakis et al., 2007; lzui et al.,
2004; Sanchez & Cejudo, 2003; Xu et al., 2006). PTPPCs exist as homo-tetramers (class 1) of



approximately 400 kDa composed of identical subunits of approximately 410 kDa (lzui et al., 2004).
PTPPCs are further categorized into non-photosynthetic (C3 PPCs) and photosynthetic (C4 and CAM
PPCs) isoenzymes (O'Leary et al., 2011). In C3 PPCs, the presence of an arginine residue (Arg884) at
the malate binding site provides an additional hydrogen bond which promotes stronger binding to the
feedback inhibitor while its substitution with glycine in C4/CAM plants reduces the steric restriction
making C4/CAM PPCs more tolerant towards feedback inhibition than the C3 enzyme (Paulus et al.,
2013).

The best described function of PPCs is the pre-fixation of CO; (in the form of HCOs™ provided by the
carbonic anhydrase reaction) during C4 and CAM photosynthesis (Hatch, 1987). In C4 plants,
bicarbonate is initially fixed by PPCs to form oxaloacetate in the mesophyll cells before its transport to
the bundle sheath cells, where CO is released and concentrated at the site of ribulose-1,5- bisphosphate
carboxylase/oxygenase (RUBISCO) action. This compartmentalization of CO. pre- fixation reduces the
oxygenase activity of RUBISCO and resulting photorespiration, making C4 plants photosynthetically
more efficient compared to C3 plants (Hatch, 1987).

In C3 plants, PPC functions not only in the anaplerotic replenishment of the TCA cycle intermediates
consumed during lipid biosynthesis (Chollet et al., 1996; Podesta & Plaxton, 1994; Sangwan et al.,
1992), but also in the nitrogen assimilation which is well demonstrated by reduced amino acid levels in
ppc mutants (Masumoto et al., 2010; Shi et al., 2015). In Solanum tuberosum, plants overexpressing a
Corynebacterium glutamicum PPC showed increased rate of stomatal opening compared to the controls
(Gehlen et al., 1996) while transformation of C4 PPC enhanced drought tolerance and yields in wheat
(Qin et al., 2016) and conferred aluminum tolerance in rice (Begum et al., 2009). In Arabidopsis, PPCs
have been associated with germination, normal plant growth, seed quality and filling (Feria et al., 2016;
Feria et al., 2022). In these two studies, ppc mutants showed an impaired or reduced plant size, reduced

fresh rosette weight, and had poor seed quality and seed filling.

Plant genomes code for several isoforms of C4 or C3 PPCs. There are ten PPC genes in Glycine max
(Wang et al., 2016), five each in Medicago truncatula and Solanum lycopersicum (Wang et al., 2016;
Waseem & Ahmad, 2019), three in Flaveria spp (Engelmann et al., 2003), two in Lotus japonicas
(Nakagawa et al., 2003), and six each in Zea mays, Phaseolus vulgaris, Oryza sativa (Wang et al., 2016)
and Sorghum bicolor (Lepiniec et al., 1993). The Arabidopsis thaliana genome encodes four PPCs:
three PTPPCs (AtPPC1, AtPPC2, AtPPC3) and one BTPC (AtPPC4). The differential expression of
Arabidopsis PPCs in different tissues suggests that these PTPPCs could be involved in specialized
functions (Sanchez et al., 2006). In our study, PTPPCs will be referred to as PPCs.
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1.7 Regulation of phosphoenolpyruvate carboxylases in plants

PPCs regulation is multifaceted and tightly regulated in plants (Jiao & Chollet, 1991). Transcriptional
control regulates the amount of PPCs through changes in the abundance of PPC mRNA (Theng et al.,
2007). In CAM and C4 plants, PPC phosphorylation and PPC activity increased in response to light but
drastically reduced by dawn while in C3 plants, PPC expression and PPC activity has been shown to
increase in response to abiotic stresses such as salt stress, drought stress, Pi starvation (Doubnerova et
al., 2014; Gregory et al., 2009; Sanchez et al., 2006; Taybi et al., 2004; Theng et al., 2007).

PPCs are also tightly regulated allosterically. They are positively activated by hexose phosphates (e.g.,
G6P), triose phosphates (e.g., PEP) and neutral amino acids such as glycine, serine or alanine (Mufioz-
Clares et al., 2020; Schlieper et al., 2014). In contrast, PPCs are inhibited by malate, aspartate and
glutamate (Chollet et al., 1996; Izui et al., 2004). In a model that explains PPC activation, binding of
the positive effectors at the active site causes a conformation change on the other subunits which then
lowers the Ky for the substrate PEP (Rustin et al., 1988; Schlieper et al., 2014; Wong & Davies, 1973).
However, in the negative feedback inhibition, the negative effectors malate and aspartate bind to a
different site from the active site on the C-terminal end (Kai et al., 1999; Matsumura et al., 2002; Paulus
etal., 2013).

Monoubiquitination of PPCs is a posttranslational modification which regulates PPC activity.
Monoubiquitination at lysine 624 in sorghum and lysine 628 in castor oil seeds renders PPCs more
sensitive to the inhibition by malate and citrate, reduces their activity and additionally targets them for
proteasomal degradation (Schulz et al., 1993; Uhrig et al., 2008). Chemical regulation also controls PPC
activity. Phosphatidic acid (PA), an anionic phospholipid, binds and inhibits C4 PPC. The addition of 50
uM PA decreased PPC activity by 60% compared to the control activity in maize plants (Monreal et al.,
2010).

The most investigated and well-studied regulation of PPCs is phosphorylation which also impacts on
their control by allosteric effectors (Figure 4). Reversible phosphorylation and dephosphorylation
occurs at a single, strictly conserved serine (e.g., Serll in AtPPCs) residue near the N-terminus of the
protein (Jiao & Chollet, 1991; Vidal & Chollet, 1997). Compared to non-phosphorylated PPCs,
phosphorylated PPCs are more active since their affinities to positive effectors increases while the
affinity to inhibitors, mainly malate and aspartate, decreases (Buchanan-Bollig & Smith, 1984; Nimmo
et al., 1984; Winter, 1982). PPCs are phosphorylated by a specific phosphoenolpyruvate carboxylase
kinase (PPCK) and are dephosphorylated by a non-specific phosphatase 2 (PP2A) (Dong et al., 2001). In
a study on Nicotiana tabacum L. leaves, potato virus Y (PVY) infection led to increased PPC
phosphorylation levels and increased activity while the transcript levels remained comparable to the
control (Mller et al., 2009).
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Figure 4: A schematic model for depicting regulation of PPCs by PPCKs and PP2A.
PPCKs phosphorylate PPCs increasing their affinity for allosteric activators such as glucose-6-phosphate, glycine
and PEP while PP2A dephosphorylates PPCs, increasing their affinity for allosteric inhibitors such as malate and

aspartate. Adapted and modified from Yang et al., (2017).

1.8 Phosphoenolpyruvate carboxylase kinases and their role in plants

Phosphoenolpyruvate carboxylase kinases (PPCKSs) control the phosphorylation and activity of PPCs
in plants (Hartwell et al., 2002; Nimmo et al., 2001). They are grouped in the superfamily of
Ca?*/calmodulin-regulated protein kinases (CDPK) although their activity is Ca?*-independent. PPCKs
are the smallest known protein kinases (30-39 kDa) (Hartwell. et al., 1999; Nimmao, 2003), because
they only contain the catalytic kinase domain but lack the auto-inhibitory region and EF hands of plant
bona fide CDPKs, which explains their Ca?* independence. PPCKs are localized in the cytoplasm
(Chutia, 2019) and are only known to phosphorylate PPCs (Chollet et al., 1996; Nimmo, 2003; Nimmo
etal., 2001).

Plant genomes encode several isoforms of C3 or C4/CAM PPCKs, which are encoded by small gene
families with at least two isoforms present in most species (Fontaine et al., 2002; Fukayama et al., 2006;
Nimmo, 2003; Shenton et al., 2006; Sullivan et al., 2004; Xu et al., 2003). Rice has three isoforms,
while Flaveria and soybean have one and at least four PPCKSs isoforms, respectively (Fukayama et al.,
2006; Furumoto et al., 2007; Sullivan et al., 2004; Tsuchida et al., 2001). In tomato, potato and
Arabidopsis, two PPCK isoforms have so far been described (Fontaine et al., 2002; Marsh et al., 2003).
The two PPCK isoforms identified in Arabidopsis show different expression patterns in relation to plant
organs and environmental cues (Fontaine et al., 2002; Nimmo, 2003). AtPPCK1 is expressed primarily
in rosette leaves and to a lower extent in flowers and roots whereas PPCK2 has been detected mainly in

roots and flowers, and to a lower extent in cauline leaves (Meimoun et al., 2009).
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1.9 Regulation of phosphoenolpyruvate carboxylase kinases

Plant PPCKs are protein kinases known to be regulated mainly at the level of synthesis and degradation
(Bakrim et al., 2001; Carter et al., 1991; Jiao & Chollet, 1991; Nimmo, 2003). PPCK transcript
abundance is controlled by light in C4 plants, and by a circadian oscillator in CAM plants (Hartwell. et
al., 1999; Nimmo et al., 2001; Nimmo., 2000; Taybi et al., 2000), while in C3 plants, light and nitrogen
regulate PPCK expression (Duff & Chollet, 1995; Li et al., 1996).

Two less studied PPCK regulatory mechanisms are a possible monoubiquitination and the control by
allosteric effectors. The PPCKs genes identified so far encode PPCKs of around 30 kDa (Nimmo, 2003).
However, the presence of a larger PPCK (37 kDa) in several plants such as maize, ice plants, tobacco
and soybean strongly indicate a posttranslational regulation. Since the small ubiquitin molecule is about
8 kDa in size, this large PPCK is thought to result from monoubiquitination on one of its lysine residues
(Li & Chollet, 1993; Li et al., 1996; Zhang & Chollet, 1997). In other studies, PPCK activity in crude
extracts increased with increasing dilution which led to the speculation that plant tissues contain an
unknown protein that inhibits PPCK activity (Nimmo et al., 2001). In an assay by (Borland et al., 1999),
increased temperature treatments caused malate efflux from the vacuole which decreased PPCK activity.
Transcript analysis in leaves with reduced malate levels revealed an induction of PPCK genes, which led
to the suggestion that cytosolic malate may act as a possible feedback regulator of PPCK expression
(Borland et al., 1999).

Abiotic stresses also play a crucial role in regulating PPCK expression and PPCK activity. Salt stress
in sorghum leaves enhances the activity of PPCKs which was accompanied by increased PPC
phosphorylation and activity (Monreal et al., 2007). Nitrogen deficiency in wheat increased PPCK
activity, which was attributed to increased phosphorylation (Duff & Chollet, 1995). In Arabidopsis,
significant upregulation of both PPCK1 and PPCK2 in shoots and roots has been reported during Pi
starvation. This has been associated with increased PPC phosphorylation, PPC activity and OAs levels
(Chen et al., 2007; Chutia, 2019; Gregory et al., 2009; O'Leary et al., 2011) while in Arabidopsis roots,
the induction of PPCK2 was significantly enhanced under both low Pi and salt stress, indicating its

importance during adaptation to salt stress (Feria et al., 2016).

1.10 Previous work on PPC and PPCK manipulation

Thus far, manipulation of the PPCK-PPC module has focused on either the overexpression of different
C4 and bacterial PPCs or on the characterization of PPC mutant enzymes showing reduced allosteric
inhibition or different allosteric regulation. In addition, introduction of C4 PPCs into C3 plants with the
aim to improve their photosynthetic capacity, to enhance growth and to improve yield has been well
investigated. However, these attempts have had contradictory results. Expression of maize C4 PPC in
tobacco increased PPC activity (Hudspeth et al., 1992) but had no effect on the photosynthetic rate, and
the transgenic plants had reduced growth (Kogami et al., 1994). Rice plants transformed with C4 PPC
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from maize had reduced CO; assimilation and reduced photosynthetic rate compared to non-transgenic
plants (Fukayama et al., 2003). Transformation with a C4 PPC from F. trinervia or sorghum, or with a
bacterial PPC, led to diminished plant growth, unaltered photosynthetic rate and accelerated stomatal
opening in potato (Beaujean et al., 2001; Gehlen et al., 1996; Rademacher et al., 2002). Interestingly,
expression of maize C4 PPC in Arabidopsis under the CaMV 35S promoter led to improved plant
performance with reported higher chlorophyll content, increased PPC activity, CO2 consumption, starch

content and plant dry weight in the transgenic plants when compared to the control (Kandoi et al., 2016).

Modulation of PPC activity has been performed with respect to stress resilience. Overexpression of
CAM-specific PPC1 from Agave americana into tobacco led to enhanced proline biosynthesis resulting
in improved salt and drought tolerance in the transgenic plants (Liu et al., 2021). Transgenic rice
overexpressing maize C4 PPC was found to exude more oxalate in response to Pi deficiency (Begum
et al., 2005). In rice transformed with C4 PPC from sugarcane, increased PPC activity and
photosynthetic capacity in transgenic lines did not result in improved grain weight when compared to
the control (Lian et al., 2014). Transgenic wheat overexpressing a C4 PPC from maize had improved
nitrogen absorption which resulted in increased amino acids in transgenic lines compared to the control
(Peng et al., 2018).

Studies on the manipulation of PPCKs has mostly been in relation to alkali stress response whereby
overexpression of Glycine soja PPCK3 and PPCK1 in alfalfa (Medicago sativa) plants led to increased
citric acid, chlorophyll and improved alkali tolerance (Sun et al., 2014; Wei et al., 2013). The role of
PPCKSs in relation to Pi starvation has been studied in the past. Overexpression of Arabidopsis C3
PPCKs was found to increase endogenous root malate and malate exudation in transgenic lines

compared to the control during Pi starvation (Chutia, 2019).

As mentioned above, the effects of PPC overexpression were mainly analyzed with respect to
photosynthetic efficiency and stress related phenotypes. Malate and citrate were only occasionally
measured, and if so, it was almost exclusively measured in shoots (Agarie et al., 2002; Gehlen et al.,
1996; Hudspeth et al., 1992; Kogami et al., 1994). However, endogenous root malate and citrate content
and root exudates were not extensively investigated in relation to most stresses and especially Pi

starvation and in PPC overexpression plants.

1.11 Aim of the present study

This study was designed with the aim of gaining more knowledge on the Arabidopsis PPCK-PPC
module and how its manipulation would affect the plant response to Pi starvation. We focused on
studying the effects of overexpression of C3 plant-type PPCs and of knocking out PPCKs, which

regulate PPCs in Arabidopsis. In a nutshell, this study was divided into the following subtopics:
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(i) Cell-type specific expression domains of plant-type PPCs
(ii) Consequences of overexpressing plant-type PPCs in relation to Pi starvation

(iii) Consequences of knocking out PPCKs in relation to Pi starvation

1.11.1 Cell-specific expression domains of Arabidopsis plant-type PPCs

Arabidopsis thaliana codes for three plant-type PPC isoenzymes (AtPPC1, AtPPC2, and AtPPC3),
which are known to function in the cytoplasm and are differentially induced upon various stresses.
While various strides have been made in understanding their role in plants, their cell type-specific
expression domains are still unexplored. Previous attempts to localize PPCs using
immunocytochemistry localized PPCs in the cytosol of sorghum (C4 plant) and Kalanchoe (CAM
plant). Additionally, in leaves of bean (C3 plant), it was distributed between the chloroplast and
cytoplasm (Perrot-Rechenmann et al., 1982). These results cemented earlier observations for crucial
roles of C4 and CAM PPCs in photosynthetic CO, pre-fixation and probably an additional role in
nitrogen assimilation. However, from these results, it remains unclear whether plant-type PPCs are
expressed in the same or different cell types and whether their differential induction might be cell-
specific or not. To address this gap, we decided to study the cell-specific expression domains of
Arabidopsis plant-type PPCs under Pi starvation to understand the disparities described so far for the
induction of PPC genes in different tissues. The information generated will be used in the future to carry

out more precise manipulation of the PPCK-PPC module in the context of plant stress resilience.

1.11.2 Overexpression of Arabidopsis plant-type PPCs

Various studies on PPCs have previously focused mainly on improving C3 plant photosynthetic
capacity, yield and tolerance to various stresses. This was majorly attempted through the introduction
of C4 PPCs into C3 plants with differing results such as reduced plant growth and yield, reduced
photosynthetic capacity and at times no changes all reported (Gehlen et al., 1996; Kogami et al., 1994;
Rademacher et al., 2002). Since the PPCK-PPC module is tightly regulated, these negative observations
led us to speculate that they might have stemmed from an incompatibility between C3 PPCKs and the
introduced C4 PPCs. To investigate if this could be the reason, and since no report existed (to the best
of our knowledge), we decided to overexpress the three Arabidopsis plant-type PPCs in Arabidopsis as
a C3 system and to characterize their phenotypes, the malate and citrate tissue content, and the exudation

of malate and citrate in relation to Pi starvation.

1.11.3 Loss of function (knockouts) of Arabidopsis PPCKs

To have a wholesome view of effects of manipulating the master regulator of PPCs, we decided to
investigate loss-of-function ppck mutants in relation to tissue OAs production (malate and citrate) and
OAs exudation during Pi starvation. Several studies on PPCK gene induction had revealed their

enhanced expression in various tissues in response to different stress conditions (Chutia, 2019; Feria et
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al., 2016; Gregory et al., 2009). However, from these studies, it was still unclear whether PPCKs are
redundant, or they have specific roles. Additionally, Feria et al., (2022) observed reduced seed dry
weight and seed yield in Arabidopsis ppck1 mutants compared to the ppck2 mutant and wild type control
(Columbia 0). From this study, effects of ppck knockouts on exuded and endogenous malate and citrate
level was not studied, leaving unanswered questions which need to be addressed. Furthermore, their
study did not investigate effects of ppck mutants in relation to any stress condition and the lack of a
double ppcklppck2 mutant meant they could not make a definitive conclusion on the important role or
specificity of the PPCKSs. To address these gaps, we studied the impacts of Arabidopsis ppck mutants
on endogenous root malate and citrate content and root exudates in relation to Pi starvation. The above
outlined gaps were pursued as part of this research project with the following objectives:
1. Analysis of cell-specific expression of Arabidopsis PPC isoforms under their native
promoters.
2. Modification of the PPCK-PPC module by overexpressing Arabidopsis C3 plant-type PPCs
in Arabidopsis thaliana under control of the CaMV 35S promoter.

3. Characterization of Arabidopsis ppck loss-of-function mutants.
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2.0 RESULTS

2.1 Differential expression of Arabidopsis PPC genes

Previous transcript analysis performed in our group revealed differential PPC genes expression in wild
type shoots and roots during sufficient and insufficient Pi conditions (Chutia, 2019). This was further
confirmed by our analysis of shoots and roots using PPC gene specific primers (Supplementary table
1). In shoots of seedlings grown on sufficient Pi, PPC2 was the predominantly expressed PPC gene,
followed by PPC1, while PPC3 transcripts were the least abundant (Figure 5A). PPC2 transcripts in
shoots were about 6.0-fold higher than PPC1 and about 100-fold higher than PPC3 transcripts while
PPC1 transcripts were about 18-fold those of PPC3 (Figure 5A). Pi starvation induced all PPCs albeit
to different magnitudes. PPCL1 transcripts were induced 15-fold, PPC3 about 10-fold while PPC2
transcripts were the least induced at about 2.2-fold (Figure 5A). ANOVA analysis revealed stronger
significance induction of PPC3 upon Pi starvation compared to the induction of either PPC1 or PPC2
(two-way ANOVA. p=1.01e % between PPC1 and PPC3, two-way ANOVA: p=0.04 between PPC1
and PPC3, and two-way ANOVA: p=0.01 between PPC2 and PPC3).
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Figure 5: PPCs transcript levels in wild type shoots and roots.

Transcript levels in wild type A-Shoots and B-Roots. Seedlings were grown for six days on sufficient Pi before
transfer to either sufficient or deficient Pi conditions for an additional five days before harvest. Error bars denote
+ SE (n=3). Significance analyses were performed by Student’s t-test (two-tailed, equal variances): *p < 0.05
compared to wPi, op < 0.05 compared to PPC1 wPi, ep < 0.05 compared to PPC1 woPi, A p <0.05 compared to
PPC2 wPi, A p <0.05 compared to PPC2 respectively.

Like shoots, root PPCs transcripts were differentially expressed on sufficient Pi condition and
differentially induced upon Pi starvation (Figure 5B). On sufficient Pi, PPC1 was the most predominant
PPC followed by PPC3 while PPC2 was the least abundant (Figure 5B). PPC1 transcripts were about
5-fold of PPC2 and about 1.6-fold of PPC3, while PPC3 transcripts were about 3-fold those of PPC2
(Figure 5B). Upon Pi starvation, PPC1 was induced about 4-fold, PPC2 about 3 -fold while PPC3 was
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the least induced at about 1.3-fold (Figure 5B). As observed in shoots, induction was stronger for PPC3
(two-way ANOVA. p=2.38e % between PPC1 and PPC3) followed by induction of PPC1 (two-way
ANOVA. p=8.15e % between PPC1 and PPC2) while induction of PPC2 was the weakest (two-way
ANOVA. p=0.01 between PPC2 and PPC3).

2.2 Cell type-specific expression of Arabidopsis PPC genes in roots

From the data results on PPC gene expression obtained in previous studies (Chutia, 2019; Feria et al.,
2022), it is impossible to discern cell type-specific expression patterns of PPCs genes, which is crucial
for determining their specific roles. This prompted us to generate transcriptional reporter expression
lines driven by the native promoters of Arabidopsis plant-type PPCs genes. Promoter regions spanning
2790 bp, 2468 bp and 2433 bp upstream of the start codon were selected for PPC1, PPC2 and PPC3,
respectively. The promoter regions were then fused to coding GFP sequence. For selection of positively
transformed bacterial clones and transgenic plants, a hygromycin antibiotic resistance gene and a
fluorescent seed coat marker driven by the CaMV 35S promoter were used, respectively (Figure 6). To
enhance the intensity of GFP fluorescence, a nuclear localization signal (NLS) fused to the N- terminus
of the GFP sequence was added, which would concentrate the GFP in the nucleus enabling not only
clear visualization of the signal but also cells in which the signal was located.

PPC promoter 35S promoter

PPC-Phosphoenolpyruvate carboxylase promoter 1/2/3  NOS-Nopaline synthase terminator
NLS-Nuclear localization signal Hyg-Hygromycin B selective gene
GFP-Green fluorescent protein RFP-Red fluorescent protein

35S-Cauli mosaic virus constitutive promoter
Figure 6: Diagram showing the design of transcriptional reporter expression construct.

The construct was designed to harbor the PPC promoter, a nuclear localization signal (NLS), and green fluorescent
protein (GFP) sequences, and two selection markers, i.e. the red seed coat fluorescent marker (RFP) and

hygromycin resistance gene under control of the CaMV 35S promoter.

A.thaliana (accession Col-0) plants were transformed using the above construct for either PPC1, PPC2
or PPC3 and propagated through T1, T2, and T3 generations until two independent homozygous lines
for each promoter reporter construct were obtained. The root cell type- specific expression patterns of

each PPC promoter were then investigated in plants grown in sufficient and insufficient Pi conditions.

Under sufficient Pi conditions, strong PPC1 expression as evidenced by the GFP signal was observed
in the root tip, the epidermis, and the root stele, while a weak signal for PPC3 was observed, which was
restricted to the epidermal cells (Figure 7). PPC2 expression was hardly visible under sufficient Pi
condition. Upon transfer to insufficient Pi conditions, weak signals corresponding to PPC2 promoter

activity were then visible in the epidermal cell layer, the root stele, and the root tip cells. The PPC1
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promoter activity was strongly induced, and the signal was detectable throughout the root tip (Figure 7).
Strong induction of the PPC3 promoter was also observed under Pi starvation with the signal restricted
to the root epidermal cell layer, the stele, and the root cap (Figure 7).

ProPPC1::NLS-GFP ProPPC2::NLS-GFP ProPPC3::NLS-GFP
PI GFP  Merge PI GFP  Merge PI GFP Merge

Figure 7: Root cell type-specific expression domains of Arabidopsis PPC promoters.

PPC reporters expressing GFP under control of the native PPC1, PPC2, and PPC3 promoters fused to a NLS-
GFP reporter. Seedlings were grown for six days on sufficient Pi before transfer to either sufficient or deficient Pi
conditions for an additional five days before harvest. Scale bars represent 20 um. Left picture (red channel):
identification of intact cell walls using propidium iodide: center picture (green channel): GFP signal, right picture:

merged pictures of GFP fluorescence and propidium iodide staining.

From our analysis, it was astonishing to observe low PPC2 promoter activity (weak fluorescent signals)
in roots since RT gPCR results showed almost similar levels as for PPC3 transcript levels upon Pi
starvation. This prompted us to investigate its expression in shoots to determine whether the PPC2
reporter construct was functional since PPC2 transcripts levels were high in shoots (Figure 5A). Images
were captured (GFP channel and bright field) and merged (Supplementary figure 1). Presence of visible
GFP signal in shoots of PPC2 promoter reporter line under sufficient Pi and its strong induction on low
Pi confirmed a functional construct (Figure 8). Expression of the PPC1 and PPC3 in sufficient Pi
condition in shoots was also confirmed by presence of strong GFP signals especially in the nucleus for
each of the respective construct (Figure 8). While shoot transcript analysis has confirmed induction of
PPC upon transfer to Pi insufficient conditions, this was not clear in our shoot microscopic images
especially for PPC1 and PPC3 promoter reporter lines since GFP fluorescent signals under sufficient

and insufficient Pi were indistinguishable (Figure 8).
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ProPPCI1::NLS-GFP ProPPC2::NLS-GFP ProPPC3::NLS-GFP

GFP GFP
[ g —

Figure 8: PPC activity in shoots of Arabidopsis epidermal leaf cells.
Expression of NLS-GFP under control of native Arabidopsis PPC promoters in transgenic leaves. Seedlings were
grown for six days on sufficient Pi before transfer to either sufficient or deficient Pi conditions for an additional

five days before harvest. Scale bars represent 20 pum.

2.3 Generation of Arabidopsis PPC overexpression lines

To study the effects of PPC overexpression, three different versions for each Arabidopsis plant-type
PPC were cloned. All constructs contained the PPC ORFs (PPC1:-2,904 bp, PPC2:-2,892 bp and
PPC3:-2,907 bp) under control of the CaMV 35S promoter as well as the BASTA resistance gene for
selection. The three versions encoded PPC proteins (i) without a terminal tag or with a (ii) C-terminal
or (iii) N-terminal GFP tag, to investigate the subcellular localization of PPC proteins (Figure 9). The
constructs were transformed into Arabidopsis (Col-0) wild type plants and transgenic lines were selected
by BASTA spraying in each generation (T1, T2 and T3) until several independent lines for each
construct were obtained. Only transgenic lines, which had a 100% survival on BASTA selection plates

and a single copy number, were considered homozygous.

PPCs overexpression reporter constructs

i ii iii
N terminal GFP tag C terminal GFP tag No GFP tag

PPCCDS 338 promoter { PPCCDS 1 GEP § Basta [ 35 1 PPCCDS § Bast

35S-Cauli mosaic virus constitutive promoter
PPC CDS-Phosphoenolpyruvate carboxylase coding sequence 1/2/3
GFP-Green fluorescent protein

Figure 9: Diagram showing the design of PPC overexpression constructs.
Pink boxes represent the constitutive CaMV 35S promoter. Green boxes indicate (i) N-terminal or (ii) C-terminal
and (iii) untagged PPC fusions with GFP reporter tag. Red boxes indicate the PPC ORF (CDS) and the black

boxes indicate the BASTA resistance gene.
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We first performed PPC enzyme activity assays with the tagged and untagged overexpression lines to
determine which constructs were active. Extracts from all lines overexpressing GFP-tagged PPC fusion
proteins did not show increased PPC activity compared to wild type extracts, however, only the
untagged PPC versions were active. We therefore used the untagged overexpression lines throughout
the study. From the untagged overexpression lines, three independent transgenic lines overexpressing
PPC1 (line 3.6, 4.10 and 8.10), two for PPC2 (line 1.8 and 4.9) and three for PPC3 (line 5.11, 8.12 and
9.12) showed higher enzyme activities than wild type and were further characterized for their transcript
levels, PPC protein amounts and PPC activity as detailed below.

2.4 Molecular characterization of Arabidopsis PPC overexpression lines

2.4.1 Analysis of PPC transcript levels

Transcript analysis of the three different PPC genes in the identified transgenic lines was first carried
out on whole seedlings grown on sufficient Pi using gene specific primers (Supplementary table 1). The
Ct values of the target PPC genes were normalized using the Ct values of PP2A as a constitutively
expressed gene.

In transgenic lines overexpressing PPC1, transcript levels in lines 3.6 and 4.10 were 20-fold and 2.5-
fold higher compared to the wild type, respectively while line 8.10 showed transcript levels comparable
to wild type (Figure 9A). Similarly, PPC2 overexpression lines 1.8 and 4.9 showed both about 15-fold
increase in transcript levels compared to wild type (Figure 10B). PPC3 overexpressing lines 5.11
exhibited about 6-fold higher PPC mRNA levels compared to wild type, while lines 8.12 and 9.12 both
showed about 3-fold increase in PPC3 transcript abundance (Figure 10C).

A PPC1 overexpression lines B PPC2 overexpression lines C PPC3 overexpression lines
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Figure 10: PPC transcript analysis in Arabidopsis seedlings overexpressing plant-type PPCs.

A-PPC1 transcript level analysis in PPC1 overexpression lines, B-PPC2 transcript level analysis in PPC2
overexpression lines and C-PPC3 transcript level analysis in PPC3 overexpression. Seedlings were grown for six
days on sufficient Pi before harvest and PP2A was used as the reference gene. Error bars denote + SE (n=4).

Significance test was by student t-test (two tailed), *p<0.05 compared to wild type Col-O0.
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Since plant-type PPCs show high similarity, we were also interested in whether overexpressing a single
PPC would influence the transcript levels of the others. We therefore performed transcript analysis of
all three Arabidopsis plant-type PPC genes in each PPC overexpression line and compared them to
wild type levels. PPC1 transcripts in PPC2 and PPC3 overexpression lines were comparable to wild
type but were higher in the PPC1 overexpression except for PPC1 overexpression line 8.10
(Supplementary figure 2A). In contrast, PPC2 transcript levels were slightly reduced by about almost
0.5-fold in PPC1 and PPC3 overexpression lines but were strongly expressed in the PPC2
overexpression lines (Supplementary figure 2B). Like PPC1 transcript levels, PPC3 mRNAs were
comparable to wild type levels in lines overexpressing PPC1 and PPC2 but were higher in PPC3
overexpression lines (Supplementary figure 2C). This data revealed that overexpressing a single

Arabidopsis plant-type PPC has no influence on the mRNA levels of the other two PPC genes.

2.4.2 PPC overexpression increases PPC protein levels in roots

Next, we were interested in whether increased transcript levels resulted in increased protein levels. For
that, immunoblot analysis was carried out on 11-day old roots (Figure 11) and shoots (Supplementary
figure 3). PPC proteins were detected with a polyclonal anti-sorghum C4 PTPPC antibody (Pacquit et
al., 1995) which does not discriminate between PPC isoforms. To ensure equal loading of protein
amounts actin, which was detected with a monoclonal anti-actin antibody (Sigma), was used as a
loading control. Bands were subsequently visualized using goat anti-rabbit IgG horseradish peroxidase
conjugate or goat anti-mouse 1gG horseradish peroxidase conjugate (Thermo Fisher Scientific) for PPC
and actin respectively.

As judged from the intensities of protein bands around 107 kDa, PPC protein level for most of the
overexpression lines was higher under both sufficient Pi (Figure 11A) and insufficient Pi conditions
(Figure 11B) compared to wild type. However, based on the intensities of the actin bands used as loading
control, for PPC1 overexpression lines 4.10 and 8.10 and for the PPC3 overexpression lines it was

unclear whether they had more PPC protein levels.
Roots

A wPi B woPi
358::PPCT 338::PPC2 398:7PPC3 355:-PPCI 358::PPC2 355 PPC3
Col-03.6 4.10 8.10 1.8 4.9 5.11 8.12 9.12 Col-0 3.6 4.10 8.10 1.8 49 5.11 8.12 9.12

107KDa e —— S ———| D LRI . e e e '

42KDa [ A i1 J2KDa S Actin
Figure 11: Detection of total PPCs in PPC overexpression lines by immunoblot analysis.

PPC protein quantification in A-Roots grown in Pi sufficient conditions and B-Roots grown in Pi deficient
conditions. Seedlings were grown for six days on sufficient Pi before transfer to either sufficient or deficient Pi
conditions for an additional five days before harvest. 30 ug of total protein extract was loaded on to the SDS-PAGE
gel and after transfer to the membrane was probed with anti-PPC or anti-actin antibody. Actin was used as the

loading control.
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Similarly, in shoots, higher accumulation of PPC protein during sufficient Pi and elevation upon Pi
starvation was observed (Supplementary figure 3). Just like in roots, based on weaker actin bands for
some samples especially wild type and PPC1 overexpression line 3.6 under sufficient Pi, it was unclear
whether the highly accumulated PPC levels was because of unequal sample loading. To confirm this,
we used a targeted proteomics approach and quantified PPC levels in wild type and two independent
lines for each PPC overexpression line in shoot and root tissues.

30 ug of total protein was resolved by SDS-PAGE and gel regions between the 35-50kDa and 90-
130kDa marker bands for actin and PPC respectively were excised and processed under denaturing
conditions according to Bassal et al., (2020) (see material and methods). The samples were reduced,
alkylated, digested with trypsin and desalted before dissolving in 5% (v/v) acetonitrile in 0.1%
trifluoroacetic acid (Bassal et al., 2020). Samples were then injected into an EASY-nLC 1200 liquid
chromatography system (Thermo Fisher Scientific) where the spectral counts of eight target peptides of
PPC1, PPC2 and PPC3 in their unmodified, oxidized methionine and phosphorylated serine forms were
recorded. For quantification, all PPC spectral counts detected in each overexpression line and wild type,
were summed up and normalized to the sum of all spectral counts recorded for all actins present in the

sample (Figure 12).
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Figure 12: Total PPC protein levels in tissues of transgenic Arabidopsis PPC overexpression lines.
Total PPC levels were detected in shoots of A-PPC1 overexpression lines, B-PPC2 overexpression lines and C-
PPC3 overexpression lines. Total PPC levels detected in roots of D-PPC1 overexpression lines, E-PPC2
overexpression lines and F-PPC3 overexpression lines. Seedlings were grown for six days on sufficient Pi before
transfer to either sufficient or deficient Pi conditions for an additional five days before harvest. 30ug of total protein
extract was loaded on to the SDS-PAGE gel and bands corresponding to PPC and actin excised and processed.

Total PPC spectral counts were summed up then normalized to total actin spectral counts detected in the sample.

Data shown were collected from one biological sample only.
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In shoots, total PPC levels in PPC1 overexpression lines 3.6 and 4.10 were 2.2-fold and 0.87-fold of
the wild type level respectively (Figure 12A) while in both PPC2 overexpression lines, total PPC levels
in shoots was about 1.7-fold higher than wild type levels (Figure 12B). In PPC3 overexpression line
5.11 total PPC levels were 1.6-fold higher than wild type but were comparable to wild type levels in
PPC3 overexpression line 8.12 (Figure 12C). On transfer to insufficient Pi, PPC levels in line 3.6 were
increased by 1.8-fold higher but were comparable to wild type levels in line 4.10 overexpressing PPC1
(Figure 12A). Similar to PPC levels on sufficient Pi condition, Pi starvation enhanced PPC accumulation
by about 1.8-fold compared to levels in wild type under the same growth condition (Figure 12B). In
PPC3 overexpression line 8.12, total PPC levels were lower by about 20% compared to wild type levels
but were comparable to wild type levels in PPC3 overexpression line 5.11 under insufficient Pi (Figure
12C).

Total PPC levels in roots of the overexpression lines were higher than wild type levels in both sufficient
and insufficient Pi levels (Figure 12). In PPC1 overexpression lines PPC fold change ranged between
1.2-2.5 (Figure 12D) of wild type levels under sufficient Pi and was about 1.5-fold and 1.3-fold higher
in PPC2 (Figure 12E) and PPC3 (Figure 12F) overexpression lines respectively. On transfer to Pi
deficient conditions, total PPC levels were about 1.5-fold of wild type levels in PPC1 (Figure 12D) and
PPC2 overexpression lines (Figure 12E) while in PPC3 overexpression lines 5.11 and 8.12 PPC levels
were 1.5-fold and 1.1-fold higher than wild type levels (Figure 12F).

The proteomics results enabled us to additionally quantify the levels of individual PPCs in the wild type
and the overexpression lines. As it was observed for total PPC levels, Pi starvation induced the
accumulation of PPC proteins in shoots and roots (Supplementary figure 4). On sufficient Pi, PPC1 was
3.5-fold higher in lines 3.6 overexpressing PPC1 and about 0.85-fold in line 4.10 compared to wild type
(Supplementary figure 4A). In both PPC2 overexpression lines, PPC1 protein levels were about 1.8-
fold higher than wild type (Supplementary figure 4A) while in PPC3 overexpression lines PPC1 levels
were 1.3-fold and 0.84-fold compared to wild type (Supplementary figure 4A). On transfer to
insufficient Pi, PPC1 levels were 2.4-fold higher in line 3.6 but were comparable to wild type in line

4.10 overexpressing PPC1 (Supplementary figure 4A). Likewise, PPC1 levels were higher in PPC2
overexpression lines by about 1.7-fold but were in contrast lower in PPC3 overexpression lines by about

20% compared to wild type upon Pi starvation (Supplementary figure 4A).

On sufficient Pi, shoot PPC2 levels was higher in line 3.6 overexpressing PPC1 by about 1.6-fold and
in PPC2 overexpression lines by about 2.0-fold but were comparable to wild type levels in lines
overexpressing PPC3 (Supplementary figure 4B). In a similar trend, upon Pi starvation, PPC2 levels
remained high in PPC1 overexpression line 3.6 by about 1.4-fold and lines overexpressing PPC2 by
about 2.0-fold but were comparable to wild type in PPC3 overexpression lines (Supplementary figure
4B).
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Unlike the other two plant type PPCs, more inconsistencies were observed for PPC3 levels in shoots.
In PPC1 overexpressing line 3.6, PPC3 protein levels were higher by about 1.9-fold but were lower in
line 4.10 while PPC2 overexpression line 1.8 had PPC3 levels comparable to wild type with line 4.9
accumulating about 1.3-fold more PPC3 than wild type. PPC3 overexpression lines accumulated higher
PPC3 levels at about 3.2 and 1.2-fold compared to wild type levels on sufficient Pi (Supplementary
figure 4C). Upon Pi starvation, PPC3 levels in PPC1 overexpression lines were increased by 40% in
line 3.6 but were about 14% lower in line 4.10 compared to wild type. PPC2 overexpression lines
accumulated about 20% more PPC3 protein compared to wild type. In contrast to Pi sufficient condition,
only one line (5.11) overexpressing PPC3 accumulated about 60% more PPC3 compared to wild type
while line 8.12 had 20% lower PPC3 levels (Supplementary figure 4C).

Unlike in shoots, in roots, all overexpression lines accumulated all three plant-types PPCs to higher
levels than wild type under both sufficient and insufficient Pi (Supplementary figure 4). On sufficient
Pi, PPC1 levels ranged between 1.4-fold and 3.0-fold higher in the PPC1 overexpression lines and about
1.5-fold higher than wild type in the PPC2 overexpression lines but were indistinguishable from wild
type in the PPC3 overexpression lines (Supplementary figure 4A). Upon Pi starvation, PPC1 levels
were about 2.0-fold higher in PPC1 overexpression lines and about 1.5-fold higher in PPC2
overexpression lines and line 5.11 overexpressing PPC3 compared to wild type (Supplementary figure
4A).

PPC2 levels in PPC1 overexpression lines 3.6 and 4.10 were 2.8-fold and 1.2-fold higher than wild type
on sufficient Pi and about 3.3-fold in PPC2 overexpression lines (Supplementary figure 4B). However,
lines overexpressing PPC3 had PPC2 levels comparable to wild type. Upon Pi starvation, PPC1
overexpression accumulated about 1.8-fold higher PPC2 levels than wild type while in PPC2
overexpression lines accumulated about 2.3-fold and 3.0-fold higher PPC2 levels in lines 1.8 and 4.9,
respectively (Supplementary figure 4B). In PPC3 overexpression line 5.11 PPC2 levels were 1.5-fold
higher but comparable to wild type in line 8.12 (Supplementary figure 4B).

PPC3 levels in PPC1 and PPC2 overexpression levels was comparable to wild type except in line 3.6
overexpressing PPC1 which had 1.5-fold higher PPC3 levels than wild type (Supplementary figure 4C).
In contrast, both PPC3 overexpression accumulated 1.6-fold higher PPC3 levels in roots on sufficient
Pi compared to wild type (Supplementary figure 4C). Upon Pi starvation, PPC3 levels in PPC1 and
PPC2 overexpression lines was about 1.5-fold and 1.3-fold higher than wild type respectively
(Supplementary figure 4C). In roots of PPC3 overexpression lines, PPC3 levels were 1.7-fold and 1.3-

fold higher in lines 5.11 and 8.12 than wild type respectively (Supplementary figure 4C).

In general, overexpression of plant-type AtPPC genes increased AtPPC1 and AtPPC2 in shoots and
roots of both PPC1 and PPC2 overexpression lines, while AtPPC3 levels were elevated in roots of

PPC3 overexpression lines compared to wild type.
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2.4.3 PPC overexpression increases PPC activity in crude extracts

Finally, we determined PPC activity in crude extracts of whole seedlings to elucidate whether increased
transcript and protein levels observed for most overexpression lines also resulted in increased PPC
enzyme activity. An increase in PPC activity would be the goal for PPC dependent OAs manipulation
since it may result in metabolite changes associated with the PPCK-PPC module so that plants may
better adapt to stress. We therefore determined PPC activity with the assumption that the overexpression
lines would have higher activity compared to the wild type. PPC activity was measured in an enzyme
coupled assay by monitoring the consumption of NADH at 340 nm.

Enzyme activity increased in all overexpression lines apart from line 8.12 overexpressing PPC3 whose
activity was comparable to the wild type (Figure 13). PPC activity increased by upto 200% for line 3.6
overexpressing PPC1 while the increase in lines 4.10 and 8.10 overexpressing PPC1 was 30% and 73%
more compared to wild type (Figure 13A). In PPC2 overexpression lines 1.8 and 4.9, enzyme activity
increased by 80% and 45 % respectively (Figure 13B) while in PPC3 overexpression lines 5.11 and
9.12 PPC enzyme activity increased by about 35% except in line 8.12 which had an enzyme activity
comparable to the wild type (Figure 13C).
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Figure 13: NADH-coupled PPC activity assay in crude protein extract of whole seedlings.

A-PPC activity in PPC1 overexpression lines crude extract, B-PPC activity in PPC2 overexpression lines crude
extract and C-PPC activity in PPC3 overexpression lines crude extract. Seedlings were grown for six days on
sufficient Pi before harvest. Data were collected from four biological replicates then normalized to wild type (Col-

0). Error bars denote + SE (n=9). Significance test was by student t-test (two tailed), *p<0.05 compared to wild
type Col-0.

2.4.4 Pi deficiency increases PPC protein phosphorylation in shoots and roots

Malate and aspartate reduce via negative feedback inhibition the activity of plant-type PPCs. However,
allosteric inhibition of PPCs is reduced by phosphorylation of a single serine residue at the N-terminal
end (Serll of AtPPCs). PPC phosphorylation additionally increases affinity of PPC to positive effectors

such as glucose-6-phosphate and PEP, resulting in increased conversion of PEP to oxaloacetate and
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other downstream metabolites. The phosphorylation status of PPCs in the transgenic lines was enhanced
under Pi deficient condition for wild type and most overexpression lines in both shoots and roots.
Phosphorylation levels in the PPC overexpression lines increased upon transfer to insufficient Pi
condition (Figure 14).
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Figure 14: PPC phosphorylation levels in shoots and roots of PPC overexpression lines.
Percentage of shoot PPC phosphorylation in A-PPC1 overexpression lines, B-PPC2 overexpression lines and C-
PPC3 overexpression lines. The percentage of root PPC phosphorylation in D-PPC1 overexpression lines, E-
PPC2 overexpression lines and F-PPC3 overexpression lines. Seedlings were grown for six days on sufficient Pi
before transfer to either sufficient or deficient Pi conditions for an additional five days before harvest. Data

shown were collected from one biological replicate.

On Pi sufficient condition, PPC phosphorylation in shoots of PPC1 overexpressing lines was about 16%
and 68% in lines 3.6 and 8.10 while line 4.10 had about 9% the PPCs phosphorylated compared to wild
type 12% (Figure 14A). In PPC2 overexpression lines, the percentage of PPC phosphorylation was
between 12-16% (Figure 14B) while PPC3 overexpression lines had lower phosphorylation compared
to wild type except line 9.12 which had more phosphorylation at about 19% (Figure 14C). Upon transfer
to insufficient Pi conditions, PPC phosphorylation increased to about 31% in wild type and between 16-
48% in PPC1l overexpression lines (Figure 14A) while in PPC2 overexpression lines, PPC
phosphorylation was lower than in wild type at about 25% (Figure 14B). In a similar manner to
phosphorylation in PPC2 overexpression lines, though increased, PPC phosphorylation in PPC3

overexpression lines was lower than in wild type and ranged between 19%-30% (Figure 14C).
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PPC phosphorylation in roots under sufficient Pi sufficient condition was lower in PPC1 overexpression
line at about 16-27% except in line 8.10 which had 61% of its PPCs phosphorylated (Figure 14D).
Similarly, PPCs phosphorylation in PPC2 overexpression lines was lower at about 8-22% compared to
wild types 36% (Figure 14E). In contrast, PPC3 overexpression lines recorded higher PPCs
phosphorylation at about 52% except in line 8.12 which had about 4% of its PPCs phosphorylated
compared to wild type (Figure 14F). Upon transfer to insufficient Pi conditions, PPC phosphorylation
increased to about 60% in PPC1 overexpression lines except in line 8.10 which had about 45%
phosphorylated PPCs (Figure 14D). In PPC2 overexpression lines, PPC phosphorylation was higher
than wild type at about 50% (Figure 14E) but was lower compared to wild type in PPC3 overexpression
lines at about 45% (Figure 14F).

In summary, Pi-starvation increased the percentage PPC phosphorylation in shoots and roots of wild
type and PPC overexpression lines. However, since the overexpression lines had higher PPC protein
levels than wild type (Col-0), the absolute number of phosphorylated PPCs in the PPC overexpression

lines were higher than those of wild type.

2.5 Determination of malate and citrate content in tissues of PPC overexpression lines
2.5.1 Overexpression of PPCs increases root but not shoot malate

In shoots, only PPC1 overexpression line 3.6 (Figure 15A) and PPC3 overexpression line 5.11 (Figure
15C) showed significantly higher and lower malate levels, compared to wild type under insufficient and
sufficient Pi conditions respectively. However, induction of shoot malate by Pi starvation in the
overexpression lines was comparable to wild type levels except for PPC1 overexpression lines 3.6 and

4.10 which accumulated more shoot malate than wild type (Two-way ANOVA: p<0.05).

Similar to shoots, Pi starvation induced root malate accumulation in all overexpression lines and wild
type (Figure 15). In sufficient Pi conditions, PPC1 overexpression line 3.6 accumulated up to 20% more
malate (Figure 15D) while PPC2 overexpression lines 1.8 and 4.9 accumulated upto 70% and 86%
more root malate compared to wild type respectively (Figure 15E). In contrast, root malate content in
PPC3 overexpression lines under sufficient Pi was comparable to the wild type (Figure 15F). Upon
transfer to insufficient Pi conditions, increase in root malate content in PPC1 overexpression lines
ranged between 13-45% (Figure 15D) while in both PPC2 overexpression lines malate content was
about 1.7-fold higher compared to the wild type grown under similar conditions (Figure 15E). However,
in PPC3 overexpression lines Pi starvation-induced malate levels were by about 30% higher compared
to wild type (Figure 15F).

Generally, Pi-induced changes in root malate content were comparable to wild type except in PPC1
overexpression line 3.6 (Two-way ANOVA: p=0.01) and lines 5.11 and 9.12 overexpressing PPC3
(Two-way ANOVA: p<0.05).
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The effect of Pi starvation on tissue malate accumulation was clear as evidenced by the increased
concentration in malate content in both wild type and overexpression lines under insufficient Pi
condition (Figure 15). Fewer changes were observed in shoots between wild type and the
overexpression lines, while more malate content was accumulated in roots of PPC overexpression lines

compared to wild type upon Pi-starvation.
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Figure 15: Tissue malate content in PPC overexpression lines.

Normalized (to wild type wPi) malate content in shoots of A-PPC1 overexpression lines, B-PPC2 overexpression
lines and C-PPC3 overexpression lines. Normalized (to wild type wPi) malate content in roots of D-PPC1
overexpression lines, E-PPC2 overexpression lines and F-PPC3 overexpression lines. Seedlings were grown for
six days on sufficient Pi before transfer to either sufficient or deficient Pi conditions for an additional five days
before harvest. Error bars denote + SE (n=12). Significance analyses were performed by Student’s t-test (two-
tailed, equal variances): *p < 0.05, op < 0.05 and ep < 0.05 compared to wPi, Col-0 wPi and Col-0 woPi,

respectively.

2.5.2 Overexpression of PPCs increases shoot and root citrate content

As was observed for malate, shoot citrate content was induced by Pi starvation in wild type and all the
overexpression lines (Figure 16). However, contrary to what had been observed for malate, the citrate
content in the overexpression lines showed more alterations compared to wild type. On sufficient Pi
condition, PPC1 overexpression lines accumulated about 30% more shoot citrate compared to wild type
(Figure 16A) while increase in shoot citrate for PPC3 overexpression lines ranged between 19-32 %
(Figure 16C). In contrast, PPC2 overexpression lines showed about a 40% decrease in shoot citrate

levels compared to wild type (Figure 16B). On insufficient Pi condition, PPC1 overexpression lines
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accumulated between 23-60% more shoot citrate (Figure 16A) while PPC3 overexpression lines
accumulated 59%, 50% and 17% more citrate compared to wild type for lines 5.11, 8.12 and 9.12
(p=0.2) respectively (Figure 16C). In a similar manner to what had been observed on sufficient Pi, PPC2
overexpression lines showed a reduction by about 27% compared to wild type upon Pi starvation (Figure
16B). The Pi starvation response in the overexpression lines was however indistinguishable from wild
type except for line 4.10 overexpressing PPC1 (Two-way ANOVA: p=0.002) and lines 5.11 and 8.12
overexpressing PPC3 (Two-way ANOVA: p<0.05), which exhibited a stronger response.
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Figure 16: Tissue citrate content in PPC overexpression lines.

Normalized citrate content in shoots of A-PPC1 overexpression lines, B-PPC2 overexpression lines and C-PPC3
overexpression lines. Normalized citrate content in roots of D-PPC1 overexpression lines, E-PPC2
overexpression lines and F-PPC3 overexpression lines. Seedlings were grown for six days on sufficient Pi before
transfer to either sufficient or deficient Pi conditions for an additional five days before harvest. Error bars denote
+ SE (n=12). Significance analyses were performed by Student’s t-test (two-tailed, equal variances): *p < 0.05, op

<0.05 and ep < 0.05 compared to wPi, Col-0 wPi and Col-0 woPi, respectively.

Like malate, citrate content in roots increased upon Pi starvation in wild type and in the overexpression
lines (Figure 16). PPC1 and PPC3 overexpression lines accumulated about 40% more citrate compared
to wild type on sufficient Pi (Figure 16A and Figure 16C). However, unlike shoots, roots of PPC2
overexpression lines accumulated up to 80% more citrate in compared to wild type on sufficient Pi
(Figure 16B).

Upon Pi starvation root citrate levels were higher in all overexpression lines compared to wild type

being between 33-57% higher in PPC1 overexpression lines (Figure 16D), between 68-83% higher in

30



PPC2 overexpression lines (Figure 16E), and between 54-65% higher in the PPC3 overexpression lines
(Figure 16F). However, the Pi deficiency-induced response was only significant for line 3.6
overexpressing PPC1 (Two-way ANOVA: p=0.01) and line 9.12 overexpressing PPC3 (Two-way
ANOVA: p=0.04).

Overall, PPC overexpression lines accumulated more citrate in shoots on both sufficient and insufficient
Pi compared to wild type except for both PPC2 overexpression lines whose citrate levels were lower.
However, in roots all PPC overexpression lines accumulated more citrate compared to wild type on

both sufficient and insufficient Pi conditions.

2.5.3 Overexpression of PPC2 enhances malate and citrate exudation

Phosphate starvation enhances exudation of OAs for increased solubilization of Pi bound to complexes.
Having determined enhanced accumulation of malate and citrate content in root and shoot tissues of the
overexpression lines, we were curious to find out whether the overexpression lines would also exude
more malate and citrate than wild type. Pi starvation enhanced malate and citrate exudation for both
wild type and the overexpression lines (Figure 17). In sufficient Pi condition, malate exuded by the
PPC1 and PPC3 overexpression lines was comparable to the wild type levels except for line 8.10 and
8.12 overexpressing PPC1 and PPC3, which exuded about 35% less malate than wild type under
sufficient Pi (Figure 17A and Figure 17C). Unlike the other overexpression lines, PPC2 overexpression
lines showed increased malate exudation compared to wild type by about 40% on sufficient Pi and 34%
on Pi starvation conditions respectively (Figure 17B). However, the Pi deficiency-induced malate
exudation response in the overexpression lines was comparable to wild type (Two-way ANOVA:
p>0.05).

Like malate exudation, citrate exudation was elevated upon Pi starvation for wild type and the
overexpression lines (Figure 17). Exuded citrate in PPC1 (Figure 17D) and PPC3 overexpression lines
was comparable to wild type levels on both sufficient and insufficient Pi media except for line 9.12
overexpressing PPC3 which exuded 39% more citrate than wild type on sufficient Pi (Figure 17F). As
was observed for malate, both PPC2 overexpression lines exuded about 40% and 35 % more citrate
compared to the wild type on sufficient and insufficient Pi conditions (Figure 17E). Like malate
exudation, Pi deficiency-induced changes in citrate exudation in the overexpression lines were also

indistinguishable from wild type response (Two-way ANOVA: p>0.05).

While Pi starvation enhanced levels of exuded malate and citrate in wild type and PPC overexpression
lines, only PPC2 overexpression lines exuded more malate and citrate compared to wild type on

sufficient and insufficient Pi conditions.
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Figure 17: Root malate and citrate exudation in PPC overexpression lines.

Normalized (wild type wPi) malate exudation in A-Roots of PPC1 overexpression lines, B-Roots of
PPC2 overexpression lines and C-Roots of PPC3 overexpression lines. Normalized citrate exudation
in D-Roots of PPC1 overexpression lines, E-Roots of PPC2 overexpression lines and F-Roots of PPC3
overexpression lines. Seedlings were grown for six days on sufficient Pi before transfer to either
sufficient or deficient Pi conditions for an additional five days before root were incubated in water for
2 hours. Error bars denote + SE (n=12). Significance analyses were performed by Student’s t-test (two-
tailed, equal variances): *p < 0.05, op < 0.05 and ep < 0.05 compared to wPi, Col-0 wPi and Col-0

WOPI, respectively.

2.6 Other metabolite changes in PPC overexpression lines
2.6.1 Overexpression of PPCs enhances amino acid content under sufficient Pi

Since PPCs are at a core branch point of metabolism, it was interesting to see what other metabolic
changes might occur. Failure to detect increased malate and citrate in shoots, roots or exudates in various
overexpression lines might be due to further channeling of metabolites to other compounds. To
investigate this, we analyzed tissue amino acid content in the overexpression lines in comparison to the

wild type profile.

Changes in shoot amino acid were apparently much more on sufficient Pi compared to insufficient Pi
condition (Figure 18A). Amino acid changes in PPC1 overexpression lines were fewer compared to
changes in PPC2 and PPC3 overexpression lines but they accumulated significantly high aspartate,
histidine, and lysine levels compared to the wild type. Both PPC2 overexpression lines also

accumulated significantly higher histidine, and lysine levels in addition to leucine, iso-leucine, ornithine
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and taurin compared to the wild type (Figure 18A). However, in contrast to PPC1 overexpression lines,
aspartate levels remained unaltered in the PPC2 overexpression lines. More inconsistencies were
observed in PPC2 overexpression lines compared to PPC1 and PPC3 overexpression lines, with PPC2
overexpression line 1.8 showing more amino acid changes than line 4.9. PPC3 overexpression lines
were in contrast more consistent across individual lines and were more similar to PPC2 overexpression
lines showing increases in histidine, iso-leucine, lysine, leucine, phenylalanine, arginine and tyrosine
levels (Figure 18A). Additionally, two out of three lines overexpressing PPC3 showed increased
asparagine but decreased serine levels compared to wild type. Upon Pi starvation, amino acid changes
in the overexpression were more comparable to amino acid changes in wild type when grown in similar
growth conditions except for lysine and proline. Pi starvation enhanced higher accumulation of lysine
levels in both PPC2 overexpression lines compared to wild type, similar to proline levels which were
accumulated in higher levels in PPC2 and PPC3 overexpression lines compared to wild type (Figure
18A).

As was observed in shoots, changes in root amino acid content were more pronounced in the
overexpression lines on sufficient Pi compared to insufficient Pi, where no significant changes in amino
acid content compared to wild type could be detected (Figure 18B). In PPCL1 overexpression lines
aspartate, iso-leucine and valine were higher compared to wild type in all individual lines, while two out
of three lines also accumulated higher leucine, threonine, tryptophan and tyrosine (Figure 18B). Amino
acid changes in PPC2 overexpression lines were higher and consistent for almost all amino acids
compared to wild type except for methionine, citrulline and O-acetylserine which were highly
accumulated in one of the two lines overexpressing PPC2 (Figure 18B). Although inconsistent, the
trend for PPC3 overexpression lines resembled that observed for PPC1 overexpression lines, but if
showing changes, they were higher compared to wild type. Notably, all individual PPC3 overexpression
lines accumulated higher levels of methionine while higher levels of phenylalanine, histidine, iso-
leucine, glutamine and tyrosine were accumulated in two of the three independent lines (Figure 18B).
Notably, all overexpression lines accumulated higher valine content compared to wild type.
Additionally, in comparison to wild type, all the overexpression lines accumulated higher arginine and
isoleucine content in roots except in line 9.12 overexpressing PPC3. Furthermore, all overexpression

lines accumulated higher lysine content except in PPC1 overexpression line 3.6 (Figure 18B).

Shoot and root amino acid profiles for the PPC overexpression lines when grown on sufficient Pi closely
resembled the profile for wild type when grown on insufficient Pi media (Figure 18). In cases where
overexpression lines accumulated certain amino acids at higher levels on sufficient Pi, changes for the
same were higher in roots compared to shoots while in wild type more amino acid level changes were

observed for shoots compared to roots on insufficient Pi (Figure 18).
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In summary, more significant amino acid changes were observed in shoots and roots of the PPC
overexpression lines on sufficient Pi compared to wild type while upon Pi starvation, changes were

more comparable to those observed in wild type.

2.6.2 Changes in TCA intermediates in PPC overexpression lines

We also investigated what happened to some of the TCA cycle intermediates. In sufficient Pi condition,
shoot fumarate levels in PPC1 overexpression lines were comparable to wild type levels except in line
4.10 which had lower levels while in PPC2 overexpression lines, only line 1.8 accumulated higher
fumarate levels while line 4.9 had levels comparable to wild type (Figure 18A). In contrast, all the three
PPC3 overexpression lines accumulated lower fumarate content compared to wild type on sufficient Pi
condition (Figure 18A).

Shoot aconitate levels were more inconsistent among the overexpression lines. PPC1 overexpression
lines 4.10 and 8.10 and line 8.12 overexpressing PPC3 accumulated more aconitate levels while all the
other lines accumulated levels comparable to wild type on sufficient Pi conditions (Figure 18A). In
contrast, shoot a-ketoglutarate in all the overexpression lines was comparable to wild type on sufficient
Pi except for line 1.8 overexpressing PPC2 while only the three lines overexpressing PPC1 accumulated
more succinate on sufficient Pi compared to wild type (Figure 18A).

As was observed in sufficient Pi condition, fumarate levels were also inconsistent among the
overexpression lines upon transfer to Pi starvation condition and only lines 4.10 and 5.11 accumulated
higher fumarate levels compared to wild type for lines overexpressing PPC1 and PPC3, respectively
(Figure 18A). In contrast, both lines overexpressing PPC2 accumulated higher fumarate levels
compared to wild type upon Pi starvation. Shoot aconitate levels upon Pi starvation were only higher in
PPCL1 overexpression lines compared to wild type while in PPC2 and PPC3 overexpression lines shoot

aconitate levels were comparable to wild type (Figure 18).
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Figure 18: Heatmap showing metabolite changes in tissues of PPC overexpression lines.
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Normalized (wild type wPi) amino acids profiles of A-Shoots of PPC overexpression lines and B- Roots of PPC

overexpression lines. Seedlings were grown for six days on sufficient Pi before transfer to either sufficient or

deficient Pi conditions for an additional five days before harvest. n=12. Grey boxes indicate non

significance compared to the wild type, blue (significant but lower levels) and yellow (significant and high levels)

to wild type (Col-0) wPi (p<0.05, student t-test, two tailed).

More diverse and consistent changes were observed for a-ketoglutarate across the overexpression lines
compared to wild type upon Pi deficiency. All three lines overexpressing PPC1 accumulated lower
levels of a-ketoglutarate while both PPC2 overexpression lines accumulated higher levels compared to

wild type (Figure 18A). However, o-ketoglutarate levels in PPC3 overexpression lines were
indistinguishable from those of wild type (Figure 18A). Upon Pi starvation, succinate levels were
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higher in all the overexpression lines except for both lines overexpressing PPC2 whose levels were

comparable to wild (Figure 18A).

Changes in TCA intermediates for roots on sufficient Pi condition were more consistent across the
overexpression lines compared to shoots. Similar to shoots fumarate levels were significantly lower in
all the three PPC3 overexpression lines but were comparable to wild type levels in PPC1 and PPC2
overexpression lines (Figure 18B). However, unlike in shoots, roots accumulated significantly higher
aconitate levels in both PPC2 overexpression lines on sufficient Pi, while all the other overexpression
lines accumulated similar levels to wild type (Figure 18B). A similar trend for a-ketoglutarate levels in
shoots was also observed for roots but unlike in shoots, a-ketoglutarate levels in all the overexpression
lines were similar levels to those for wild type. Similar to shoot succinate levels, root succinate levels
were comparable to wild type in the overexpression lines except in all the three lines overexpressing
PPC1 and line 4.9 overexpressing PPC2 (Figure 18B).

Upon Pi starvation, fumarate and succinate levels in the overexpression lines were comparable to wild
type except in lines 3.6 and 4.10, respectively both overexpressing PPC1 (Figure 18B). Root aconitate
levels were higher compared to wild type all overexpression lines except in line 8.10 overexpressing
PPC1 and in both PPC2 overexpression lines (Figure 18B) while a-ketoglutarate levels upon Pi
starvation were only higher in both PPC2 overexpression lines and line 3.6 overexpressing PPC1
(Figure 18B).

Generally, more changes in TCA intermediates were observed in shoots of overexpression lines
compared to wild type upon Pi starvation. In roots fewer changes were observed for TCA intermediates
and when present the levels were higher than wild type. Notably, fumarate levels were consistently lower

in shoots and roots of PPC3 overexpression lines grown on sufficient Pi condition.

2.7 Phenotypic characteristics of PPC overexpression lines

Previous studies on overexpression of C4 PPCs in C3 plants had reported negative effects such as
reduced growth and yield (Kogami et al., 1994; Rademacher et al., 2002). We investigated whether
overexpressing C3 PPC in C3 plants would have any effects on seedling growth in nutrient sufficient

and nutrient deficient conditions as well as on plant development when grown in soil until seed set.
2.7.1 PPC overexpression increases tissue fresh weight

Shoot fresh weight was generally higher on sufficient Pi compared to Pi starvation for wild type and the
overexpression lines. When grown on Pi sufficient conditions, shoot fresh weight was higher by about
11-22% in PPC1 (Figure 19A) and PPC3 (Figure 19C) overexpression, respectively, while
overexpressing PPC2 did not impact shoot fresh weight compared to wild type (Figure 19B). On
transfer to Pi starvation condition, all the overexpression lines had increased shoot fresh weight

compared to wild type. Similar to Pi sufficient condition, PPC1 overexpression lines recorded an
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increase of between 16-20% in shoot fresh weight on insufficient Pi while PPC3 overexpression lines
shoot fresh weight was 20-34% higher than wild type. In contrast to sufficient Pi, shoot fresh weight on
insufficient Pi for PPC2 overexpression lines increased by about 31-47%, compared to wild type
(Figure 19B). Changes in shoot weight induced by Pi starvation in the overexpression lines were
however comparable to wild type except in PPC1 and PPC2 overexpression lines 3.6 (Two-way
ANOVA: p<0.001) and 4.9 (Two-way ANOVA: p<0.05) respectively.
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Figure 19: Tissue fresh weights of PPC overexpression lines.

Shoot fresh weight of A-PPC1 overexpression lines, B-PPC2 overexpression lines and C-PPC3 overexpression
lines. Root fresh weight of D-PPC1 overexpression lines, E-PPC2 overexpression lines and F-PPC3
overexpression lines. Seedlings were grown for six days on sufficient Pi before transfer to either sufficient or
deficient Pi conditions for an additional five days before harvest. Error bars denote + SE (n=12). Significance
analyses were performed by Student’s t-test (two-tailed, equal variances): *p < 0.05, op < 0.05 and ep < 0.05

compared to wPi, Col-0 wPi and Col-0 woPi, respectively.

Root fresh weight was higher in wild type and overexpression lines on sufficient Pi compared to Pi
starvation condition. On sufficient Pi, root fresh weight for the overexpression lines was comparable to
wild type except for PPC1 overexpression line 8.10 and PPC3 overexpression lines 5.11 and 9.12,
which had 25%, 31%, and 39% higher root fresh weight than wild type, respectively. (Figure 19D and
Figure 19F). On transfer to insufficient Pi condition, higher root weight was observed for PPC3
overexpression lines 5.11 and 9.12, which had 25% and 31% more root fresh weight while line 8.12
was comparable to wild type (Figure 19F). In contrast, PPC2 overexpression lines had reduced root
fresh weight by about 20% compared to wild type while PPC1 overexpression lines root fresh weight

was indistinguishable from wild type levels (Figure 19D). However, Pi- deficiency induced root fresh
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weight changes in the overexpression lines were comparable to wild type changes as revealed by two-
way ANOVA (p>0.05).

Shoot fresh weight in the PPC overexpression lines was higher on insufficient Pi conditions compared
to wild type, while on sufficient Pi only PPC1 and PPC3 overexpression had higher shoot fresh weight.
Root fresh weight for the PPC overexpression lines was comparable to wild type except for PPC3
overexpression lines which had higher root fresh weights. Upon Pi starvation, root fresh weight was
comparable to wild type for PPC1 overexpression lines but was lower and higher for PPC2 and PPC3
overexpression lines, respectively.

2.7.2 PPC overexpression increases gain of root length

One of the major indicators of low Pi in Arabidopsis is the shortening of the primary root. To investigate
the effect of PPC overexpression on gain of root length after transfer to either Pi sufficient or Pi
starvation conditions, measurements were done five days after transfer from sufficient phosphate to
insufficient Pi media. As expected, gain of root length for wild type and the overexpression lines was
lower in insufficient Pi compared to sufficient Pi (Figure 20). On sufficient Pi, gain of root length for
PPC1 and PPC3 overexpression lines was higher by about 9-41% (Figure 20A) and 11-33% (Figure
20C) respectively compared to wild type. However, gain of root length in PPC2 overexpression lines
on sufficient Pi was comparable to wild type (Figure 20B).
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Figure 20: Gain of root length of PPC overexpression lines.

Gain of root length measurement of A-PPC1 overexpression lines, B-PPC2 overexpression lines and C-PPC3
overexpression lines. Seedlings were grown for six days on sufficient Pi before transfer to either sufficient or
deficient Pi conditions for an additional five days before harvest. Error bars denote + SE (n=36). Significance
analyses were performed by Student’s t-test (two-tailed, equal variances): *p < 0.05, op < 0.05 and ep < 0.05
compared to wPi, Col-0 wPi and Col-0 woPi, respectively. +denotes percentage increase compared to wild type

wPi or woPi.

In contrast, on transfer to insufficient Pi condition, all overexpression lines had a higher gain of root
length compared to wild type. As was observed on sufficient Pi growth condition, gain of root length
for PPC1 and PPC3 overexpression lines was higher by between 16-51% (Figure 20A) and about 40%
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(Figure 20C) compared to wild type, respectively. Unlike on sufficient Pi condition, PPC2
overexpression lines had a 10% increase in gain of root length compared to wild type upon transfer to
Pi starvation condition (Figure 20B). Notably, the gain of root length response upon Pi starvation was
significantly different in the PPC1 overexpression lines (Two-way ANOVA: p<0.05) as well as lines
8.12 and 9.12 overexpressing PPC3 (Two-way ANOVA: p<0.05). In contrast, the Pi starvation response
with respect to gain of root length in both lines overexpressing PPC2 was comparable to that of wild
type (Two-way ANOVA: p>0.25).

Gain of root length was higher in almost all PPC overexpression lines on sufficient and insufficient Pi
conditions compared to wild type except for both PPC2 overexpression lines, which gain of root length

comparable to wild type only on sufficient Pi condition.

2.7.3 PPC overexpression reduces seed weight and seed number

Transgenic C3 plants overexpressing C4 or bacterial PPCs had in the past resulted in contradictory
phenotypes, with some studies reporting stunted growth and reduced yield, while other studies reported
no difference between the transgenic lines and wild type plants (Kogami et al., 1994; Rademacher et
al., 2002). We were also curious to investigate whether our adult transgenic lines overexpressing C3
PPCs would show any phenotypic difference compared to wild type. Seeds for individual lines
overexpressing AtPPCs were planted in soil pots, stratified in the dark for two days before transfer to
the green house where their flowering time, seed number and seed weight were determined. On soil,
flowering time of PPC overexpression lines was different among the transgenic lines compared to wild

type while growth of PPC2 overexpression appeared to be stunted (Figure 21).

Wt 3.6 4.10 8.10 1.8 4.9 5.1 8.12 9.12

358::PPCI 358:::PPC2 358:PPC3

Figure 21: Growth of PPC overexpression lines on soil.
PPC2 overexpression lines show delayed growth and time to flowering. Adult wild type plants and PPC

overexpression lines six weeks after sowing on soil.

39



Additionally, PPC1 and PPC3 overexpression lines flowered earlier (32 DAS) while wild type flowered
later (34DAS) while PPC2 overexpression lines showed delayed flowering at 36 DAS (Figure 22A).
Analysis of seed weight per plant revealed lower seed weight for all the overexpression lines compared
to wild type.
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Figure 22: Phenotypic characteristics of PPC overexpression lines grown on soil.

Seeds were stratified in the dark for two days before transferring to greenhouse where A-Flowering B-Seed weight
per plant, C-Seed number per plant and D-Individual seed weight for the overexpression lines were determined.
Error bars indicate SE (n=15). Significance test was by student t-test (two tailed), *p<0.05 compared to Col-0
(Wild type).

Seed weight for PPC1 and PPC3 overexpression lines was 24-39 % lower compared to wild type except
in line 8.12 overexpressing PPC3 whose seed weight was 64% lower than wild type. In PPC2
overexpression lines, seed weight was severely reduced by 77 and 66% in lines 1.8 and 4.9 respectively
compared to wild type (Figure 22B). Like seed weight per plant, total seed number per plant was lower
in all the overexpression lines compared to wild type whereby PPC1 and PPC3 overexpression lines
had between 21-66% lower seed number than wild type (Figure 22C). Similar to what was observed in
seed weight per plant, seed number for PPC2 overexpression lines was also severely lower by between
63-75% compared to wild type (Figure 22C). In contrast, individual seed weight for the overexpression
lines was indistinguishable from wild type and only lines 5.11 and 8.12 overexpressing PPC3 had

approximately 10% heavier seed weight compared to wild type (Figure 22D).

After investigating the effects of overexpressing AtPPCs in Arabidopsis, we were also interested in
studying the effects of PPCKs, the only known protein kinases (to date) that positively regulate PPC

activity by reducing the affinity of negative allosteric inhibitors such as malate and aspartate. Since a
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previous study in our group (Chutia, 2019) had extensively worked on overexpressing Arabidopsis
PPCKs (AtPPCK1 and AtPPCK?2) and on the characterization of Arabidopsis ppckl knockout line, we
decided to analyze Arabidopsis ppck2 single and ppck1ppck2 double loss of function mutants.

2.8 PPCK1 is predominantly expressed in Arabidopsis shoots and roots

From previous analysis of the two Arabidopsis PPCKs transcripts in wild type shoots and roots in our
group, basal transcript levels revealed higher PPCK1 transcript levels in shoots and roots compared to
PPCK2 transcript levels under sufficient and insufficient Pi and differential induction on Pi starvation
(Chutia, 2019). This was further validated by our transcript analysis of PPCK mRNAs in shoots and
roots (Figure 23) using gene specific primers (Supplementary table 1). On sufficient Pi, shoot PPCK1
transcripts were about 45-fold those of PPCK2 and were induced 25-fold upon Pi starvation (Figure
23A) while PPCK?2 transcripts were strongly induced by about 750-fold but PPCK1 transcript levels
were still higher than those of PPCK2 (Figure 23A).

In roots, PPCK1 transcripts were about 7-fold higher than PPCK2 transcripts on sufficient Pi and were
induced about 5-fold upon Pi starvation. Induction of PPCK2 was stronger in roots upon Pi starvation
by about 13-fold (Figure 23B). Two-way ANOVA analysis revealed significant induction of PPCKs
upon Pi starvation in both shoots (p=0.02) and roots (p=6.6e ).
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Figure 23: PPCK transcript levels in wild type shoots and roots.

Transcript levels in wild type A-Shoots and B-Roots. Seedlings were grown for six days on sufficient Pi before
transfer to either sufficient or deficient Pi conditions for an additional five days before harvest. Error bars denote
+ SE (n=3). Significance analyses were performed by Student’s t-test (two-tailed, equal variances): *p < 0.05

compared to wPi, op < 0.05 compared to PPCK1 wPi, ® p <0.05 compared to PPCK1 woPi.

Differential induction of PPCKs in shoots and roots suggests possible different roles, which are still
unknown. Previous studies from our group mainly focused on the effects of overexpressing PPCKs on
OAs content and exudation in Arabidopsis (Chutia, 2019). Using a T-DNA knockout mutant, ppck1-4
(Figure 24A), effects on OAs exudation and accumulation were additionally studied. Unfortunately, a

ppck?2 loss of function mutant was not available because the ppck2 T-DNA insertion lines analyzed had

41



considerable levels of PPCK2 transcripts (Figure 24B). Furthermore, due to time constraints during the
previous study (Chutia, 2019), the ppck1-4 T-DNA insertion mutant could not be complemented. Since
the ppck1-4 mutant showed altered levels of OAs content, we therefore set out to first complement the
ppck1-4 knockout line and to generate additional ppck2 knockout lines.
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Figure 24: PPCK transcript levels in wild type and ppck mutants.
A-PPCK1 transcript levels in wild type and ppck1-4 mutant and B-PPCK2 transcript levels in wild type and ppck2

mutant lines 3.1 and 3.2. Seedlings were grown for six days on sufficient Pi condition before harvest. Error bars
denote + SE (n=3). Significance analyses were performed by Student’s t-test (two-tailed, equal variances): *p <
0.05 compared to Col-0. Results shown are unpublished data adapted from Chutia, (2019).

2.9 Complementation of ppck1-4 mutant reverts PPCK1 transcripts to wild type level

To confirm the effects of OAs production in the T-DNA insertion ppck1-4 line, we complemented this
mutant with a construct harboring the PPCK1 ORF (1029bp) under control of its native PPCK1
promoter (2468 bp). Two independent complementation lines were identified (lines 9.10 and 11.8) and
their PPCK1 transcripts analyzed using specific primers (Supplementary table 1). The PPCK1
transcript levels in the ppckl1-4 knockout were successfully reverted to either slightly higher or wild

type levels in the complementation lines on sufficient or insufficient Pi, respectively (Figure 25).
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Figure 25: PPCK1 transcript levels in ppck1-4 mutant and ppck1-4 complementation lines.
Seedlings were grown for six days on sufficient Pi before transfer to sufficient and insufficient Pi for addition five
days before analysis. Error bars denote +SE (n=3). Significance analyses were performed by Student’s t-test (two

tailed, equal variances): ¥*p<0-05, op<0-05, ep<0-05 compared to wPi, Col-0 wPi and Col-0 woPi, respectively.

2.10 Generation of ppck2 knockout lines by CRISPR/Cas 9 technology

Since the available ppck2 T-DNA insertion lines had considerable transcript levels of PPCK2, we
generated a ppck2 CRISPR/Cas9 knockout mutant (Figure 26) using a two guide RNA (gRNA)
approach (Ordon et al., 2017). The two gRNAs specific for the PPCK2 gene were selected, based on
their high editing efficiency (>70%), zero off target sites and zero chances of self-complementarity
using CHOPCHOP (https://chopchop.cbu.uib.no), a freely available online tool. The two identified
gRNAs were modified to contain Bpil cloning sites, which would allow cloning into the shuttle vector
containing all elements required for silencing. The complete cassette was then cloned into the
destination vector containing a BASTA herbicide resistance gene through a cut-ligation reaction. The
destination vector was transformed into Agrobacterium before transformation into wild type
Arabidopsis plants by floral dipping.
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Generation of ppck2 mutant using CRISPR Cas 9 technology
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Figure 26: Generation of ppck2 mutants using CRISPR/Cas 9 technology
The gRNAs targeting PPCK2 exon 1 were identified from an online website: https://chopchop.cbu.uib.no/ and
led to deletion of either 381 base pairs or 436 base pairs for ppck2 CRISPR/Cas 9 independent lines 1.3 and 2.9.

2.10.1 Identification and genotyping of ppck2 CRISPR/Cas 9 mutant lines

Successful transformants were identified by spraying with BASTA and survivors were further genotyped
using gene specific primers (Supplementary table 1) designed just slightly away from the deletion zone
and generating approximately 650bp PCR product. While the wild type sample showed a band of about
650 bp, some of the transgenic plants showed a band of about 250 bp indicating possible deletion (Figure
27A). This was further confirmed by sequencing (Supplementary figure 5).

The successful transformants were then advanced to T2 and T3 generation until homozygous plants were
obtained (Figure 27B). PPCK2 transcripts in the ppck2 were determined by RT gPCR using primers
designed inside the deletion zone (Supplementary table 9). The RT-gPCR result revealed, heavily
downregulated/absent PPCK2 transcripts in the ppck2 mutant lines compared to wild type levels (Figure
27C). The mutant lines were then used to study effects of ppck2 knockout on tissue malate, citrate

content, and exudates in relation to Pi starvation.
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Figure 27: Selection of ppck2 mutant lines generated using CRISPR/Cas 9 technology.

A-Genotyping of ppck2 knockout lines in the T1 generation after BASTA selection, B-Genotyping of ppck2
CRISPR/Cas9 homozygous knockout lines in the T3 generation and C-PPCK2 transcript analysis in the
homozygous ppck2 knockout lines. Seedlings were grown on sufficient Pi before harvest and analysis. Error bars

denote + SE (n=3). Significance analyses were performed by Student’s t-test (two-tailed, equal variances): *p <
0.05 compared to Col-0.

2.10.2 Generation of a ppcklppck2 double knockout mutant

Since we were also interested in studying the effects of losing both PPCK genes, we crossed the ppckl- 4
T-DNA insertion line with either the ppck2 CRISPR/Cas9 line 1.3 or 2.9 and generated double knock
out lines ppcklppck2 7.11 and ppcklppck2 9.3. Since the ppck2 knockout progeny still possessed the
BASTA resistant gene, the crosses were selected by spraying them with BASTA and thereafter the
survivors were then genotyped with gene-specific primers for PPCK1 and PPCK2 (Supplementary table
9).
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Two independent lines i.e. 7.11 and 9.3 with loss of both PPCK1 and PPCK2 were identified after
genotyping and were confirmed to be double knockouts by analyzing the transcript levels and
comparing them to wild type levels (Supplementary figure 6).

2.11 Determination of malate and citrate content in tissues of ppck mutant lines
2.11.1 Loss of PPCK1 and PPCK2 reduces shoot and root malate content

Malate accumulation was strongly induced in shoots and roots after Pi starvation in wild type and all
mutants and complementation lines analyzed (Figure 28). However, unlike previous results obtained
(Chutia, 2019) where low malate levels were detected in shoots of ppckl-4 mutant compared to wild
type, malate levels in our study were comparable to wild type levels on sufficient Pi. Malate levels were
additionally higher in the complementation lines by about 27% in line 9.10 and 14% in line 11.8
compared to wild type (Figure 28A). Similarly, ppck2 CRISPR/Cas9 mutant lines 1.3 and 2.9
accumulated about 10% and 20 % more shoot malate than wild type respectively (Figure 28 B). In
contrast, shoot malate levels were lower in ppck1ppck2 lines with line 7.11 accumulating 9% less malate
compared to wild type (Figure 28C).

On transfer to Pi starvation condition, shoot malate in ppck1-4 mutant reduced by about 25% compared
to wild type but was reverted to wild type levels in both complementation lines (Figure 28A). In ppck2
knockout mutants shoot malate upon Pi starvation was comparable to wild type levels (Figure 28B), but
was however reduced by upto 30% in both the ppcklppck2 knockout lines (Figure 28C). The Pi-
starvation induced malate accumulation in shoots was significantly different compared to wild type
(Two-way ANOVA: p<0.05) in all the knockout mutants and only one ppck1-4 complementation line
9.10 (Two-way ANOVA: p<0.01).

Root malate content followed a similar trend as observed for shoots. Similar to previous observations
(Chutia, 2019) of low malate level in ppck1-4 mutant compared to wild type on sufficient Pi condition,
in our study, we observed a 25% decrease in root malate levels in ppck1-4 mutant compared to wild
type. However, complementation of the ppck1-4 mutant with a functional PPCK1 gene restored root
malate levels back to wild type levels and were even higher in complementation line 11.8 by about 35%
compared to wild type (Figure 28D). Similar to shoots, root malate levels in ppck2 mutants were higher
by upto 20% compared to wild type on sufficient Pi condition (Figure 28E) but were lower in the
ppcklppck2 double mutants by about 25% compared to wild type (Figure 28F). Upon transfer to
insufficient Pi, root malate levels in the ppck1-4 strongly reduced by about 40% but reverted to wild
type levels in the complementation lines (Figure 28D). Root malate level was however indistinguishable
from wild type levels for ppck2 CRISPR/Cas9 mutants but were reduced by upto 50% in the ppcklppck2
double mutants upon Pi starvation (Figure 28F). Pi-starvation induced root malate accumulation was
significantly different in ppckl-4 and ppcklppck2 double knockout lines compared to wild type
(Two-way ANOVA: p<0.01) but was comparable to wild type for the ppck2 knockout lines and the
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ppck1-4 complementation (Two-way ANOVA: p>0.05).
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Figure 28: Tissue malate content in ppck mutants and ppck1-4 complementation lines.

Normalized (to wild type wPi) shoot malate content in A-ppck1-4 mutant and ppck1-4 complementation lines and
B-ppck2 CRISPR/Cas9 and C-ppcklppck2 double knockout lines. Normalized root malate content in D-ppck1-
4 mutant and ppck1-4 complementation lines, E-ppck2 CRISPR/Cas9 and F-ppcklppck2 double knockout lines.
Seedlings were grown for six days on sufficient Pi before transfer to either sufficient or deficient Pi conditions for
an additional five days before harvest. Error bars denote + SE (n=12). Significance analyses were performed by
Student’s t-test (two-tailed, equal variances): *p < 0.05, op <0.05 and ep < 0.05 compared to wPi, Col-0 wPi and

Col-0 woPi, respectively.

2.11.2 Loss of PPCK1 increases shoot and root citrate content

Shoot citrate was higher in all mutants and one complementation lines compared to wild type. In
sufficient Pi condition, shoot citrate increased by about 18% in ppck1-4 knockout line but was reverted
to wild type levels in ppck1-4 complementation line 11.8 while line 9.10 accumulated 35% more citrate
compared to wild type (Figure 29A). In ppck2 CRISPR/Cas9 knockout lines, shoot citrate was higher
by about 29-55% (Figure 29B) while ppck1ppck2 double knockout lines 7.11 and 9.3 accumulated 10%

and 44% more shoot citrate than wild type on sufficient Pi condition (Figure 29C).

Upon Pi starvation, ppckl-4 mutant accumulated about 31% more citrate compared to wild type but
similar to shoots, malate was reverted back to wild type levels in both complementation lines (Figure
29A). However, citrate levels in both ppck2 CRISPR/Cas9 knockout lines was similar to wild type
(Figure 29B). In contrast to shoot malate, shoot citrate in both ppcklppck2 double knockout lines
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increased by about 35% and 50% in lines 7.11 and 9.3 respectively compared to wild type upon Pi
starvation (Figure 29C). Two-way ANOVA analysis revealed significant difference for Pi-starvation
induced citrate accumulation in shoots of ppck1-4, ppck2 line 2.9 and the ppck1ppck2 double knockout
lines (Two-way ANOVA: p<0.05) but no difference for the other transgenic lines (Two-way ANOVA:
p=0.05).
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Figure 29: Tissue citrate content in ppck mutants and ppck1-4 complementation lines.

Normalized (to wild type wPi) shoot citrate content in A-ppck1-4 mutant and ppck1-4 complementation lines, B-
ppck2 CRISPR/Cas9 and C-ppcklppck2 double knockout lines. Normalized root citrate content in D-ppck1-4
mutant and ppck1-4 complementation lines, E-ppck2 CRISPR/Cas9 and F-ppcklppck2 double knockout lines.
Seedlings were grown for six days on sufficient Pi before transfer to either sufficient or deficient Pi conditions for
an additional five days before harvest. Error bars denote + SE (n=12). Significance analyses were performed by
Student’s t-test (two-tailed, equal variances): *p < 0.05, op <0.05 and ep < 0.05 compared to wPi, Col-0 wPi and

Col-0 woPi, respectively.

Pi starvation induced citrate accumulation in roots of wild type, all mutants and complementation lines
analyzed with some deviations compared to wild type for ppck1-4 and the ppck1ppck2 double knockout
lines (Figure 29). Under sufficient Pi condition, root citrate was comparable to wild type levels in ppck1-
4 (Figure 29D) and both ppcklppck2 double knockout lines (Figure 29F). In contrast, root citrate in
ppckl-4 complementation lines 9.10 and 11.8 was higher by about 50% and 20% respectively,
compared to wild type (Figure 29D) while ppck2 CRISPR/Cas9 knockout mutants accumulated about
30% more citrate compared to wild type (Figure 29E). Upon Pi starvation, root citrate reduced by about
20% in ppck1-4 (Figure 29D) and ppcklppck2 double knockout lines (Figure 29F) compared to the wild
type but were similar to wild type levels in the ppck1-4 complementation lines (Figure 29D) and ppck2
CRISPR/Cas9 knockout lines (Figure 29E). Notably, Pi-starvation induced root citrate accumulation.
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was significantly different compared to wild type for all mutants (Two-way ANOVA: p<0.05) except in
ppck2 CRISPR/Cas9 line 2.9 (Two-way ANOVA: p=0.13).

2.11.3 The ppcklppck?2 double knockout mutant has reduced malate and citrate exudation

Malate and citrate exudation were more enhanced under Pi starvation for wild type and all transgenic
lines analyzed (Figure 30). Under sufficient Pi condition, ppck1-4 mutant exuded about 35% less malate
than wild type but this was reverted to wild type levels in the ppck1-4 complementation lines, with line
9.10 additionally exuding 40% more malate compared to wild type (Figure 30A). Similarly, both ppck2
CRISPR/Cas9 knockout lines exuded about 30% less malate than wild type under sufficient Pi (Figure
30B) which was further reduced to about 33% and 47% in ppcklppck2 double knockout out lines 7.11
and 9.3 respectively (Figure 30C).

A Malate exudation B Malate exudation C Malate exudation
":';_"5'0 o W wPi ES.O A g 5.0 W wPi
= ES E
540 W woPi 0'74.0 B woPi ; 4.0 B wobi
S S * ¢ 5
° 3.0 o 3.09 % T ° 3.0
o <] k=) *
82,0 820 820 ; ;
s El E " _
£1.0 £10 £10 © o
Z Z Z =
.0: 0.0 0.0
Col-0 ppckl-4 9.10 11.8 Col-0 1.3 29 Col-0 7.11 9.3
ppckl-4 complementation ppck2 ppcklppek?
D Citrate exudation E Citrate exudation F Citrate exudation
- 4.0 B wpi Aol 4.0, W wPi 54'0 B wpi
2 B woPi 2 Bwopri 2 B wori
£3.07 % " 3.0 3.0
5 * I S * « * S
o) T ) T _ o
< 2.0 82.0 k b 2.0
N N N
£ 1.01 ELO £1.0
S S s
2 3 0.0 “
0.0%Col0 — ppckl-7 90 1.8 O Col0 13 29 00=Colo 711 903
ppckl-4 complementation ppck2 ppcklppek?

Figure 30: Root OAs exudation profiles of ppck mutants and ppck1-4 complementation lines.
Normalized root malate exudation in A-ppckl-4 mutant and ppckl-4 complementation lines, B-ppck2
CRISPR/Cas9 and C-ppck1ppck2 double knockout lines. Normalized root citrate exudation in D-ppck1-4 mutant
and ppck1-4 complementation lines, E-ppck2 CRISPR/Cas9 and F-ppcklppck2 double knockout lines mutants.
Seedlings were grown for six days on sufficient Pi before transfer to either sufficient or deficient Pi conditions for
an additional five days before harvest. Error bars denote + SE (n=12). Significance analyses were performed
by Student’s t-test (two-tailed, equal variances): *p < 0.05, op <0.05 and ep < 0.05 compared to wPi, Col-0 wPi

and Col-0 woPi, respectively.

Upon Pi starvation, exuded malate in the ppck1-4 mutant was reduced by 40% compared to wild type,
which was reverted in the complementation lines 11.8 and was even higher by about 43% in
complementation line 9.10 compared to wild type (Figure 30A). Malate exudation in ppck2

CRISPR/Cas9 mutant lines was comparable to wild type but was severely reduced by about 55% in the
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ppcklppck2 double knockout lines upon Pi starvation (Figure 30B). Pi-induced malate exudation was
only significantly difference for double knockout lines compared to wild type (Two-way ANOVA:
p<0.01).

On sufficient Pi, citrate exudation was less by about 20% in ppck1-4 mutant (Figure 30D) and both
ppcklppck2 double knockout lines (Figure 30F) but was comparable to wild type for ppck2
CRISPR/Cas9 mutant lines (Figure 30E). In contrast, exuded citrate in ppck1-4 complementation lines
was reverted to wild type levels with both lines exuding about 10% more citrate than wild type (Figure
30D). Upon Pi starvation, exuded citrate in ppck1-4 mutant, both complementation lines (Figure 30D)
and in ppck2 CRISPR/Cas9 mutant lines (Figure 30E) was comparable to wild type. In contrast, citrate
exudation in both ppck1ppck2 double knockout lines was about 30% less compared to wild type (Figure
30F). However, Two-way ANOVA analysis for Pi-deficiency induced citrate exudation revealed no

significant difference between transgenic lines and wild type (Two-way ANOVA: p>0.05).

2.12 Other metabolites changes in the ppck mutants and ppck1-4 complementation lines
2.12.1 Loss of PPCK1 and PPCK2 enhances accumulation of amino acids in tissues

Changes in amino acid levels for the ppck knockout mutants and the ppck1-4 complementation lines
grown on sufficient Pi resemble amino acid changes observed in wild type when grown on Pi
insufficient media (Figure 31). Additionally, more distinct changes were observed in shoots compared

to roots especially under insufficient Pi (Figure 31).

On sufficient Pi, ppckl-4 mutant accumulated more shoot amino acids in higher levels compared to
wild type except for cysteine, glutamate, glycine, taurin and O-acetylserine (Figure 31A). Likewise,
more and consistent amino acid changes were observed for both ppck1-4 complementation lines with
the average increase being about 1.5-fold more compared to wild type (Figure 31A). More changes in
amino acids levels were observed for ppck2 CRISPR/Cas9 mutants compared to wild type although
some changes were inconsistent. Similar to the ppckl-4 complementation lines, both ppck2
CRISPR/Cas9 mutant lines accumulated higher levels of all amino acids at average of about 1.4-fold
higher except for glycine which was comparable to levels in wild type (Figure 31A). Similarly, both
ppcklppck2 double knockout lines accumulated all amino acids in higher levels at an average of about
1.6-fold higher than wild type except for taurin and O-acetylserine levels which were comparable to
wild type levels (Figure 31A).

Changes in amino acid were fewer for all mutants and the ppck1-4 complementation lines on insufficient
Pi as compared to when grown on sufficient Pi condition. In ppck1-4 mutant changes in amino acid
levels were comparable to wild type except for alanine, histidine, leucine, serine and O-acetylserine
which were higher (Figure 31A). In contrast, more and more consistent changes in amino acid levels
were observed in ppck1-4 complementation lines. All amino acids levels in the complementation lines

were higher except for cysteine, aspartate, glycine, histidine, methionine, serine, taurin and O-
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acetylserine (Figure 31A).
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Figure 31: Heatmap showing metabolite changes in ppck knockouts and ppck1-4 complementation

lines.

Normalized (to wild type wPi) A-Shoot amino acid levels and B-Root amino acid levels. Seedlings were grown for
six days on sufficient Pi before transfer to either sufficient or deficient Pi conditions for an additional five days
before harvest. Grey boxes indicate non-significant, blue (significant but lower levels) and yellow (significantly
and high levels) to wild type (Col-0) wPi (p<0.05, student t-test, two tailed n=12).

Upon Pi starvation, amino acid levels in both ppck2 CRISPR/Cas 9 mutants lines were comparable to
wild type levels, except for iso-leucine, leucine, proline, arginine, valine and tyrosine with
phenylalanine and tryptophan being higher in ppck2 CRISPR/Cas9 mutant line 1.3 while methionine
was higher in ppck2 CRISPR/Cas9 mutant line 2.9 (Figure 31A). More amino acid changes were

observed also in ppcklppck2 double knockout lines although some were inconsistent. All amino acids
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on Pi deficient condition were higher in the double knockout lines except for aspartate, glutamate,
histidine, proline, glutamine, ornithine, taurin and O-acetylserine which were comparable to wild type
levels and phenylalanine levels which were lower (Figure 31A). Additionally, ppcklppck2 double
knockout line 9.3 accumulated higher levels of cysteine, glycine, methionine, arginine, tryptophan and
citrulline while in line 7.11, these amino acids were comparable to wild type (Figure 31A)

Just like in shoots, changes in root amino acids under sufficient Pi closely resembled changes observed
in wild type upon Pi starvation (Figure 31B). Unlike in shoots, changes were also more consistent in
roots especially under sufficient Pi conditions (Figure 31B). The ppck1-4 mutant accumulated slightly
higher levels of all amino acids apart from aspartate, glutamate and proline compared to wild type while
in the complementation lines, almost all amino acids were more abundant except for glycine and
glutamate (Figure 31B). In ppck2 CRISPR/Cas 9 mutant lines, all amino acid exhibited higher
abundance compared to wild type. On average amino acid content was increased by about 1.7-fold with
the highest change observed for aspartate (Figure 31B). However, the amino acid profile content of the
double knockout lines resembled more that of ppck1-4 mutant line (Figure 31B).

A lower number of changes were observed for root amino acid levels upon transfer to Pi starvation
conditions. Alanine and citrulline in ppck1-4 mutant line were more abundant compared to wild type
while in ppck1ppck2 double knockout lines, alanine, cysteine and threonine were higher with the rest
comparable to wild type levels (Figure 31B). Notably, proline levels in all the transgenic lines were
comparable to wild type levels except in ppck1-4 complementation line 11.8 and in ppck2 CRISPR/Cas

9 mutant line 2.9 which accumulated more proline in roots (Figure 31B).

2.12.2 TCA intermediates in ppck knockouts and ppckl1-4 complementation lines

On sufficient Pi condition, shoot fumarate levels were about 10% lower in ppck1-4 mutant line while
aconitate, a-ketoglutarate and succinate were comparable to wild type levels. Upon Pi, starvation,
fumarate and a-ketoglutarate abundances in ppck1-4 mutant were 30% and 22% lower while succinate
levels remained comparable to wild type. In contrast, aconitate levels upon Pi starvation were 35%
higher in the mutant compared to wild type (Figure 31A). The ppckl-4 complementation lines
accumulated higher fumarate, aconitate, a-ketoglutarate and succinate compared to wild type on
sufficient Pi but upon Pi starvation, these organic acids abundance was reverted to wild type levels except
for succinate in line 11.8 (Figure 31A). Changes of these four TCA intermediates in shoots were
inconsistent in ppck2 CRISPR/Cas 9 mutant lines whereby only line 2.9 accumulated higher levels
while the abundance of these organic acids in ppck2 CRISPR/Cas 9 mutant line 1.3 was comparable to
wild type levels (Figure 31A). Upon Pi starvation, the abundance of fumarate, aconitate and o-
ketoglutarate remained comparable to wild type while that of succinate was about 35% higher in both
ppck2 CRISPR/Cas 9 mutant lines (Figure 31A). Changes for these four organic acids on sufficient Pi

condition were inconsistent among the two ppck1ppck2 double knockout lines and if present were only
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in line 9.3. In ppcklppck2 double knockout line 9.3 fumarate and aconitate levels were 45% lower and
higher compared to wild type, respectively (Figure 31A). In contrast, upon Pi starvation, more changes
were observed in the ppcklppck2 double knockout lines whereby fumarate and a-ketoglutarate were 25-
45% and 30-40% lower compared to wild type, respectively (Figure 31A). In contrast shoot aconitate
levels were about 50% higher while succinate levels were comparable to wild type levels (Figure 31A).

In roots more and consistent changes were observed for these four TCA intermediates on sufficient Pi
compared to Pi starvation condition. In ppck1l-4 mutant a-ketoglutarate and succinate levels were 15%
lower while fumarate and aconitate abundance were comparable to wild type. Upon transfer to Pi
starvation condition, a-ketoglutarate levels were strongly reduced by about 60% while fumarate,
succinate and aconitate abundance remained comparable to wild type levels (Figure 31B). On sufficient
Pi changes in the ppckl1-4 complementation lines were few more and when present were only in line
9.10 and higher for a-ketoglutarate and succinate. In ppck2 CRISPR/Cas 9 mutant lines growing on
sufficient Pi, fumarate, a-ketoglutarate and succinate abundance was higher compared to wild type
while aconitate levels were comparable to wild type. In contrast, upon Pi starvation, these four TCA
intermediates were reverted to wild type levels except for aconitate in ppck2 CRISPR/Cas 9 mutant line
1.3 which was about 13% higher than wild type levels (Figure 31B). on sufficient Pi condition in the
ppcklppck2 double knockout lines, these four organic acids were consistently lower compared to wild
type and upon transfer to Pi deficient condition, only a-ketoglutarate was consistently lower in both

double knockout lines (Figure 31B).

2.13 Phenotypic characteristics of ppck mutant lines

In a recent study by (Feria et al., 2022) focusing on importance of PPCKs in Arabidopsis seed filling
and quality, ppckl mutants had reduced seed yield and seed dry weight while ppck2 CRISPR/Cas 9
mutants were not severely affected. In their study, parameters such as root length, shoot and root weight
were not investigated neither was the effect of PPCK loss of function in responses to various abiotic
stresses. To address this gap, we analyzed the effect of loss of PPCK isoforms on seedling tissue weight

and root length especially during sufficient Pi and Pi starvation.

2.13.1 Loss of PPCK1 reduces root and shoot weight

Shoot fresh weight was lower in the ppckl1-4 mutant by about 8% compared to wild type but was
reverted to wild type weight in both the complementation line (Figure 32A). In contrast to ppckl-4,
shoot fresh weight in both ppck2 CRISPR/Cas 9 mutants was elevated by about 9% on sufficient Pi
(Figure 32B), whereas it was comparable to wild type in the ppck1ppck2 double knockout lines (Figure
32C). Upon Pi starvation, shoot fresh weight was comparable to wild type in the ppck1-4 mutant, the
complementation lines (Figure 32A) and in the ppcklppck2 double knockout lines (Figure 32C).
However, similar to sufficient Pi condition, ppck2 CRISPR/Cas 9 mutants had higher shoot fresh weight
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compared to wild type by about 12% and 14 % in lines 1.3 and 2.9 respectively (Figure 32B). Notably,
Pi-deficiency shoot changes in shoot weight were significantly different in all mutants and
complementation lines compared to wild type as revealed by two-way ANOVA (p<0.05).
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Figure 32: Seedling tissue fresh weights in wild type, ppck mutants and ppck1-4 complementation
lines.

Shoot weight for A-ppck1-4 mutant and ppck1-4 complementation lines and B-ppck2 CRISPR/Cas 9 and C-
ppcklppck2 double knockout lines mutants. Root fresh weight for D-ppckl-4 mutant and ppckl-4
complementation lines, E-ppck2 CRISPR/Cas 9 and F-ppck1ppck2 double knockout lines mutants. Seedlings
were grown for six days on sufficient Pi before transfer to either sufficient or deficient Pi conditions for an additional
five days before harvest. Error bars denote + SE (n=12). Significance analyses were performed by Student’s t-test
(two-tailed, equal variances): *p < 0.05, op < 0.05 and ep < 0.05 compared to wPi, Col-0 wPi and Col-0 woPi,
respectively.

As was observed for shoots fresh weight on sufficient Pi, root fresh weight for ppck1-4 mutant was
reduced by up to 16% compared to wild type. However, unlike in shoots, reduced root fresh weight
could not be restored in both complementation lines, which had about 13% and 9% lower root fresh
weight in lines 9.10 and 11.8 respectively compared to wild type on sufficient Pi condition (Figure
32D). Root fresh weight in ppck2 CRISPR/Cas 9 mutant lines (Figure 32E) and ppcklppck2 double
knockout mutants (Figure 32F) was comparable to wild type except for ppcklppck2 double knockout
line 7.11 which had a 7% reduction on sufficient Pi.

In contrast to sufficient Pi condition, root fresh weight for ppck1-4 mutant and for the complementation
lines was comparable to wild type upon Pi starvation (Figure 32D). Furthermore, root fresh weight in
ppck2 CRISPR/Cas 9 line 2.9 was similar to wild type but ppck2 CRISPR/Cas 9 knockout line 1.3
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which had 17% more root weight compared to wild type on insufficient Pi condition (Figure 32E).
However, unlike shoot fresh weight response to Pi starvation, root fresh weight response was
indistinguishable from wild type for all the mutants and complementation lines except for ppckl-4
complementation line 11.8 and ppck2 CRISPR/Cas 9 mutant line 2.9 (Two-way ANOVA: p<0.05).

2.13.2 The ppckl mutant has higher gain of root length upon Pi starvation

On sufficient Pi, gain of root length for ppck1-4 mutant was comparable to wild type but was longer by
about 17% compared to wild type on Pi deficient media while in both ppck1-4 complementation lines,
gain of root length was comparable to wild type (Figure 33A). In contrast, on sufficient Pi condition,
both ppck2 CRISPR/Cas 9 mutant lines had about 8% longer gain of root length compared to wild type
but upon Pi starvation only line 1.3 had about 17% longer gain of root length while gain of root length
for line 2.9 was comparable to wild type (Figure 33B). Gain of root length for the ppcklppck2 double
knockouts on sufficient and Pi deficient conditions were both comparable to wild type levels (Figure
33C). Notably, two-way ANOVA analysis revealed a similar gain of root length response to Pi
starvation between the knockout lines, ppckl-4 complementation lines and wild type (Two-way
ANOVA: p>0.05).
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Figure 33: Gain of root length in wild type, ppck mutants and ppck1-4 complementation lines.
Gain of root length in A-ppckl-4 and ppckl-4 complementation lines, B-ppck2 CRISPR/Cas 9 and C-
ppcklppck?2 double knockout lines. Seedlings were grown for six days on sufficient Pi before transfer to either
sufficient or deficient Pi conditions for an additional five days before harvest. Error bars denote + SE
(n=36). Significance analyses were performed by Student’s t-test (two-tailed, equal variances): *p < 0.05, op <

0.05 and p < 0.05 compared to wPi, Col-0 wPi and Col-0 woPi, respectively.
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3.0 DISCUSSION

3.1 The different Arabidopsis PPC isoforms have different functions

Most plant genomes contain several PPCs genes which are categorized as either photosynthetic in C4
and CAM plants or non-photosynthetic in C3 plants (Sanchez et al., 2006; Wang et al., 2016; Zhao Y
et al., 2019). Additionally, most C3 PPCs enzymes are cytosolic except for a chloroplastic PPC
isoenzyme described in rice (Masumoto et al., 2010). PPC genes are differentially expressed with the
transcript levels being affected by the developmental stage (Caburatan & Park, 2021). The differential
shoot and root expression of plant-type PPC genes in various species strongly points to the possibility
of tissue-specific functions for each isoenzyme. The induction of different PPC genes is also influenced
by varying biotic and abiotic stresses, further suggesting that the different PPC enzymes may have

specific roles which assist the plants to withstand otherwise unfavorable growth conditions.

3.1.1 Differential induction of PPC genes during Pi starvation points to different roles

PPC genes are differentially induced in different tissues and in response to various stresses (Feria et al.,
2016; Sanchez et al., 2006; Shi et al., 2015). Shi et al., (2015) working with ppcl and ppc2 knockout
mutants earlier demonstrated the crucial role of PPCs in carbon and nitrogen metabolism. The
heterozygous ppclppc2 double knockout showed severe growth phenotype and disturbed ammonium
assimilation. This further demonstrated an important role of PPCs in leaves. Additionally, Feria et al.,
(2016) reported strong induction of PPC3 transcript levels which was accompanied by primary root
growth inhibition in salt stressed Arabidopsis wild type plant. However, these responses were alleviated

in the ppc3 knockout mutants indicating the specific role of PPC3 during salt stress.

In our study, basal transcript analysis revealed PPC2 as the major plant type PPC gene in shoots
followed by PPC1 while PPC3 was the least abundant. Pi starvation induced expression of all the plant-
type PPCs although at differing magnitudes (Figure 5). PPC1 and PPC2 transcripts were strongly
induced almost to the same magnitude while PPC3 was the least induced. These results are in agreement
with already published results (Chutia, 2019; Feria et al., 2022; Shi et al., 2015). In roots, PPC1 was
the most predominant followed by PPC3 while PPC2 was the least abundant at basal level. Upon Pi
starvation, PPC1 was strongly induced while PPC2 and PPC3 were induced by almost the same
magnitude further confirming what had earlier been observed by Chutia, (2019). However, the data
slightly differs from results by Feria et al., (2016) in which PPC3 was more strongly induced PPC
isoform in roots. From their Pi starvation experimental set up, plants were grown for seven days on
sufficient Pi before transfer to Pi starvation conditions for an additional four weeks before harvest and
subsequent analysis while in our study and in Chutia, (2019) plants were grown for a total six days on
sufficient Pi and additional five days on insufficient Pi. Based on the transcript induction of PPCs, we

suggest that the role of PPC2 may be more specific in shoots while PPC3 functions in roots. The strong
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presence and induction of PPC1 in both shoots and roots may suggest a supportive role in these tissues.

Our results and those already published (Chutia, 2019; Feria et al., 2022; Shi et al., 2015), strongly
suggest that plant-type PPCs may have different roles which maybe stress specific. However, tissue
specific expression of PPCs might not be enough to infer their roles or specificity and further
information on their cell expression domains will be necessary. The information on cell-specific

expression domains would further provide insights into the possible functions of plant type PPCs.

3.1.2 Cell-specific expression domains of PPC genes support different role for PPCs

In a further attempt to explore the possible different roles of PPCs genes, we mapped the expression
domains of PPCs during sufficient and insufficient Pi conditions. The GFP fluorescent signals in the
three PPC reporter lines revealed that in shoots PPC2 promoter was more active, followed by PPC1
while PPC3 was the least active (Figure 8). These novel PPC shoot expression domains and intensities
strongly corroborates the transcript data presented in this study, as well as already published transcript
data (Feria et al., 2016; Sanchez et al., 2006; Shi et al., 2015). The strong promoter activity observed in
shoots especially for PPC2 reporter lines strongly suggest that it may be the plant type PPC isoform
mainly involved in generation of malate and citrate in shoots whose fate may be translocation to roots,
where it is exuded into the rhizosphere. This corroborates the exudation profiles of PPC overexpression
lines whereby only PPC2 overexpression lines exuded more malate and citrate than wild type.
Furthermore, PPC2 may be responsible for the anaplerotic function in shoots due to the high transcript

levels and strong induction upon Pi starvation.

In roots, we detected differential GFP fluorescent signals between the three Arabidopsis PPCs,
suggesting different promoter strength. PPC1 reporter lines had more GFP signal followed by PPC3
reporter lines while PPC2 reporter lines had no visible GFP signals. Upon Pi starvation, more visible
and intense GFP signals were detectable for all PPC reporter lines compared to sufficient Pi condition
(Figure 7). Our microscopic expression domain results largely correlate with our PPCs transcript data
and already published data (Chutia, 2019; Feria et al., 2016; Sanchez et al., 2006, 2006; Shi et al., 2015),
in which PPC3 and PPC1 transcript levels were more abundant in roots compared to PPC2. We
attributed the almost complete absence of a fluorescent signal in PPC2 expression reporter line to the
root section studied. While we mainly focused on the root tip for our microscopic analysis of the PPC

expression domains, most transcript analysis were carried out using whole root tissues.

The GFP signal was present in the root stele, epidermis and root cap even though the intensity of the
signal was different among the three PPCs in both sufficient and insufficient Pi conditions. The presence
of GFP fluorescent signals at the root cap for all the three expression reporter lines indicates role of
PPCs in local Pi sensing, which takes place at the root tip and for which malate exudation is crucial. It
also coincides with the root section, i.e. root cap which accounts for up to 20% of total Pi uptake in

plants (Kanno et al., 2016). Once taken up in the roots, Pi is loaded into the xylem and surrounding
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phloem cells and translocated to shoots and other aerial parts of the plant (Lopez- Arredondo et al.,
2014). We propose that based on the GFP signals at the root cap and epidermis of PPC3 reporter lines
and its strong induction upon Pi starvation, OAs resulting from the activity of PPC2 and PPC3 may be
involved in solubilizing bound Pi in the rhizosphere, at the apoplast and root cap. However, before
reaching the xylem and its surrounding cells, Pi must pass through other cell layers where it may
encounter positively charged ions such as Fe?*, which may bind to it preventing its reach to the xylem
vessels. To avoid this scenario and based on the diffused GFP signal (Figure 7), OAs originating from
PPC1 activity might be involved in binding iron in these cells allowing passage of Pi up to the xylem
tissues. The GFP signals observed in the root stele additionally indicate that all the plant type PPCs
contribute to a collective role in allowing loading and transport of Pi to the aerial part of the plant. It is
proposed that iron translocation from roots to shoots happens in the vascular tissues, and iron
additionally antagonizes Pi availability. Therefore, it is highly likely that OAs more so citrate resulting
from all plant-type PPCs may be involved in binding iron and in the process allowing loading and
transport of Pi to the aerial parts of the plant. From our results, we were able to map the expression
domains of plant-type PPCs to the root stele, epidermis and root cap cells. These cells coincide with the
regions involved in Pi uptake and iron translocation which suggests a possible additional role of organic
acids generated by PPCs in iron translocation. While we focused on the root tip for our microscopic
expression studies, our results correlate to the already published results for the plant PPCs and provides
us with more visible evidence why we see a strong induction in roots for PPC1 and PPC3 but a weaker

induction of PPC2 upon Pi starvation.
3.1.3 PPC overexpression lines have different malate and citrate exudation profiles

Stronger consequences on metabolism as indicated by more amino acid changes were observed in shoots
and roots of PPC2 overexpression lines on sufficient Pi compared to overexpression lines of the other
two PPC isoforms. PPC2 transcript levels in shoots are high at basal levels compared to PPC1 and
PPC3 levels (Chutia, 2019; Feria et al., 2022; Shi et al., 2015), which implies its dominant role in shoots.
Upon overexpression under the strong constitutive 35S promoter, additional accumulation of PPC2
transcripts could then lead to more amino acid changes, which we observed in shoots of lines
overexpressing PPC2. It is also possible that in shoots, PPC2 is part of special metabolons, which
channels products to different pathways. Therefore, in PPC2 overexpression lines more of these
metabolons are formed which results in higher metabolite changes. These metabolons could additionally
be specific for channeling shoot malate and citrate to roots for exudation. However, PPC1 and PPC3
may be part of other metabolons whose proteins are limited hence the reason we do not see many
changes in shoots. Additionally, the metabolons for PPC1 and PPC3 may be specific for other processes

and not exudation.
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In roots, all PPC overexpression lines showed higher malate and citrate levels compared to wild type
(Figure 15). It could then be expected that all three overexpression lines also exuded more of these two
OAs than wild type. This was not the case and only PPC2 overexpression lines exuded more malate
and citrate. Microscopic images, which corroborated the transcript data, show that PPC2 levels in roots
are extremely low. However, PPC2 overexpression under the constitutive 35S promoter leads to
distribution throughout the plant and especially in roots. This would ultimately lead to increased PPC2
activity in roots resulting to the observed increased accumulation and exudation of malate and citrate.
Since PPC2 expression in roots is weaker, it is likely that accumulation of products arising from its
overexpression necessitate their exudation. PPC3 is more root specific, and its overexpression should
expectedly result in high exudation of malate and citrate. This was not the case, and we suggest that
possibly, it performs the anaplerotic function in roots or its product was converted into other metabolites
which escaped our analysis. These results strongly hint that overexpression of genes in tissues where
they are normally weakly expressed might lead to desired outcomes as was the case with increased

malate and citrate exudation due to PPC2 overexpression.

3.1.4 Overexpression of C3 PPCs results in specific phenotypes

PPCL1 and PPC3 overexpression lines had longer root compared to PPC2 overexpression lines under
both sufficient and insufficient Pi conditions (Figure 20). Pi starvation inhibits primary root growth in
an iron dependent manner. This inhibition is subject to the available external Pi levels (Thibaud et al.,
2010). Furthermore, upon Pi starvation, malate exudation into the apoplast leads to Fe**-malate/citrate
complexes which by action of LPR1 multi copper ferroxidase activity leads to cell wall stiffening and
root shortening (Balzergue et al., 2017). We hypothesized that overexpression lines exuding more
malate or citrate should have shorter roots compared to wild type. Indeed, while all PPC overexpression
lines accumulated more malate and citrate in roots, only PPC2 overexpression lines exuded more
compared to wild type. This shortening of primary root would enable them to scavenge for the bound

Pi which is abundant at the upper root surface.

Next, we determined shoot fresh weight in the overexpression lines and wild type under sufficient and
insufficient Pi conditions. Our results revealed higher shoot fresh weight in the overexpression lines
compared to the wild type on sufficient Pi except for PPC2 overexpression lines while on insufficient Pi
media all overexpression lines recorded elevated fresh shoot weight. Root fresh weight was significantly
higher on sufficient Pi for all overexpression lines while only PPC1 overexpression lines recorded
higher root weight during Pi starvation. We postulated that the higher shoot fresh weight was because
of improved iron translocation from roots to shoots of PPC overexpression lines which improved the
vegetative growth. This hypothesis is supported by results from (Wu et al., 2018) where they observed
higher shoot weight in rice plants overexpressing a citrate transporter. However, this would need to be
confirmed further with iron staining in shoots and roots to confirm whether there is more accumulation

of iron in the transgenic lines compared to wild type. Comparison of fresh weights

59



for PPCs transgenic remains inconclusive. Shi et al., (2015) observed no differences in whole seedling
weight of ppcl or ppc2 single mutants but only in ppclppc2 double knockout mutant while Feria et al.,
(2016) detected reduced rosette weight in all ppc mutants. However, no data on root weight was provided
and all these analyses were not done in relation to Pi starvation making it even more difficult to compare
the results. While in the present study, we can correlate increased tissue weight to enhanced
accumulation or exudation of malate and citrate, no comparisons can be made between shoots and roots
since the results for roots were inconsistent further suggesting overexpressing a single PPC isoform
may not be enough to effect dramatic changes in tissue fresh weight.

To determine whether overexpressing PPCs impact plant development or performance on soil, we
focused on flowering time, seed number, individual seed weight and total seed weight per plant. PPC1
and PPC3 overexpression lines flowered earlier than the wild type while The PPC2 overexpression
lines were the last to flower. Flowering is a vital plant process that depends on both biotic and abiotic
factors (Mallik et al., 2017). Early flowering is induced in plants with limited access to nutrients (Wada
and Takeno, 2010). Since the soil used for greenhouse experiments was sourced from the same place,
we assumed that it contained similar nutrition parameters and alluded to the difference in flowering times
to nutrition acquisition. PPC2 overexpression lines exuded more malate and citrate compared to wild
type and PPC1 and PPC3 overexpression lines suggesting they could have an efficient Pi uptake from

the soil, which could avert the early flowering observed in the other transgenic lines.

To determine the effects of PPC overexpression on seed quality we focused on seed number, individual
seed weight and total seed weight per plant. Seed quality is described by size, weight, nitrogen
concentration among others and is dependent on the resources available for the maternal plant. These
available resources impact on quantity and quality of the offspring (Obeso, 2002). We hypothesized
that seeds from transgenic lines showing increased malate and citrate exudation should have high quality
seeds. Seed number and total seed weight were significantly lower in PPC2 overexpression lines but were
comparable to the wild type for PPC1 and PPC3 overexpression lines. Since PPC2 overexpression lines
exuded more malate and citrate, we suggest this would lead to enhanced Pi solubilization and uptake
ultimately resulting in improved growth, which would be reflected by high quality seeds. In Feria et al.,
(2022), ppc mutants showed reduced seed weight and seed yield by up to 33% and 38%, respectively
further suggesting the important role of PPCs during plant development and seed quality. However, the
morphological results obtained so far in this study are indispensable and further implicate a more specific

role for PPC2 in plant stress response and in growth and seed development.
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3.2 Effects of overexpressing C3 PPCs in Arabidopsis
3.2.1 Effects of PPC overexpression on PPC crude activity and protein amount

Based on the complex regulation of PPCs, it was necessary to see whether increased transcript levels
of PPCs in the overexpression lines resulted in higher protein levels, enzyme activity, and whether the
resulting PPCs were still subject to phosphorylation. Already published studies have reported that high
transcript levels may not directly correlate with high protein levels (Fukao, 2015; Kanobe et al., 2013;
Koussounadis et al., 2015). In this study, transgenic lines overexpressing C3 PPCs had increased total
PPC amounts and higher PPC enzyme activity in crude extracts compared to the wild type. These results
corroborate results from a study using Brassica napus suspension cells, where increased PPC activity
in suspension cells was due to the increased accumulation PPC protein upon Pi deficiency (Moraes &
Plaxton, 2000).

However, although transcript changes for some of the overexpression lines in our study were sometimes
higher by more than 10-fold compared to wild type levels (Figure 10), PPC protein levels (Figure 12)
and crude enzyme activity (Figure 13) were at most 2-fold higher than in wild type. In contrast, in
transgenic potato plants overexpressing (3-fold higher than wild type) a modified potato PPC, enzyme
activity increased by up to 5-fold while (Rademacher et al., 2002). In their study, replacing serine 11
with aspartate in the transgenic lines reduced sensitivity to malate, which increased enzyme activity.
This would then suggest that the posttranslational modification of the PPC protein might have a stronger
impact on its activity than its abundance as has been reported for other proteins. Excess proteins are
degraded to maintain cellular homeostasis (Guimaraes et al., 2014; Maier et al., 2009). We suggest the
degradation of PPCs in the overexpression lines to be a possible reason we observed slight differences

in PPC protein levels and enzyme activity despite their different transcript abundance.

In other studies, working with ppc mutants, reduced PPC enzyme activity and protein levels were
observed for shoots and roots in ppc2 and ppc3 mutants respectively (Feria et al., 2016) while Shi et al.,
(2015) working on whole seedlings, reported reduced enzyme activity in ppc2 and ppcl knockout
mutants. However, in both these two studies, effects of reduced activity and protein levels on
metabolites associated with this PPC enzymatic reaction were not investigated and when so did not
reveal any differences compared to wild type. We postulated that, if modulation of this reaction is to be
considered successful then increased enzyme activity should lead to increased metabolite changes in
the overexpression lines compared to those in wild type. This was confirmed in the overexpression lines
where more malate and citrate accumulated in roots compared to wild type especially upon Pi starvation.
Additionally, changes in amino acid were more abundant in the overexpression lines on sufficient Pi
compared to wild types in both shoots and roots. Lastly, the thorough investigation of our transgenic

lines confirms specificity of observed metabolite changes to PPC overexpression.
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3.2.2 Phosphate starvation enhances PPC phosphorylation in the transgenic lines

PPC activity depends on phosphorylation by PPCKs since unphosphorylated PPCs are subject to
allosteric negative feedback inhibition by malate and aspartate (Chollet et al., 1996; Duff & Chollet,
1995). Having observed increased PPC protein levels and metabolic changes in our transgenic lines, we
investigated whether this was also a result of increased phosphorylation upon Pi starvation. We
hypothesized that the observed metabolite changes arose from increased PPC levels as well as from
increased PPC phosphorylation, resulting in higher PPC activity because of lower feedback inhibition
by malate. Indeed, results obtained confirmed increased shoot and root phosphorylation levels of PPCs
in the transgenic lines upon Pi starvation (Figure 14). This agrees with a study by Willick et al., (2019)
where they showed increased PPC phosphorylation in shoots and roots of transgenic plants in response
to cadmium stress. However, in their study Willick et al., (2019) observed more phosphorylation of
PPCs in shoots than in roots of transgenic lines. In contrast, we observed more PPC phosphorylation in
roots compared to shoots suggesting that the level of PPC phosphorylation in plant tissue may be more
tissue specific in enhancing plant resilience to different abiotic factors. Additionally, in their study,
increased phosphorylation in shoots was not accompanied by increased PPC enzyme activity while more
activity was detected in roots. Effects of increased PPC phosphorylation in reducing the negative
allosteric inhibition are truly reflected through malate inhibition binding assays (Moody et al., 2020;
Paulus et al., 2013; Schlieper et al., 2014). While our PPC activity assay in whole seedlings does not
allow the direct correlation with increased phosphorylation, we were still able to correlate increased
phosphorylation levels in our overexpression lines to the increased accumulation citrate and malate,
which suggest that the observed increases in PPC phosphorylation might have increased in vivo PPC
activity.

Although the percentage phosphorylation of PPCs in the overexpression lines was similar to wild type
(Figure 14), the higher number of PPC proteins in the overexpression lines implies that we had more
phosphorylated PPCs in our transgenic lines. This suggests that the available PPCKs in our PPC
overexpression lines have the capacity to phosphorylate additional PPCs. However, the PPCKs may
not be enough to realize the full potential of overexpressed PPCs, which should be at 100%. From
previous studies, PPC phosphorylation which is solely the action of PPCKSs, and phosphorylation status
increased with prolonged light illumination (Hartwell. et al., 1999; Zhang et al., 1995). Since in this
study we only focused on overexpressing C3 PPCs while maintaining PPCKs at basal level, we
speculate that PPCKs might be the major limiting factor in influencing the PPC phosphorylation status.
Therefore, regardless of how much we expressed PPCs, with limited PPCKs, the phosphorylation status
of PPCs cannot exceed certain levels. To answer this, we generated transgenic lines overexpressing
PPCKs and PPCs both under control of the constitutive CaMV 35S promoter with preliminary results

showing enhanced accumulation of organic acids in shoots and roots (data not shown). However, due

62



to time constraints we were unable to check the phosphorylation levels or malate binding efficiency in

these lines.
3.2.3 Pi starvation increases root malate levels in PPC overexpression lines

Modulation of PPCs previously focused on expressing either C4 or bacterial PPCs in C3 plants with the
aim of improving plant performance. However, these studies reported conflicting results. For instance,
transformation of potato with a C4 PPC (Rademacher et al., 2002) or bacterial PPC led to diminished
plant growth and accelerated stomatal opening (Gehlen et al., 1996) while expression of maize C4 PPC
led to improved plant performance (Kandoi et al., 2016). Additionally, while some studies reported
increased malate levels correlated with increased PPC activity (Agarie et al., 2002; Begum et al., 2005;
Fukayama et al., 2003), in a few instances, increased malate content was also detected in transgenic
plants having low PPC activities (Begum et al., 2005). We related these adverse effects observed to
regulation incompatibility between the C3 PPCKs and the introduced C4 or bacterial PPC. We thus
presumed that overexpressing C3 PPCs in a C3 plant would minimize the incompatibility problems. We
successfully overexpressed C3 PPCs, which led to increased PPC transcripts, PPC protein levels and
enzyme activity and increased phosphorylation and lastly studied their effect on malate and citrate

accumulation and exudation.

However, we observed no significant differences in shoot malate levels in the overexpression lines
compared to the wild type under sufficient or insufficient Pi conditions. This could imply that the high
shoots PPC transcript levels in the overexpression lines were not accompanied by increased PPC protein
levels and increased PPC activity. This was excluded since from our protein level measurements and
enzyme activity assays, all overexpression lines accumulated high PPC protein levels and showed
higher PPC enzyme activity than wild type. This would then suggest that probably the generated malate
in shoots inhibited PPCs and negatively affected the activity of PPCs and resulted in unaltered malate
levels. This would imply that phosphorylation levels in shoots of the overexpression lines were lower
compared to wild type. Our results on PPC phosphorylation alleviated this malate feedback inhibition
possibility, since we observed more phosphorylation in these transgenic lines compared to wild type
based on number of phosphorylated PPCs. In a study by Moraes & Plaxton, (2000), upregulation of
PPC activity was attributed largely to the increased accumulation of more PPCs under deficient Pi
condition. Astoundingly, our data for PPC quantification showed transgenic lines had more total PPCs
compared to the wild type. It would then be expected that the transgenic lines would accumulate more
malate also in shoots. Since this was not the case, we thought that either: (i) it was rapidly converted
to amino acids or malate esters such as sinapoyl malate or (ii) malate accumulated in shoots was quickly
translocated to roots. Shoot amino acid profile revealed more changes in the overexpression lines
compared to wild type on sufficient Pi while changes upon Pi starvation were largely comparable to
wild type. While tissue amino acids profiles partially support the first assumption, it was still unclear

what happened upon Pi starvation. We then looked at the second assumption by determining malate
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levels in roots.

In sufficient Pi conditions, roots malate levels were up to 90% higher in PPC2 overexpression lines but
were largely comparable to wild type in PPC1 and PPC3 overexpression lines compared to the wild
type. However, upon Pi starvation, root malate levels increased by up to 45%, 84% and 35% for PPC1,
PPC2, and PPC3, respectively. These results confirmed the possible additional effects of malate
translocation from shoots to roots. We correlated the increase in root malate with increased PPCs protein
amount and increased activity. Additionally, our root PPC phosphorylation results revealed higher
phosphorylation levels of PPCs in the overexpression lines compared to the wild type indicating that

malate inhibition in roots was reduced which might have also led to increased malate accumulation.

3.2.4 PPC overexpression increases shoot and root citrate levels in Arabidopsis

Citrate is mainly synthesized in the TCA cycle through the condensation of acetyl CoA and oxaloacetate
by the action of citrate synthase (Akram, 2014). In addition to the TCA cycle, the anaplerotic cytosolic
PPC reaction provides carbon intermediates which can be imported into the mitochondria and utilized
to generate citrate (Fan et al., 2013; O’leary et al., 2011). Oxaloacetate produced from HCOs" reaction

with PEP can undergo different fates that can lead to increased citrate levels in the plants. It could:

0] be imported directly to the mitochondria where it is converted to citrate,

(i) be converted to malate by the action of cytosolic MDH and the generated malate is then
imported to mitochondria where it is reconverted back to oxaloacetate by action of
mitochondria MDH and further condensed with acetyl CoA to citrate

(iii)  be decarboxylated by cytosolic NADP-ME to pyruvate and further condensed with acetyl-CoA
to citrate in the cytosol (Wheeler et al., 2008) or

(iv) be converted into aspartate and later reverted by mitochondrial aspartate transamination to

oxaloacetate which is then used for citrate synthesis (Dornfeld et al., 2015).

PPCL1 and PPC3 overexpression lines showed higher citrate content in shoots while intriguingly, PPC2

overexpression lines showed significantly reduced shoot citrate levels.

Since only PPC2 overexpression lines showed reduced citrate levels in shoots, we postulated that it
might have been translocated to the roots where it might complex iron, load it to the xylem and
translocate it to distal tissues (Lopez-Millan et al., 2000; Rellan-Alvarez et al., 2010; Roschzttardtz et
al., 2011). Since iron is required for most biological process and our media contained considerable
levels of iron (25uM), if the PPC2 overexpression lines also accumulated increased citrate levels in
roots, it could then be that shoot citrate was translocated from shoots to roots. Citrate levels detected in
roots of PPC2 overexpression lines was 75% and 80% higher than wild type under sufficient and
insufficient Pi, respectively. This confirmed our earlier postulation of the high possibility that citrate

accumulated in PPC2 overexpression lines was translocated from shoots.
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Since Pi is negatively charged, it binds to the positively charged iron. However, during Pi starvation,
more iron is free for absorption by plants through the roots where it could accumulate to toxic levels.
The increased iron uptake would then provide substrate for generation of free radicals which would
ultimately damage the cells (Hell & Stephan, 2003). To overcome this obstacle, plants accumulate
citrate in the roots, which binds the soluble Fe?*ions, which can then be transported to other distal plant
tissues. To confirm this, iron staining experiments need to be carried out in the future with the PPC
overexpression lines and if this is true, the overexpression lines should accumulate more iron than the
wild type in the roots. In other studies, increased citrate accumulation and exudation was detected in
mutants over accumulating iron in the root (Durrett et al., 2007). In contrast, citrate levels decreased by
up to 50% in ppc knockout mutants exposed to high levels of cadmium (Willick et al., 2019) which
implicated the role of PPCs during metal toxicity. Notably in this study, accumulation of citrate in
addition to malate in roots of transgenic lines might enhance the resilience to other abiotic stresses such
as iron in addition to Pi limitation.

3.2.5 PPC2 overexpression induces malate and citrate exudation during Pi starvation

Plants exude OAs in response to various nutritional limitations. During Pi starvation, low molecular
weight organic acids are released into the rhizosphere (Krishnapriya & Pandey, 2016; Wang et al., 2015;
Wen et al., 2017). In our study, only PPC2 overexpression lines exuded more malate and citrate under
both sufficient and insufficient Pi conditions. This was quite astounding since all overexpression lines
accumulated significantly higher levels compared to wild type of both malate and citrate especially during
phosphate starvation. Considering that among all PPCs, PPC2 was the least induced while PPC1 and
PPC3 were strongly induced in roots of wild type (Chutia, 2019; Feria et al., 2016), it would then be
expected that rather either PPC1 or PPC3 overexpression lines would exude more malate or citrate. As
this was not the case, we were intrigued and thought this had a lot to do with either (i) minimizing the

carbon loss for the plant (ii) translocation of citrate from the shoots or (iii) stability of PPC proteins.

While exudation is condition specific and assists in enhancing nutrient availability from the soil, it has
been estimated that plants loose up to 40% of carbon in this essential process (Lynch & Whipps, 1990).
Furthermore, while investigating role of PPCs in exudation during Pi starvation, (Johnson et al., 1996)
estimated that the PPCK-PPC module accounted up to 25% and 34% of carbon exuded in form of citrate
and malate, respectively. This massive carbon loss during exudation occurs at the cost of other
metabolites and shifts carbon resources from other processes. To avert excessive carbon loss from
plants, it would then be rational that exudation of metabolites generated and associated with this
pathway would be carried out by proteins whose induction is not so high in roots. Of all the plant- type
PPCs, PPC2 would be the most suitable candidate due to its high transcript levels and strong induction
in shoots and low transcript levels in roots. The other two PPCs would then fulfill their anaplerotic
function in cells while PPC2 would be majorly involved in exudation. This would ultimately reduce the

rate of carbon loss while at the same time ensuring continuity of plant response to stresses.
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Shoot photosynthates are partitioned and translocated to roots where they are exuded into the
rhizosphere. In partially defoliated wheat plants, the proportion of new photosynthates subsequently
partitioned to and exuded from the roots was substantially reduced (Dilkes et al., 2004). In shoots of
PPC overexpression lines, malate levels were indistinguishable from wild type while citrate levels were
significantly higher in PPC1, PPC3 but lower in PPC2 overexpression lines. If shoot malate and citrate
were translocated to roots, it would imply that root malate and citrate content should be higher than in
wild type. Indeed, root malate and citrate were higher. These transgenic lines would then expectedly
exude more malate and citrate compared to wild type. However, this was only true for PPC2
overexpression lines, which led us to hypothesize that perhaps exudations for the PPC1 and PPC3
overexpression lines happened at earlier or later time points. Earlier reports on root exudates in wheat
showed that they peaked after three hours after incubation, and declined thereafter (Dilkes et al., 2004).
Since in our experimental setup, exudation was carried out four days after transfer to Pi insufficient
condition preceded by growth on Pi sufficient media for six days, we thought that possibly PPC1 and
PPC3 overexpression lines could have also exuded more malate and citrate but either at earlier or later
time points that may have escaped our experimental setup. To confirm whether true or not, time course

exudation experiments should be done.

Different OAs are exuded by different plants in response to different stimuli (Aoki et al., 2012). In white
lupin, citrate exudation increased with reduced shoot Pi levels (Shen et al., 2005). In maize response
to low Pi, changes in root architecture are more prominent than organic acid exudation although both
malate and citrate are exuded (Wen et al., 2017). In Brassica napus, Pi starvation reduced plant growth
but did not induce organic acid exudation (Ligaba et al., 2003). However, presence of aluminum
strongly induced accumulation and exudation of both malate and citrate. Interestingly, we detected
increased exudation of both malate and citrate in PPC2 overexpression lines, which points to the fact
that exudation of organic acids also occurs in response to combined nutritional status in our case Pi
starvation and increased iron availability in the growth media. Although the solubilizing ability of
exuded organic acids by PPC2 overexpression lines was not analyzed, exuded malate and citrate is
thought to improve plant growth by solubilizing the metal phosphate complexes and releasing Pi which

can then be easily taken up by plants.

Lastly, we successfully managed to overexpress C3 PPCs in Arabidopsis, which resulted in increased
malate, and citrate levels in either shoots, roots or both. We also showed that these changes positively
correlated to increased transcript levels, PPC protein level and activity and increased PPC
phosphorylation status. Additionally, these changes did not have adverse effects on the plant
morphology as shown from our phenotypic characterization. Furthermore, we showed that
overexpression of one PPC did not affect the transcript levels of the others which suggests that the

observed changes in the overexpression lines were specific. Altogether, results from malate and citrate
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levels give us a more informed choice of which PPCs are easy to exploit and would result in more

desirable changes such increased tissue malate and citrate levels and exudates.
3.3 Role of PPCKs during plant development and Pi starvation

Most plants express PPCK isoenzymes encoded by small gene families with Arabidopsis having two
PPCK genes (Fontaine et al., 2002; Fukayama et al., 2006; Nimmo, 2003; Shenton et al., 2006).
However, it is still unclear whether these isoenzymes have the same physiological function or if they are
different. We used ppck knockout lines to investigate whether the two Arabidopsis isoforms have
redundant physiological functions or not. Effects of ppckl knockout on plant development and response
to stress have already been investigated in several studies (Chutia, 2019; Meimoun et al., 2009).
However, PPCK2 transcripts in the ppck2 T-DNA insertion mutant lines (SALK_102132.37.95.x) were
more abundant compared to wild type, which rendered them unsuitable for further studies. We therefore
embarked and successfully generated ppck2 knockout lines using CRISPR/Cas 9 technology (Figure
26). We additionally crossed the ppckl-4 lines from Chutia, (2019) with the ppck2 CRISPR/Cas 9
knockout lines and generated ppcklppck2 double knockout lines. To draw meaningful conclusions from
these knockout lines, it was also imperative to check whether the transcription of these two kinases
influenced each other or not.

From our transcript analysis, PPCK1 abundance in wild type was higher in shoots and roots compared
to PPCK2 transcripts in both sufficient and insufficient Pi conditions. Due to its low abundance in
shoots and roots, Pi starvation strongly induced PPCK2 transcripts by up to 750-fold in shoots and about
13-fold in roots. The transcript results by Chutia, (2019) also showed higher PPCK1 transcript levels in
shoots and roots indicating its predominance compared to PPCK2 in the same tissues. To further
investigate the influence of these two Arabidopsis isoforms on each other, we checked for transcript
abundance of each PPCKs in the ppckl-4, ppck2 CRISPR/Cas 9 and ppcklppck2 double knockout
mutant lines. Transcript profiles in the single mutant lines revealed that loss of one PPCK isoform did
not influence the transcript levels of the other, as they remained comparable to wild type levels
(Supplementary figure 6). More so, both PPCK isoforms transcript levels were severely reduced in the
ppcklppck2 double knockout lines. Complementation of the ppck1-4 mutant with a construct harboring
the PPCK1 ORF under the control of its native promoter reverted the PPCK1 transcript levels to wild
type levels (Figure 25). Additionally, the abundance of PPCK2 transcript levels in these
complementation lines was not affected (Supplementary figure 6), which implied that effects observed
after loss of PPCK1 would not be reverted by the presence of PPCK2 and the effects observed would be
specific for PPCK1.

3.3.1 Effects of ppck knockouts on tissue fresh weight

Tissue fresh weights are a good indicator to monitor plant performance especially during response to

stress. Phosphate starvation results in reduced shoot growth but increased root weight due to increase
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in number and length of lateral roots (Lynch and Brown, 2001). Since, loss of one PPCK isoform did
not affect the abundance of the other isoform and PPCK1 transcript levels were more abundant in both
shoots and roots compared to those of PPCK2, we hypothesized that its loss would negatively affect the
shoot and root fresh weight. Ppck1-4 knockout mutant had reduced shoot fresh weight under both
nutrient sufficient and deficient conditions while root fresh weight was only lower on sufficient Pi
compared to wild type (Figure 32). Astoundingly, ppck2 CRISPR/Cas 9 knockout lines had elevated
shoot fresh weight while root fresh weight was comparable to wild type. Tissue fresh weight in the
double knockout was also comparable to wild type either in nutrient sufficient or nutrient deprived
plants.

Our results slightly differ from those by Chutia, (2019) where no differences were observed neither in
shoot nor root fresh weights between ppckl-4 mutant and wild type. Decreased shoot weight is an
indicator of perturbed developmental process happening in the plants, which suggests that in the ppckl
mutant, the machinery for remobilizing internal Pi stores may be operating suboptimally which would
lead to reduced shoot growth resulting in low shoot fresh weight. In contrast, presence of PPCK1
transcripts in shoots of ppck2 CRISPR/Cas 9 mutants would then imply that the Pi remobilization
machinery would be on and responsible for the observed increase in shoot fresh weight. Since PPCKs
are responsible for phosphorylating PPCs and with the assumption that PPCK1 phosphorylates more
PPCs compared to PPCK2 based on their transcript levels, it would further imply that the levels of
phosphorylated PPCs could have an influence on shoot growth in these mutants. However, to confirm
this more experiments on phosphorylated PPCs need to be done to ascertain whether this school of

thought holds true or not.

3.3.2 Effects of ppck mutants on root length upon Pi starvation

Low Pi causes inhibition of the primary root growth in Arabidopsis and to combat this, plants exude
more organic acids to liberate the residual in complexes. PPCK positively influences malate and citrate
exudation during Pi starvation by increasing PPC phosphorylation. Phosphorylated PPCs are more
active and result in more exudation of malate and citrate, which liberates Pi from complexes. We
hypothesized that in mutants with low exudation of malate and citrate, we should expect longer roots,
since the Pi sensing mechanism is compromised. The gain of root length measurements revealed no
distinct differences between wild type, ppckl-4 and its complementation lines under sufficient Pi.
However, in the loss of function ppck1-4 and ppck2 CRISPR/Cas 9 mutant line 1.3 knockout mutants a
17% increase in primary root length was observed under insufficient Pi indicating a compromised low
Pi sensing mechanism (Figure 33). Root length in the ppcklppck2 double knockout mutants were
however comparable to wild type. Our results are in agreement with those by Chutia, (2019) where the
ppckl-4 mutant had a longer gain of root length only on nutrient deprived condition. Additionally,
primary root growth for ppck mutants in Ferial et al., (2016) was comparable to that of wild type. With the
assumption of less phosphorylated PPCs in the double knockout mutant lines and having observed

similar primary
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root growth in the ppcklppck2 double knockout lines as in wild type, it then implies that gain of root
length is not influenced by the levels of phosphorylated PPCs but rather by other processes. Inhibition
of root growth in Arabidopsis upon Pi starvation has been reported to be iron dependent (Dong et al.,
2017). Since upon Pi starvation we have more freely available iron, which is known to inhibit primary
root growth, it would be expected that wild type plants with a functional Pi sensing mechanism should
exude more OAs. This exuded OAs should then chelate the excess iron, liberate and allow uptake of
available residual Pi. In contrast, mutants with a compromised Pi sensing mechanism and exuding low
amounts of OAs should show some insensitivity to low Pi, which should result in longer primary root.
While we detected low levels of OAs in the ppck1-4 and ppcklppck2 double mutant lines only ppckl-
4 mutant, had a longer root compared to wild type indicating slight insensitivity to low Pi. However,
primary root growth in ppcklppck2 double knockout lines was comparable to wild type. While these
results underpin the important role of exuded OAs in influencing primary root growth, they also reveal
the intricacy associated with root growth. While inhibition of primary root growth is not a one-process
affair, we were still able to show how loss of PPCK1 affects root growth upon Pi starvation further
implying the unique role of OAs exudation in root development during abiotic stresses such as Pi

starvation.
3.4 Effects of PPCK loss affects tissue metabolites during Pi starvation

Phosphorylation of PPCs by PPCKSs reduces their allosteric inhibition by inhibitors such as malate and
aspartate and additionally increases their activation by activators such as glucose-6-phosphate and
acetyl CoA. Arabidopsis has two PPCK isoforms i.e. PPCK1 and PPCK2 (Chutia, 2019; Meimoun et
al., 2009). Since it was unclear whether they were redundant or not, we worked with mutants to
comprehend this. If PPC phosphorylation levels decreased in ppck mutants, this would result in changes
in metabolites especially of malate and citrate. Additionally, if PPCK roles were physiologically
redundant, loss of either one of them would have no adverse effect on the endogenous levels of either
malate or citrate and additive changes should only occur in the ppcklppck2 double knockout lines. In
contrast, if they are not redundant as suggested by tissue transcript levels, then loss of either one of them
should result in different metabolite changes. Previous studies on ppck mutants have focused on their
effect on seed development (Feria et al., 2022) or on endogenous OAs (Chutia, 2019; Feria et al., 2016;
Meimoun et al., 2009). However, in all these studies, they either did not investigate exudates and if they
did ppck2 and ppcklppck2 double knockout mutant lines were missing. We therefore carried out these

experiments using all these mutants.

3.4.1 Effects of ppck mutants on shoot malate and citrate content during Pi starvation
Reduced malate levels were observed in shoots of ppck1-4 and ppcklppck2 double knockout mutant
lines, while shoot malate levels in ppck2 CRISPR/Cas 9 mutant lines were comparable to wild type

upon Pi starvation (Figure 28). These results indicated that loss of PPCK1 resulted in more adverse
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malate chemotype compared to the loss of PPCK2. Contrary to malate, shoot citrate in ppckl-4 and
ppcklppck2 double knockout mutant lines was higher than wild type but was comparable to wild type
in ppck2 CRISPR/Cas 9 mutant lines upon Pi starvation (Figure 29). To confirm whether these changes
in malate and citrate levels were specific to loss of PPCK1, we determined malate and citrate levels in
the ppck1-4 complementation lines and indeed, they were reverted to wild type levels. Furthermore,
malate and citrate changes observed in ppcklppck2 double knockout lines were very similar to those
observed in in ppck1-4 mutant lines further supporting the hypothesis of PPCK1 dominance especially

upon Pi starvation.

Our results for ppck1-4 mutant are in agreement with those from Chutia, (2019) and Meimoun et al.,
(2009), where significant low malate and high citrate levels were reported for ppckl1-4 mutant and the
dinl and csi8 lines (ppckl mutant lines). By knocking out the shoot predominant PPCK1, PPC
phosphorylation would be reduced. This would result in reduced PPC activity due to increased feedback
inhibition by malate or aspartate. This would then lead to diminished levels of oxaloacetate and
ultimately low levels of shoot malate as was observed in ppckl-4 and ppcklppck2 double knockout
lines. However, the increased shoot citrate in these mutant lines is puzzling, as it might be expected that
they should also be lower. Keeping in mind that the substrate for the PPC reaction i.e. PEP is also a
substrate for the TCA cycle, we speculate that in the ppck1-4 mutant and ppcklppck2 double knockout
lines, more PEP is channeled to the TCA cycle which leads to increased citrate generation. When this
happens, it would diminish the oxaloacetate pools in the cytoplasm, depriving cMDH its much-needed
substrate for the generation of malate. This would ultimately result in low levels of malate as was
observed in the same mutants. In contrast, in ppck2 CRISPR/Cas9 mutant lines shoot malate and citrate
remained comparable to wild type. Bearing in mind that we have a functional PPCKL1 in the ppck2
CRISPR/Cas9 mutants whose transcript levels remained comparable to those in wild type, we propose
that its phosphorylation capacity of PPCs was sufficient to allow generation of enough oxaloacetate
pools that could be to malate in the cytosol. These results imply that PPC phosphorylation may be an
indirect determinant on whether to channel the oxaloacetate to malate or citrate generation. Moreover,
from these it is evident that PPCK1 maybe more involved in generation of malate and citrate destined
for exudation during Pi starvation while PPCK2 may have a supportive role, or it could be involved

during other stress responses which are still unknown.

3.4.2 Effects of ppck knockouts on root malate and citrate content during Pi starvation

In roots, malate and citrate levels were significantly lower in ppck1-4 and ppcklppck2 double knockout
lines but like shoots, malate and citrate levels were comparable to wild type levels in ppck2 CRISPR/Cas
9 mutant lines upon Pi starvation. Complementation of the ppck1-4 mutant reverted both citrate and
malate to wild type levels further confirming the changes were PPCK1 specific. Our results are in full
agreement with those of Chutia, (2019) in which ppck1-4 mutant had reduced root malate and citrate
levels. In another
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study working on ppckl mutant lines i.e. dinl and csi8, lower malate levels were reported for both
mutant lines while citrate levels in line dinl were slightly higher than in wild type but lower in the csi8
mutant line (Meimoun et al., 2009). The dInl and csi8 had reduced PPC phosphorylation, which was
the reason for metabolite changes. However, these two mutant lines were not complemented which
made it difficult to conclude whether the malate and citrate changes were specific to the loss of PPCK1.

Roots are the major and initial site of contact with nutrient deficient soils and play an integral role in
nutrient absorption. Growing in Pi starved condition would require the plant to rearrange its metabolic
requirements and prioritize the process that would allow for its continued survival by exudation. This
would then imply that the anaplerotic role of the PPC pathway would be lowered, while generation of
malate and citrate for exudation would be prioritized and boosted. All this with the aim of taking up
more Pi and reducing effects associated with the now freely available iron. However, due to loss of
PPCK1 in ppckl-4 mutant or both PPCK isoforms in the ppcklppck2 double knockout lines, PPCs
would be less active due to inhibition reducing their activity. The reduced activity would result in limited
pools of oxaloacetate, with less of it converted to malate thus the low levels in these mutants. From the
shoot and root malate and citrate levels, it is evident that loss of PPCK1 is more devastating compared
to loss of PPCK2. The malate and citrate profiles for ppck1ppck2 double knockout mutants are like those
of ppck1-4 mutant albeit stronger which indicates that PPCK2 plays a minor role during Pi starvation
which nicely correlates to the detected transcript levels.

3.4.3 Effects of ppck knockout on exuded malate and citrate during Pi starvation

Exuded malate and citrate in ppck1l-4 and ppcklppck2 knockout mutants was decreased under both
sufficient and insufficient Pi but was reverted to wild type levels in the ppck1-4 complementation lines.
In contrast, exuded malate and citrate in ppck2 CRISPR/Cas 9 knockout lines was comparable to wild
type levels. Our results agree with those of Chutia, (2019) where reduced malate and citrate were
detected in the ppck1-4 mutant. However, in that study (Chutia, 2019), high PPCK2 transcript levels in
ppck2 T-DNA insertion lines meant they could not be used in the study. Hence, the reason for generating
ppck2 CRISPR/Cas 9 mutant lines. It is suggested that upon loss of one of the PPCKs, the remaining
PPCK takes over the phosphorylation roles. In seeds of ppck mutants, PPC phosphorylation levels and
even PPC activity were indistinguishable between the ppckl or ppck2 mutants (Feria et al., 2022). If
this then applies to other plant tissues and organs, then malate and citrate levels in the single mutants
should also be indistinguishable. However, from data obtained from this study, loss of PPCK1 led to
significant reduction in root malate and citrate exudation while loss of PPCK2 barely influenced
endogenous and exuded malate and citrate. Low levels of exuded malate and citrate indirectly imply
low PPC activity, which arises from allosteric inhibition. This further implies differential PPC
phosphorylation in roots of ppckl-4, ppck2 CRISPR/Cas 9 and ppcklppck2 double knockout lines.
Compared to results by Feria et al., (2022) on ppck mutant seeds, our data suggest PPCKs roles might

additionally be tissue specific.
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Higher levels of exuded malate and citrate have been reported in other plants such as white lupin where
they increased Pi uptake (Tiziani et al., 2021). As such, mutants with reduced exudation of malate and
citrate should absorb less amount of Pi. This experiment needs to be performed to confirm whether this
also holds true for Arabidopsis or not. Additionally, reduced malate and citrate exudation should
expectedly lead to reduced metabolites closely associated with PPC pathway such as aspartate. This
was however unchanged in the shoots and roots of ppck1-4 mutant line but was surprisingly elevated in
ppck2 CRISPR/Cas 9 and ppcklppck2 double knockout lines under sufficient Pi compared to wild type.
In contrast, on Pi deprived conditions, only ppckl1-4 and ppcklppck2 had reduced malate exudation.
The aspartate levels in both shoots and roots were comparable to those of wild type but malate levels
were lower. Although these mutants have lower malate levels in roots, it appears as if the levels are still
enough to cause feedback inhibition. However, when all endogenous and exudation profiles from our
ppck single and ppcklppck2 double knockout lines are considered, we propose that the phosphorylation
role of PPCKZ1 during Pi starvation is more is more dominant and its loss results in reduced endogenous

and exuded malate.
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4.0 SUMMARY

The quest to understand phosphate sensing in plants continues to draw more attention due to its
irreplaceable role in most biological functions but also due to its limited availability in nature. This has
led to the exploration and modulation of various processes aimed at improving remobilization and
enhanced Pi uptake by plants. This study was designed to investigate the effects of manipulating the
PPCK-PPC module by (i) overexpressing C3 PPCs and (ii) knocking out PPCKs and (iii) mapping the

cell expression domains of plant type PPCs in the root tip.

This study revealed that PPCs are expressed at the root cap, epidermis and root stele, which coincide
with regions of either Pi uptake and translocation and sites for OA exudation. Additionally, we were
able to follow the differential induction of plant type PPCs upon Pi starvation microscopically.
Furthermore, the restriction of PPC2 and PPC3 to the epidermal or stele cells provides us with a better
understanding why we observe their slight induction in roots as compared to PPC1, which diffused to
all cell layers and had the highest induction upon Pi starvation.

By successfully overexpressing C3 PPCs in Arabidopsis, we were able to elevate the endogenous
malate and citrate levels and increase exudation in PPC2 transgenic lines. This data shows the potential
of how C3 PPCs can be attuned to bioengineer crops, with desired properties such as improved stress
resilience such as low Pi. Furthermore, the PPCs percentage phosphorylation results obtained point out
to PPCKs being a possible bottleneck in modulating this pathway, which could limit its success.
Additionally, phenotypic data obtained from seeds and flowering times indicate that modulation of this
pathway by overexpressing PPCs would have minimal or no adverse effects on plant growth and

maturation.

Lastly, results obtained from ppck mutants in this study, further confirmed the important role of PPCKs
during Pi starvation. Moreso our data provides evidence showing that PPCK isoforms are not redundant
as has been previously assumed. While it was clear from our data the role of PPCK2 in this pathway
cannot be overlooked, it was evident that PPCK1 has a much more dominant role since its loss had

more adverse effects on the plant chemotype regarding malate and citrate during Pi starvation.
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5.0 OUTLOOK

Although significant strides about the PPCK-PPC module were made in this study, some guestions

remain unanswered. However, the transgenic lines generated during our study provide invaluable tools

that can be exploited to perform future experiments, which will enlighten us more about this pathway

such as:

To elucidate the effect of exuded malate and citrate on Pi-solubilization from complexes

Overexpression lines displaying elevated malate and citrate exudation or knockout lines
displaying reduced malate and citrate exudation could be grown on soils or media supplemented
with insoluble Pi-complexes such as calcium, aluminum, and iron phosphate at different pH

and their growth and performance monitored and compared to wild type.

To elucidate the role of PPCs in iron translocation from roots to shoots

Since we observed elevated levels of root citrate in PPC overexpression lines, and citrate plays
a role in iron homeostasis, iron accumulation in shoots and roots of the PPC overexpression
lines should be investigated, followed by transcript analysis of genes involved in iron transport
such as IRT1 and iron storage such as ferritin. If true, overexpression lines accumulating more
citrate in shoots and roots should stain heavily for iron and vice versa. Additionally, some genes

involved in iron transport and storage should be induced in these lines.

To determine the metabolic flux in PPC overexpression lines

Since we observed increased malate only in roots and shoots of the overexpression lines, it begs
the question what happened to the malate in shoots. It could either be translocated to roots or
converted to other compounds such as malate esters. Therefore, nontargeted metabolic analysis
needs to be carried out in shoots and roots to check which other metabolites changes occurred

in these overexpression lines.

To elucidate the phosphorylating ability of PPCK1 and PPCK?2

With ppckl, ppck2 and ppck1ppck2 mutants at hand, it would be prudent to investigate whether
they both phosphorylate PPCs to the same extent in shoot and root tissues or not. This would

be a further confirmation of which PPCK is more dominant.

To elucidate the role of PPCK2 in other stresses

While we observed strong induction of PPCK2 during Pi starvation, metabolite and phenotypic
results during phosphate indicate a minor role of PPCK2 during Pi starvation. This leads to a
strong possibility that PPCK2 may have different roles in plants. Therefore, its role during
different stresses such ammonium toxicity, water, salt, heat and metal stresses, should be

investigated.
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6.0 MATERIAL AND METHODS

6.1 Chemicals and reagents

All chemicals, media constituents, and solvents used were of reagent or HPLC grade and were obtained
from the following suppliers: Carl Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany),
Macherey-Nagel (Duren, Germany), Sigma-Aldrich (St Louis, MO, USA), J.T. Baker (Deventer, The
Netherlands), Duchefa Biochemie (Haarlem, The Netherlands), CDN isotopes (Point Claire, QC,
Canada), and Caissons Laboratories (East Smithfield, USA). Molecular Biology supplies and kits were
obtained from Life Technologies and Thermo Fischer Scientific (California, USA), and New England
Biolabs (Massachusetts, USA). Sequencing and primer synthesis was performed by Eurofins Genomics
(Ebersberg, Germany).

6.2 Plant growth and bacterial culture media

Bacteria (E. coli and A. tumefaciens) used for transformation during cloning were cultured in either LB
or SOC media. Antibiotics for selection of the positively transformed cells were initially filter sterilized

before addition to the autoclaved growth media.

For growing Arabidopsis media was constituted as listed in Table 1. However, to remove residual
phosphate, which is important for performing Pi starvation experiments, agar (Duchefa, Haarlem, The
Netherlands) was repeatedly washed in deionized water and subsequent dialyzed using Dowex 1X8
anion exchanger (Sigma-Aldrich, St Louis, MO, USA) before drying on plastic crucibles at 60° C for
2-3 days (Ward et al., 2008). Basta supplement for selection of positively transformed seeds was added
to the liquid autoclaved media after filter sterilization. All media were sterilized at 121° C and 2 bars for

20 min.

Table 1: Plant growth and bacterial culture media composition

Medium Composition Reference
10 g/L Bacto tryptone, 10 g/L NaCl, 5 g/L Yeast extract, pH 7.5. For .
: (Bertani,
LB solid agar, 15 g/L agar was added 1951)

sOC 20 g/L Tryptone, 5 g/L Yeast Extract, 10 mM NaCl, 2.5 mM KClI, 10 (Hanahan,
mM MgCl,, 10 mM MgSO., 20 mM Glucose 1983)

2.5 mM (+Pi) or 0 mM (-Pi) KH2PQO4, 0.5% D-Sucrose, 5 mM KNOs,
0.025 mM Fe**-EDTA, 2 mM Ca(NOs)2, 2 mM MgSOs4, 2.5 mM MES-

Xﬁg'f'ed KOH, 0.005 mM CuSO., 0.001 mM ZnSOx, 0.07 mM H3BOs, 0.014 g'lv'uz'gelr;;t
mM MnCl,, 0.0002 mM Na;Mo0Q,, 0.010 mM CoCl,, pH 5.6 v
For solid medium, 1% Washed Agar was added

LB-Luria Bertani medium SOC- Super Optimal Broth with Catabolite repression
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6.3 Bacterial strains, plasmid vectors, culture and transformation

6.3.1 Bacterial strains and plasmid vectors

The bacterial strain Escherichia coli One Shot® TOP10 chemically competent cells provided with the
PENTR™ Directional TOPO® Cloning kit from Invitrogen was used for propagation of the Gateway
entry cassette. Whereas self-made chemically competent cells of bacterial strain Escherichia coli
TOP10 was used for propagation of the Gateway expression cassette. The Agrobacterium tumefaciens
strain GV3101::pMP90RK (Koncz & Schell, 1986) was used for plant transformation via the floral dip
method (Clough & Bent, 1998). The plasmid vectors used during this work for molecular cloning and

recombinant expression are listed below.

Table 2: Plasmid vectors used in generation of PPCs overexpression lines and features

Plasmid Purpose Feature Reference

rrnB T1 and T2, M13 forward and
Entry vector for reverse priming site, attL1 and
PENTR/D-TOPO Gateway cloning  attL2, TOPO cloning site

Thermo Fischer

(directional), T7 promoter/priming Scientific
site, Kan', pUC ori
pB7WG Binary plant attR1and attR2, ccdB, LB and RB
expression vector  site, Sm/SpR, T35S, Bar
Binary plant attR1 and attR2, p35S, T35S, CmR,
pB7TWG2 expression vector  ccdB, Sm/SpR, Bar
Binary plant attR1, attR2, p35S, T35S, ccdB, .
e expression vector  Sm/SpR, Bar, Egfp gégg-m;é;tiﬂ{ "
DB7WGE2 Binary plant attR1, attR2, p35S, T35S, ccdB, al., 2005)

expression vector  Sm/SpR, Bar, Egfp

pUBQ10, attR1, Bar, LB, RB, SmR,
pBR322, pVSlattR2, CmR, ccdB,
T35S

pUBQA10, attR1, Bar, LB, RB, SmR,
pBR322,

VS1attR2, CmR, ccdB, T35S

Binary plant

pUB-C-GFP-Dest )
expression vector

Binary plant

pUB-N-GFP-Dest )
expression vector

6.3.2 Escherichia coli and Agrobacterium tumefaciens cultivation

E. coli cells were cultured in LB liquid medium or on LB plates containing appropriate antibiotics for
24 h at 37° C. The Agrobacteria were also cultured in LB liquid or solid medium with appropriate
antibiotics and cultivated for 48 h at 28° C. The liquid cultures were incubated on a rotary shaker which
was set at 150 rpm. For long-term storage of bacterial clones, glycerol stocks were prepared by mixing
bacterial cultures with glycerol to reach a final glycerol concentration of 20% (v/v). Stocks were then

flash-frozen in liquid nitrogen and stored at -80° C until used.
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6.3.3 Escherichia coli and Agrobacterium tumefaciens transformation

Chemically competent E. coli Top10 and One-Shot cells were transformed through the heat shock
method as described in the Invitrogen pPENTR™ Directional TOPO® Cloning Kit. Transformed cells
were cultivated overnight (16 h) at 37° C on LB plates containing appropriate antibiotics for selection
of the transformed plasmid. For transformation of A. tumefaciens strain GV3101::pMP90RK, 100 ng of
purified plasmids were carefully mixed with 50 pul of competent cells and incubated on ice for 30 min.
The cells were then frozen in liquid nitrogen for 5 min, followed by incubation at 37° C for 5 min. 250
pl of SOC medium was added to this mixture and incubated horizontally at 28° C in a shaker at 150
rpm for 2 h. For the selection of transformed plasmids, the cells were plated on an LB plate with the

respective antibiotics and cultured for 48 h at 30° C.

6.4 Generation of stably transformed lines and plant growth conditions

Transgenic lines used in this study were generated either using the Gateway cloning system from
Thermo Fisher Scientific or the golden gate cloning system for ppck2 CRISPR/Cas 9 knockout mutant
and PPC expression reporter lines. The complete list of all transgenic lines generated together with their
intended purpose is listed in Table 3.

Table 3: Transgenic lines and knockout mutants used in this study

Transgenic lines Purpose

Pro PPC1-NLS-GFP Cell specific expression domains
Pro PPC2-NLS-GFP Cell specific expression domains
Pro PPC3-NLS-GFP Cell specific expression domains
35S::PPC1 Overexpression of PPC1

35S::PPC2 Overexpression of PPC2

35S::PPC3 Overexpression of PPC3

Ppckl1-4 mutant Knockout for PPCK1

ppck2-mutant Knockout for PPCK2
ppcklppck2-mutant ppcklppck2 double knockout mutant

6.4.1 Generation of PPC expression reporter lines

For the cellular localization of PPC expression domains, native promoters were cloned and fused to a
GFP and NLS using a modified golden gate method based as described by Binder et al., (2014). Internal
type IS (Bsal and Bpil) restriction sites that could interfere with the assembly of the construct were
removed by site-directed mutagenesis. Genomic DNA was used to amplify the corresponding PPC
promoter using specific primers with additional sequences for Bsal enzyme and the 4 bp overhang
(Supplementary table 2). Promoter sequences were then cloned into a level 0 vector before advancing
into a level 1 vector. For the assembly into level 1l constructs, the level | promoter sequences were

ligated with N-terminal GFP, a NLS, a hygromycin selection marker and a nopaline synthase terminator
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before assembly into the final level 111 expression vector harboring the mCherry seed coat selection
marker. After each cloning step, positive clones were confirmed by restriction digestion using different
restriction enzymes (Supplementary table 3) before being sent for sequencing using either universal or
specific primers (Supplementary table 4). The expression vector was then transformed into
Agrobacterium tumefaciens GVV3101 competent cells before transformation to Arabidopsis using floral
dip method.

6.4.2 Generation of PPC overexpression lines

PPCs overexpression lines under the control of the strong and constitutive 35S promoter were generated
using the gateway cloning system using the plasmids listed in table 5-2. Entry clones were generated
via the topoisomerase-assisted pPENTR/D-TOPO vector system (pbENTR™ Directional TOPO® Cloning
Kit, Thermo Fisher Scientific). To meet the requirements of cloning into pENTR/D-TOPO vector,
CACC extensions were added at the 5' end of the forward primers. The coding sequences for PPC1
PPC2 and PPC3 were then amplified from wild type cDNA using gene specific primers (Supplementary
table 5). After extracting the amplified product from the gel, the TOPO cloning reaction was performed
according to the manufacturer's protocol. Plasmids from positive colonies were then extracted using
plasmid purification kit (Thermo Fischer Scientific) and confirmed by restriction digestion using
different restriction enzymes (Supplementary table 6) before additional confirmation by sequencing
(Supplementary table 7). The positively identified entry clones, were then introduced into the expression
vectors and transformed into Agrobacterium tumefaciens GVV3101 competent cells. Lastly, the positive

expression vectors were transformed into the respective overexpression construct through floral
dipping.
6.4.3 Generation of ppck2 CRISPR/Cas 9 knockout line

Since available T-DNA insertion lines did not show decreased PPCK2 transcript levels, Arabidopsis
thaliana lines with lowered or absent expression of PPCK2 were generated through CRISPR/Cas 9
technology (Ordon et al., 2017). A two-gRNA system was adopted for this task. Briefly, appropriate
sequences for the two guide RNAs (Table 4) were identified using the online tool CHOP CHOP, a freely

available online tool (https://chopchop.cbu.uib.no) and the best PPCK2 sequences stretches were

selected based on the percentage of silencing efficiency (>70%) with zero number of off target sites and

zero probability of self-complementarity.

Table 4: Sequences for guide RNA used to generate ppck2 through CRISPR/Cas 9

gRNA Forward primer Reverse primer
1 ATTGATCGGTTAATCTCCGCCGGG AAACCCCGGCGGAGATTAACCGAT
2 ATTGACAGACCCAAACTTCTTCGG AAACCCGAAGAAGTTTGGGTCTGT

Both gRNAs were modified by addition of Bpil cleavage sites, i.e. TTGAAGACAA and
TTGAAGACAA in forward and reverse primers, respectively.
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The guide RNAs were designed to contain recognition sequences for type Il restriction enzymes and 4
base pair overhang which would facilitate ligation into the respective shuttle vector i.e. pPDGE332 and
pDGE334. These shuttle vectors contain all required elements for efficient silencing using CRISPR/Cas
9 technology, i.e. the U6 promoter sequence, the two guide RNA sequences, and the guide RNA
scaffold. 5 pl of the forward and reverse (100 uM) primers were diluted in 40 pl H.O and denatured by
heating at a 98 °C for 5 min. The mixture was cooled and hybridized at room temperature for 30 minutes,
before dilution in a 1:200 ratio (50 fmol / ul). 5 ul of the hybridized primers was then incubated with
respective shuttle vector in a cut-ligate reaction and later introduced into an expression vector containing
all the cassettes for CRISPR/Cas 9 editing. Lastly, the expression vector was introduced into a destination
vector pDGE347 containing a Basta selection marker gene, the right and left boarder regions essential
for integration into the Agrobacterium which would mediate transformation into Arabidopsis. After
every cloning step, positive clones were identified by restriction digestion (Supplementary table 8)
Once expressed in the plant, the CRISPR associated protein 9 (Cas 9) would be directed by the two
gRNA sequences to the specific target sequence where it should then cleave the DNA sequence of gene
of interest (PPCK2) leading to a double stranded break. In an attempt to repair the double stranded break,
the cell would introduce errors leading to insertions or deletions (INDEL) in the coding sequence which
would then lead to a frameshift in the coding sequence of the PPCK2 resulting in a ppck2 CRISPR/Cas

9 mutant.

6.4.4 Generation of ppcklppck2 double knockout line

To generate a ppcklppck2 double knockout line, ppckl-4 T-DNA insertion line (Chutia, 2019) was
crossed with the generated ppck2 CRISPR/Cas 9 knockout line and crosses left to grow until they set
seeds (F1). The obtained seeds were sown on soil, allowed to germinate before spraying with Basta
selective chemical as the ppck2 CRISPR/Cas 9 knockout line contained BASTA resistance gene. Since
we used ppckl-4 as the mother plant, only crosses harboring ppck2 CRISPR/Cas 9 crosses would
survive upon spraying with BASTA since CRISPR/Cas 9 mutants since they had the herbicide resistant
marker gene while ppck1-4 mutant was selected using kanamycin. After setting seeds (F2), the surviving
crosses were further selected on Basta plates for a 3:1 ratio. From the crosses showing a 3:1 ration (F3),
12 plants per cross were selected and grown on soil until seed were obtained after which they were then
further selected on Basta plates for homozygosity (F4). Only crosses that showed 100% survival on
Basta plates were homozygous for ppck2 and were used for further analysis. At F3 generation, seedlings
were further genotyped for the presence of the T-DNA insertion of the ppck1-4 mutant and the INDEL
of ppck2 CRISPR/Cas 9 mutant using gene specific primers (Supplementary table 9). Low transcripts
levels for both PPCK1 and PPCK2 were further confirmed by gPCR and only lines that showed low

levels of both transcripts were used for further studies.
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6.5 Transformation and selection of Arabidopsis transgenic lines

Arabidopsis plants were transformed by A. tumefaciens mediated transfection using the floral deep
method as described by Clough and Bent, 1998. Before transformation, colony PCR were performed to
confirm presence of gene of interest using primers listed in (Supplementary table 10). Agrobacteria
harboring the gene of interest in a binary vector were cultivated on LB plates with appropriate antibiotics
for 2 days at 28° C. The cells were re-suspended in liquid LB medium and diluted to an ODeoo of 2.0.
A freshly prepared 5% (w/v) sucrose solution was added to the bacterial suspension ina 4:1 ratio. Before
dipping, Silwet-L77 at a concentration of 0.03% (v/v) was added to the suspension. Arabidopsis plants,
which had begun flowering were dipped upside down into the suspension solution and gently agitated
for nearly 30-60 seconds. The plants were then placed in a horizontal manner on a tray and kept moist
by covering the tray with plastic foil. After two days, the plastic foil was removed, and the plants moved

to a vertical position and cultivated in the greenhouse until they set seeds.

6.6 Plant growth conditions

Before sowing on plates, seeds were surface sterilized with chlorine gas and sown on sterile agar plates
containing modified ATS medium. Plates were incubated for two days at 4° C in the dark to synchronize
seed germination and thereafter the plates were kept vertically in a growth chamber at 22° C under
illumination for 16 h daily (170 umol s™* m?2; Osram LumiluxDeLuxe Cool Daylight L58W/965, Osram,
Augsberg, Germany). After 6 days of growth, seedlings were transferred to fresh plates containing +Pi
(2.5 mM KH2POy) or -Pi (0 mM KH,PO,) modified ATS media and allowed to grow for five more days.
Seedling were photographed for root length measurements and thereafter roots and shoots separated,
their fresh weights recorded, and the samples frozen in liquid nitrogen until further processing. One
biological replicate consisted of roots or shoots from three seedlings. Plants for propagation,
transformation, selection and phenotyping purposes were grown in the greenhouse under long-day
conditions at 18-20°C and 55-65% relative humidity. The soil substrate used was “Einheitserde Typ GS

90" mixed with vermiculite (1-2 mm) in a 4:3 ratio.

6.7 Analysis of PPC protein from whole seedlings, shoot and root tissues
6.7.1 Protein extraction and quantification

Around 100 mg of Arabidopsis seedlings were harvested from agar plates and frozen in liquid nitrogen.
The samples were ground using a 5 mm glass beads in a Tissue Lyser 11 (QIAGEN) bead mill at 25 s
for 60 s and total protein was extracted by adding 300 ul of protein extraction buffer. The protein
extraction buffer consisted of Tris-Cl (25 mM, pH-7.6), MgCl, (15 mM), NaCl (85 mM), NaF (2.5
mM), EGTA (15 mM), DTT (5 mM), PMSF (1 mM), nonidet P40 (0.1% v/v), tween 20 (0.1% v/v),
disodium nitrophenyl phosphate (15 mM), and disodium-B-glycerophosphate (60 mM). After vortexing

the samples for 60 s, the samples were kept on a heat block 95° C for 10 minutes and then shaken
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vigorously at room temperature for another 20 min. The samples were centrifuged two times at 10,000
rpm for 10 min at 4° C and the supernatant was collected in a 1.5 ml eppendorf tube before storage at -
80° C until further processing. To quantify the protein concentration, a standard curve was prepared
using known quantities of Bovine Serum albumin (BSA) protein and the Bradford reagent. The
absorbance of each sample and standard was then read at 595 nm using water as a reference with the
Tecan Nanoquant Infinite M1000 (Mannedorf, Switzerland).

6.7.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

30 ug of protein for each sample were separated by SDS-PAGE gel (Laemmli, 1970). The stacking gel
and separating gel consisted of 4% and 10 % polyacrylamide, respectively. The samples were mixed with
3x loading buffer (200 mM Tris-HCI, pH 6.8 (w/v), 8% SDS, 0.4% (w/v) Bromophenol blue, 50%
glycerol (v/v), and 20% B-Mercaptoethanol (v/v) before loading on the gels. SDS-PAGE was performed
at 100 V in a running buffer (25 mM Tris, pH 8.3, 192 mM glycine, and 0.1% (w/v) SDS) until the dye
front had reached the lower rim of the gel. The components of stacking and separating gel are listed in
Table 5.

Table 5: Composition of SDS-PAGE Gel

Components Separating gel (10%6) Stacking gel (4%b)
Millipore water 4.07 ml 6.07 ml
0.5 M Tris pH 6.8 - 2.5ml
1.5M Tris pH 8.8 2.5mIm -
30% Acrylamide (w/v) 3.33ml 1.33 ml
10% SDS (w/v) 0.1ml 0.1ml
10% Ammonium persulphate (w/v) 0.04ml 0.04 ml
TEMED 0.02 ml 0.02 ml
Total Volume 10.06 ml 10.06 ml

6.7.3 Immunoblotting (Western Blot)

Proteins electrophoretically separated on SDS-PAGE gel were transferred to a nitrocellulose membrane
(Amersham Protran 0.45 pm) via wet transfer at 120 V and 150 Watt for 2 h. After transfer, the
membranes were blocked in 3% (w/v) milk powder in TBS buffer for one hour with gently shaking
before being separated into two parts (Upper part for PPC, lower part for actin). Each part was then
incubated for two hours with specific primary antibody i.e. PPC antibody raised in rabbit at 1:2,000
dilution and actin antibody raised in mouse at 1:20,000 dilution in blocking buffer (3% milk powder in
TBS buffer). The membrane was then washed three times for 20 minutes with TBS-T (TBS buffer with
0.1% tween) at room temperature before incubation for two hours with the specific secondary antibody
i.e. Anti-mouse coupled to HRP for actin and anti-rabbit coupled to HRP for PPC both at 1:5,000

dilution in 3 % (w/v) milk powder before washing three times for 20 minutes each with 1x
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TBS-T before detection. For detection, Pico chemiluminescent substrate from Thermo Fischer scientific
company was added to the membranes in the dark before the x-ray film was carefully laid over and then
incubated for five minutes before detection using Amersham ECL Prime Western Blotting Detection

6.7.4 PPC enzyme activity

Approximately 100 mg of seedlings of 6 days-old wild-type and PPC overexpression lines were
harvested into 2ml Eppendorf tubes containing glass beads and snap frozen in liquid nitrogen and later
ground to fine powder using a bead crasher. 300l of the extraction buffer containing (200 mM HEPES-
NaOH pH 7, 10 mM MgCl;, 5 mM dithiothreitol, and 2% [w/v] polyvinylpyrrolidone Li et al., (2010)
was added and the samples shaken for 30 minutes in the cold room. The crude extracts were centrifuged
at 14,000 RPM for 5 min before transferring the supernatant to pre-cooled Eppendorf tubes. The extracts
were then used immediately for the PPC activity assay as described by Gregory et al., 2009. Reaction
conditions were as follows: 50 mm HEPES-KOH (pH 8) containing 15% (v/v) glycerol, 2 mM PEP, 2
mM KHCOj3, 5 mM MgCl;, 2 mm dithiothreitol, 0.15 mM NADH, and 2 units/ml malate dehydrogenase
in a volume of 200uL. The consumption of NADH was then monitored at 340 nm for 500 seconds,
recorded and used later to determine the PPC enzyme activity. In case of high enzyme activity, the PPC
present in the crude extract should quickly convert the PEP substrate to oxaloacetate, which would be
converted to malate by the supplied malate dehydrogenase enzyme resulting in an increased
consumption of NADH.

6.7.5 PPC phosphorylation status

Wild type and PPC overexpression lines were grown for six days on phosphate sufficient media before
transfer to sufficient and low phosphate media for an additional five days. The seedlings were separated
into shoots and roots before protein extraction under denaturing conditions as described (Bassal et al.,
2020). To quantify the phosphorylation level of PPCs, 25 ug of protein were separated on 10% SDS-
PAGE before the gel bands between the molecular size markers for 100 kDa and 130 kDa for PPC and
40-50kDa for the loading control actin were excised after staining with ethylene blue. The gel pieces
were then processed as described by Bassal et al., 2020. Briefly, the gel pieces were destained by several
rounds of washing with water and acetonitrile until the blue color of the staining solution disappeared.
This was followed by reduction with dithiothreitol at 50°C for 30 minutes and subsequent alkylation
with iodoacetamide at 22°C for 15 minutes and overnight in-gel digestion of proteins with trypsin at
37°C. The trypsin digested proteins/peptides were then desalted, dried and dissolved in 10 ul of 5%
(v/v) ACN, 0.1% (v/v) TFA and injected into an EASY-nLC 1200 liquid chromatography system
(Thermo Fisher Scientific). Peptides were then separated using liquid chromatography C18 reverse
phase chemistry employing a 120 min gradient increasing from 4% to 40% acetonitrile in 0.1% FA, and

a flow rate of 250 nL/min.
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6.8 Molecular Biology methods
6.8.1 Isolation of genomic DNA

Plant material was collected into 2ml Eppendorf tubes with a 5mm stainless-steel grinding bead and
snap frozen in liquid nitrogen before being pulverized to fine powder using a Tissue Lyser Il instrument
from Qiagen. 350 ul of DNA extraction buffer composed of 200 mM Tris-Hcl (pH 7.5), 25 mM EDTA
(pH 8), 250 mM NaCl, 0.5% w/v SDS was then added to the milled samples, followed by five minutes
of vigorous shaking. Samples were then centrifuged for five minutes at 14 000 rpm and 300 pl of the
supernatant was transferred to fresh Eppendorf tube and mixed with an equal volume of ice-cold
isopropanol, followed by centrifugation at the same conditions. Supernatant was removed and the DNA
pellets were washed two times with 70% ethanol. After centrifugation for five minutes at 14 000 rpm,
the ethanol was discarded, and the pellets left to air-dry for 30 minutes. The DNA pellet was then re-
suspended in 30 ul Milli-Q water and stored at -20°C until used for reactions.

6.8.2 Isolation of plasmid DNA from E. coli

Plasmid DNA was extracted with the GeneJET Plasmid Mini Prep Kit (Thermo Fisher Scientific)
according to manufacturer's guidelines and instructions. The concentration of isolated plasmid DNA

was determined using a spectrophotometer model Infinite® 200 NanoQuant (Tecan) device.

6.8.3 Standard polymerase chain reaction (PCR)

Standard colony PCRs and PCRs for genotyping were performed using 10x DreamTaqg Polymerase
Green buffer and DreamTaq polymerase (Thermo Fischer Scientific). A reaction volume of 20 pl was

generally used and the concentration of other components included is mentioned below (Table 6).

Table 6: Components of standard PCR and colony PCR reaction

Components Stock concentration  Final concentration ~ Volume
Dream Taq green buffer 10 x 1x 2 ul
DNTPs 10 mM 500 UM 1l
Forward primer 10 uM 0.5uM 1l
Reverse primer 10 puM 0.5 uM 1l
Template - 50 ng 2 ul
DreamTaq polymerase 5U/ ul 0.0625 U/ pl 0.5 ul
Millipore water - - 12.5 pl

All PCR reactions were carried out in a Veriti™ 96-Well Thermal Cycler (Applied Biosystems) with
the recycling profile listed in Table 7.
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Table 7: Thermal profile for DreamTaq PCR

Phase Temperature Duration No. of cycles
Initial denaturation 94° C 1 min 1
Denaturation 94° C 1 min

Annealing "Tm°C 1 min 35

Extension 72°C 1 min/kb

Final extension 72°C 7 min 1

6.8.4 High fidelity PCR for molecular cloning

For the generation of entry clones either for gateway or golden gate cloning, PCR products were
amplified from either wild type (Col-0) genomic or cDNA using gene-specific primers in a 50 pl
reaction (Table 8)

Table 8: Components of high-fidelity PCR

Components Stock concentration Final concentration Volume
5x Phusion Green HF buffer 5x 1x 10 pl
dNTPs 10 Mm 300 uM 1.5 pl
Forward primer 10 yM 0.4 pM 2l
Reverse primer 10 uM 0.4 uM 2u
Template - “200 ng DNA or cDNA 2 pl
Phusion polymerase 2U/ pl 0.02 U/l 0.5 pl

Millipore water - 32 ul

The primers were designed such that their annealing temperature was between 55-60°C. The recycling

profile is listed below (Table 9)

Table 9: Thermal profile Phusion High-Fidelity PCR

Phase Temperature Duration No. of cycles
Initial denaturation 98° C 1 min 1
Denaturation 98° C 1 min

Annealing 55-60° C 1 min 35

Extension 72°C 2 min

Final extension 72°C 7 min 1

6.8.5 Agarose gel electrophoresis and purification of gel products

To visualize the presence of PCR products, separation was carried out on a 1% Agarose Gel in TAE
buffer stained with Serva DNA stain G at 0.003% (v/v). Separation was performed at 120 V for 60 min
depending on the size of the product followed by immediate visualization of the PCR products using a
Gene Genius UV transilluminator (Syngene).

If needed for further downstream cloning procedures, PCR products purified using the GeneJET Gel

Extraction Kit (Thermo Fisher Scientific) adhering to the manufacturer's instructions. The concentration
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of the extracted PCR product was then determined and used for the different cloning systems used in

this study.

6.8.6 Isolation of RNA with on column dNASE digestion

To determine the transcript levels in PPC overexpression or ppck knockout lines, 50 mg of seedling or
tissue was collected in 2 ml Eppendorf tubes with glass beads and frozen in liquid nitrogen before
grinding into fine powder. Total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen) following
the manufacturer's protocol with on column genomic DNA digestion using RNase-Free DNase Set
(Qiagen). An endonuclease, dsDNase (Qiagen) showing high specific activity towards double-stranded
DNA was used for genomic DNA elimination. A total reaction volume of 80 pl consisting of 70 ul10x
dsDNase buffer and 10 pl dsDNase was added on to the column containing RNA and incubated at room
temperature for 15 minutes. The sample was then rinsed with a washing buffer containing absolute
ethanol before being eluted with nucleic acid free water. The concentration of RNA was determined
spectrophotometrically using Infinite® 200 NanoQuant (Tecan) device and the isolated RNA used for
cDNA synthesis as described below.

6.8.7 cDNA synthesis

1 pg dsDNase digested RNA was used to synthesize cDNA in a total reaction volume of 20 ul using
RevertAid Reverse Transcriptase (Thermo Fisher Scientific). A volume of dsDNase digested RNA
containing 1 pg RNA was adjusted to 12 pl with nucleic acid free water and mixed with 1 pl of 100 uM
oligodT18VN (5-TTTTTTTTTTTTTTTTTTVN-3) and 2 pl of 40 mM dNTPs (10 mM each). This was
then incubated at 65° C for 5 min followed by 2 min incubation on ice after which 4 pl of 5x Reaction

buffer (final concentration: 1x), 0.5 ul of 40 U/ pl RiboLock RNase Inhibitor (final concentration: 1
U/ul), and 0.5 pl of 200 U/ pl Reverse Transcriptase (final concentration: 5 U/ul) were added. The
mixture was then vortexed spun down and incubated at 42° C for 1 hour, followed by the termination

of the reaction by heating at 70° C for 15 min. The samples were stored at -20° C until further use.

6.6.8 Quantitative Real-Time-PCR (RT-gPCR)

A 10 pl reaction was used for all the RT-gPCR experiments using components listed in table 10. The
cDNA obtained above was diluted in a 1:10 ratio and of this dilution 3 pl were used as the template in
RT-gPCR assay. For relative quantification of transcripts in each sample, the constitutively expressed
PROTEIN PHOSPHATASE 2A (PP2A) gene was used as the reference gene in all RT-gPCR
experiments. The experiments were performed on a QuantStudio 5 Real-Time PCR System (Applied
Biosystems) using the PowerUp™ SYBR® Green Master Mix (Thermo Fisher Scientific). For the

negative control, dsDNase digested RNA preparations were used as control template. Gene specific
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primers for RT-gPCR were designed manually to generate PCR products sizes of 60-100bp. The quality
of the primers was checked through primer efficiency tests and only those primers with an efficiency of
100% were used. RT-qPCR primers used during this work are listed in Supplementary table 1.
Components for RT-gPCR are listed below.

Table 10: Components of RT-gPCR reaction

Components Final concentration Volume (10 pl/well)
PowerUp™ SYBR Green Master Mix(2x) 1x 5ul

Forward primer (10 uM) 0.4 uM 0.4ul

Reverse primer (10 puM) 0.4 uM 0.4ul

Template - 3.0pl (1:10 dilution)
Millipore water - 1.2 pl

6.9 Analysis of metabolites from plant tissues and exudates

6.9.1 Preparation of tissue extracts for targeted metabolite profiling

Three tissues per replicate weighing between 3-15 mg were ground using glass beads in a Tissue Lyser
I1 (QIAGEN) bead mill at 25 s for 60 s. The resulting powder was extracted by vigorous shaking for
20 min with 200 pl of 70 % (v/v) methanol containing 2 nmol L-norvaline as internal standard for
quantification of amino acids as well as 5 nmol each of [2,2,4,4-?H] citric acid, [2,3,3-2H] malic acid,
and [2,2,3,3-?H] succinic acid as internal standards for quantification of organic acids. After two
centrifugations at 10000xg for 10 min each, the resulting supernatant was stored at -80° C until further

processing.

6.9.2 Analysis of amino acids

Amino acids were analyzed as described by Ziegler et al., (2019). To record the calibration curve, the
standard stock solution containing 500 pmol of each amino acid was diluted. For derivatization, 50 pl
of 0.5 M sodium borate buffer pH 7.9 and 100 pl of a 3 mM Fmoc-Cl solution in acetone was added to
25 pl of samples. After 5 minutes of incubation, the reaction was extracted three times with 0.5 ml of
n-pentane and the organic phase discarded. After removing the organic phase in the last extraction step,
remaining organic acid was allowed to evaporate for 10 min. 500 pl of 5% (v/v) acetonitrile was added
to the aqueous phase before loading into the SPE resin. HR-X-resin (50mg/well) was distributed into the
96-well filtration plate. After this, the resin was conditioned by adding 1 ml of methanol followed by 1
ml of water. All the centrifugation steps to pass the liquid through the resin were performed in a JS5.3
swingout rotor in an Avanti J-26XP centrifuge (Beckman Coulter, Fullerton, CA, USA) at 250xg for 5
min. The resin was washed with 1 ml of water after loading the samples, followed by eluting with 1 ml
of methanol into a 96-deep well plate (Roth, Karlsruhe, Germany). After transferring the eluates to 2 ml
Eppendorf tubes, the solvent was evaporated in an Eppendorf Concentrator 5301 at 45° C (Eppendorf,
Hamburg, Germany) under vacuum until 150-200 pl of eluate was left in the tubes. After centrifugation
at 10000xg for 10 minutes, the samples were transferred to auto sampler vials for LC-MS/MS analysis.
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A Zorbax Eclipse Plus C18 Rapid Resolution HD column (50 x 2.1mm, particle size 8 um; Agilent,
Waldbronn, Germany) at 30° C was used to perform the separation using an Agilent 1900 Infinity series
HPLC system (Agilent Waldbronn, Germany). Eluents A and B were composed of 0.2 % acetic acid in
either water or acetonitrile respectively. The percentage of B was increased from 25% to 50% over the
first 6 min, further to 98% in 0.5 min, followed by an isocratic period of 0.5 min at 98% B. Within the
next 0.5 min, the starting conditions were restored, followed by column re-equilibration at 25% B for 5
min. The flow rate was set to 0.7 ml/min. The analytes were detected on-line by ESI-MS/MS using an
APl 3200 triple-quadrupole LC-MS/MS system equipped with an ESI Turbo lon Spray interface,
operated in the negative ion mode (AB Sciex, Darmstadt, Germany). The ion source parameters were
set as follows: curtain gas: 30 psi, ion spray voltage: -4500 V, ion source temperature: 350°C, nebulizing
and drying gas: 50 psi. Triple-quadrupole scans were acquired in the MRM mode with Q1 and Q3 set
at “‘unit’ resolution. Scheduled MRM was performed with a window of 90 s and a target scan time of

0.5s. The MRMs for each amino acid are used as mentioned in (Ziegler et al., 2019). The IntelliQuant
algorithm of the Analyst 1.6 software (AB Sciex, Darmstadt, Germany) was used to calculate the peak
areas automatically and adjusted manually if necessary. Microsoft Excel was used to perform

subsequent calculations.

6.9.3 Analysis of organic acids

OAs were analyzed as described by Ziegler et al., (2016). 20l of root or shoot extracts were evaporated
to dryness, methoxylated with 20 pl of 20 mg/ml of methoxyamine in pyridine for one hour at room
temperature, and silylated with 35 pl of Silyl 991 for one hour at room temperature. Gas
chromatography (GC)-MS/MS analysis was performed using an Agilent 7890 GC system equipped with
an Agilent 7000B triple quadrupole mass spectrometer operated in the positive chemical ionization mode
(reagent gas: methane, gas flow: 20%, ion source temperature: 230°C). One microliter was injected
[pulsed (25 psi) splitless injection, 220°C and separations were performed on a OPTIMA 5 column (10
mx0.25 mm, 0.25 um, Macherey-Nagel, Diren, Germany) using Helium as a carrier gas (2.39

ml/minute).

The initial temperature of 70° C was held for one minute, followed by increases at 9° C/minute to 150°
C and 30° C/minute to 300° C. The final temperature of 300° C was held for 5 minutes. The transfer
line was set to a temperature of 250° C, and N, and He were used as collision and quench gases,
respectively (1.5 and 2.25 ml/minute). Data were acquired by multiple reaction monitoring using
compound-specific parameters with Q1 and Q3 set to unit resolution. Peak areas were automatically
integrated using the Agile algorithm of the MassHunter Quantitative Analysis software (version

B.06.00) and manually adjusted if necessary. All subsequent calculations were performed with Excel,
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using the peak areas of the respective internal standards for quantification. MS parameters for MRM-

transitions are mentioned in Supplementary table 11.

6.9.4 Organic acid exudation experiments

Seedlings were grown aseptically on agar plates as described in section 6.3.3. Root exudates were
collected after 3 days of transfer of seedlings to sufficient (wPi) or insufficient (woPi) conditions. For
each genotype, four technical replicates were measured in each treatment. Three seedlings for each
biological replicate were carefully lifted with forceps from agar plates and washed with deionized water
for 3-5 seconds. The seedlings were then incubated in 300 ul of deionized water which was filled in
each well of 96 well microplate (Greiner Bio-one, Kremsminster, Germany) ensuring only the roots
were dipped in water. After 2 hours of incubation seedlings were harvested by separating roots from
shoots and fresh root weights recorded. Exudates from each well were then collected into a 2 ml
Eppendorf tube and frozen in liquid nitrogen and stored at -80° C until further processing. For exudate
measurements, 150 pl of root exudate was mixed with 100 pmol each of [2,2,4,4-2H] citric acid, [2,3,3-
2H] malic acid, and [2,2,3,3-?H] succinic acid as internal standards and the samples evaporated to
dryness. The subsequent steps of derivatization and Gas chromatography (GC)-MS/MS analysis were
performed as described before in section 6.9.3.

6.10 Confocal Laser microscopy

Imaging for confocal microscopy was performed with a Zeiss LSM 900 inverted microscope using 20x
water immersion objective. The excitation wavelength for Green Fluorescent Protein (GFP) was 488
nm, and emission was detected between 493 and 550 nm. For propidium iodide, excitation wavelength
used was 561nm and emission was detected between 578 and 651nm. Zen Software (Zeiss, Jena,
Germany) was used to operate the microscope while image processing was performed using the same
software and Microsoft PowerPoint. The images shown are representative of one out of three biological
experiments. In each biological experiment, at least 6 individual plants for every genotype and condition

were imaged.

6.11 Root elongation assay

Seeds were sown on modified ATS medium and stratified for 2 days at 4° C in the dark and the plates
placed vertically in a growth chamber at 22° C under illumination for 16 hours daily (170 pmol s* m?;
Osram LumiluxDeLuxe Cool Daylight L58W/965, Osram, Augsberg, Germany). After six days of
growth, seedlings were transferred to fresh plates containing either 2.5 mM KH2PO. (wPi) or 0 pM
KH2PO4 (woPi) and allowed to grow for additional five days before the images of seedlings growing on
the plates were taken. Images were taken using a Nikon camera and primary root elongation was
analysed with the ImageJ software (Schneider et al., 2012) with the NeuronJ plugin (Meijering et al.,
2004).
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6.12 Statistical analysis and data visualization

Three biological replicates were performed, and, in each analyte, data was normalized to wild type
values. Significance analyses were performed by Student’s t-test (two-tailed, equal variances) in
GraphPad Prism version 5.04. Bar graphs and students t-test (two-tailed, equal variances) were done
using GraphPad Prism version 5.04 while generation of heat maps for amino acids visualization and
two-way ANOVA analysis were done using the MultiExperiment Viewer (MEV) software (Saeed et
al., 2003).
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8.0 APPENDIX

A ProPPC1::NLS-GFP B ProPPC2::NLS-GFP

GFP Bright field Merge GFP Bright field Merge

C ProPPC3::NLS-GFP
GFP Bright field Merge

woPi

Supplementary figure 1: Cell-specific expression domains of PPCs in shoots of Arabidopsis.

Expression of GFP fused to NLS and plant type PPCs native promoters of A-PPC1, B-PPC2 and C-PPC3.
Representative images for shoots were captured in GFP channel (Left), bright field (Centre) and merged (Right).
Seedlings were grown for six days on sufficient Pi before transfer to either sufficient or insufficient Pi for

additional five days before imaging. Scale bars represent 20um.
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Supplementary figure 2: PPC transcript analysis in wild type and overexpression lines.

A-PPC1, B-PPC2 and C-PPC3 transcript levels in PPC overexpression. Seedlings were grown for six days on
sufficient Pi before harvest and PP2A was used as the reference gene. Error bars denote = SE (n=3). Significance
test was by Student’s t-test (two tailed, equal variances), p<0.05 compared to wild type (Col-0) wPi.

Shoots

A wPi B woPI1
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Supplementary figure 3: Detection of total PPCs in PPC overexpression lines by immunoblot

analysis.

PPC quantification in A-Shoots grown in Pi sufficient conditions and B-Shoots grown in Pi deficient conditions.
Seedlings were grown for six days on sufficient Pi before transfer to sufficient or insufficient Pi for an additional
five days before harvest. 30ug of total protein extract was loaded on to the SDS-PAGE gel and probed with anti-
PPC or anti-Actin antibody. Actin was used as a loading control.
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Supplementary figure 4: Shoot and root PPC levels in wild type and overexpression lines.

A-PPC1 levels in shoots, B-PPC1 levels in roots, C-PPC2 leve in shoots, D-PPC2 levels in roots, E-PPC3 levels

in shoots and F-PPC3 levels in roots of wild type and PPC overexpression. Seedlings were grown for six days on

sufficient Pi before transfer to sufficient or insufficient Pi for additional five days after which they were harvested.

30pg of total shoot protein was loaded on to SDS-PAGE gel and later bands corresponding to PPC and actin for

each sample excised and processed. Data was collected from one biological replicate.

ppck2 line 1.3

| LY ‘W \\ “ [!;"_ﬂ'\”\\“\“\”\r\w”‘ I AAMAAAAAAAA

. _Deletion of 381 bp

;JJCG“TTTTCT CACAGG TuCTCTlCGTAAGTCATCTTTTTTTTCTCGATTTTTTTTTTTTTT

ppck2 line 2.9

Deletion of 436 bp

ATTTTCTCCAGAGGAT GCTCTTCG TMGTCATCTTTTTTTTCTCCATTTTTTTTTTTTTTTT

ppck2 line 4.8

Y HHIW'W \JW“M Deletion of 377 bp.

TCCGCGATTTTCT uCAGklGATCCTCTTCGTMGTCATCTTTHTTTCTCGATTTTTTHHTTTTT

CTACGAAACAGAGG k1 r+T]GCGAT CGT ¢y 160 AATTAGTCG ATcCGCC3

Supplementary figure 5: Sequencing chromatograms showing deletions in the PPCK2 gene.

Using a two guide RNA approach, three independent lines were selected through genotyping and the deletions

confirmed by sequencing at Eurofins.
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Supplementary figure 6: PPCK transcript levels in whole seedlings of wild type, ppck mutants and

ppckl-4 complementation lines.

A-PPCK1 transcript levels and B-PPCK2 transcript levels. Seedlings were grown for six days on sufficient Pi

before transfer to either sufficient or insufficient Pi for an additional five days after which they were harvested.

Error bars denote £SE (n=3). Significance analyses were performed by Student’s t-test (two tailed, equal

variances).

*p<0.05, op<0.05 and ep<0.05 compared to wPi, Col-0 wPi and Col-0 woPi, respectively.

Supplementary table 1: List of primers used for RT gPCR analysis

Template Locus Primer 5'—3' sequence
PPCLFP CCATGTGACTCTGCGACCACAC
FPL AtIG53310 551 Rp CCAGCAGCAATACCCTTCATCG
PPC2-FP GTCCGGCCACATCTCTCTAAGG
PPC2 A2GA2600 555 Rp GCATACCAGCAGCGATACCCTT
PPC3 AGGI4940  PPC3-FP GCAATCAAGCAAATCAGCACA
PPC3-RP AGATAAGTGTGTCCTCAAGTCC
PPCK1 AtIG08650  PPCKI-FP GCTTATCATCTCTCTCGGTGGT
PPCKI-RP TTACATGCCCGACACTCCTC
PPCK?2 A3G04530  PPCK2-FP CTAGCTGGAGAACCGCCGTTTAAC
PPCK2-RP CTAGCTGGAGAACCGCCGTTTAAC
PP2A-FP AGCCAACTAGGACGGATCTGGT
PP2A ATIGI3320 oA Rp GCTATCCGAACTTCTGCCTCATTA

FP and RP denote forward and reverse primer, respectively
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Supplementary table 2: Primers used for amplification of Arabidopsis plant type PPC promoters.

Promoter (i';)e Primer 5'—3' sequence
PPCIFP  AAGGTCTCAGCGGAACTTGAGCCGGTTCGATGTC
PPC1 27190 ~BBECI-RP  AAGGTCTCACAGATTTTTCACCTGCTTCGCTCTG
opcorpy  AAGAAGACAATACGGGTCTCAGCGGATATATTCCCACTAG
PPC2 1139 CCACCAC
PPCIRPI  AAGAAGACAACGGTTTCTTATCATATAGTTTTTITCT
o5 _PPC2-FP2_ AAGAAGACAAACCGTAATAGACGTGGTACGTTT
PPC2RP2  AAGAAGACAAAAAACGATGGAAAGAGAAGCGAC
PPC2FP3  AAGAAGACAATTTTCCTCGTGAACGAAACTTCT
353 pocomps  AAGAAGACAACAGAGGTCTCACAGAGGTTTGGTTGATGCT
TTTTCCTC
opearp,  AAGAAGACAATACGGGTCTCAGCGGCCGCGTTATTGCGGT
PPC3 561 AACC
PPC3RP1I  AAGAAGACAATGCCGTCCTCTTAATTTGAATTTTA
PPC3FP2  AAGAAGACAAGGCATGATTTGTTAAAACCATAAAG
1872 s npy  AAGAAGACAACAGAGGTCTCACAGATATCGCCGATCAATC

AAATCTTC

FP and RP denote forward and reverse primer, respectively.

Supplementary table 3: Restriction enzymes used to confirm PPC promoter positive clones

PPC promoter level 0 clones

PPC1-promoter Hind 111 1797, 3459
PPC2-promoter BsaBIl and BstXI 928, 1656, 2304
PPC3-promoter Hind 111 2125, 2721

PPC promoter level | clones

PPC1-promoter Xhol 3668, 9713
PPC2-promoter Xhol 3668, 9573
PPC3-promoter HindllI 2125, 2725

PPC promoter level 11 clones

PPC1-promoter BbSI and Ncol 1830, 2055,2843, 6661
PPC2-promoter BbSI and Ncol 1830, 2055,2703, 6661
PPC3-promoter BbSI and Ncol 1830, 2055,2479, 6661

PPC promoter level 111 clones

LIlI- PPC1-promoter Xhol and HindllI 1824, 3668, 9573
LIlI- PPC2-promoter Xhol and Hindlll 195, 746, 3668, 10320
LIlI- PPC3-promoter Xhol and HindllI 2200, 3668, 8833
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Supplementary table 4: List of sequencing primers used for confirmation of positive clones for

PPC promoters.

Target Primer 5'— 3" sequence
PPC1 promoter LI M13uni -21 TGTAAAACGACGGCCAGT
M13RP-29 CAGGAAACAGCTATGACC
PPC2 promoter LI M13uni -21 TGTAAAACGACGGCCAGT
M13RP-29 CAGGAAACAGCTATGACC
PPC3 promoter LI M13uni -21 TGTAAAACGACGGCCAGT
M13RP-29 CAGGAAACAGCTATGACC
PPC1 promoter L Il and I Primer-LB ACGAGTCGGAATCGCAGAC
Primer-RB CGGATAAACCTTTTCACGC
PPC2 promoter LII and 111 Primer-LB ACGAGTCGGAATCGCAGAC
Primer-RB CGGATAAACCTTTTCACGC
PPC3 promoter L Il and I Primer-LB ACGAGTCGGAATCGCAGAC
Primer-RB CGGATAAACCTTTTCACGC
mCherry MCherry-FP  CCTTTGATTCAGTGGGAAC
mCherry-RP  CTCTCTCTATTTTTCTCCAG
GFP & Hygromycin segment HygGfp-FP GAGAGCTGCATCAGGTCG
HygGfp-RP CAAGAAGGGAGGTGGAGG

Products were sent to Eurofins for sequencing. FP and RP denote forward and reverse primers while
LB and RB denote left and right border primers, respectively.

Supplementary table 5: Primers used for amplification of open reading frames of PPCs for

Directional TOPO cloning.

Target Size (bp)  Primer 5'—3' sequence

PPCLCDSISTOP 2904 ~poc  op TP ARCCGGTOITTTGTAGACCAGE
PPCLCDSSTOP 2901 —ocy o ACCGGTGTTITGTAGACCAGE
PPC2CDSISTOP 2892 —ocs o FTAACCGGTETTTIGEATAC
PPC2CDSSTOP 2889 ~pCy o ACCGGTGTTITOOATAE
PPCICDSISTOP 2907 e oo FrRACCGGTTHTGCARTOCTG
PPCIODSSTOP 2904 s 5 ACCOGTGTTTTGCAATCOTG

FP and RP denote forward and reverse primers respectively.
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Supplementary table 6: List of restriction enzymes used to confirm positive entry and destination
clones for PPC overexpression lines.

Cloning cassette Restriction enzymes  Product size (bp)
PPC overexpression entry clones
PENTR-PPC1-CDS+STOP Sacll and Xhol 1535, 3949
PENTR-PPC2-CDS+STOP Apal and BstXI 674, 4798
PENTR-PPC3-CDS+STOP Apal and BsaB1 993, 4494
PPC overexpression destination clones
PEXP-pB7WG2-PPC1-CDS+STOP Apal and BstXI 590, 12319
PEXP-pB7WG2-PPC2-CDS+STOP Apal and BstXI 2636, 9544
PEXP-pB7WG2-PPC3-CDS+STOP Apal and Bcul 3252, 8943

Supplementary table 7: Primers used for sequencing of PPC overexpression entry clones

Target Primer 5'— 3' sequence

PPC1 CDS M13 FP -20 GTAAAACGACGGCCAG
M13 RP CAGGAAACAGCTATGAC

PPC2 CDS M13 FP -20 GTAAAACGACGGCCAG
M13 RP CAGGAAACAGCTATGAC

PPC3 CDS M13 FP -20 GTAAAACGACGGCCAG
M13 RP CAGGAAACAGCTATGAC

FP and RP denote forward and reverse primers respectively.

Supplementary table 8: Restriction enzymes used in confirmation of ppck2 CRISPR/Cas 9 mutant
positive clones

Cloning cassette Restriction enzymes  Product size (bp)
ppck2 CRISPR/Cas 9 knockout entry clone
pDGE332 Bsal 229, 2736
-DGE334 Bsal 212, 2736
ppck2 CRISPR/Cas 9 knockout destination clone
pDGE347 Ncol and Hindlll 475, 1060, 7625, 9507

Supplementary table 9: List of primers used to genotype and sequence positive clones for ppck2
CRISPR/Cas 9 and ppcklppck2 mutants.

Target Primer 5'— 3' sequence Purpose

PPCK1 LBb1.3 ATTTTGCCGATTTCGGAAC Genotyping PPCK1
PPCK1-RP  TCCTTTTACTCACCCCACATG

PPCK2 PPCK2-FP  CGCCGCATCCGAATATCATC Genotyping and

PPCK2-RP  CACCATTACAAATTGATGAGCAAACTC sequencing PPCK2

FP and RP denote forward and reverse primers, respectively
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Supplementary table 10: List of primers used for colony PCR in Agrobacterium.

Expression cassette Primers 5'— 3' sequence
pUB-N-GFP-PPC1-CDS+STOP FP-PPC1-CDS CACCATGGCGAATCGGAAGTTAGAG
RP-PPC1-CDS+S TTAACCGGTGTTTTGTAGACCAGC
pUB-C-GFP-PPC1-CDS-STOP FP-PPC1-CDS CACCATGGCGAATCGGAAGTTAGAG
RP-PPC1-CDS-S ACCGGTGTTTTGTAGACCAGC
pUB-Dest-PPC1-CDS+STOP FP-PPC1-CDS CACCATGGCGAATCGGAAGTTAGAG
RP-PPC1-CDS+S TTAACCGGTGTTTTGTAGACCAGC
pUB-N-GFP-PPC2-CDS+STOP FP-PPC2-CDS CACCATGGCTGCGAGAAATTTGG
RP-PPC2-CDS+S TTAACCGGTGTTTTGCATAC
pUB-C-GFP-PPC2-CDS-STOP FP-PPC2-CDS CACCATGGCTGCGAGAAATTTGG
RP-PPC2-CDS-S ACCGGTGTTTTGCATAC
pUB-Dest-PPC2-CDS+STOP FP-PPC2-CDS TTAACCGGTGTTTTGTAGACCAGC
RP-PPC2-CDS+S CACCATGGCTGCGAGAAATTTGG
pUB-Dest-PPC3-CDS+STOP FP-PPC3-CDS CACCATGGCGGGTCGGAACATA
RP-PPC3-CDS+S TTAACCGGTGTTTTGCAATCCTG
pUB-C-GFP-PPC3-CDS-STOP FP-PPC3-CDS CACCATGGCGGGTCGGAACATA
RP-PPC3-CDS-S ACCGGTGTTTTGCAATCCTG
pUB-Dest-PPC3-CDS+STOP FP-PPC3-CDS CACCATGGCGGGTCGGAACATA
RP-PPC3-CDS+S TTAACCGGTGTTTTGCAATCCTG
pB7FWGF2-PPC1-CDS+STOP FP-PPC1-CDS CACCATGGCGAATCGGAAGTTAGAG
RP-PPC1-CDS+S TTAACCGGTGTTTTGTAGACCAGC
pB7FWG2-PPC1-CDS-STOP FP-PPC1-CDS CACCATGGCGAATCGGAAGTTAGAG
RP-PPC1-CDS-S ACCGGTGTTTTGTAGACCAGC
pB7WG2-PPC1-CDS-STOP FP-PPC1-CDS CACCATGGCGAATCGGAAGTTAGAG
RP-PPC1-CDS+S TTAACCGGTGTTTTGTAGACCAGC
pB7FWGF2-PPC2-CDS+STOP FP-PPC2-CDS CACCATGGCTGCGAGAAATTTGG
RP-PPC2-CDS+S TTAACCGGTGTTTTGCATAC
-pB7FWG2-PPC2-CDS-STOP FP-PPC2-CDS CACCATGGCTGCGAGAAATTTGG
RP-PPC2-CDS-S ACCGGTGTTTTGCATAC
pB7WG2-PPC2-CDS-STOP FP-PPC2-CDS TTAACCGGTGTTTTGTAGACCAGC
RP-PPC2-CDS+S CACCATGGCTGCGAGAAATTTGG
pB7FWGF2-PPC3-CDS+STOP FP-PPC3-CDS CACCATGGCGGGTCGGAACATA
RP-PPC3-CDS+S TTAACCGGTGTTTTGCAATCCTG
pB7FWG2-PPC3-CDS-STOP FP-PPC3-CDS CACCATGGCGGGTCGGAACATA
RP-PPC3-CDS-S ACCGGTGTTTTGCAATCCTG
pB7WG2-PP3-CDS-STOP FP-PPC3-CDS CACCATGGCGGGTCGGAACATA
RP-PPC3-CDS+S TTAACCGGTGTTTTGCAATCCTG
pLIII$ BB52-pPPC1+STOP FP-pPPC1 CTTGAGCCGGTTCGATGTC
RP-pPPC1 TTTCACCTGCTTCGCTCTG
pLIIIS BB52-pPPC2+STOP FP-pPPC2 ATATTCCCACTAGCCACCAC
RP-pPPC2 TTTGGTTGATGCTTTTTCCTC
pLIIIS BB52-pPPC3+STOP FP-pPPC3 CGCGTTATTGCGGTAACC
RP-pPPC3 ATCGCCGATCAATCAAATCTTC

FP and RP denote forward and reverse primer respectively
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Supplementary table 11: Mass spectrophotometry (MS) parameters for MRM-transitions of
organic acids.

Organic acid MRM Retention  Segment lonization Collision
transitions time (min) energy, eV energy, eV
Succinate-D4 267—177 5.01 5
267—251 5
Succinate 263—173 5.05 1 -135 5
263—247 5
Fumarate 261—245 5.50 5
261—171 10
Malate 351—233 7.55 5
351—189 2 -135 15
Malate-D3 354—236 7.53 5
351—-192 15
a-ketoglutarate 320—244 8.65 5
320—230 3 -135 10
Aconitate 391211 10.55 5
391—-301 15
Citrate-D4 485—276 11.03 5
485—367 15
Citrate 481—273 11.04 4 -135 5
481—363 15

MRM denotes multiple reaction monitoring
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Supplementary table 12: Comparison of metabolite in shoots of PPC overexpression lines compared to wild type on sufficient Pi.

Seedlings were germinated for 6 days on sufficient media before transfer to sufficient or insufficient media for an additional five days before harvest.
Significance analyses were performed by Student’s t-test (two-tailed, equal variances). Number in bold indicates significant difference between the
overexpression lines and wild type with p<0.05, n=12. Dark and light grey cells highlight metabolites that were increased and decreased in the overexpression
lines compared to wild type.

Shoot metabolites measurements in PPC overexpression lines grown on Pi sufficient conditions

35S::PPC13.6 | 35S::PPC14.10 | 35S::PPC18.10 35S::PPC21.8 35S::PPC24.9 35S::PPC35.11 | 35S::PPC38.12 | 35S::PPC39.12
Metabolite Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test
Alanine 121 0074 118 0221 118 0228 [SON o011 109 0429 106  0.637 108 0570 105  0.685
Cysteine 0.78 0.156 0.74 0.087 0.71 0.051 0.98 0.924 0.68 0.080 0.68 0.061 0.68 0.055 0.66 0.021
Aspartate 2200 o0.019 @200 0.031 0.018 1.47 0.111 1.06 0.729 1.15 0.399 0.029 0.99 0.959
Glutamate 0.97 0.738 0.95 0.569 1.03 0.817 141 0.076 1.05 0.755 0.97 0.839 0.97 0.768 0.84 0.308
Phenylalanine 1.20 0.055 1.22 0.080 1.18 0.100 1.15 0.226 1.15 0316 [S7A 0021 0.019 0.003
Glycine 1.37 0.151 1.62 0.062 1.30 0.204 1.07 0.672 0.96 0.836 1.15 0.490 0.99 0.942 0.94 0.711
Histidine 0.025 0.038 0.009 0.002 0.005 0.023 5.6e5 0.001
Isoleucine 1.24 0.057 1.21 0.116 1.25 0.056 0.007 0.038 0.011 0.024 0.012
Lysine 0.001 0.006 3.0e4 0.011 0.007 0.020 0.001 3.2e5
Leucine 1.35 0.068 140 0.067 0.012 0.009 0.033 0.012 0.029 1.4e4
Methionine 0.029 1.56 0.152 0.263 0.777 . 0.150 0.457 0.094 1.18 0.665
Asparagine 1.14 0.290 1.33 0.096 1.32 0.061 0.004 1.27 0.060 0.013 0.012 1.30 0.065
Proline 1.19 0.157 1.07 0.602 111 0.389 0.022 1.28 0.129 0.725 0.870 1.08 0.668
Glutamine 1.17 0.133 1.05 0.663 1.18 0.295 0.002 1.20 0.092 1.07 0.616 0.97 0.826 0.99 0.940
Arginine 1.12 0.482 1.50 0.067 0.021 0.179 1.32 0.114 0.001 3.4e4 0.004
Serine 0.92 0.522 1.35 0.122 0.434 0.321 0.50 1.6e7 0.011 0.053 0.61 1.9e6
Threonine 1.14 0.222 1.09 0.445 1.15 0.278 0.003 1.13 0.199 . 0.333 . 0.547 1.06 0.619
Valine 28y 0044 1.26 0.073 1.27 0.056 0.003 1.22 0.063 1.27 0.074 1.29 0.075 0.043
Tryptophan 1.23 0.064 1.20 0.136 114 0.184 0.070 1.08 0.496 1.28 0.081 1.26 0.059 0.044
Tyrosine 1.50 0.001 |[JISEN 0.029 1.62 0.061 0.066 0.020 0.004 2298 0012 0.003
Ornithine 1.09 0.395 1.24 0.058 1.09 0.347 0.015 0.046 0.510 1.03 0.817 1.07 0.440
Citrulline 1.07 0.583 115 0.282 0.97 0.826 0.316 0.292 0.94 0.689 0.84 0.200 0.81 0.178
Taurin 1.09 0.311 1.16 0.209 1.06 0.490 0.003 0.009 1.06 0.613 0.97 0.786 1.04 0.693
O-acetylserine 131 0.066 0.221 0.025 0.121 0.877 1.10 0.554 1.17 0.452 1.26 0.247
Fumarate 0.89 0.243 0.020 0.284 0.001 0.132 0.66 4.3e4 0.64 0.002 0.61 2.7e4
Aconitate 0.071 0.026 0.047 0.484 0.405 1.19 0.179 _ 0.022 1.02 0.866
a-ketoglutarate 0.135 0.848 0.241 0.030 0.144 0.88 0.439 0.85 0.300 0.86 0.316
Succinate 3.8e4 0.006 0.003 0.277 0.577 1.03 0.740 1.04 0.642 1.10 0.194
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Supplementary table 13: Comparison of metabolite in shoots of PPC overexpression lines compared to wild type upon Pi starvation.

Seedlings were germinated for 6 days on sufficient media before transfer to insufficient media for an additional five days before harvest. Significance analyses

were performed by Student’s t-test (two-tailed, equal variances). Number in bold indicates significant difference between the overexpression lines and wild type

with p<0.05, n=12. Dark and light grey cells highlight metabolites that were increased and decreased in the overexpression lines compared to wild type.
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Shoot metabolites measurements in PPC overexpression lines grown on Pi insufficient condition

35S::PPC13.6 | 35S::PPC14.10 | 35S::PPC18.10 | 35S::PPC2138 35S::PPC24.9 | 35S::PPC35.11 | 35S::PPC38.12 | 35S::PPC39.12
Metabolite Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test
Alanine 108 0.759 135  0.293 119  0.469 119 0432 104  0.886 147 0221 110  0.716 109  0.730
Cysteine 100 0990 101 0919 116  0.337 121 0.268 091 0576 099  0.960 101 0941 093  0.709
Aspartate 100 0994 094 0785 107 0752 116 0512 105 0812 099  0.949 095 0813 097 0905
Glutamate 094 0499 096  0.687 105  0.638 115  0.059 110  0.273 093 0472 088  0.147 090  0.323
Phenylalanine 118  0.49 109 0729 126 0.355 121 0441 115  0.600 116 0552 100  0.989 121 0.466
Glycine 0.88  0.667 114 0.683 103 0916 0.82  0.492 078  0.366 091  0.767 093 0831 074 0318
Histidine 117 0583 110  0.725 118 0528 144 0219 111 0.693 124 0475 086  0.553 131 0326
Isoleucine 122 0432 120  0.442 135 0205 148 0124 116 0537 147 0107 110  0.644 126  0.346
Lysine 111 0379 107 0459 112 0155 0.005 107 0.487 107 0525 079  0.023 09 0714
Leucine 122 0525 124 0478 135 0291 137 0254 119 0503 136 0294 112 0639 129 0352
Methionine 082 0672 124 0667 083 0747 122 0681 045  0.129 113 0811 032 0042 053  0.180
Asparagine 101 0.959 110 0735 114 0603 113 0617 103 0913 121 0.486 094 0767 107  0.800
Proline 152 0.154 138 0215 0.043 0.046 147 0132 [I8A 0014 156  0.082 |24 0.006
Glutamine 103 0902 096  0.889 110  0.673 118 0442 109  0.710 103 0915 078  0.249 096  0.859
Arginine 150  0.230 133 0375 154 0182 160  0.129 132 0325 161 0123 108 0711 148 0210
Serine 102 0.930 132 0274 120 0497 117 0508 078 0313 116 0548 097  0.900 096  0.855
Threonine 106  0.763 100 0983 118 0413 112 0.564 100  0.983 113 0533 097 0876 110 0638
Valine 118 0.499 121 0.407 125 0332 146 0.106 118  0.465 135  0.199 109 0681 122 0.405
Tryptophan 127  0.39% 133 0301 134 0264 135 0231 111 0698 154  0.089 113 0641 126 0389
Y-Tyrosine 141 0.298 159  0.167 158  0.167 176  0.097 129 0441 157  0.184 117 0625 129  0.446
Ornithine 098  0.884 093  0.498 086  0.330 128  0.061 094  0.655 085  0.229 057  0.001 068  0.008
Citrulline 104  0.868 103 0910 109  0.719 125 0312 094  0.740 113 0.661 071  0.106 106 0814
Taurin 090 0435 0.88  0.356 086  0.285 119 0322 094 0637 075  0.086 067  0.018 076 0071
O-acetylserine 105 0662 113 0.404 117 0.369 105  0.606 111 0418 118  0.289 105  0.751 116 0.336
Fumarate 104 0735 070 0018 094 0589 0.024 0.008 0.026 078  0.106 082  0.151
Aconitate 0.011 1.5e4 0.003 098  0.902 094 0720 0.003 122 0.200 115  0.403
a-ketoglutarate 0.028 0.037 0.048 0.001 0.004 090  0.496 080 0201 087 0504
Succinate 4.0e4 0.001 0.001 101 0.901 111 0.403 146 2.9¢4 |2  0.005 GO  1.4e5 |




Supplementary table 14: Comparison of metabolite in roots of PPC overexpression lines compared to wild type grown on sufficient Pi condition.

Seedlings were germinated for 6 days on sufficient media before transfer to insufficient media for an additional five days before harvest. Significance analyses
were performed by Student’s t-test (two-tailed, equal variances). Number in bold indicates significant difference between the overexpression lines and wild

type with p<0.05, n=12. Dark and light grey cells highlight metabolites that were increased and decreased in the overexpression lines compared to wild type.

Root metabolites measurements in PPC overexpression lines grown on sufficient Pi condition

35S::PPC13.6 | 35S::PPC14.10 | 35S::PPC18.10 | 35S::PPC21.8 | 35S::PPC24.9 | 35S::PPC35.11 | 35S::PPC38.12 | 35S::PPC39.12
Metabolite Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test
Alanine 111 0.286 0.045 121 0.055 0.038 117 0.155 0.024 1.08 0.515
Cysteine 1.22 0.089 0.748 1.21 0.063 0.001 1.07 0.558 0.495 1.29 0.073
Aspartate 0.008 2.7¢4 [E6EY  0.001 2.1e4 121 0115 0.014 134 0.065
Glutamate 0.068 0.522 0.88 0.325 0.003 0.88 0.307 0.987 0.90 0.420
Phenylalanine 0.031 0.068 131 0.055 0.001 1.14 0.314 0.039 0.011
Glycine 0.995 0.766 0.91 0.472 0.011 0.84 0.145 0.651 1.17 0.250
Histidine 0.088 0.007 1.12 0.180 5.2e7 1.19 0.163 0.023 0.035
Isoleucine 0.023 0.009 0.035 1.4e5 0.040 0.008 1.26 0.077
Lysine 0.056 4.8e4 0.008 1.8e5 0.020 2.6e4 0.003
Leucine 0.010 0.066 0.013 1.4e5 1.26 0.083 0.008 0.008
Methionine 0.072 0.005 0.051 0.083 0.014 0.023 0.034
Asparagine 0.023 0.148 0.088 1.4e5 0.184 0.056 1.25 0.142
Proline 0.006 0.245 0.091 7.8e5 1.03 0.839 0.189 1.04 0.786
Glutamine 0.053 0.732 0.117 1.2¢6 118 0172 0028 I 0.040
Arginine 0.004 0.002 0.002 4.2e6 0.010 0.002 135 0.054
Serine 0.051 0.002 0.073 0.011 0.137 0.010 112 0.353
Threonine 0.024 0.209 0.008 1.7e7 1.15 0.217 0.014 1.19 0.179
Valine 0.040 0.022 0.010 0.001 0.017 0.004 0.003
Tryptophan 0.029 0.017 0.088 0.029 0.476 0.428 1.07 0.729
Tyrosine 1.27 0.130 0.024 0.014 8.0e6 113 0.218 0.042 0.047
Ornithine 0.87 0.426 0.204 0.606 0.045 1.08 0.604 0.211 1.05 0.718
Citrulline 113 0.399 111 0.324 . 0.369 0.037 1.02 0.866 113 0.414 1.55 0.094
Taurin 115 0.245 0.008 116 0.879 0.047 117 0.324 1.26 0.122 117 0.351
O-acetylserine 1.26 0.060 . 0.084 1.23 0.338 0.108 1.13 0.416 1.37 0.085 1.08 0.591
Fumarate 1.00 0.981 112 0.438 0.98 0.879 0.250 0.60 0.001 0.68 0.017 0.55 0.001
Aconitate 112 0.194 1.03 0.731 1.20 0.065 0.001 0.94 0.653 1.28 0.111 1.18 0.244
a-ketoglutarate 1.20 0.179 1.08 0.553 112 0.414 0.106 0.76 0.066 0.71 0.090 0.78 0.119
Succinate 0.001 0.001 0.027 0.015 0.97 0.708 1.03 0.862 0.92 0.613
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Supplementary table 15: Comparison of metabolite in roots of PPC overexpression lines compared to wild type upon Pi starvation.

Seedlings were germinated for 6 days on sufficient media before transfer to insufficient media for an additional five days before harvest. Significance analyses
were performed by Student’s t-test (two-tailed, equal variances). Number in bold indicates significant difference between the overexpression lines and wild

type with p<0.05, n=12. Dark and light grey cells highlight metabolites that were increased and decreased in the overexpression lines compared to wild type.

Root metabolites measurements in PPC overexpression lines grown on Pi insufficient condition

35S::PPC1 3.6 35S::PPC14.10 | 35S::PPC18.10 | 35S::PPC21.38 35S::PPC24.9 35S::PPC35.11 | 35S::PPC38.12 | 35S::PPC39.12
Metabolite Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test
Alanine 0.81 0.527 0.94 0.862 0.930 0.825 0.95 0.863 0.89 0.712 0.90 0.758 0.95 0.870 1.00 0.996
Cysteine 0.98 0.956 0.95 0.861 1.101 0.714 1.11 0.717 1.20 0.538 0.98 0.945 0.96 0.871 1.15 0.648
Aspartate 0.68 0.522 0.54 0.325 0.804 0.707 0.78 0.658 0.76 0.629 0.58 0.375 0.47 0.247 051 0.288
Glutamate 0.59 0.385 0.53 0.319 0.718 0.574 0.80 0.697 0.81 0.719 0.59 0.387 0.46 0.240 051 0.301
Phenylalanine 0.75 0.503 0.78 0.545 0.803 0.608 0.86 0.714 0.78 0.544 0.74 0471 0.77 0.540 0.82 0.612
Glycine 053 0.138 052 0.127 0.602 0.227 0.62 0.236 0.64 0.270 0.48 0.096 0.49 0.100 053 0.130
Histidine 0.96 0.893 0.97 0.933 1.138 0.684 1.23 0.522 1.43 0.272 1.01 0.972 1.00 0.997 1.22 0.541
Isoleucine 1.07 0.865 1.16 0.710 1.270 0.526 1.38 0.39%4 1.43 0.347 1.45 0.335 154 0.235 159 0.214
Lysine 1.28 0.489 1.34 0.433 1.418 0.309 1.59 0.187 1.80 0.113 1.41 0.339 1.46 0.281 1.66 0.162
Leucine 0.97 0.931 0.99 0.978 0.970 0.922 1.12 0.722 1.23 0.513 1.07 0.838 1.01 0.968 1.16 0.640
Methionine 1.40 0.307 1.18 0.643 1.024 0.952 0.85 0.666 1.13 0.759 0.80 0.594 1.33 0.540 1.15 0.729
Asparagine 1.01 0.987 0.97 0.928 1.069 0.844 1.14 0.697 1.34 0.393 0.98 0.956 1.07 0.838 1.18 0.614
Proline 1.18 0.643 1.09 0.797 1.406 0.364 1.29 0.456 152 0.266 1.41 0.373 121 0.596 171 0.177
Glutamine 0.94 0.846 0.93 0.817 1.053 0.871 1.18 0.598 1.34 0.360 0.98 0.945 1.08 0.815 1.11 0.751
Arginine 1.20 0.595 1.26 0.494 1.231 0.532 1.30 0.436 1.46 0.294 124 0.575 1.22 0.571 133 0.452
Serine 0.93 0.839 1.02 0.964 1.028 0.933 1.08 0.829 1.09 0.796 0.97 0.940 1.00 0.992 1.13 0.720
Threonine 0.95 0.876 0.85 0.628 1.001 0.997 0.96 0.896 1.11 0.743 0.94 0.838 0.97 0.919 1.03 0.931
Valine 0.93 0.825 0.97 0.917 0.987 0.969 1.06 0.857 1.15 0.658 1.06 0.854 1.04 0.913 1.19 0.579
Tryptophan 0.82 0.577 0.91 0.788 0.961 0.907 0.95 0.880 0.88 0.718 1.04 0.924 1.02 0.956 1.06 0.874
Y-Tyrosine 0.76 0.093 0.88 0.477 1.176 0.492 1.12 0.581 0.94 0.703 0.91 0.595 1.06 0.763 1.03 0.879
Ornithine 0.77 0.562 0.86 0.728 1.122 0.789 1.07 0.875 1.15 0.727 0.79 0.591 0.82 0.653 0.92 0.856
Citrulline 0.55 0.318 0.47 0.223 0.671 0.484 0.73 0.571 0.61 0.389 0.60 0.384 0.53 0.283 0.65 0.450
Taurin 0.59 0.206 0.66 0.287 0.770 0.509 0.81 0.603 0.75 0.447 0.68 0.324 0.62 0.252 0.66 0.313
O-acetylserine 0.72 0.279 0.67 0.188 0.757 0.322 0.94 0.821 0.92 0.763 0.72 0.266 0.73 0.293 0.81 0.444
Fumarate 0.047 1.15 0.299 1.047 0.735 1.07 0.697 1.02 0.901 0.78 0.111 0.88 0.434 0.77 0.135
Aconitate 0.002 0.017 1.146 0.299 1.24 0.151 1.28 0.095 s8] o.017 D55 0002 IE0)  0.008
o-ketoglutarate 0.009 1.13 0.229 1.158 0.247 0.013 0.000 1.00 0.992 1.03 0.784 0.97 0.801
Succinate 1.16 0.271 0.033 1.167 0.255 1.12 0.537 1.00 0.982 1.09 0.544 1.22 0.090 1.04 0.785
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Supplementary table 16: Comparison of metabolite in shoots of ppck mutants and ppck1-4 complementation lines compared to wild type on sufficient

Pi condition.

Seedlings were germinated for 6 days on sufficient media before transfer to insufficient media for an additional five days before harvest. Significance analyses

were performed by Student’s t-test (two-tailed, equal variances). Number in bold indicates significant difference between the overexpression lines and wild

type with p<0.05, n=12. Dark and light grey cells highlight metabolites that were increased and decreased in the overexpression lines compared to wild type.

Shoot metabolites measurements in ppck mutants and ppck1-4 complementation lines grown on sufficient Pi condition
ppckl1-4 ppck1-4C 9.10 ppck1-4C 11.8 ppck2 1.3 ppck2 2.9 ppcklppck2 7.11 ppcklppck2 9.3
Metabolite Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test
Alanine 4.6e3
Cysteine 0.122
Aspartate 0.045
Glutamate 0.085
Phenylalanine 1.1e4
Glycine 0.099
Histidine 8.1e5
Isoleucine 1.5e6
Lysine 0.004
Leucine 0.001
Methionine 0.002
Asparagine 3.2e4
Proline 3.9¢4
Glutamine 0.011
Arginine 0.001
Serine 9.5e7
Threonine 3.8e4
Valine 7.9e5
Tryptophan 0.006
Tyrosine 3.6e5
Ornithine 0.014
Citrulline 0.030
Taurin 0.069
O-acetylserine 0.249
Fumarate 0.047
Aconitate 0.991
a-ketoglutarate 0.755
Succinate 0.973
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Supplementary table 17: Comparison of metabolite in shoots of ppck mutants and ppckl-4 complementation lines compared to wild type upon Pi
starvation.

Seedlings were germinated for 6 days on sufficient media before transfer to insufficient media for an additional five days before harvest. Significance analyses

were performed by Student’s t-test (two-tailed, equal variances). Number in bold indicates significant difference between the overexpression lines and wild type

with p<0.05, n=12. Dark and light grey cells highlight metabolites that were increased and decreased in the overexpression lines compared to wild type.
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Shoot metabolites measurements in ppck mutants and ppck1-4 complementation lines grown on Pi insufficient condition
ppckl1-4 ppck1-4C 9.10 ppck1-4C 11.8 ppck2 1.3 ppck2 2.9 ppcklppck?2 7.11 ppcklppck?2 9.3

Metabolite Fold  T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test

Alanine 0014 IEZ]  So0e4 I 20e4 115 0.097 112 0.161 0.001 5.1e9
Cysteine 1.02 0.867 1.09 0.491 1.19 0.081 1.14 0.241 1.09 0.453 131 0.055 0.022
Aspartate 0.90 0.299 1.12 0.189 1.16 0.121 1.14 0.150 111 0.298 1.03 0.752 115 0.286
Glutamate 0.96 0.651 0.050 0.020 111 0.294 1.02 0.872 0.97 0.701 1.15 0.134
Phenylalanine 1.12 0.340 0.006 2.3e4 0.001 1.23 0.051 0.79 0.014 0.013
Glycine 1.22 0.259 0.95 0.729 1.09 0.615 0.90 0.493 0.87 0.395 1.26 0.148 0.033
Histidine 1.03 0.890 1.16 0.479 153 0.068 1.20 0.416 1.45 0.159 0.99 0.960 0.537
Isoleucine 0.037 8.9e7 2.2e5 0.003 (D43 0019 0.004 7.8e5
Lysine 1.15 0.294 0.002 2.1e5 1.29 0.065 1.35 0.059 0.031 1.1e4
Leucine 1.0e4 1.2e6 1.7e6 3.4e5 0.006 0.003 7.3e10
Methionine 0.212 0.077 0.285 1.23 0.337 0.013 1.20 0.280 0.047
Asparagine 1.14 0.362 0.006 0.001 1.19 0.180 1.35 0.069 0.019 0.002
Proline 1.10 0.477 1.5€5 4.4e9 0.003 80y o.001 0.202 0.366
Glutamine 0.90 0.466 0.029 1.9e4 1.10 0.441 1.10 0.483 0.815 0.255
Arginine 1.20 0.216 1.5€5 1.3¢7 0.041 0.036 0.911 0.004
Serine 0.032 0.643 0.374 1.10 0.374 1.04 0.719 1.6e4 1.165
Threonine 0.573 0.006 0.008 121 0.117 1.20 0.116 0.039 0.002
Valine 1.18 0.233 0.002 2.6e4 0.029 0.040 0.042 0.003
Tryptophan 1.40 0.129 0.036 0.011 0.022 1.66 0.089 0.357 0.006
Tyrosine 0.011 6.7€5 0.001 0.001 [IG0N  0.035 0.032 3.8¢6
Ornithine 0.250 0.008 0.003 0.79 0.116 0.82 0.110 0.127 0.776
Citrulline 111 0.385 4.3¢6 1.4e5 1.03 0.747 1.04 0.719 0.078 0.013
Taurin 0.90 0.529 0.167 0.184 0.96 0.809 0.82 0.173 0.87 0.329 0.913
O-acetylserine 0.86 0.648 0.473 0.79 0.455 0.54 0.108 0.76 0.459 1.23 0.575 0.861
Fumarate 0.70 1.4e5 0.053 1.20 0.073 0.91 0.070 0.99 0.862 0.75 2.1e4 1.9¢9
Aconitate 0.013 0.167 0.111 0.073 0.043 0.001 0.002
a-ketoglutarate 0.014 0.473 0.815 0.596 1.00 0.991 0.006 4.6e5
Succinate 1.05 0.636 0.053 0.012 0.001 2.8e4 0.868 0.765




Supplementary table 18: Comparison of metabolite in roots of ppck mutants and ppck1-4 complementation lines compared to wild type on sufficient
Pi condition.

Seedlings were germinated for 6 days on sufficient media before transfer to insufficient media for an additional five days before harvest. Significance analyses
were performed by Student’s t-test (two-tailed, equal variances). Number in bold indicates significant difference between the overexpression lines and wild type

with p<0.05, n=12. Dark and light grey cells highlight metabolites that were increased and decreased in the overexpression lines compared to wild type.
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Shoot metabolites measurements in ppck mutants and ppck1-4 complementation lines grown on sufficient Pi
ppckl-4 ppck1-4C 9.10 ppck1-4C 11.8 ppck2 1.3 ppck2 2.9 ppcklppck2 7.11 ppcklppck?2 9.3

Metabolite Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test

Alanine 2.7e5 6.6e9 1.9e8 8.2e7 1.6e9 7.8e8
Cysteine 0.039 1.4e5 4.6e6 1.9e8 7.8e5 6.3e8
Aspartate 1.09 0.213 3.9e4 0.035 0.015 4.8e4 0.001
Glutamate 1.10 0.192 0.001 0.108 0.040 3.3e4 0.001
Phenylalanine 0.003 1.5e4 0.001 1.2e4 0.001 2.2e5
Glycine 0.015 0.090 0.134 0.019 0.215 1.19 0.070
Histidine 0.002 8.5e5 0.001 3.3e7 4.1e4 2.9e4
Isoleucine 3.8¢e4 2.1e8 1.7e7 3.8e8 1.3e4 1.9e6
Lysine 0.002 1.5e7 7.9e6 1.3e6 9.9e6 5.7e8
Leucine 0.001 4.0e9 1.1e7 6.1e7 2.3e6 1.3e7
Methionine 0.026 5.0e4 0.002 4.2e6 1.5e4 1.1e5
Asparagine 0.061 3.0e4 3.9e5 9.7e6 2.8e4 6.7e5
Proline 0.791 3.2e6 8.1e5 1.5el1 0.001 4.0e4
Glutamine 0.02 8.0e7 3.5e4 2.1e4 5.1e5 3.8e5
Arginine 0.009 5.9e5 1.5e5 3.3e6 0.001 1.0e4
Serine 2.0e4 1.8e5 1.7¢6 8.5e6 5.1e7 1.7e7
Threonine 0.005 3.6e5 8.9¢e7 4.5e9 5.4¢6 1.1e8
Valine 0.012 0.002 0.001 1.0e6 0.005 4.9e5
Tryptophan 0.014 2.3e4 0.001 1.8e5 0.001 1.5e4
Tyrosine 0.001 1.4e5 0.001 1.3e5 1.1e4 1.2e4
Ornithine 0.007 3.3e6 5.6e5 0.001 0.001 1.9e4
Citrulline 0.006 0.003 0.02 0.001 0.004 0.010
Taurin 0.04 0.005 0.001 0.002 0.05 0.008
O-acetylserine 0.118 0.003 1.1e6 0.018 1.04 0.688 1.19 0.112
Fumarate 0.868 0.096 0.281 115 0.059 0.73 9.9e5 0.78 0.012
Aconitate 0.536 0.117 1.00 0.938 1.00 0.967 0.86 0.011 0.90 0.039
a-ketoglutarate 0.013 0.019 0.93 0.384 0.021 0.87 0.047 0.82 0.040
Succinate 0.049 0.001 1.04 0.667 0.003 0.84 0.017 0.90 0.194




Supplementary table 19: Comparison of metabolite in roots of ppck mutants and ppckl-4 complementation lines compared to wild type upon Pi
starvation.

Seedlings were germinated for 6 days on sufficient media before transfer to insufficient media for an additional five days before harvest. Significance analyses
were performed by Student’s t-test (two-tailed, equal variances). Number in bold indicates significant difference between the overexpression lines and wild type

with p<0.05, n=12. Dark and light grey cells highlight metabolites that were increased and decreased in the overexpression lines compared to wild type.

Shoot metabolites measurements in ppck mutants and ppck1-4 complementation lines grown on Pi insufficient condition
ppckl-4 ppck1-4C 9.10 ppck1-4C 11.8 ppck2 1.3 ppck2 2.9 ppcklppck?2 7.11 ppcklppck?2 9.3

Metabolite Fold  T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test Fold T-test

Alanine P88  0.036 0.88 0.318 0.93 0.560 122 0.228 117 0.321 0.011 0.024
Cysteine 1.07 0.550 0.97 0.782 0.98 0.853 118 0.145 1.05 0.649 0.003 0.041
Aspartate 0.96 0.864 0.84 0.456 0.86 0.517 117 0.483 1.09 0.667 0.86 0.492 081 0.346
Glutamate 0.96 0.827 0.78 0.229 0.80 0.280 1.07 0.731 1.04 0.811 0.86 0.471 0.75 0.160
Phenylalanine 0.98 0.891 111 0.424 1.08 0.462 1.09 0.443 1.09 0.490 1.16 0.185 1.20 0.209
Glycine 1.06 0.668 1.05 0.705 1.04 0.765 110 0.496 1.04 0.758 1.16 0.277 115 0.277
Histidine 0.86 0.409 0.94 0.726 1.07 0.703 113 0.495 122 0.294 1.10 0.580 1.05 0.829
Isoleucine 1.14 0.446 0.97 0.867 1.00 0.978 127 0.178 1.14 0.490 117 0.298 1.24 0.276
Lysine 1.07 0.641 1.00 0.998 113 0.398 121 0.280 1.09 0.599 1.14 0.439 1.03 0.867
Leucine 121 0.168 1.00 0.999 1.07 0.604 1.34 0.063 1.19 0.265 1.24 0.128 1.24 0.253
Methionine 115 0.415 0.94 0.763 1.01 0.931 1.33 0.084 1.10 0.574 1.10 0.561 1.19 0.369
Asparagine 111 0.255 0.93 0.423 1.09 0.248 1.27 0.060 1.19 0.088 111 0.267 1.09 0.368
Proline 0.91 0.475 1.27 0.057 [IEA  3.1¢5 1.26 0.108 D64 0013 115 0.230 0.92 0.643
Glutamine 0.96 0.680 0.92 0.360 111 0.153 112 0.399 1.03 0.786 1.00 0.990 0.94 0.525
Arginine 0.91 0.599 0.92 0.591 1.14 0.434 115 0.479 112 0.513 0.92 0.635 0.93 0.714
Serine 111 0.412 0.96 0.699 1.03 0.814 1.16 0.308 111 0.466 1.25 0.092 1.24 0.135
Threonine 112 0.170 1.00 0.972 1.01 0.854 1.19 0.098 1.09 0.360 1.34 0.002 [I26) 0005
Valine 111 0.671 0.82 0.368 0.94 0.773 121 0.451 1.16 0.537 111 0.654 115 0.618
Tryptophan 1.03 0.839 0.95 0.780 1.01 0.943 112 0.505 112 0.534 1.15 0.389 115 0.506
Tyrosine 1.02 0.905 1.01 0.968 1.03 0.890 111 0.616 1.07 0.717 113 0.505 1.24 0.366
Ornithine 1.13 0.484 1.06 0.755 1.47 0.083 114 0.480 121 0.312 117 0.430 121 0.332
Citrulline s oo11 1.10 0.487 1.19 0.138 1.05 0.761 1.02 0.877 1.25 0.192 1.18 0.239
Taurin 112 0.424 1.03 0.795 1.18 0.184 1.05 0.737 1.09 0.562 1.28 0.122 117 0.303
O-acetylserine 1.01 0.933 1.96 0.073 2.04 0.080 1.16 0.247 1.08 0.548 2.24 0.061 1.90 0.068
Fumarate 0.80 0.082 0.93 0.557 0.77 0.049 1.01 0.918 0.87 0.236 0.87 0.261 0.78 0.046
Aconitate 0.92 0.167 1.08 0.277 1.09 0.222 0.028 1.09 0.167 1.04 0.306 0.96 0.412
a-ketoglutarate 0.40 0.001 129 0.121 0.82 0.310 0.99 0.972 0.97 0.845 0.40 3.7e4 0.28 4.3¢5
Succinate 0.97 0.820 0.99 0.964 0.94 0.644 1.23 0.215 1.12 0.413 1.01 0.958 0.98 0.848
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