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Abbreviation:

Fe=Iron.
Zn=Zinc.
gm=Gram.
B=Breaker.
kb=Kkilobase.
sec=Second.
no=Number.
N=Nitrogen.
min=Minute.
Ca=Calcium.
bp=Base pair.
ml=Milli liter.
puL=Micro liter.
Ab=Antibiotic.
PR=Pusa ruby.
KO=Knockout.
O/N=Overnight.
cm=Centimeter.
EXP=Expansin.
Rif=Rifampicin.
mm=Milli meter.
pm=Micro meter.
DW=dry weight.
Mg=Magnesium.
nM=Nano Molar.
puM=Micro Molar.
Kan=Kanamycin.
CEL2=Cellulose2.
Hyg=Hygromycin.

C=Degree Celsius.

Col-0=Columbia-0.

HM=Homozygous.
FW=Fresh weight.
WP=Whole Plants.
PE=Pectin esterase.
MG=Mature Green
N2=Liquid Nitrogen.
ns=Non-significance.
GUS=B-glucuronidase.
RH=Relative humidity.
CDS=Coding sequence.
PM=Plasma membrane.
Pi=Inorganic phosphate.
NaCl=Sodium Chloride.
RIN=Ripening inhibitor.
PSY=Phytoene synthase.
Lig. N2=Liquid Nitrogen.
LP=Low Phosphate (uM).
DAT=Day after treatment.
Com cell=Competent cell.
APase=Acid Phosphatase.
PDS=Phytoene desaturase.
NaOH=Sodium Hydroxide.
MCT=Microcentrifuge tube.
LCYB=Lycopene B-cyclase
NBT=Nitroblue tetrazolium.
El=Ethylene insensitive like.
DDW=Double distilled water.
DAB=3,3'-Diaminobenzidine.

HP=High Phosphate 1.25mM).
ZDS=Zeta-carotene desaturase.

SAP=Secretary Acid Phospha-
tase.

pNPP=Para-Nitrophenyl phosphate.
PSI=Phosphate Starvation Inducible.
DPI=Diphenyleneiodonium chloride.
VIGS=Virus-induced gene silencing.
PSR=Phosphate Starvation Response.
TEM=Transmission Electron Micro-
scope.

Rboh=Respiratory burst oxidase homo-
logue.
BCIP=5-Bromo-4-chloro-3-indolyl phos-
phate.
ACO=Aminocyclopropanecarboxylate
Oxidase.

gPCR=Quantitative Polymerase Chain re-
action.

HPLC=High-performance liquid chroma-
tography.

GC-MS=Gas Chromatography Mass
Spectrometry.

P1BS=Phosphate Starvation Responsel
binding site.

H2DCFDA=2',7"-Dichloro Dihydro Fluo-
rescein Diacetate.

2D PCA=Two-dimension Principal Com-
ponent Analysis.

3D PCA=Three-dimension Principal
Component Analysis.

CRISPR=Clustered regularly interspaced
short palindromic repeats.

NADPH oxidase=Nicotinamide Adenine
Dinucleotide Phosphate Oxidase.
pSIRbohH=SIRbohH promoter construct




1. Introduction

Phosphorus (P), is the 11'" most common element on earth. It is the second limited element, after
Nitrogen (N) in the plants. It is an essential and fundamental nutrient for all living organisms for
their growth and development. P is a key constituent of nucleic acids, as it forms the phosphate
backbone of the DNA and RNA in living organisms. P also exists in the form of phospholipids in
cell membrane to maintain its integrity and protect against different environmental stresses. P is a
primary component of ATP, also known as the “energy currency of cell.” Orthophosphate or inor-
ganic phosphate (Pi) is also a regulator of cell signaling, as phosphorylation/dephosphorylation of
proteins controls many signal transduction pathways [1]. Pi also plays an important role in differ-
ent metabolic pathways like the pentose phosphate pathway, hexose monophosphate shunt, gly-
colysis pathway, glycogen metabolism, and TCA cycle. Due to the widespread involvement of P
in different cellular processes, its limited availability often results in a penalty in plant growth and
development. In agroecosystems, the scarcity of bioavailable Pi is mitigated by routine application

of phosphatic fertilizers.

1.1. P fixation in soil

Soil P is divided into two subgroups: organic and inorganic pools. Soil organic P is mainly present
in flora rests, fertilizers, and microbial and insect tissues. Evidence suggests that almost 60-70 %
of total applied Pi in field soil is fixed either in its organic form (Po) or insoluble inorganic com-
plexes with aluminum (Al), iron (Fe), cadmium (Cd) or calcium (Ca), rendering it unavailable to
plants [2,3]. Due to its highly reactive nature, Pi is rapidly fixed in the soils. Thus, Pi is mostly
immovable in the soils as it remains in water-insoluble forms, making it unavailable to plants. Pi
uptake by plants is the highest at neutral pH as the unfixed P remains majorly in its water-soluble
H2PO4 state and is readily absorbed by the roots.

1.2. Status of global P reserves

Rock phosphate (RP) is mined and processed to produce Pi fertilizers. Global P reserves are a non-
renewable resource and are anticipated to be critically exhausted in the next 100-200 years [4].
Almost 90 % of total global RP reserves are confined to 5 major countries, including Morocco,
China, S. Africa, USA and Jordon. The uneven distribution of international RP reserves and the

lack of large indigenous resources in most nations add to the worry about securing the long and
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uninterrupted supply of affordable Pi fertilizers by Pi importing countries. India is the second-

largest Pi-fertilizers importing country in the world after USA.
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Fig. 1: General schematic diagram for the mineralization of organic P sources in the rhizo-
sphere and the important role of phosphorus (P) in plants.

1.3. Plant adaptations under Pi deficiency

Cellular Pi status is known to influence plant carbon reserves because its deficiency perturbs the
balance between carbon assimilation and its metabolism of carbon metabolites. Heldt et al. (1977)
demonstrated that low Pi levels favor starch accumulation and inhibit CO; fixation [5]. Foyer et

al. (1986) reported inhibited photosynthesis and lower sucrose/starch ratio in the leaves of Pi-
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deficient barley seedlings [6]. Overall, Pi deficiency inhibits shoot growth and causes enhanced
sugar remobilization from shoot to root to favor the growth of the latter. Due to differential root
and shoot growth response, a higher root-to-shoot ratio is favored in Pi-deficient plants. Plants
have evolved a variety of surviving strategies to cope with Pi limitation and increase its accessi-
bility in the rhizosphere. Two types of adaptive strategies underlie the plant response to Pi defi-
ciency, local and systemic. Local responses are fast responses that are employed immediately after
sensing of Pi starvation by root tips. These are associated with reprogramming of root system
architecture (RSA), including growth of primary and lateral roots growth, and root hairs (RH). In
contrast, the systemic responses kick in once root-derived signals are conveyed to shoots. The
systemic response control Pi homeostasis by influencing Pi transport, Pi recovery and its recycling
within plants [7,8]. Thus, local and systemic responses determine the magnitude of plant adapta-

tions to Pi starvation.

1.3.1. Morpho-physiological adaptations

Roots are the main organ that acquires the essential mineral nutrients for plant development and
growth (Gregory, 2008). Root system changes their configuration in all three-dimension in soil for
better uptake of mineral nutrients [9,10]. Root growth and development are very plastic and are
influenced by different edaphic factors such as the quality of soil, the availability of varying min-
eral nutrients along with Pi, oxygen concentration, water accessibility, soil density, and pH [11,12].
Change in RSA is a fundamental strategy to enhance Pi utilization efficiency (PUE) under low Pi
conditions for improving plant growth and development [10,13]. RSA adaptation, including shal-
lower growth angle of the axial root, horizontal growth of root, enhanced adventitious roots, lateral
root, and promoted RHs density, have been shown to improve axial root length [14-19]. Pi-starved
plants respond in many ways, including the distribution of more carbon sources from shoot to root
for enhancing the root-to-shoot ratio and promoting changes in lateral root development, increas-
ing root length and RHs density to mitigate low Pi levels [14,20].

Once the root tip senses Pi scarcity in the rhizosphere, the roots of Pi-deficient plants undergo a
wide range of local adaptive reprogramming of RSA, which increases the total root surface area
to explore the larger Pi catchment region. Altering root growth angle also maximize Pi uptake
from top soil layers [21]. Some of the most notable local changes shown by Pi-deficient Arabidop-

sis seedlings roots are inhibition of primary root length, promotion in the number and growth of




lateral roots, and increased RH density and length [11]. It is important to mention that inhibition
of the primary root, a visual difference observed in many Arabidopsis seedlings under Pi unavail-
ability, is not a universal response. Several Arabidopsis genotypes and most crop plants, such as
rice, maize, tomato, and barley, show an increase in primary root length upon Pi starvation [22,23].
Altogether, these observations reveal different adaptive strategies by different species for repro-
gramming RSA in Pi-deficient plants [20,24,25]. Because most of the Pi-sources are present in the
top soil layers, Pi-deficient plants of many species also modify their root growth angles to promote
horizontal growth. Such altered growth angles enable them to explore and exploit shallower soil
horizons [14]. Evidence suggests that maize, soybean, and bean show thinner root growth angles
in the efficient genotypes than the inefficient genotypes that uptake high Pi from P-enriched soils
[26-28]. In rice, the actin-binding protein Rice Morphology Determinant (RMD) has been found
to link actin filaments with statoliths to control root growth angle [29]. In some species, especially
members of Fabaceae (Lupinus albus) or Proteaceae (Hakea prostrata) families, cluster roots
(CRs) are formed in response to a meager Pi supply. These species exhibit this extreme response
to maximize Pi uptake from the Pi-rich soil patches. CRs release large amounts of carboxylates in
confined patches for mining of insoluble forms of Pi from its enriched soil patches [30,31].

RHs are one of the most important parts of root architecture to acquire most soil nutrients. Tricho-
blasts are the tubular-shaped cells towards the exterior part of the plant’s root responsible for the
RHSs formation [32,33]. For the major contribution of minerals uptake, RHs are a straightforward
way to investigate prominent rhizosphere regions in plants. In Arabidopsis, approximately 77 %
of the root surface zone is covered by RHs. Formation of RH and growth are linked with minimal
mobile nutrients like P. The accumulated literature suggests that enhanced lateral root growth and
RH density enhance PAE [32,34,35]. Trichoblast numbers improve, leading to more RH formation
in low Pi-grown plants [36]. The number of RHs and density are five times more in Pi-depleted
soil-grown plants than in Pi-enriched soils [36,37]. Total root length and denser RHs were ob-
served in the basal root of soybean as compared to taproots [38]. RHs also help the secretion of
enzymes and carboxylic acid from roots which release Pi from the organic sources and exploit
patches of inorganic and organic Pi sources [39]. Low soil P also promotes the formation of longer
and denser RHs in Pi-deficient roots. RH is vital for nutrient acquisition because these epidermal
extensions facilitate half of the total Pi uptake [40,41]. The robust proliferation of RH in Pi-de-
prived plants is favored because, being the single-celled extension of the epidermal cell, elongation




of RH comes with lower carbon cost [42—-44]. Therefore, breeding crop germplasm for cultivars
with longer and denser RH hairs has been suggested as an effective strategy to develop Pi-use
efficient plants.

Plants also develop beneficial interrelationships with some soil microorganisms, such as arbuscu-
lar mycorrhizal fungi (AMF), to promote Pi uptake. A body of evidence suggests that root mycor-
rhization by AMF also influences PAE and PUE in plants [23,45-48]. In this symbiotic associa-
tion, plants transfer carbon sources such as carbohydrates and lipids to the fungal partner in ex-
change for Pi. The extent of plant-AMF association is known to be directly influenced by soil P
levels, as several lines of evidence suggest inhibition of root mycorrhization under the excessive
availability of P [49-53]. AMF associations are not always suitable for plants as edaphic factors
supporting fungal growth sometimes lead to over-mycorrhization of roots by AMF, leading to an
imbalance between low Pi gain and high carbon cost [48,54]. Besides AMF, soil P solubilizing
bacteria (PSBs) also play an essential role in the cycling of bioorganic and inorganic phosphate in
the rhizosphere [55-57]. Evidence suggests that plant growth-promoting bacteria (PGPB) infected
roots exhibit enhanced soil organic phosphate, like inositol phosphate [57,58]. Inoculation of mi-
crobes such as phosphate solubilizing fungi, Penicillium, has been reported to play an important

role in enhancing Pi availability to plants [55,57].

1.3.2. Metabolic adaptations

1.3.2.1. Glycerolipid metabolism

Phospholipids levels decrease in cell membranes upon Pi starvation. Such change in cell mem-
brane composition was first reported in the non-photosynthetic bacterium, followed by Rhodobac-
ter sphaeroides. Benning et al. (2002) reported that Pi starvation sturdily reduces the total phos-
pholipids' relative quantity by increasing specific non-phosphorous lipids, such as galactolipids
and sulfolipids [59]. Pi-starved plants activate hydrolysis of phospholipids, resulting in the release
of precursor molecules like diacylglycerol (DAG), which in turn are consumed in the biosynthesis
of P-free lipids such as galactolipids (monogalactosyldiacylglycerol (MGDG), sulfolipids (sul-
foquinovosyldiacylglycerol (SQDG) and digalactosyldiacylglycerol (DGDG). In plastids and ex-
tra-plastidial membranes, these glycerol lipids substitute for phospholipids and support the Pi
availability to other vital cellular processes. Most of the genes involved in this process are trig-

gered by Pi deficiency [59-64]. One such highly up-regulated PSI gene in plants belongs to the




Glycerophosphodiester phosphodiesterase (GDPD) group of proteins. GDPDs are highly con-
served proteins expressed ubiquitously from bacteria to humans and perform diverse functions
[65]. The first GDPD encoding gene was identified in the glp regulon of E. coli [66]. The glycerol
synthesis and its metabolism by E. coli play a significant role during phospholipid biosynthesis or
so-called lipid remodeling (recycling) [67]. Further, YPL110c and YPL206¢c GDPD genes were
recognized in yeast where glycerophosphocholine (GPC) was hydrolyzed by YPL110c or GDE1
(new nomenclature Glycerophosphodiesterase 1). In the Pi-starved condition, GDE1 expression is
higher than in normal conditions. GIpQ is a periplasmic enzyme that exhibits an extensive range
of substrate specificity for different types of glycerophosphodiesters, namely, glycerophosphocho-
line (GPC), glycerophosphoethanolamine (GPE) [68]. The other GDPD (UgpQ) from E. coli was
identified from upg operon, which also allows glycerophosphodiesters to be utilized as a source of
phosphate [69]. In plants, GDPDs or GPX-PDEs were first identified in carrots, followed by Ar-
abidopsis [69]. Low Pi promotes its utilization from different endogenous phosphate-holding mol-
ecules, and multiple groups of enzymes catalyze the phospholipids in cellular membranes to re-
lease Pi. Two central pathways release Pi from its membrane-bound P, i.e., PLD-mediated or PLC
(NPC4/5)-mediated hydrolysis of phospholipids. In plants, a third pathway involving GDPDs is
present, which catalyzes the hydrolysis of glycerophosphodiester to G-3-P [69]. Thus, the lipid
remodeling under Pi stress occurs majorly via 3-distinct pathways in plants. The first pathway is
mediated by Phospholipase D (PLDs), which separates the phospholipids' polar head groups and
gives rise to phosphatidic acid (PA). Consequently, PA gets dephosphorylated by PA phosphatase
to form DAG and release Pi (Nakamura and Ohta, 2010). Phospholipid degradation and DGDG
accumulation level deteriorated in Arabidopsis pld(2 and pld{ipld{2 mutants’ roots under low Pi
conditions [70]. Another group of lipases, Phospholipase C (PLC), modulates the second pathway
of lipid remodeling which is a one-step conversion of phospholipids into DAG, without converting
the lipids into PA first. Depending on the substrate specificity, PLCs can be of two types; Phos-
phoinositide-specific PLC (PI-PLC) and Non-specific PLC (NPC). PI-PLCs are presumed to be
preferentially involved in lipid signaling whereas NPC is involved in direct conversion of Phos-
phatidylcholine to DAG [70]. Synthesis of glycerophosphodiester (GPD) and free fatty acid chains
via hydrolysis of phospholipid by Lipid acyl hydrolase (LAH) and GPDs are converted into sn-
glycerol-3-phosphate (G3P) and respective alcohols by GDPDs [69]. Further, G3P is converted




into DAG through acyl transferase phosphatidic acid phosphatase. This G3P could be dephosphor-
ylated and release glycerol [71] thereby providing extra P in Pi-depleted cells. GDPDs have been
reported to be induced under Pi deficiency in several plant species [72]. Overexpression of
OsGDPD?2 gene promoted Pi deficit tolerance in transgenic lines [73]. Recent characterization of
another GDPD gene revealed that overexpression of AtGDPD6 promotes root growth under low
Pi condition [74].

1.3.2.2. Secretion of organic acids/carboxylates

Roots secrete different organic chemicals such as phenolics, proteins, polysaccharides, amino ac-
ids and sugars in the rhizosphere during normal growth and development by influencing nutrient
availability, plant-microbe signaling, and minerals acquisitions [75,76][2,77,78]. These secretory
products differ in abundance and composition during biotic and abiotic stress conditions [2,30,77].
For example, the synthesis and exudation of numerous organic acids, including malic acid, oxalic
acid, cis-aconitic acid, citric acid, tartrate, succinate, y-aminobutyric acid have been reported dur-
ing Pi depleted conditions to promote plant growth and development and root-rhizosphere inter-
actions including soil microorganisms [76,79-86]. These root exudates help release Pi from the
organic P reserves or metal-phosphate complexes to improve phosphate availability near the root
surrounding areas in soils [77,87]. Likewise, roots secreted organic acids convert the organic sub-
stances and promote Pi recycling in the soils [88]. Low Pi-grown lupin roots show increased cit-
rate, oxalate, and malate secretion in root exudates. Among these, citrate was the most effective in
releasing Pi from chelated aluminum-phosphate complexes in acidic soils [88]. It has also been
demonstrated that maize plants with externally applied oxalate and citrate showed higher Pi uptake
and enhanced Pi diffusion in the soil [89]. Transgenic tobacco plants also exhibited more citrate
exudation for enhanced Pi acquisition and improved PAE under Pi deficiency [90]. Thus, the crops
genotype with high root exudation potential under low Pi availability may be better suited to soils

with poor Pi status.

1.3.2.3. Secretion of phosphatases




In another adaptive strategy, roots secrete acid phosphatases in the soil to promote the breakdown
of organic phosphate and metal-bound phosphate complexes into the inorganic phosphate or or-
ganic phosphate anion. For example, overexpression of a secretary phytase and an acid phospha-
tase-related gene exhibited more Pi accumulation and plant growth promotion on media where
phytate was used as the P source in Arabidopsis and soybean, respectively [51,91,92]. In addition,
phosphatase under-producer3 (pup3) Arabidopsis mutant plants secret lower APase in roots.
These seedlings were found to accumulate less Pi in the shoot than the wild type when grown in
the soil with organic P composites as a P source [93]. Many APase activity-related genes have
been characterized in vascular plants, such as Lupinus albus (Ozawa et al. 1995; Li et al. 1996;
and Miller et al. 2001), Solanum lycopersicum (Bozzo et al. 2004, 2006), Phaseolus vulgaris
(Liang et al. 2010), N. benthamiana (Lung et al. 2008), and Arabidopsis thaliana (Tran et al. 2010)
[94-96] [97,98] [99] [100],[101]. The first putative purple acid phosphatase (PAP) was character-
ized in Arabidopsis, where this protein was found to be present in the apoplastic region [102].
Characterization of Arabidopsis PAP17 revealed that it is a dual-localized (extracellular matrix as
well as lytic vacuoles localized protein) PAP which is upregulated at the low Pi condition and is
involved in leaf senescence and oxidative stress condition [103]. AtPAP12 and AtPAP26 are pre-
dominant PSI-secreted APase in Arabidopsis thaliana [101]. AtPAP10 is another important PAP,
a root surface associated with PSI PAP [104]. Another class of protein called haloacid dehalogen-
ase-like APase is also induced in Pi-deficient plants [105]. The HAD family of proteins is com-
posed of several epoxide hydrolases, ATPase, dehalogenase, phosphatases, phosphomutases,
phosphoserine, and other phosphatase domains [106,107]. The tomato PS2 gene, belonging to
HAD family, is induced by Pi-limited growth conditions. Overexpression of this gene led to en-
hanced APase activity, total anthocyanins contents, and delayed flowering phenotype in tomato
plants [108,109]. Further, common bean (Phaseolus vulgaris HAD1., PvHAD1) is also induced by
low Pi with Ser/Thr phosphatase activity [110]. PvPS2:1 was found to be involved in Pi accumu-
lation and root growth in Arabidopsis plants overexpressing this gene [111]. Rice OsHAD1 having

kinase activity has been characterized for its role in maintaining Pi homeostasis under low Pi sup-
ply [112].

1.3.2.4. Sugar metabolism
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Pi levels are tightly associated with the intracellular levels of ATP, ADP, and related nucleoside
P sources, and severe Pi stress is known to reduce their quantity in the cell [113,114]. Activation
of inorganic pyrophosphate-dependent bypass enzymes is crucial for the metabolic adaptations of
plants under depleted intracellular Pi [115]. Such changes facilitate the C flux for the enhanced
synthesis of organic acids in the glycolytic pathway under chronic Pi limitation and help plant
survival under depleted ATP levels [115]. With such adaptations, plants can maintain the the
proper functioning of the mitochondrial citric acid cycle and electron transport chain with impaired
ATP production [114,116]. Higher levels of several sugars and total carbohydrates in Pi-deficient
plants are also required to activate PSI genes under low Pi conditions [117,118]. A mutation in the
sucrose transporter SUC2 gene in Arabidopsis was found to reduce the secretion of total acid phos-
phatases by 30 % in the roots, indicating the importance of enhanced sugar remobilization to roots

under Pi starvation.

1.3.2.5. Anthocyanins/flavonoids accumulation

In maize, the production of most of the organic acids such as malic acid, citrate, and succinate in
TCA cycle is increased in roots under Pi stress [119]. Flavonoids such as benzoxazinoids are
strongly decreased in Pi-resistant roots in maize. In contrast, the flavonoids such as quercetin-3,4-
O-di-b-glucopyranoside accumulated at higher levels in leaves of Pi-sensitive maize genotypes
[120]. The concentration of many phenylpropanoids, flavonoids, and their derivatives increases
during Pi-limitation in both roots and shoots of Arabidopsis plants [121]. Glucosinolate levels also
increase under salt, light, and drought stress and during Pi limitation [122]. The concentration of
C-glycosylflavones was found to be significantly high under Pl-limited conditions, which also
promoted mycorrhizal colonization in melon roots [123]. Quercetin, a flavonoid, was found to be
effective in promoting mycorrhizal associations in plants. The root-secreted flavonoids are helpful
in solubilizing P and also serve as metal-chelating operatives to increase the availability of micro-
nutrients in the rhizosphere. Similarly, flavonoid exudates from white lupin roots were also re-
ported to enhance P acquisition by plants. In Pi-deficient Stylosanthes (a genus of the legume
family) plants, increased accumulation of flavonoids, phenylamides, and phenolic acid in roots
was found to help Pi remobilization and promote interaction between plants and microorganisms.
An isoflavonoid present in root exudates of alfalfa was shown to dissolve phosphate complexes of
iron, making both Fe and P available to the Pi-deficient plant [124]. The synthesis and exudation

of piscidic acid by the roots of some plants, such as pigeon pea (Cajanus cajan), have been reported
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to be highly effective in releasing Pi from iron and aluminum Pi complexes. All these studies

emphasize the importance of flavonoids in increasing the availability of Pi in the soil.

1.3.3. Molecular adaptations in Pi-deficient plants
1.3.3.1. Transcriptomic studies

The extent of both local and systemic responses may vary in different and within the same species.
For example, RSA is a highly plastic trait, and its modulation varies in various plant species, indi-
cating species-specific divergent genetic regulatory mechanisms controlling this trait [125,126].
Similarly, distinct genetic regulatory networks are responsible for the variations observed in the
PUE within species [126-130]. Genome-wide transcriptional analyses in model dicot plant, Ara-
bidopsis (Mission et al., 2005, Bustos et al., 2010; Thibaud et al., 2010) and tomato (Peng Tian et
al. 2021, J. Pfaff et al., 2020, V. Satheesh 2022), cereal crops such as rice, wheat, maize, sorghum,
barley (Wang et al., 2019; Wasaki et al., 2006; Li et al., 2010; Secco et al., 2013; Oono et al., 2013;
Du et al., 2016, Deng et al., 2018, Zhang et al., 2019) and leguminous plants, including common
bean, white lupin, and soybean (Aparicio-Fabreetal.,2013; O’Rourke et al., 2013; Wang et al.,
2014; Zeng et al. 2016) under low-Pi stress have greatly improved our knowledge of phosphate
starvation response (PSR) in plants [7,131,140-147,132-139]. These studies captured the genome-
wide changes at the transcripts level and provided comprehensive information on the molecular
regulation of PSR in plants. A list of conserved candidate regulators and effector genes, both PSI
and non-PSI, in different species also emerged from these studies. Altogether, these studies re-
vealed that extensive remodeling of transcriptomes coordinates the requisite morphological and

physiological adaptations in plants [115].

1.3.3.2. Local Pi response (local response) and signaling

Sensing Pi unavailability by roots activates the different adaptive responses in Pi-deficient plants.
Reports suggest that Pi deficiency is monitored by root tips in soil [148]. Studies also suggest that
PSR genes perform a critical role during Pi stress sensing in roots under Pi-limited conditions
[149]. For example, a high-affinity Pho84 Pi transporter has been proposed as a Pi “transceiver”
for its role in Pi sensing under the low Pi condition in yeast [150,151]. Several Pi transporters help

Pi uptake from the soil and promote translocation of absorbed Pi from root to shoot under both Pi-
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sufficient/deficient conditions in plants. These Pi transporters are sub-categorized into two sub-
families, high-affinity Pi transporters, and low-affinity Pi transporters. High-affinity Pi transport-
ers show their expression in root epidermal cells during low Pi conditions. In contrast, low-affinity
Pi transporters are expressed in the chloroplast. PHT1 subfamily members belong to the high-
affinity class Pi-H™ cotransporter and are located on the plasma membrane of the cell [152-154].
These genes also showed strong induction under Pi-deplete conditions to increase Pi uptake from
the soil [155]. There are nine PHT1 members in Arabidopsis. AtPHT1;1 and AtPHT1;4 are highly
expressed in all parts of the root (root hairs, root cap, and epidermal cells) under Pi-depleted con-
ditions [156]. There is a penalty in Pi uptake from the low Pi growth media in AtPHT1;1 and
AtPHT1;4 mutants [157,158]. Similarly, there are 13 PHT1 members in rice. Among these, 10
PHT1 show their expression in root. OsPHT1;11 is highly induced by mycorrhiza symbiosis [159].
OsPHT1;2 and OsPHT;6 show a significantly enhanced transcript accumulation in low Pi-grown
rice root. Similarly, 11 PHT1 genes were identified in barley root under Pi-deprived conditions
[160,161]. Along with this, sorghum SbPSTOL1, a homolog of OsPSTOL1, exhibited a change in
root system architecture and improved grain yield in Pi-deprived conditions [162].

The intracellular translocation of phosphate is regulated by four other classes of Pi transporters,
namely PHT2, PHT3, PHT4, and PHT5. These transporters are localized in the plastid, mitochon-
drial membranes, Golgi compartments, and tonoplast [125,163]. These transporters are important
for the transport of the Pi to each organelle. Thus, together these proteins maintain cytosolic P
homeostasis and support various metabolic pathways. The PHT2 family belongs to low-affinity Pi
transporters with P-loading and unloading functions in vascular tissues [164,165]. The ubiquitina-
tion and phosphorylation are involved in controlling the PHT1s at the post-translational level. The
protein coded by the AtPHO2 gene, which belongs to the E2 ubiquitin category and is regulated
by miRNA399, interacts with AtPHT1s and then facilitates proteasomal degradation by ubiquiti-
nation pathway [166-168]. It has been suggested that Casein kinase-2 (CK2) phosphorylates the
PHO2 and OsPHF1 to maintain phosphate homeostasis in rice [86,169]. Thus, plants require a
higher expression level of active transporter to increase PAE and better PUE in low P soil.
Another class of proteins plays an important role in Pi transfer from root to shoot [170]. The PHO1
Arabidopsis mutant showed less P content in leaves and shoots because of an error in Pi loading
into the xylem. Inrice, three homologs, OsPHO1;1, OsPHO1;2, and OsPHO1;3, where OsPHO1;1,
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OsPHOL1;2 are involved in internal Pi distribution to the grains [171]. However, OsPHO1;2 over-
expression lines showed increased grain yield and better PUE on Pi-deplete soil in field conditions
suggesting that this is a candidate gene for increasing grain yield for supportable agriculture [172].
In the plant cell, the vacuole is the largest Pi-storing organelle. The Pi transport across the tonoplast
is mediated by the PHT5 transporters [173-175]. Under Pi-sufficient levels, about 70-95 % of Pi
is stored in vacuoles of vegetative cells and phytate in mature seeds [176]. Further, the overex-
pression of PHT5, also called VVacuolar Phosphate Transporter (VPT), showed huge Pi absorption
in the vacuole and changed the expression of PSR genes in Arabidopsis [174]. The PHT5 group
of the family, with three members (PHT5;1, PHT5;2 and PHT5;3), belongs to SPX-MFS proteins
in Arabidopsis [174]. Sahu et al. (2020) have also demonstrated that PHT5 controls the root de-

velopment by Pi uptake, recycling, and sequestration in Arabidopsis [177].

—SPX-MFS3—Pi
( )
/. +=——SPX-MFS1 —Pi |
Phytic acid by ABC-MRP  / e VPTI/PHTL;5
type phytic acid / Pi influx

transporter / )
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Fig. 2: A summary of Pi transport in plants. Phosphate transport is represented in four dif-
ferent compartments: Pi uptake from soils and media by the roots. The absorbed Pi is trans-
ported from roots to shoots by its loading into the xylem. Next, Pi is unloaded in the shoot, reaches
different organelles, and is finally transported to seeds in phytate form. The high-affinity Pi trans-
porter PHT1 family (PHT1;1 and PHT1;4) plays a main important role during Pi uptake from the
soil/media in roots. Loading of Pi in the root xylem is increased by PHOL1 protein and PHT1;5 has
an important character in Pi translocation from shoot to root. SYG1/PHO81/XPR1 major facility
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superfamily 3 (SPX-MFS3/PHT5;1) and SPX major facilitator superfamily (SPX-MFS1) proteins
are important for the vacuolar Pi efflux and influx, correspondingly. Further, ABC-MRP-type
(ABC-MRP, ATP binding cassette-multidrug resistance-associated protein) phytate transporter
helps transport the phytate from leaves to seeds. The expression level of PHT1, PHOL1, and PHO2
is controlled by cis-natural antisense transcript of phosphate transporter 1;2; (cis-NATPHO1;2)
and miR399 in the xylem and roots.

1.3.3.3. Molecular regulators of Pi starvation response

Phosphate starvation responsel (PHR1) homologs

Several transcriptome-level studies have identified hundreds of Phosphorus Starvation Response
(PSR) genes in plants. As a result, six main classes of P starvation regulator (PSR) transcription
factors, including MYB, ERF/AP2, zinc finger, WRK, NAC and CCAAT-binding groups, have
been identified in plants [178]. Among these, Phosphate starvation Response 1 (PHR1), which
belongs to MYB class, is known as a master regulator of PSRs [179]. Interestingly, the transcript
level of the PHR1 gene showed weak induction under the low Pi condition in plants. But it under-
goes significant changes at the post-translational modification level [180]. A subdued PSR has
been reported in Arabidopsis phrl mutant seedlings under Pi-depleted condition, as evidenced by
the reduced level of PSI genes, sugar levels, anthocyanins content, altered root-to-shoot ratio, and
Pi content, in comparison to the wild-type counterpart [179,181]. On the contrary, AtPHR1 over-
expression lines showed derepression of PSR even under Pi-sufficient conditions and exhibited
higher expression levels of PSI genes, leading to higher Pi levels in the shoot [181]. Similarly,
overexpression of AtPHR1 homolog in rice, OsPHR2, caused a higher accumulation of Pi in the
shoot by upregulating many phosphate transporters and micro-RNA399 (miR399) during high
phosphate conditions in transgenic lines [182]. Increased upregulation of many PSI genes, en-
hanced root length, and root hair development were also observed in OsPHR2-OX plants [182]. A
close homolog of PHR1, PHL1 (PHR-likel), has also been identified in Arabidopsis. Compared
to WT plants, the phrl phll double mutant plants showed the downregulation of PSI genes under
Pi-deprived conditions. These studies suggest the central role of PHR1 and PHLL1 in the transcrip-
tional activation/repression of PSR genes in Pi-starved Arabidopsis plants [183]. Other PHR1
homologs such as PHL2, PHL3, and PHL4 in Arabidopsis and other plant species such as rice,
Medicago, tomato, and soybean have also been reported [182,184-187]. Many cis-elements such
as TATA-like, PHO-like, and identified PHO motif (CACGTC/C) had been reported in the pro-
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moters of early PSR genes [188,189]. Among these elements, the PHR1 binding site (P1BS: GNA-
TATN) is enriched in the promoters of PSI genes [179,181]. P1BS element is a direct binding site
for AtPHR1 and its homologs in other plant species. The P1BS cis-element is significantly en-
riched in most PSI genes, but their high number is not observed in Pi-starvation-repressed genes
[183,190]. Another class of proteins, namely SPX, named after the yeast Sygl, Pho81, and the
human XPR1 proteins, are involved in intracellular Pi homeostasis. These are negative regulators
of PHR1 activity. Some SPX members such as SPX1, SPX2, SPX3 and PHO1;H1 are direct target
of PHR1 [179,181,191-194].
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Fig. 3: Schematic diagram of plants’ molecular regulatory cascade of phosphorus starvation
responses. The left side of the figure represents high P, and the right panel represents low P.
Under HP conditions, SPX proteins control PHRs activity by physically interacting with them.
SPX-PHR complex does not allow PHR to bind to the promoters of the phosphate starvation in-
ducible genes (PSI) transcription. Under LP conditions, SPX proteins are degraded, releasing
PHRs to activate PSI genes and start PSR consequently. The Arrow line denotes positive regula-
tion and crosses present inhibition/blockage of pathways.

PHRs have also been found to control the expression of PSI genes of glycerolipid metabolism and
purple acid phosphatases such as OsGDPD2 and OsPAP21b in rice during Pi starvation [73]. Re-
cently, the physical between PtoWRKY40 and PtoPHR1-LIKE3 (PtoPHL3), a PHR1 homolog in
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poplar, blocked PSRs by inhibiting the binding of the latter to the P1BS element of target genes
[195]. In tomato, SIPHL1, a homolog of AtPHR1 and OsPHR2, was shown to bind the P1BS
elements of the promoters of SIPhtl1;2 and SIPht1;8 Pi transporters. Its overexpression in the
Atphrl mutant background successfully compensated for the activity of its Arabidopsis homolog

under Pi starvation [135].

1.3.3.4. Non-PHR transcription factors

Apart from PHR1 homologs, the regulatory role of several other transcription factors has also
emerged in PSR in plants. For example, Huang et al. (2018) reported that PHR1 is a direct target
of AUXIN RESPONSE FACTOR7 (ARF7) and ARF19 in Arabidopsis thaliana [196]. PHR1 ex-
pression was found to be down-regulated in the arf7 and arf19 single and arf7/arf19 double mu-
tants. The inhibited PHR1 levels consequently inhibited the expression of downstream Pi starva-
tion-induced genes in the roots in the mutant backgrounds. These mutants were also reported to be
defective in Pi uptake, exhibited exacerbated stress phenotype, and accumulated higher levels of
anthocyanins in shoots. Besides MYBs, other classes of TFs, such as WRKY, AP2/ERF, and
bHLH, actively regulate PSRs in plants [197-199]. In rice and soybean, OsWRKY74 and
GmMWRKY35 have been reported to modulate P starvation response [197,199]. He et al. (2020)
recently highlighted the importance of the interaction between OsbHLH6 with OsSPX4 in regu-
lating PSR in rice [200]. Similarly, bHLH32 has been implicated in regulating multiple aspects of
plant response under Pi deficiency [201]. Similarly, NIMYB12 was found to positively regulate
flavonol biosynthesis and confer improved tolerance to Pi starvation in N. benthemiana [119].
Similarly, overexpression of a Jatropha curcas ethylene response factor JCERF035 altered root
system architecture and enhanced anthocyanins accumulation in Arabidopsis under low Pi condi-
tions [198]

1.3.3.5. SPX domain-containing proteins

Though initially identified in yeast, plant SPX domain-containing protein members such as
AtSPX1, AtPHO1;H1, and AtSPX3 were identified for their conserved functions regulating PSRs.
Based on the no or additional c-terminal domains, plant SPX-domain members belong to four
groups: SPX, SPX-EXS, SPX-RING, and SPX-MFS [202]. These proteins physically interact with
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PHR1 homologs and have been suggested to perform Pi-sensing functions [203]. Their intracellu-
lar Pi sensing function is attributed to their binding affinity with InsP/PP-InsP as their ligand [204].
It is now known that in the presence of Pi sufficient condition, which also supports high cellular
InsP/PP-InsP levels, the InsP-activated SPX members bind to PHR1 homologs and sequester them
from binding to their target genes to block PSR. On the contrary, under Pi-depleted conditions,
when InsP levels decline considerably, the SPX-PHR physical interaction is not promoted in the
nucleus. In such conditions, SPX members undergo proteasomal mediated degradation, thereby
releasing PHRs to freely bind to target PSI genes and initiate PSR in plants [205,206]. Alterna-
tively, cytosolic SPX members have been suggested to sequester PHR homologs in the cytoplasm,
thus not allowing the latter to move into the nucleus for initiating PSR [207]. In contrast to SPX1
members, SPX-EXS (PHO1) and SPX-MFS (PHT5) members are generally involved in Pi
transport in plants [208].

1.3.3.5. Hormone signaling during Pi starvation

Phytohormones mediate the expression level of many PSR genes and RSA changes in plants under
low Pi availability. The hormone biosynthesis, transport, and sensitivity are altered under Pi-de-
pleted conditions. Auxin, gibberellic acid (GA), cytokinins (CKs), strigolactone (SLs), ethylene

and abscisic acid (ABA) are well explored for their roles in the regulation of PSR.

Auxin

Auxin actively participates in root system architecture (RSA) modifications under Pi-deprived
conditions, as evidence suggests that both auxin levels and auxin sensing is increased in roots,
especially in tips and lateral root primordia [209]. Such changes in RSA are also influenced in an
auxin dosage-dependent manner [131]. The induction of more lateral roots, leading to more root
tips, has been suggested as an improved fitness trait under Pi-starvation [28,122,210]. Another
striking example of auxin involvement in RSA is the formation of cluster roots in a wide range of
species [211]. However, such induction in lateral roots does not represent a universal phenomenon.
Many studies, including in Arabidopsis and other plant species, do not always show a positive
correlation between increased lateral roots and Pi starvation [20,212-214].

The increased auxin sensing upon Pi-starvation can be correlated with the increased expression of
auxin receptor TRANSPORT INHIBITOR RESPONSEL1 (TIR1) in both root tips and lateral root
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primordia [122,209]. Recently, Pérez-Torres et al. (2008) demonstrated a correlation between the
higher expression of auxin receptor TRANSPORT INHIBITOR RESPONSEL (TIR1) and en-
hanced degradation of AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) in Pi-deficient Arabidop-
sis seedlings. This caused the release of transcription factor AUXIN RESPONSE FACTOR19
(ARF19) from the ARF-AUX/IAA protein complex, leading to the activation or repression of the
genes responsible for lateral root (LR) formation. In their findings, Pérez-Torres et al. (2008) im-
plicated ARF7 and ARF19 as the possible transcriptional regulator of PHR1. Recent evidence
indicates that TIR1 may be a direct target of PHR1, arguing for a relatively direct link between Pi
starvation, auxin signaling, and lateral root formation [215,216]. IAA14, another component of
auxin signaling, is also required for Pi starvation signaling in both Arabidopsis and rice [217-219].

Root hairs are the main site for nutrient and water uptake [32]. In rye, over 60 % of Pi is ab-
sorbed by root hairs under Pi deficiency [220]. Pi-limitation also causes increased density and
longer root hairs to increase root surface area for better Pi uptake in plants [221-223]. Root hairs
also serve as the primary site for releasing root exudates such as organic acids, enzymes, mucilage,
and secondary metabolites and help mobilize nutrients [224]. Evidence suggests a direct role of
PHRs in regulating this trait as shorter root hairs are observed in phrl;phll mutants [132]. Several
other presumptive targets of PHR1, such as PLDZX11, a phospholipase, have also been implicated
in root hair development. Several ARFs, including ARF5, 7, 8 and 19 are known to induce RSL4
[225,226]. The promotion of root hair elongation under low Pi conditions is attenuated in ARF19
knock out alleles (arf19-a and arf19-b). More recently, role of Auxl in promoting auxin gradient
formation and root hair elongation under Pi-deficiency was demonstrated in Arabidopsis and rice
[21,212]. Not only auxin signaling genes but biosynthesis and metabolism, such as TAA and DAO,
respectively, appear to promote root hair elongation during low external P. While taal mutation
decreases the promotion of root hair elongation under low Pi by more than 60 % in both Pi-suffi-
cient and Pi-deficient conditions, the daol.2D (dominant allele) mutant plants exhibited shorter

root hairs under only Pi-deficient conditions [212].
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Ethylene

Ethylene production under nutrient deficiency was initially debatable as both higher and lower
ethylene production were reported under low Pi in different plant species. He et al. (1992), Borch
etal. (1999), and Gilbert et al. (2000) reported that the presence of low levels of ethylene was able
to promote rapid and extensive aerenchyma formation in the roots of Zea mays L., pre-exposed to
N and P-deprivation [227-229]. In Arabidopsis, increased expression of three ethylene biosynthe-
sis ACS genes, ACS2, ACS4 and ACS6, indicates its higher production under low Pi conditions
[230]. P scarcity and ethylene cause analogous alterations in RSA, such as aerenchyma develop-
ment, altered root growth angle, induced root hair development, and increased density [228,231].
Formation of adventitious roots in WT but not in an ethylene-insensitive mutant cultivar Never-
ripe in tomato under Pi deficiency also supports a role for ethylene in adventitious root develop-
ment. The authors also reported increased ethylene production by tomato shoots and reduced eth-
ylene biosynthesis in roots under low Pi availability [232]. Unlike in tomato, Pi-limitation resulted
in lesser lateral roots and reduced lateral root density in common bean, suggesting both promoting
and inhibitory roles of ethylene on lateral root production in different species [228]. Evidence from
white lupin also implicates ethylene in cluster-roots (CR) formation. Treatment of the ethylene
antagonist CoCl, was found to reduce the number of CR formations under P-limitation [233].
Limited evidence also suggests that ethylene may also regulate the root growth angle to promote
plagiogravitropic growth of roots in Pi-deficient plants [234].

Besides LRs, evidence shows a largely promoting effect of ethylene on root hair production and
length in stressed and unstressed conditions, including Pi starvation. Zhang et al. (2003), through
pharmacological experiments, demonstrated that the application of inhibitors of ethylene biosyn-
thesis or ethylene signaling caused a reduction in root hair density and root hair Length [235]. This
observation was further corroborated by the scantier and shorter root hairs phenotype in the eth-
ylene-insensitive mutants, ein2, and etrl, which could not be fully restored upon Pi starvation
[443]. The authors using different ethylene biosynthesis inhibitors during simultaneous Pi starva-
tion, found that only Co?* and not AVG and aminooxy acetic acid effectively blocked the Pi defi-
ciency-induced increase in the root hair density of the WT plants. Like auxin mutants, ethylene-
insensitive Arabidopsis mutants respond to Pi deficiency with denser and longer root hairs, albeit
the extent of such response in the mutants varies from that observed in WT. Although, it was found

that ethylene-mediated root hair formation is not accompanied by the increased number of cortical

20




cells but only by the increased percentage of root hair forming H-cells. This indicates the existence
of different gene activation mechanisms, at least partially, underlying root hair formation by eth-
ylene and low Pi. Recent evidence by Song et al. (2016) provided further insights into such mo-
lecular mechanisms in Arabidopsis. Seedlings of a hypersensitive-to-phosphate-starvation 5 (hps5)
mutant, a mutated ethylene receptor ERS1, exhibited constitutive ethylene responses and enhanced
sensitivity to low Pi [236]. These seedlings were found to over-accumulate EIN3 protein, which
is further stabilized by Pi starvation. By employing various approaches, the authors demonstrated
that EIN3 and RSL4 share a set of common target genes. The combinatorial action of these two
transcriptional regulators, especially the stabilized EIN3, is responsible for the exacerbated re-
sponse of denser and longer root hairs under Pi starvation. Further, it was proposed that the stability
of EIN3 likely regulates the differential root hair development paradigms under unstressed and
stressed conditions. Recent imaging studies have disclosed the inter-relationships between eth-
ylene and RSA modulation under low Pi conditions in Arabidopsis. Ma et al. (2003) showed the
altitudinal outline of the relative elongation of root cells and biogenesis rates of cortical cells,
trichoblasts, and atrichoblasts [237]. They have also reported that P deficiency temperately reduces
the optimal rate of relative elongation, ceases the growth zone, and lessens the production rate of
both epidermal cell types towards the cortical cells. Blocking ethylene production (with ami-
noetoxyvinyl-glycine) or its action (with 1-methyl cyclopropane) revealed enhanced elongation in
high P and substantially decreased in low P conditions. To further validate whether the effects are
explicitly related to ethylene, the authors further validated by reversing the effect of repressed
ethylene production with concurrent exogenous treatment with an ethylene precursor (1-aminocy-
clopropane-1-carboxylic acid). It was observed that ethylene predominantly regulates the elonga-
tion rather than the maturation of the growth zone. It was concluded from their study that, a fine-
tuning is needed between the ethylene levels and its subsequent signal transduction pathway for
the acclimatization to the low P ambiance, which directly correlated with the root growth and
division under P stress. Borch et al. showed in bean (Phaseolus vulgaris) that ethylene limits root
elongation in phosphorus-adequate conditions but sustains elongation under phosphorus defi-
ciency [228]. This finding recommends that roots respond to P stress by shifting ethylene signal

transduction pathways involved in regulating growth.
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Strigolactone

The carotenoid-derived terpenoid lactones play important roles in Pi acquisition by establishing
symbiotic associations and manipulating plant architecture [441,442]. It is already well-docu-
mented that low Pi condition induces SL biosynthesis in plants which helps establish the symbiosis
associations through the exudation in the rhizosphere as an inductive signal [238-240]. SL also
stunts the shoot branching pattern to utilize available Pi judiciously. Further, SLs induce branching
in the root to increase total surface area and enhance the probability of Pi uptake. SLs are synthe-
sized once roots sense low Pi. SL-signaling mutant (max2) and deficient mutants (max3, max4)
and exogenous synthetic SL analog lead to inhibition of primary root development, lateral root,
root hairs elongation, and adventitious root growth [241-243]. It is observed that the exogenous
application of SLs mimics the Pi deficiency symptoms in rice [438] and Arabidopsis [244]. Under
low Pi, plants showed compromised growth in the primary root but exhibited enhanced lateral root
density in the max2-1 mutant compared to WT plants. Yoneyama et al. reported that orobanchol
exudation from the roots of Trifolium pratense in hydroponic media is negatively proportionate
with the increasing concentration of Pi in the medium [245]. SLs also participate in the cross-talks
between the plants' P and Nitrogen (N) status. A low P condition is created under the suboptimal
N condition, leading to induction in SL biosynthesis. Interestingly, the opposite does not happen,
indicating basal SL levels for maintaining plant growth when N starvation is created either in P-
sufficient or deficient conditions in tomato [246]. Surprisingly, SLs regulate LR and RH growth
by controlling auxin supply [247,248]. In rice, an exogenous supply of GR24, a synthetic SL,
causes the down-regulation of PIN family genes and reduces the IAA supply to control LR for-
mation [249]. However, the expression of the PIN gene was not altered by GR24 treatment in the
primary root (PR) tip in Arabidopsis [242]. A similar interaction between auxin and SLs was
found to regulate root hair development. High SLs concentrations caused a decreased level of
auxin accumulation in the root, resulting in high root hair density [250]. Such root responses gen-
erally occur during Pi-depleted conditions [251]. SLs acts as sensor under low nitrogen and phos-
phate conditions in early-grown seedlings indicating that SLs play an important role in the physi-
ological process in tomato [252].
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Jasmonic acid

Phosphate deficiency is known to activate jasmonate biosynthesis and signalling in plants. Khan
et al. (2016) reported higher levels of JA and its conjugate JA-isoleucine (JA-lle) in both roots and
leaves of wild-type Arabidopsis seedlings and the shoots of phol mutant under Pi deficiency [253].
They also reported the induction of a low Pi marker gene, IPS1, and a JAZ gene, JAZ10, in both
shoot and root tissues of Pi-deficient Arabidopsis plants. The activation predominantly occurs in
green photosynthetic parts of plants and is less prominent in the roots [254]. Surprisingly, the same
is not reflected in most transcriptomics studies examining the role of Pi-limitation in Arabidopsis
and rice [131,166,183,255-257], which failed to capture the conspicuous changes in the transcript
levels of the JA biosynthetic genes [253]. One of the characteristic features of low Pi-grown roots
in Arabidopsis is inhibited primary root growth due to exhaustion of root apical meristem. To
investigate the molecular signatures under such a response, Chacén-Lépez et al. (2011) compared
the root tip transcriptomes of WT and a low P insensitive mutant 4 [258]. The mutant seedlings do
not exhibit the atypical inhibited primary root response under low Pi. This analysis revealed the
downregulation of several JA-regulated genes in the mutant and implicated JA in primary root
elongation under Pi deficiency. Similarly, Pi deficiency has also reported differential expression
of JA pathway genes in leguminous crops like common bean and white lupin [144,145,233]. While
the role of JA in inhibiting primary root length is known, its role in controlling low Pi-induced RH
elongation is unknown. However, in a new study by Han et al. (2020) where different JA mutants
such as coil and jaz were used, authors revealed that the application of JA promotes root hair
elongation under normal conditions [259]. Authors found that JA regulates such RH elongation by
activating the expression of RHD6, RSL1 and their transcriptional targets. The coil mutant seed-
lings exhibited shorter root hairs whereas simultaneous mutation in JAZ proteins, co-receptors
which act as repressors, promoted root hair elongation, implicating JA in this developmental pro-
cess. Further investigation showed that over expression of RHDG6 reverted the root hair phenotype
of coil mutant and restored the root hair elongation. Authors finally concluded that Arabidopsis
JAZ proteins by interacting and suppressing RHD6 transcription factor control jasmonate-stimu-
lated root hair development. It is noteworthy to mention that RHD6 expression is up-regulated
under P deprivation, also by ethylene, hence it will be interesting to relook at the root hair elonga-
tion events under P deprivation in the light of the recently emerged evidence, especially for JA-
ethylene crosstalk [259].
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Cytokinin

The first study of cytokinin involvement in a nutrient deficiency context was suggested in
[260,261]. In this study, authors reported reduced cytokinin levels in plants under Pi or nitrate
starvation, which was further explored by Martin et al. (2000) and revealed that exogenous cyto-
kinin treatment inhibits the induction of numerous Pi starvation-responsive genes [262]. Cytokin-
ins have also been reported to suppress lateral root initiation in Pi-starved plants Lopez-Bucio, J.
et al. (2002), higher shoot/root growth similar to low Pi, and reduced exogenous cytokinin con-
centration [262,263]. The exogenous treatment also decreases the low Pi responsive INDUCED
BY PHOSPHATE STARVATIONL1 (AtIPS1), establishing its crucial role in manipulating root

architecture and exhibiting its potentiality towards being a central regulator of Pi starvation.

Gibberellic acid

Gibberellic acid plays an important role in regulating the PSRs gene in Arabidopsis and is involved
in RSA modulation and anthocyanins accumulation through GA-DELLA signaling. The exoge-
nous GA and mutants showed reduced primary root length, LR density, root hairs elongation, and
root-to-shoot ratio under low Pi-grown plants (Jiang et al. 2007). Another study demonstrated that
PSI transcription factor MYB62 regulates GA biosynthesis and P homeostasis in Arabidopsis
[264].

Abscisic acid

The direct relation between ABA and PSRs has not been demonstrated in Pi-deficient plants. The
ABA-insensitive abi2-1 and ABA-deficient aba-1 mutants behaved normally concerning inhibited
plant growth, unchanged acid phosphatase production, and enhanced root-to-shoot ratio compared
to WT plants. However, the total anthocyanins accumulation was reduced in aba-1 mutant plants
under Pi-depleted conditions [265]. At the molecular level, ABA also suppressed the expression
of AtPHO1, AtPHT1, At4, AtPHO1;H1, and AtIPS1 under Pi-deprived conditions [266,267]. While
accumulated data indicate some relation between ABA and PSR, these studies are not enough to
support a strong relationship between ABA and PSR in low Pi-grown plants.
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Fig. 4: Schematic representation of PSR and adaptive mechanisms in plants to optimize P
remobilization and growth under Pi deficiency.

1.4. Reactive oxygen species and P starvation responses

Low Pi availability in plants generally results in altered RSA, including more lateral roots and
RHs. ROS plays a vital role in mediating such changes in RSA. Plant primary roots have two areas
of ROS formation: the elongation zone and quiescent center (QC). The oxidative condition of the
plant QC is important in controlling the low cell division rate. ROS production in the elongation
zone promotes cell wall extensibility within this part of the root [268,269]. Inside plant cells, the
major organelle of ROS formation are mitochondria, chloroplast, peroxisomes, and apoplastic re-
gion. The enzyme complexes involved in ROS production belong to class 111 peroxidases, oxalate
oxidases, amine oxidases, lipoxygenases, quinone reductases, and plant NADPH oxidases (NOXs)
[270,271]. Under multiple stress conditions, these enzymes generate a huge amount of ROS and
change the oxidative landscape of the cell. This redox homeostasis is maintained by complex
antioxidant machinery in plants [270,272]. NADPH oxidases (also known as respiratory burst ox-

idases homologs, Rbohs) enzymes are responsible for synthesizing apoplastic ROS. NADPH oxi-
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dase (NOXs/Rbohs) enzymes are an integral plasma membrane-bound protein with six transmem-
brane domains with C-terminal FAD, NADPH hydrophilic, two heme groups, and two calcium-
binding domains [273,274]. The NADPH oxidase (NOX) genes belong to a small gene family in
plants. It consists of ten members each in Arabidopsis and grapes, eight in tomato, and nine in rice
[273]. These genes play diverse functions during plant growth and development. Based on the
regulation of NOX genes, these proteins have been suggested to be better candidates for modifying
ROS formation in terms of amplitude, period, and location [270,275]. In plants, apoplastic ROS
(apROS) are mainly generated by plasma membrane-located NADPH oxidases, amine oxidases,
and also cell wall peroxidases in minimal quantity. ApROS plays an important role in signal trans-
duction from extracellular spaces and may directly eradicate the attacking pathogens. Apoplastic

RQOS also controls cell division, cell elongation, and whole plant growth [272,276-278].
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Fig. 5: Schematic diagram of a NADPH oxidase, the membrane-bound enzyme complex
with six transmembrane domains.

1.4.1. Abiotic stress-responsive RBOHSs

Plant ROS signaling induces adaptive response during different abiotic environmental stress con-
ditions such as temperature, salinity, mechanical, and drought [276]. In Arabidopsis thaliana,
AtRbohD plays an important role in ROS generation under wound stress conditions. Such ROS

successively gather outside the plasma membrane (extracellular space) at the site of the initial
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wound, suggesting that AtRbohD-generated ROS propagates through the whole plant [279]. AtR-
bohD is down-regulated by MAPKS8 and stimulated by phosphorylation and binding of calmod-
ulins in a calcium-dependent manner [280]. Recent evidence also suggests systemically acquired
acclimation effects of the biomechanical wounding on freezing tolerance in wheat by Rboh genes
[281]. The generation of H.O2 by NADPH oxidase in the apoplastic region of plant cells plays a
significant role during cold acclimation-induced chilling tolerance [282]. Citrus sinensis RbohD
(CsRbohD) was reported to play an important role during cold stress [283]. During osmotic
stress, phytohormones are produced to enhance the mRNA level of AtRbohD and AtrbohF in
guard cells. Arabidopsis double mutant plants Atrbohd/Atrbohf exhibit reduced ABA-induced
stomatal closure [282]. Furthermore, a recent report indicates that the formation of ROS and
expression level of AtRbohD are increased by mild salt stress. There is very low ROS production
in Atrbohd mutant under low salt stress, revealing the pivotal role of AtRbohD in this aspect.
AtRbohD-produced ROS was common under ABA and salinity stress [284]. Plant hormones like
methyl jasmonate, salicylic acid (SA), and pathogen-derived coronatine also enhance AtRbohD-
dependent ROS formation in the presence of beta-aminobutyric acid [285,286]. Further, OsR-
bohA also enhances salinity tolerance through K+ homeostasis in rice [287]. Ethylene response
factor ERF74 controls the AtRbohD-dependent mechanism under different stresses and main-
tains H202 homeostasis in Arabidopsis [288]. The transcript level of AtRbohl is reduced by the
exogenous application of ABA. In contrast, its expression is enhanced by mannitol. The tran-
script level of the AtRbohl gene was found to be significantly high in Arabidopsis seeds and
roots. The mutant lines of Atrbohi were more sensitive to mannitol and ABA stress during seed
germination. In addition, significantly hampered lateral root growth in mannitol-treated seed-
lings, yet improved drought tolerance in the complemented Arabidopsis Atrbohi mutant plants
suggests its involvement in drought-stress tolerance [289]. AtRbohl also contributes to H20- for-
mation during NaCl or mannitol stress to enhance proline content in plants. Another Rboh mem-
ber, RbohF plays an important role in protecting the shoot cells from the extra accumulation of
Na* ions. This gene also participates in lignin acquisition during Casparian strip development in
the endodermis. This dispersion barricade directs the water and solutes through the soil to the
water-leading tissues [272]. Silencing of G. hirsutum RbohD (GhRbohD) caused impairment in
the lignin deposition in V. dahliae-infected plants, indicating the role of these genes in lignin

accumulation in plants [290].
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1.4.2. Interaction between RBOHSs and symbiotic organisms

Rbohs are not only involved in root growth and plant pathogenic relations, but these genes play
a significant role in plant-microorganisms symbiotic associations. For example, Rboh-dependent
ROS formation has promoted plant-bacterial association in legumes. Diphenyleneiodonium
chloride (DPI), an inhibitor of Rbohs activity, treated plants showed inhibition in the nodule
formation [291,292], emphasizing the significant role of Rboh genes during the symbiosis pro-
cess. The importance of Rbohs for their role during symbiotic interaction between the barrel
medic (Medicago truncatula) and Sinorhizobium meliloti has also been reported and demon-
strated [271]. The transcripts level of MtRbohA was found to be lower in root nodules and
showed more sensitivity of ROS to leghemoglobin [293]. Furthermore, a lower level of MtRbohA
led to declined nitrogen fixation and decreased expression of nitrogenase protein complex [271].
These results suggest that MtRbohA plays a significant role in signaling to facilitate interaction
between plants and the symbiont. ROP9-GTPase, which is responsible for regulating MtRbohE/3
at the transcript level, hindered the rhizobial infection thread of plant root hair cells in Medicaga
truncatula [294]. Moreover, Belmondo et al. (2016) reported that root cortex colonization, pro-
moted by activation of MtRbohE in symbiont cells, was not exaggerated in MtRbohE RNAIi mu-
tants [295]. Silencing of another gene of this family, i.e., RbohB, led to sequestering the infection
thread synthesis and nodule formation [296]. In contrast, overexpression of RbohB enhanced the
infection events and number of nodules and increased nitrogen fixation in Phaseolus vulgaris
roots [297,298]. All these studies suggested that Rboh-dependent ROS is important for effective
rhizobial infection threads, nodule development, and function. It is noteworthy that each member
of Rbohs may have been suggested to have different roles in similar biological processes [299—
301].
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Fig. 6: ROS signaling by different genes in different root developmental zones, meriste-
matic zone, elongation zone, and differentiation zone. The PRX=Peroxidases, UPB1= Tran-
scription factor UPBEAT1 (Basic helix-loop-helix protein 151), Rbohs= Respiratory burst oxi-
dase homologs, CYCs= Cyclins, CDKs=Cyclin dependent kinases, AOXs= Alternative oxi-
dases, HB3= Prohibitin3, ERFs= Ethylene Response Factors [417].

1.4.3. Plant growth and development responsive RBOHSs

Rbohs are evolved to play diverse developmental roles in different plant organs and tissues. For
example, Rbohs are involved in root growth and polarized growth of trichome cells, pollen tube,
and root hairs [302]. Cell wall softening and loosening are mediated by Rboh-generated ROS.
Extracellular ROS generated by plasmalemma localized Rbohs is important for plant growth and
cell elongation. Several studies have suggested that pollen tube, root hair tip, and Fucus serratus
zygote growth are due to ROS produced by Rbohs [303,304]. Rboh isoform, i.e., RHD2/AtR-
bohC is particularly important for ROS production during root hair development as rhd2 mutant
plants exhibit reduced root hair elongation because of the imperfect ROS formation and calcium
ion uptake [304]. AtRbohH and AtRbohJ also show their expression in pollen and stamens [305].
These two genes are involved in pollen growth and affect root hair growth and development
[225]. Moreover, Rbohs-dependent ROS participate in growth like cell wall softening at the time
of seed germination, root elongation, fruit softening, and hypocotyl elongation [306-308]. In
DPI-treated Arabidopsis and cress (Lepidium sativum) plants, the possible function of Rbohs in
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apoplastic ROS was demonstrated at the time of seed sprouting. In contrast, atrbohb mutant
plants seed germination is altered [307]. SIWfi and Lerbohl tomato mutants’ plants showed in-
hibited leaf growth and fruit development [309]. Further, a plant steroid hormone, brassinoster-
oid (BRs), which is involved in plant growth, enhances the transcripts level of Rbohs in cucum-
ber and maize [309] [310]. Arabidopsis AtRbohD, which showed significantly high expression
levels in different tissue/stages, has been suggested to perform a putative housekeeping function
in plant growth and development [273]. Either increase or decrease in the level of ROS leads to
many unfavorable phenotypes, like delaying nuclear envelope breakdown, preventing the for-
mation of preprophase band, and loss of spindle bipolarity by the time of cell cycles [311]. Dif-
ferent plant species showed variable phenotypes concerning primary roots under low Pi condi-
tions [13,122,263,312-314]. ROS levels and ROS mobilization occur during Pi starvation con-
ditions in the root [315-317]. The roots QC center and the elongation zone are the most critical
regions for cell division, cell wall extension, and elongation activity [268,269]. It has been shown
that limited Pi-grown plants have higher ROS levels in the QC center, elongation zone, and root
tips of the root [258,317]. During Pi starvation, the ROS localization in the root differs from the
pattern seen in potassium and nitrogen-deficient plants. Hence, the production of ROS can be

considered a measure of the nutrient-deficient plant root response [316].

Physiological signals
External P deficiency

Primary root Root hairs Lateral root

Fig. 7: Simple flow chart presenting the effect of ROS signaling to changed RSA under the
low Pi condition in Arabidopsis thaliana.
1.5. Role of F-box protein in plants

30




Protein turnover is an essential regulatory mechanism underlying the regulation of many cellular
processes such as cell cycle, cell lineage specification, embryogenesis, circadian rhythms, fruit
development, stress responses, and several signaling pathways. The ubiquitin-proteasome route is
the principal regulatory circuit that degrades selective intracellular proteins [318]. This pathway
mainly operates in three main steps: (i) activation of ubiquitin (Ub) moiety by Ub-activating en-
zyme (E1), (ii) relocation of activated Ub to Ub-conjugating enzyme (E2), and (iii) transfer of Ub
to the target proteins, followed by their degradation by Ub-protein ligase (E3) complex. F-box
proteins constitute one of the Skpl-cullin-F-box (SCF) E3-ligase complex subunits and confer
their specificity for appropriate substrates [319].

The characteristic feature of these proteins is the presence of a highly conserved, approximately
60 amino acids long N-terminally located F-box domain. In contrast, the C-terminal end of these
proteins is less conserved and may possess one or more variable protein-protein interaction do-
mains such as leucine-rich repeats (LRR), kelch repeat, tetratricopeptide repeat (TPR), and WD40
repeats [320]. F-box genes have been identified in various organisms after their initial discovery
in humans [320,321]. Numerous studies have shown that more F-box genes are present in plant
genomes than in any other organism. For example, in contrast to the 18 F-box genes available in
yeast (Schizosaccharomyces pombe) and 33 genes in Drosophila melanogaster, 694 and 687 genes

have been identified in Arabidopsis and rice, respectively [322-324].
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Fig. 8: The general mechanism of ubiquitination pathway. First, ubiquitin is activated by the
ubiquitin-activating enzyme (E1), further ubiquitin is forwarded to another enzyme, the ubiquitin-
conjugating enzyme (E2), and next delivered to substrates via ubiquitin ligases (E3). The ubiquitin
proteins are recognized and then degraded by 26 proteasomes to several small peptides.

F-box genes regulate various developmental processes, secondary metabolism, senescence, hor-
monal responses, and in response to biotic and abiotic stresses [325]. For instance, UNUSUAL
FLORAL ORGANS (UFO) regulates floral stem identity and organ development [326-328],
whereas LOV kelch protein 1 (LKP1)/ ZEITLUPE (ZTL), LOV kelch protein 2 (LKP2)/ FKF1-
like (FKL), and flavin-binding, kelch repeat, F-box (FKF1) proteins play regulatory roles in pho-
tomorphogenesis, circadian clock, and flowering time [329-332]. Further, a member of the F-box
gene family known as Solanum lycopersicum GA-INSENSITIVE DWARF2 (SIGID2) showed in-
tense green leaves and a small plant in RNAi silenced line [333]. OsFBX1, a kelch-repeat domain-
containing E3 Ligase subunit, is implicated in the development of rice anthers. It also regulates
root lignification by controlling a Cinnamoyl-CoA reductase enzyme's turnover in rice [334]. In
Arabidopsis, F-box proteins have also been implicated in phenylpropanoid biosynthesis regulation
[335], the repressor of leaf growth [336], and streamlining seedling's response to aluminum tox-

icity by monitoring the levels of a C2H2 transcription factor sensitive to proton rhizotoxicity 1
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(STOP1) [337]. Evidence suggests that F-box proteins are also involved in the regulation of plant
metabolism. For example, manipulating a kelch-repeat containing gene, OsFBK12, expression ei-
ther by RNAI or overexpression leads to enhanced leaf senescence, delayed seed germination, or
increased grain size of rice in OsFBK12-Ox lines [338]. Further, Borah et al. (2022) presented
SCF OsFBK1 E3 responsible for jasmonic acid mediation, leading to control lignification and rice
anthers [339]. Recently, a phloem protein-related F-box member, AtPP2-B11, was reported to
modulate abscisic acid (ABA) signaling and the abiotic stress response in Arabidopsis [340,341].
F-box genes also play a pivotal role in regulating hormone reception or signaling pathways in
plants. The auxin receptor protein, TRANSPORT INHIBITOR RESPONSE 1 (TIR1), which gov-
erns the stability of Auxin/Indole-3-Acetic Acid (Aux/IAA) proteins and controls auxin responses,
remains one of the best-studied F-box genes [342—344]. Other F-box proteins, such as EIN2-bind-
ing F-box factors (EBF1 and EBF2), act as negative regulators of ethylene signaling [345]. The
jasmonic acid receptor CORONATINE INSENSTIVE1 (COI1) is also an F-box protein [346,347].
Another F-box gene, MORE AXILLARY BRANCHES2 (MAX?2), is a crucial component of the
strigolactone signaling pathway and imparts plant resistance against bacterial pathogen infection
[348,349]. SLEEPY1 (SLY1) is a component of gibberellin signaling. It regulates the stability of
DELLA family proteins in plants [350,351].

Several F-box genes have been directly implicated in the plant responses under Pi starvation. For
instance, TIR1 alters lateral root development by modulating auxin sensitivity under Pi deficiency
in Arabidopsis [122]. Another F-box protein, AtFBX2, negatively regulates Pi starvation responses
in Arabidopsis [352]. While initial knowledge of the ubiquitin-mediated degradation of many pro-
teins involved in Pi homeostasis in plants has been obtained, the identity of SCF-E3 ligases en-
gaged in this process is still lacking. One of the outstanding questions in this context is which E3
is involved in PHO2-mediated PHO1 degradation.

The large numbers of F-box genes observed in plant genomes might correlate with enormously
diverse SCF complexes to regulate various biological processes, including PSRs, distinctively rec-
ognizing a wide array of target proteins. The full complement of F-box genes has been identified
in many crop species such as rice, pear, apple, chickpea, soybean, Medicago, maize, cotton, potato,
and Poplar [353-362] (Given that these genes are constituted by a large gene family generally
containing hundreds of members, assigning biological functions to each member of such a large

gene family remains a monumental task in plants. One of the primary aims of this study is to
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identify novel F-box genes that might be involved in Pi starvation responses in tomato. Although
the role of several F-box proteins, such as TIR1 and EBFs, have emerged during fruit development
and ripening, however, the available information on the structure and function of the entire set of

F-box genes largely remains elusive in tomato.
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2-Materials and Methods

2.1. Plant growth conditions, phosphate deficiency, and sucrose treatment

Tomato plants (Solanum lycopersicum cv Pusa Ruby) were grown in a culture room maintained at
24 + 3 °C with a 16 h day/8 h night photoperiod regime, 200 pmol m~2 s™! light intensity, and 6070
% relative humidity (RH), as described earlier [363]. Ethylene treatment was given to two-week-old
tomato seedlings, as described previously [364]. For Pi starvation experiments, tomato seeds were
surface sterilized and kept on modified manually prepared ¥2 x MS medium for three days in a culture
room at 24 + 3 °C in the dark. On the 4™ day, the germinated seeds with the same length (approxi-
mately 1 cm) radicles were transferred in Phyta Jars (500 mL capacity, Himedia, India) containing
Y% MS media supplemented with either high phosphate (1.25 mM phosphate) or low phosphate (5
uM phosphate) [439, 440]. KH2PO4 was used as the main phosphate source in the media. The low
phosphate media was supplemented with an equimolar concentration of KCI to compensate for po-
tassium. The seedlings were cultivated and harvested after 8-DAT and 15-DAT of Pi starvation
treatment.

Whereas for the sucrose treatment, 5" day, the germinated seedlings were transferred on HP/LP %
MS agar media with 2 % sucrose and without sucrose (+P+S, +P-S, -P+S, -P-S) and allowed to grow
for 8-DAT and 15-DAT after transferring. The seedlings were allowed to grow for the next eight
and fifteen days on the respective media. After the completion of experiments, samples were har-
vested and snap-frozen in liquid N2. The frozen samples were stored at -80 “C for further experi-

ments. All experiments were repeated at least twice with > 15 seedlings per treatment. °C

2.2. Plant growth in greenhouse

Tomato seeds were sterilized and germinated, as discussed earlier in section 1. Germinated seedlings
or transgenic lines were transferred in small pots containing moisture soil rite rich in nutrients and
allowed to grow for 15-to-20 days in a plant culture room as the condition described earlier section.
All the seedlings with pots were moved into the greenhouse and incubated for three days for accli-
matization. Finally, the plants were transferred to larger pots containing fertile soils with growth

conditions, as mentioned in section 1.
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2.3. Root morphological analysis

Before harvesting, seedlings' images were captured by a Canon PowerShot camera. Further, seed-
lings were removed gently without disrupting the roots and kept in double disitilled water (DDW)
for root architecture study. For Root length and lateral root density, all the seedlings were with scale
by HP LaserJet 1536dnf MFP printer. Root and Shoot length was measured by the Image J software
tool. However, for the root hair number and length study, we first fixed the roots on 0.8 % agar and
then scanned in Leica M105FC light microscope and counted the number of root hairs from the
primary root tip, whereas root hairs lengths were measured as described previously [365].

Lateral root density = number of lateral root number / Prianry root length
Root hairs density = number of root hairs / mm primary root length from the tip

Table-1

Recipe for modified ¥ Murashige and Skoog (MS) nutrient
components, pH 5.8

Macro-nutrients Required vol for 2 MS me-
dium, pH-5.8 Conc.mg/L

KH2PO4 170.1

MgSO;-7H20 90.345

CaCl2.2H20 166.1

KCI 70

NHsNO3 825

Micro-nutrients

HsBOs 3.1

MnSQO4.H20 8.45
ZnS04.7H0, 4.3

Na2Mo00O4.2H20 18.65
CuS04.5H0 0.012
CoCl2.6H.0 3.125
FeSQO4.7H20 13.9
Na-EDTA 18.65
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Myo-inositol

50

Sucrose

2%

Table-2

Recipe for Hoagland’s complete nutrient solution pH 5.8

Ingredients

Macronutrients stock

Required vol for % x/L High
Phosphate (HP)

Required vol for ¥ x/L Low
Phosphate (LP)

1M KH,POy4 1.25 mL (1.25 mM) 5 uL (5 pM)
1M KNOs3 3 mL (6 mM) 3 mL (6 mM)
1M Ca(NO3)2-4H,0 2 mL (2 mM) 2 mL (4 mM)
1M MgSO0s-7H20 1 mL (1 mM) 1 mL (1 mM)

Micronutrients stock

Conc. g/L for stock solution

1000x micronutrient

water and slowly added in KOH-
NaEDTA solution and aerate this

solution overnight with stirring.

H3BOs 2.86 Combined all following com-
ponents in total vol of 1 Itr of
MnS0..H-0 1.81 water and used 0.5 mL of this
ZnS04.7H.0 0.22 stock for ¥ x/Itr working Hoa-
gland solution
NazMo004.2H20 0.12
CuS04.5H20 0.08
Iron stock Conc. g/L for stock solution
Na-EDTA 26.1 in water containing 19 g of | The pH rises to about 7.1
and the solution is wine red
KOH . o
and very little precipitation
FeS04.7H20 24.9 g dissolved in 500 mL of | occurs. Make to 1-liter final

volume and store in a bottle
covered with foil (dark).

From stock 0.5 mL used for 2
x/Itr working Hoagland solu-
tion

2.4. Quantification of total soluble Pi and P

Total soluble inorganic phosphate (Pi) of Pi-sufficient and Pi-deficient plant tissues was quantified

using a phosphomolybdate spectrophotometric-based assay, as described by Ames (1966) [366].

The fresh plant tissue was powdered in a prechilled pestle and mortar. 30 mg of ground tissue was

taken in a 1.5 mL microcentrifuge tube (MCT) and thoroughly mixed by vertexing with 250 pL of
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1 % glacial acetic acid. Samples were subjected to liquid N2 for about 30 sec and allowed to thaw
at room temperature (RT). Thawed samples were centrifuged at 14000xg for 5 min. The 50 uL
supernatant was taken in new MCT, and 600 mL of 0.42 % acidic ammonium molybdate was
added. Along with 100 uL of 10 % ascorbic acid, mixed it properly and incubated at 45°C for 30
min. Further, from each tube, 200 uL samples were taken and read ODsg2o nm to quantify the solu-
ble Pi as described by Ames (1966) [366]. Each experiment was independently repeated at least
three times, with ten or more tomato seedlings per repeat.

For total P estimation, first, we dried the whole plant at 65°C in a hot air oven for 24 h. The next
day, the whole dried plant was ground in fine tissue powder, and 50 mg of powdered tissues were
taken in a 100 mL boiling tube. Further, 1 mL of concentrated sulfuric acid was added and incu-
bation for O/N at RT. The next day, all tubes were again incubated at 120°C for 2 h. Afterward, 1
mL of 30 % H202 is added to each hot tube, allowing them to become colorless solutions. The 10
uL solution from each was taken in new MCTs and added 600 uL of 0.42 % acidic ammonium
molybdate, along with 100 uL of 10 % ascorbic acid, mixed it properly, and incubated at 45°C for
30 min. Further, 200 uL samples were taken from each tube, read O.D. at 820 nm, and quantified
the total P was using the P standard curve. Each experiment was independently repeated at least

three times, with ten or more tomato seedlings per repeat.

2.5. H2DCFDA histochemical staining for H202 detection

For histochemical staining and detection of H2O> in roots, we have used 2',7'-Dichlorofluorescin
diacetate (H2DCFDA- Sigma-Aldrich, cataloge number: 4091-99-0) with slight modification. HP
and LP roots were taken from the media, washed gently with DDW, and incubated in 10 uM
H2DCFDA solution for 30 min. Further roots were cleaned with DDW, and roots were used for
imaging with a confocal microscope where 488nm wavelength was used for emission, and 522 nm
wavelength was used for light detection [367].

2.6. Estimation of total anthocyanins

Total anthocyanins pigments of Pi-sufficient and Pi-deficient seedlings were quantified of the
same node leaves in the two sets of plants. 150 mg of leaf tissue was ground in 10 mL of acidic
methanol (methanol: water: HCI, 79:20:1, v/v/v) and incubated the samples in dark for 2 h. After
incubation, samples were centrifuged at 5000xg at RT for 10 min. The absorbance of the superna-

tant was measured at 530 nm and 657 nm, as described previously [368]. The experiment was
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independently performed three times. Total anthocyanins content was measured using the follow-

ing formula: {4530 — (%57)} /gm FW where Aszoand Aes7 are absorbance in nm of the extracted

pigments solution.

2.7. Quantification of total carbohydrates

The total carbohydrates were quantified using Phenol Sulfuric acid method (HiPer Carbohydrates
Estimation Teaching Kit-Himedia). First, we plotted the Glucose standard curve with the standard
glucose Himedia-GRMO016 (1mg/mL). Plant tissue was ground in liquid N2, and 10 mg of pow-
dered tissue was transferred to 2 mL MCTs. Afterward, 0.2 mL of 0.5 % phenol solution was added
to all the MCTs, followed by gentle mixing. Then, 1 mL of concentrated Sulphuric acid was added
to each tube, mixed well, and incubated for 10 min at RT, followed by a second incubation at 30
°C for 20 min. Finally, the O.D. was recorded at a wavelength of 490 nm. Sugar concentration was

calculated by using the glucose standard curve.

2.8. Determination of root-secreted acid phosphatase activity

For secretory acid phosphatase (SAP) activity, roots from Pi-sufficient and Pi-deficient tomato
seedlings were purged and submerged in a reaction buffer (10 mM pNPP, 10 mM MgCl,, 50 mM
NaOAc, pH 4.9) for 4h at 37 °C. After incubation, the reaction mixture was terminated by adding
100 pL of 0.4 N NaOH solution. The roots were then removed from the reaction buffer, and the
absorbance of the solution was recorded at 410 nm. SAP activity was expressed in Asionm/plant/h.
For root-surface associated APase activity, roots of Pi-sufficient and Pi-deficient tomato seedlings
were cut and washed with DDW. These roots were arranged vertically on the 24 cm? plates and
kept wet with the help of DDW. These roots were then temporarily fixed by pouring 0.5 % agar
solution containing 100 uM BCIP and the setup was incubated at RT for 24 h [369]. Images of all
the roots were taken by scanning with an HP LaserJet 1536dnf MFP printer.

2.9. Pi kinetic and recovery experiments

Seeds were germinated on blotting paper, as mentioned in section 1. Further, these seedlings were
transferred on standard 1/2x Hoagland media. After seven days of germination, phosphate starva-
tion was given for the next 15 days. Samples were collected from the first the of starvation in a
time-dependent manner till 15 days (15min, 4h, 12h, 24h, 48h, 7-day, and 15-day). Further, starved
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seedlings were recovered by changing low P media to high P, and samples were collected hourly.

All the samples were instant fridges by Lig. N2 and stored in a -80 °C deep freezer.

2.10. Minerals nutrients stress

For nutrient stress, geminated seedlings were grown for seven days on normal media and then
transferred to different stress media (-P, -K, -Mg, -N, and -Ca). For K depletion, we have replaced
the KH2PO4 with H3POg, for -Mg; MgSO4 with NH4SO4, for -Ca; CaClz with KCI, for -N; CaNO3
with CaCl» for 15 days. After that, samples were collected and stored instantly at -80 °C. Further

RNA was isolated from all the samples as described above section.

2.11. Non-targeted metabolite profiling

For GC-MS-based profiling of metabolites, 8-DAT and 15-DAT Pi-sufficient and Pi-deficient to-
mato seedlings were frozen and powdered in liquid N2. 150 mg of each frozen pulverized sample
was extracted in 1400 uL of 100 % MeOH solution. The extraction of the frozen samples and
further processing were done as described previously by Bodanapu et al. (2016) [370]. Ribitol (0.2
mg ribitol/mL water) was used as an internal standard. Gas chromatography was performed using
a hybrid quadrupole time-of-flight instrument (Leco Corporation, USA). ChromaTOF and Met-
Align packages (Lommen et al. 2012) were used for processing and initial analysis of the raw data
[445]. The mass signals present in at least three samples were used for further Research. The NIST
(National Institute of Standards and Technology) GC/MS Metabolomics library software
(NIST/EPA/NIH Mass Spectral Library 14, v 2.2, USA) was used to identify the metabolites. Sta-

tistical analysis was done using MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/). Pearson's

correlation was set as a default setting. PCA and partial least squares discriminant analysis PLS—
DA) were performed in MetaboAnalyst 4.0 [371].

2.12. Histochemical analysis and quantification of ROS levels

Detection of H20O, and O2" was done as described by https://bio-protocol.org/e1108#biacti5025.
Harvested leaf and root tissues were washed with DDW to remove extraneous materials. Root and
leaves were placed in a 6-well tissue culture plate (Tarson, catalog number: 980010). For the H.O>

detection, the samples were immersed with 1 mg/mL 3, 3'diaminobenzidine (DAB). O2" detection
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was done by immersing samples in 2 % NBT solution in 50 mM sodium phosphate buffer. In both
cases, the plate was wrapped with aluminum foil and incubated overnight in the dark at room
temperature. The next day solution was drained off the plate. Stained samples were bleached in
acetic acid-glycerol-methanol (1:1:3) (v/v/v) by boiling the solution at 100 °C for 5 min. Finally,
the samples were stored in glycerol-methanol (1:4) (v/v) solution until the photograph was taken.

H>0> was visualized as a brown color due to DAB polymerization.

Estimation of ROS (H20) levels was done as published previously [148]. In this protocol, 100 mg
of fresh plant tissue (shoot/root) was ground in liquid N2. The powder was transferred to 1.5 mL
MCT with 100 pL of 0.1 % TCA. The samples were mixed well by vertexing, followed by a
centrifugation step at 12000xg for 15 min 500 pL of supernatant was transferred to a new MCT
and mixed with 500 pL of potassium phosphate buffer (pH 7.0), and 1 mL of 1M KI followed by
gentle mixing of the reaction mix. The optical density of the mixture was recorded at 390 nm. The
H>0> content was determined by using an H>O> standard. The NBT-stained root was used to de-
termine O2" production through NBT precipitation. In short, NBT-stained tissues were homoge-
nized in 2 M KOH-DMSO (1/1.16,v/v) and were centrifuged at 12,000xg for 10 min. ODes3o of the
supernatant was taken instantaneously. Superoxide ions were quantified using a standard prepared

with the known concentrations of NBT.

2.13. Plasma membrane (PM) protein extraction by PVPP method for NADPH oxidase as-
say
First, 5 % 0.25mg PVPP (110 pum size) was mixed with DW and kept at 4 °C overnight. Next

day, the protein extraction buffer is prepared with the below-mentioned composition:

Table 3:Composition of Protein Extraction Buffer (50 mL)
0.25 mM Sucrose 4.278mg

50 mM HEPES 595.75mg

3.6 mM L-Cysteine 21.807mg

0.6 % PVP 300 mg

2mM EDTA 300pL from 0.5M stock
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The PVPP was centrifuged at 2000xg for 5 min at room temperature, and the supernatant was
discarded. PVPP is then equilibrated by adding extraction buffer, mixed by vertexing, and left on
ice for 2h. After incubation, PVVPP was again centrifuged at 2000xg for 5 min. After discarding
the supernatant, 1.5 mL extraction buffer containing 1mM PMSF was added to PVVPP, and vertex-
ing was done to mix the components. We used 0.05g PVPP (Dry Weight)/gram of plant tissue
(Fresh Weight). One-gram shoot and root tissues were powdered in liquid N2, followed by adding
5 mL PVPP solution with extraction buffer. The solution was vortexed and maintained on ice until
its centrifugation at 600xg for 5 min at 4 °C. The upper layer was transferred to a new 15 mL
falcon tube. This step was repeated by adding ¥z volume of the extraction buffer used for the first
time. Then the supernatant was centrifuged at 10000xg for 5 min. The supernatant was transferred
in an Ultracentrifuge tube (Beckman Coulter, cataloge number: 331374) and nonstop centrifuged
at 220000xg for 2 h at 4 °C. Subsequently, the supernatant was discarded, and pellets were dis-
solved in 500 pL of 50 mM Trish-HCI buffer with pH 7.5. Protein concentration was measured at
594 nm using the Bradford method, and the final concentration of protein was calculated by BSA

standard, as discussed earlier.

2.14. Determination of NADPH oxidase activity

The NADPH oxidase activity in the root and shoot tissues of Pi-sufficient and Pi-deficient seed-
lings was performed from the isolated PM proteins. First, the reaction buffer (50 mM Tris-HCL
pH 7.5, 0.5 mM XTT, 100 uM NADPH) was prepared. The reaction was initiated by mixing 50 g
membrane protein in 1 mL reaction buffer. The reduction of XTT was determined at 470 nm for 5
min with an interval of 30 sec. The extinction coefficient of 2.16 x 10* Mcm™ was used in the

calculations [372].

2.15. H202 and DPI treatment in tomato seedlings

Sterilized tomato seeds (as described earlier) germinated on moist filter paper for four days under
dark conditions. The germinated seeds were transferred to the half-strength Hoagland’s nutrient
solution (Hoagland & Arnon, 1950), as mentioned in Table 2 [448]. Nutrient solutions were pre-

pared with different concentrations of diphenyleneiodonium chloride (DPI) and H2O. Plants were

42




grown with and without DPI and H.O; for the next ten days in a growth culture room set at 22 +
1°C, 50-70 % RH, and light intensity of 150-200 pmol m 2 s™* under 16 h/8 h light/dark photo-

period cycle.

2.16. RNA preparation, RNA-sequencing, and quantitative real-time PCR (QPCR)

Total RNA from different treatments, root, shoot, and fruits tissues were extracted using a Favor-
Prep™ Plant Total RNA Mini Kit (sample size: up to 100 mg of plant tissue, fruit or seed,
cat#FAPRK 001 Favorgen make, Taiwan). High-quality RNA samples were outsourced to Bion-

ivid (https://www.bionivid.com/) for RNA sequencing. Four libraries were sequenced using with

[llumina HISEQ 4000 platform. The following parameters were used during RNA sequencing: 150
bp paired-end sequencing and > 25 million reads per library. Stringent quality control of Paired
End sequence reads of all the samples was done using the NGSQC Tool kit. Paired-end sequence
reads with a Phred score >Q30 were taken for further analysis. Solanum lycopersicum Transcrip-
tome from SGN was used for the reads alignment. Kallisto quant was used for alignment, and the
DESeq R package was used for differential expression analysis with default parameters. In the
treated samples, transcripts with log. fold change with a cut-off value of 1 and p-value <=0.05
were considered differentially expressed genes against their nontreated sample signal values (data
unpublished). Unsupervised hierarchical clustering of differentially expressed genes was done us-
ing Cluster 3.0 and visualized using Java Tree View v1.1.6. Heatmaps were generated using online
software called Heatmapper (http://www.heatmapper.ca/). For annotation, all the transcript se-

quences were used for BLASTN against the Refseq Plant database to get Gene Ontology (GO) and
KEGG Pathways for Complete data. Gene ontology (Biological processes, Cellular components,
and Molecular Functions) for significantly differentially expressed genes were fetched from En-
semble Plant Biomart (SL3.0) (Bionivid IT complements Research).

Quantitative real-time PCR (qPCR) specific primers were made using PRIMER EXPRESS version
2.0 (PE Applied Biosystems, USA). The qPCR reactions were performed in 96-well optical reac-
tion plates using the Bio-Rad CFX96 Touch Real-Time PCR and Agilent Mx3000P QPCR system.
Normalization of the gPCR expression data was done using the tomato GAPDH gene. gPCR-based
expression analysis was performed using at least two biological samples with three technical rep-
licates per sample. The AACt method was selected to calculate the relative gene expression level
of all the genes [373].
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Table-4

Vector name Type of vector Cloned gene Purpose
pCAMBIA1391 | Promoter binary | 1kb  SIRbohH pro- | Promoter activity
vector moter
pCAMBIA2302 | 35S overexpression | 1.63kb SIFBX2L1 | Complement/ subcellular lo-
binary vector CDS calization studies in plants
pTRV2 Tobacco rattle virus | 35-409 bp VIGS frag- | Transient gene silencing stud-
vector 2 ments SIRbohH, | ies in plants
SIFBX2L1, and SIPDS
pTRV1 Tobacco rattle virus | N/A Helper vector for mobilization
vectorl of pTRV2 plasmid in plants
pFASTRK- Plant CRISPR vec- | SIFBX2L1 gRNA seq | For the generation of a stable
AtCas9-AtU6 tor knockout line

2.17. Construction of pSIRbohH::GUS transcriptional fusion construct

Further, the 1-kb upstream promoter region of SIRbohH harboring multiple P1BS (GNATATNC)
elements was amplified by PCR using tomato genomic DNA as a template. The PCR product was
purified by PCR/Gel elution kit (Favorgen Biotech, Taiwan). The purified amplicon was double
digested with fast-digest FDPstl and FDBamHI (Thermo-Fisher Scientific, cataloge numbers:
FDO0614 and FD0054) restriction enzymes (Thermo-Fisher Scientific, Scientific USA). The binary
vector pPCAMBIA1391z was also digested with the same restriction enzymes. The digested prod-
ucts were purified again, as discussed previously, and concentrations of the eluted products were
estimated using BioSpectrometer (Eppendorf Pvt. Ltd., Germany). Next, the vector and insert were
taken in a 1:6 ratio for ligation reactions. T4 DNA Ligase (Invitrogen Life Technologies, USA,
cataloge number: 5224017) was used in the ligation reaction, and MCT carrying the reaction mix-
ture was incubated at 16 °C overnight. Afterward, the ligated reaction mixture was transformed
into E. coli DH5a competent cells using a heat shock method. The transformed cells were first

revived and then spread on LB-Agar plates supplemented with 50 mg/L Kanamycin (Himedia,
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cataloge number: 25389-94-0). The plates were incubated at 37 °C in an incubator for 16 h. The
next day, colony PCR was performed on the grown colonies on the selection plate with promoter-
specific primers. The confirmed colonies were grown for plasmid isolation and further validation.
FD Pstl and FD BamHI restriction enzymes were used in double digestion, and the reaction was
performed as described earlier. Agarose gel electrophoresis was used to visualize the released in-
sert from the vector backbone on 0.8 % agarose gel. Final confirmation of the cloning of the SIR-
bohH promoter was done by Sanger sequencing. The cloned product was transformed in Agrobac-
terium tumefaciens strain LB4404 and confirmed by colony PCR and double digestion with the
same restriction enzymes. The single confirmed colony was inoculated in 5 mL of YEM media
with respective antibiotics and then grown for 24 h. After 24 h, 10 mL of YEM media was used
for secondary where 1 % inoculum from the primary culture was added with antibiotics for 16 h.
Further, 187 mL of 80 % glycerol stock was added in 10 mL culture, gently mixed, and 1.5 mL

mixed culture and stored in a deep freezer at -80 °Cfor further experiments.

2.18. Construction of SIFBX2L1-overexpression vector for gene complementation study

For the gene complement study, the SIFBX2L1 coding sequence (CDS) was retrieved from SGN
(https://solgenomics.net/tools/blast/), and primers were designed by adding Ncol and Spel re-
striction sites. Full-length CDS was amplified using iProof™ High-Fidelity DNA Polymerase en-
zyme from (Bio-Rad USA)). The amplified product and pPCAMBIA1302GFP binary vector were
double digested by Ncol and Bucl (Spel) restriction enzymes and purified as described in section
16. Further, the ligation reaction mixture was performed as discussed previously. Next, Transfor-
mation, colony PCR, plasmid isolation, double digestion, Sanger sequencing, and glycerol stock
preparation were performed as described previously. Additionally, the cloned product was trans-
formed in Agrobacterium tumefaciens strain LB4404, confirmed by colony PCR and double di-

gestion with the same restriction enzymes.

2.19. Generation of pTRV2 plasmid constructs of SIRbohH, SIFBX2L1, and SIPDS for tran-
sient gene silencing

The complete coding sequence of SIRbohH, SIFBX2L1 and SIPDS was used as a query sequence
SGN VIGS tool (https://vigs.solgenomics.net/) to select the best VIGS fragment for these genes.
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Using gene-specific VIGS primers, 350, 300, and 409 bp fragments of all three genes coding se-
quences were PCR amplified from tomato seedlings cDNA. The amplified PCR products were
cloned into the tobacco rattle virus vector (pTRV2) using Xbal-BamHI restriction sites. Cloning of
the fragment was performed as described earlier section. The putative transformants were con-
firmed by colony PCR and restriction digestion. The verified plasmids were used to transform in

Agrobacterium tumefaciens GV3101 competent cells for VIGS experiments.

2.20. Generation of single guide RNA (gRNA) construction of the SIFBX2L1 gene for gener-
ation of CRISPR/Cas9 knockout (KO) lines

The SIFBX2L1 gene data were examined in the Sol Genomics Network (SGN) database using the
Solyc06g073650 gene ID, and the coding and genomic sequences were extracted from the SGN
database ITAG 3.20. Individual exons were submitted to the CRISPR-P 2.0 database
(http://crispr.hzau.edu.cn/CRISPR2/) to find candidate guide sequences. Parameters like NGG-
PAM, U6 snoRNA promoter, Solanum lycopersicum target genome, and exon sequence were de-
cisive. Guides were examined from the provided list, and preference was given to guide RNA
(gRNA) with a free 5' end in the secondary structure, high on-target potential, and a low off-target
value. For designing the gRNA primers, restriction enzyme site Bsal, AtU6-26 promoter sequence
or its scaffold sequence present in the template plasmid pEN-2xAtU6 was added to the chosen
guide sequence. (https://gatewayvectors.vib.be/collection/pen-2xatu6-template), and the amplified
sequence was purified as mentioned in previous section 16. Destination vector pFASTRK-AtCas9-
AtU6 (https://gatewayvectors.vib.be/collection/pfastrk-atcas9-atu6-scaffold) and PCR purified
fragments were digested using Bsal restriction digestion enzyme. Further, ligation, transformation
colony PCR, plasmid isolation, and restriction digestion with FDEcoRI and FDPstl enzymes. The
final plasmid was confirmed by Sanger sequencing. Verified plasmids were immobilized into Ag-
robacterium AGL1 cells. The successful mobilization was confirmed using colony PCR. Plasmids

from positive colonies were used for generating gene-editing KO tomato lines.

2.21. Screening and validation of homozygous Atfbx2 mutant (SALK _003143C)
Seeds of SALK Atfbx2 mutant (SALK 003143C) were obtained from TAIR (http://sig-
nal.salk.edu/cgi-bin/tdnaexpress). The surface sterilization of seeds was done using 70 % ethanol

for two min followed by 4 %-hypochlorite treatment. Seeds were washed with autoclaved double
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distilled water and spread on %2 MS-Agar plate using 200 pL micro tips. The plate was incubated
for three days in the dark at 4 °C. Later, the %2 MS-Agar containing seeds were transferred to the
culture room and maintained a 16/8h light-dark cycle at 22 °C with light intensity 150 pmol/m?/s
1. After 3-4 weeks, the Dellaporta method was used to isolate genomic DNA [447]. To screen the
homozygous mutant lines, Polymerase Chain Reaction was performed by using specific primers
(Left primer, Right primer, LB3.1 primer, Table-7) made from the T-DNA primer designer tool
(http://signal.salk.edu/tdnaprimers.2.html). After the screening of homozygous mutant lines,
plants were allowed to grow, and seeds were harvested and stored at -20 °C. Arabidopsis Atfbx2
mutant and Col-0 seeds were germinated on a plate with normal %2 MS-Agar media, transferred on
HP/LP ¥ MS-Agar plate, and kept vertically. Images were taken with Leica M105FC light micro-
scope. Soluble Pi, total P, and anthocyanins were estimated as described previously.

2.22. Stable transformation of Atfox2 mutant plants with pCAMBIA2302:SIFBX2L1 con-
struct by floral dip

The Arabidopsis thaliana Atfbx2 homozygous mutant seeds were grown under normal conditions
with a 16/8 light-dark cycle at 22 °C. In the meantime, bacterial culture was prepared for Agro-
bacterium tumefaciens strain AGL-1 harboring the expression vector (pPCAMBIA1302GFP-
SIFBX2L1:0X). For this, a fresh colony was inoculated into 5 mL LB broth medium with suitable
antibiotics, and the culture was grown at 28 °C for 2-days. Sub-culturing was done by adding 1 %
of the primary culture to 200 mL liquid LB with the appropriate antibiotics. The secondary culture
was grown to a stationary phase until ODeoo reached 1.5 at 28 °C. Later, cells were harvested by
centrifugation at 5,000xg for 15 min at room temperature (RT). Pellet was suspended ina 5 %
(w/v) sucrose solution. Sliwet L-77 was supplemented to a concentration of 0.03 % (vol/vol) and
mixed well before dipping. The transformation solution was poured into was in 250 mL glass
beaker. Next, plants were inverted and dipped whole aerial parts of the plant in Agrobacterium so-
lution for 2 to 3 sec with gentle shaking. The pipette was used for dripping some bacterial suspen-
sion onto small axillary floral buds, which are enabled to immerse into the solution. A big trans-
parent plastic bag enclosed the dipped plants for 24 h to maintain high RH. Care was taken to avoid
the exposure of plants to excessive sunlight. The next day, the cover was removed, and the treated
plants were kept back to normal condition 16/8 h light-dark cycle at 22°C. T1 seeds were collected

for further screening.
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2.23. Screening of putative complemented lines on Hygromycin antibiotics

T1 seeds were sterilized as described in section 20, spread on the 15 pg/mL HygR containing %2
MS solid agar plates, and incubated in the dark for three days at 4 °C. After 3" incubation, plates
were exposed to light for 6 h and further incubation in darkness for 24 h. Further, plates were
transferred back in the light. After the 24 h incubation of plates, positive seedlings with long hy-
pocotyls were allowed to grow for one week and then transferred on soil rite for further growth.
Then homozygous lines were confirmed by PCR base methods using gDNA as a template of all
positive lines where gene-specific primers to amplify the transformant DNA segment. Final ho-
mozygous line confirmation was done by checking the gene expression level of SIFBX2L1 by
gPCR. Homozygous Atfbx2:35S-SIFBX2L1 complemented lines were used for further characteri-

zation.

2.24. Histochemical analysis of stable pSIRbohH:GUS Arabidopsis lines

Arabidopsis homozygous SIRbohH stable promoter line and WT Col-0 seeds were surface steri-
lized by using 70 % ethanol for 2 min, followed by 4 % hypochlorite treatment for 10 min in
laminar airflow. These seeds were washed with autoclaved DDW and spread on ¥2 MS-agar plate
using 200 pL micro tips. The ¥2MS plates with spread seeds were incubated at 4 °C in the dark for
the next three days. Later, these plates were transferred to the culture room, maintained at 22 °C
with 16/8 h light-dark cycle with light intensity 120-150 pmol/m?/s™*. After three days, the seed-
lings were transferred to ¥2 MS-Agar plates supplemented with either HP or LP and grown for the
next 15 days. Seedlings were removed carefully without damaging the roots. For histochemical
staining, the DDW washed seedlings were immersed in GUS solution {50 mM phosphate buffer
pH 7.2, 5 mM KsFe(CN)es, 5 mM KsFe(CN)s, 0.2 % (v/v) Triton X-100, and 2 mM X-Gluc (5-
bromo-4-chloro-3-indoxyl-beta-D-glucuronide cyclohexyl ammonium salt)} and incubated over-
night at 37°C with gentle shaking. Stained leaves and roots were submerged in 70 % and then 95
% ethanol solutions to bleach the chlorophyll and clear the tissues. Seedlings images were taken
using Leica light microscope.

48




2.25. Transcriptional activation of pPCAMBIA1391z:SIRbohH with pCABIA2302:PHRL1/L2
in N. benthamiana

Prepared recombinant agrobacteria were used for infiltration using a procedure of K. Norkunas et
al. (2018). In short, a single colony for each vector was inoculated into liquid Yeast Mannitol
media (YEM) containing kanamycin (50 mg/L) and rifampicin (30 mg/L) at 28 °C for 24 h. The
next day, the secondary culture was inoculated in 10 mL YEM with kanamycin (50 mg/L), rifam-
picin (30 mg/L), and 200 uM acetosyringone for 24 h at 28 °C. The bacterial cultures were centri-
fuged, the supernatant discarded, and pellets were resuspended in MMA (10 mM MES pH 5.6, 10
mM MgClz, 200 uM acetosyringone) with final ODsoo 1. The resuspended cultures were incubated
at room temperature for 2 h for the revival of cells. For the infiltration, recombinant bacteria con-
taining different plasmids were mixed with 1:1:1 ratio (0)CAMBIA1391z-SIRbohH:GUS::pCAM-
BIA2302:PHRL1/L2:p19) or ()CAMBIA1391z-GUS::pCAMBIA2302:PHRL1/L2:p19) just before
infiltration. The top leaves of 6-8 weeks old plants were infiltrated with either blank vector or
vector combination and kept in the dark for 24 h. Later, the infiltrated plants were kept for the next
72 hin a culture room maintained at 22 °C with RH-65, light intensity 200 umol/m?/s* with 16/8
h photoperiodic cycle. The histochemical staining of the Agrobacterium infiltrated leaves was per-

formed, as mentioned previously.

2.26. Virus-induced gene silencing method (VIGS)

The germinated tomato seeds were transferred to the half-strength Hoagland’s nutrient solution,
as mentioned in the above sections, for seven days. To silence the candidate genes such as SIR-
bohH or SIFBX2L1 genes, the VIGS protocol was followed, as prescribed by M. Senthil-Kumar et
al. (2013) [446]. In brief, the primary culture of all VIGS constructs was initiated in YEM broth
media with Rif 30 mg/L and Kan 50 mg/L at 28 °C overnight. The next day, the secondary culture
was inoculated in Induction Media (IM) containing 50 mg/L Kan, 30 mg/L Rif with 200 uM ace-
tosyringone for 24 h at 28 °C. The cells were harvested by centrifuging for 10 min at 3000xg and
resuspended by the gentle shake in the same volume that the original culture medium (10 mM
MgClz, 10 mM MES pH 5.5). Again, centrifugation was done for 10 min at 3000xg, and the cells
were resuspended in 1/2 volume of the original culture in MES-MgCIl; (10 mM MgClz, 10 mM
MES pH 5.5). The cultures pTRV1 and pTRV2-SIRbohH/SIFBX2L1, pTRV1 and pTRV2, positive
control pTRV1 and pTRV2-SIPDS were mixed in separate 5 mL culture tubes with 1:1 ratio with
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final equal bacterial density O.D.s00 0f 0.15. Bacterial resuspensions were infiltrated to both coty-
ledons and the first true leaves in 1 mL syringe. These seedlings were allowed to recover and grow
for the next seven days in a culture room maintained at 22 °C, RH-65, light intensity 200 pmol/
m?2/s™t with 16/8 h photoperiodic cycle. On the 8" day after infiltration, seedlings were divided into
two batches and grown in non-limiting phosphate (1.25 mM, HP) and limiting phosphate (5 pM,
LP) conditions in a hydroponic system and grown for the next 15 days. The experiment was ter-
minated after 15 days. Putative VIGS-plants were confirmed for the presence of a pTRV2 vector
by isolating the gDNA from each plant and performing a normal PCR reaction using viral coat-
protein gene-specific primers. All the positive plants were used for RNA isolation and physiology.
All the biochemical experiments, such as screening of roots, estimation of soluble Pi, total P, total
anthocyanins, total carbohydrates, cDNA preparation, and other experiments, were performed as

described earlier.

2.27. ldentification and sequence analyses of F-box genes

We employed HMM profiling approach for data mining and identification of F-box genes in to-
mato. HMM profiles of F-box (PF00646), F-box like (PF12937), FBAs (PF04300, PF07734 and
PF07735), and FBD (PF08387) were downloaded from Pfam database (http://pfam.xfam.org/).
The HMM profiles were searched against the annotated proteins of tomato (ITAG release 3.20),
and protein sequences for entries with e-value < e-1 were retrieved. These sequences were exam-
ined for the presence of the F-box domain using a batch search tool at the Pfam database with a
cutoff of less than 1.0 (http://pfam.xfam.org/). Sequence entries without a specific F-box domain
were discarded. The tomato genome gff3 file (ITAG3.2_gene_models.gff3) was used to retrieve
information on the chromosome locations and gene structure. Information on the length of coding
sequences and the intron-exon organization was also retrieved from the tomato genome database
(https://solgenomics.net/). WOLF-pSORT software was used to predict subcellular localization
(www.genscript.com/wolf-psort.html). Gene Ontology (GO) classification of the identified F-box
genes was performed using PANTHER (http://www.pantherdb.org/) at the Gene Ontology Con-
sortium webpage (http://geneontology.org/page/go-enrichment-analysis). Enrichment analysis
was done using Fisher's exact test in 'R'. Putative protein interacting partners were identified using
STRING software (http://string-db.org/). For this purpose, the amino acid sequence of the selected
F-box gene was used as a query sequence in the search option "protein by sequence”. The output
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figure was exported as a vector graphic (SVG) and manually curated for gene names of the inter-

acting protein partners.

2.28. Chromosomal location map, gene duplication, and syntenic analyses

The chromosomal positions of F-box genes were retrieved from the ITAG3.2_gene_models.gff3
file of tomato and were used to generate a chromosomal map using MAPchart [374]. SynMap tool
(https://genomevolution.org/CoGe/SynMap.pl) was used to identify syntenic regions within to-
mato genomes, and F-box genes falling in these regions were considered segmentally duplicated
genes. The examination of segmental and tandem duplication events in the expansion of this su-
perfamily was examined using the already defined parameters described previously [354,375]. For
tandem duplications, the parameters used are: not more than ten genes should separate them, and
duplicated genes should show > 50 % similarity at the protein level. Similarly, syntenic analyses
between tomato and other Solanaceae species, including S. pennellii, potato and capsicum, and the
non-Solanaceous plant Arabidopsis, were carried out. The retrieved lists were searched for synte-

log pairs for all F-box genes. The information was used to create ideograms in Circos [376].

2.29. Phylogenetic analysis

The multiple alignment of F-box protein sequences was done using ClustalW in MEGA7 [377].
Because the phylogeny was studied among the tomato F-box members only, Neighbor-joining
(NJ) phylogenetic tree method was preferred over Maximum Likelihood (ML) method. Some of
the short amino acid sequences were excluded from the analysis. The alignment 'MAS' file was
imported in MEGAY7, and an unrooted Neighbor-joining (NJ) phylogenetic tree was constructed
using the bootstrap method with 1000 iterations. The evolutionary distances were computed using
the Poisson correction method and are in the units of the number of amino acid substitutions per
site. All ambiguous positions were removed for each sequence pair (pairwise deletion option).
Finally, the generated tree was viewed in Tree Explorer, and the branch style was selected as a

circle. The Poisson method with uniform rates and pairwise deletion was used.

2.30. Digital gene expression analysis
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In-house Affymetrix GeneChip tomato genome microarray data (GSE20720) was explored to an-
alyze the expression profiles of F-box genes during fruit ripening in the cultivated tomato cultivar
Pusa Ruby and a homozygous line for the rin mutation (LA1795), as described earlier (Kumar et
al., 2012). Differential expression between different stages of wild-type and rin mutant fruits were
carried out, and Benjamini Hochberg correction for FDR was applied. Further, RNA-seq expres-
sion data from tomato was mined to retrieve expression values for the identified F-box genes [378].
These values were used to study their expression patterns at the RNA level in various organs/tis-
sues/stages of tomato development. The final heatmaps were generated on log: transformed values
using 'gplots' package in ‘R'. Expression profiles of the selected F-box genes in Never-ripe mutant
fruits and ethylene treatment were studied by employing the quantitative real-time PCR (qPCR)
[379]. To investigate the expression profiles of F-box genes under Pi starvation, the online avail-
able RNA-seq data [134], was mined to retrieve the relative expression (treatment vs control). The
final heatmap was generated on logl0 transformed fold change values using MORPHEUS

(https://software.broadinstitute.org/morpheus/).

2.31. Generation of single gRNA-mediated CRISPR/Cas9 knockout lines using tissue culture
A single colony of the transformed AGL1 with the desired clone was cultured in YEM broth and
incubated for 24 h at 28 °C with 180 rpm. Inoculum (1 %) of primary culture was used to inoculate
15 mL of YEM broth and incubated for 18 h at 28 °C 180 rpm until the ODsoo reached 0.5. Cells
were then harvested by centrifugation (8,000xg for 10 min at 20 °C) and resuspended in 2 % MSO
(4.3 g/L MS salts, 100 mg/L myo-inositol, 0.4 mg/L thiamine, and 20 g/L sucrose). The number
of cells per mL was finally adjusted to 1x108 cells/mL. Seeds of tomato cultivar Pusa Ruby were
thoroughly washed with 4 % Sodium hypochlorite (NaOCI) for 10 minutes and rinsed 8-10 times
with ADDW. Finally, washed seeds were inoculated on %2 MS-agar medium (Murashige and
Skoog medium) and grown for five days (2-day dark incubation and transferred to light on the 3
day). The cotyledons of germinated seeds were used for the explants preparation and incubated
them on KCMS (Potassium containing MS) preculture plates (4.3 g/L MS salts, 100 mg/L myo-
inositol, 1.3 mg/L thiamine, 0.2 mg/L, 2, 4-dichloro phenoxy acetic acid, 200 mg/L KH2POg4, 0.1
mg/L zeatin, 30 g/L sucrose, 0.8 % Agar, pH 6.0) at 25 °C in the dark for two days. After two days
of incubation, explants were infected with AGL1 resuspension culture (volume of culture which

contains 1x108 cells/mL) for 10 min and transferred to a sterile tissue paper to remove the excess
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suspension from explants. The explants were then transferred on KCMS/co-cultivation agar plates
with the adaxial side down and incubated in the dark at 28 °C for 48 h. Further, explants were
shifted on plant regeneration selective medium 2-ZKC (4.3 g/L MS salts, 100 mg/L myo-inositol,
1 mL/I Nitsch vitamins (1000X), 20 g/L sucrose, 2 mg/L zeatin, 100 mg/L kanamycin, 500mg/L
cefotaxime, and 0.8 % agar) with adaxial side facing up. Healthy explants were subcultured to
2ZKC plates every week for three consecutive weeks and later to 1-ZKC plates (containing 1mg/L
zeatin, 100 mg/L kanamycin, 500mg/L cefotaxime) biweekly. Subculturing into selection plates
was done until shoots emerged from the callus and contained at least one internode. Leaf samples
were taken from emerging calli to screen for the integration of the Cas9 cassette. Shoots of the
Cas9-positive plantlets were cut-off from the callus and transferred to rooting medium (4.3 g/L
MS salts, 1 mL/l Nitsch vitamins (1000X), 30 g/L sucrose, pH 6.0, and 0.8 % agar). After the
emergence of roots, plantlets were transferred to peat in small pots for two weeks for hardening.
After that, the first generation (To) lines were shifted to big pots in the greenhouse and grown until

fruits were harvested.

2.32. Screening of KO lines for the integration of Cas9 cassette and presence of insertion/de-
letion (indels)

The gDNA was extracted from the leaves emerging from the calli and shoots using the Dellaporta
method. Isolated gDNA was used as a DNA template for PCR reaction to screen for Cas9-positive
lines. Gene-specific primers were designed using the Primer3Plus online tool to amplify the target
region within the gene. The amplified fragment was sent for Sanger sequencing to confirm the
presence of any Insertions/deletions (INDELS). Individual first-generation (To) lines confirmed

for INDELS were transferred to pots in the greenhouse and maintained for harvesting T1 seeds.

2.33. Screening of plants obtained in To and T1 for the presence of indels in SIFBX2L1

Using the Dellaporta method, the gDNA was isolated from the emerging leaves of the calli in To
generation. Isolated gDNA was used as a DNA template, and a Polymerase Chain Reaction (PCR)
was performed to screen for Cas9-positive lines. Gene-specific primers were designed using the

Primer3Plus online tool (Primer3Plus - Pick Primers) to amplify the target region within the gene

in these lines. Region from wild-type (WT) Pusa Ruby plant was also amplified for reference se-

quence. The amplified fragments were cleaned up by using Favorgen Gel/PCR purification kit and
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sent for Sanger sequencing to confirm the presence of any insertions/deletions (INDELS). Se-

quenced samples were screened for indels by alignment of sequence against reference target se-

quence using CLC Genomics Workbench software and ICE online tool (Synthego - CRISPR Per-

formance Analysis). Simultaneously, lines were transferred to pots in the greenhouse and main-

tained for harvesting T1 generation seeds. The independent lines T1 seeds were grown on %2 MS
Kanamycin (100 mg/L) agar bottles. Wild-type Pusa Ruby seeds were used as a negative control.
After four weeks, gDNA was isolated from the leaves of the plantlets and transferred to coconut
peat, followed by their transfer to the greenhouse after another week. Further, gDNA isolation and

detection of indels were done as mentioned above.

2.34. Morphological, biochemical, and molecular analysis of KO lines

Plants of To KO lines were observed for changes in the morphology of leaves, flowers, and fruits.
Biochemical and molecular analyses of fruits were done in Ty lines for SIfbx211 edited lines. Fruits
were tagged on the day of fruiting (DOF), 3-4 days after anthesis, when the petals withered off,
and the fruit was visible. Both WT and T3 plants were tagged and marked on the day of the breaker.
Thereafter, pictures of individual fruits were taken regularly for phenotypic analyses. Data from
at least two plants were used for calculating days to reach the breaker stage. For molecular and
biochemical studies, fruits were harvested on two developmental stages, breaker + 3 (Br + 3) and
B+10 days. Fruit size was measured in terms of the diameter of the fruit using ImageJ software.
Harvested fruits of B+3 and B+10 stages were used for measurement of ethylene, fruit fresh weight
and size, and total soluble contents. Thereafter mesocarp of harvested fruits was snap-frozen in
lig. N2 and stored at -80 °C. These samples were used for the quantification of pigments, determi-
nation of endogenous indole 3-acetic acid levels, and gene expression analysis. And small pieces
of fruits were also stored in 2.5 % glutaraldehyde for transmission electron microscope (TEM)
study.

2.35. Ethylene measurement

Tomato fruits at different developmental stages were gently harvested and immediately stored in

a sealed container of known volume for 3 h. Further, 1 mL of headspace gas was used for the
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detection of ethylene gas by gas chromatography (Analytical Technologies Limited, cataloge num-
ber: GC Optima-3007). Four fruits per ripening stage were evaluated to calculate ethylene produc-

tion in nanoliters per gram of fruit per hour (nL/g/h).

2.36. Determination of fruit pigments

The extraction of total fruit pigments was done as described previously [370]. Briefly, frozen fruit
mesocarp tissues (~150 mg) were crushed into a fine powder using a mortar and pestle. 1.5mL of
chloroform: dichloromethane (2:1 v/v) was added to the homogenate and mixed at 1000xg at 4 °C
for 20 min using Eppendorf Thermomixer. 0.5 mL of 1 M NaCl was added and mixed by gentle
inversion. The mix was centrifuged at 5000xg for 10 min for phase separation. After that, the
lower-colored organic phase was carefully collected into a new collection tube. The aqueous phase
was again extracted by 0.75 mL of chloroform: dichloromethane and the organic phase was re-
collected. The organic phase was dried under a speed vacuum evaporator at 45 °C for 2 h. For
HPLC, dried samples were re-dissolved in 25:75 (red ripe tissues) or 60:40 (green tissues) v/v of
methanol/Methyl Tert-Butyl ether (MTBE). Further, 10 pL of the sample was injected into the
HPLC machine for the peak analysis.

2.37. Preparation of standards for HPLC

Pigment standards for lycopene (Sigma-Aldrich, SMB00706) and B-carotene (Sigma-Aldrich,
C4582) were dissolved in chloroform and hexane, respectively, to make 1 mg/mL stock solutions.
Aliquots of 100 uL were prepared, dried using nitrogen gas, and stored at -80 °C for long-term
storage. For HPLC, individual standards were re-dissolved in methanol/MTBE in 60/40 v/v to
obtain a final concentration of 0.5 mg/mL. Serial dilution was done to prepare working stocks of
100 ng/mL, 75 ng/mL, 50 ng/mL, 25 ng/mL, and 10 ng/mL for both pigments. 10uL of each work-

ing stock was injected into the HPLC system, and a graph was plotted to obtain the standard curve.

2.38. HPLC-PDA analysis of carotenoids

Carotenoids were analyzed by reversed-phase HPLC. Carotenoids were separated on a reverse-
phase C18, 5 um column (4.6 x 250mm). The mobile phases consisted of (A) methanol/water
(98:2, viv) and (B) MTBE. The gradient elution for the column was as follows: 80 % A and 20 %
B for 0.1 min, followed by a linear gradient to 60 % A and 40 % B for 4 min. The gradient was
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changed to 100 % B till 16 min, changing to 60 % A, 40 % B till 23 min. A re-equilibration with
80 % A and 20 % B was done for 26 min. Column temperature of 20 °C was maintained. The
eluting peaks were scanned from the range of 250-700 nm wavelength using PDA. The total area
of the peaks was obtained, and quantification was done using the standard curve. Peaks and reten-
tion time of the standards were used for the identification of the respective peaks in the sample.
The concentration of carotenoids was calculated from the calibration curve of the standard curve
using linear regression y = mx + ¢, where y = concentration and x = area of the standard curve.

The regression was obtained using Microsoft excel 2019.

2.39. Study of plastid ultrastructure

To study the plastid ultrastructure of the Slfbx211 KO and WT fruits, sections were excised into
approximately 1 mm?3 pieces and reserved in 2.5 % glutaraldehyde until further use. The fruit sam-
ple was fixed in 2.5 - 3 % glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 24 h at 4 °C.
Further, 2 % aqueous osmium tetroxide in 0.1 M phosphate buffer (pH 7.2) was used for 2 h for
the post-fixing of the samples. Afterward, the samples were dehydrated in a series of graded ethyl
alcohols, penetrated, and embedded in Araldite 6005 resin or spur resin [444]. Ultra-thin (60nm)
sections were made with a glass knife using an ultramicrotome (Leica Ultra cut UCT-GA-D/E-
1/00), then mounted on copper grids and stained with saturated aqueous uranyl acetate and counter-
stained with Reynolds lead citrate. Imaging was done by JEOL JEM-F200 cold field emission gun
(FEG) transmission electron microscope (TEM) at 200 kV [380].

2.40. Metal elements analysis by using inductively coupled plasma-mass spectroscopy (ICP-
MS)

Tomato seeds were surface sterilized and kept in the dark for germination for three days. The
germinated seedlings were transferred to normal Hoagland media for 7 days, then subjected to Pi
starvation for the next 15 days. Next, root and shoot tissues were washed, separated, and kept in a
hot air oven at 65°C for complete drying. Elements study was performed as described by Kaur G.
etal., (2019) [381].
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Results

Objective-1

1.1 To study tomato seedlings' response under Pi deficiency and identification of Pi
starvation inducible genes

In this objective, we first cataloged tomato seedlings' response to low Pi conditions at morpho-
physiological and biochemical levels in an Indian tomato cultivar Pusa Ruby. For this, tomato
seedlings were first grown under high P nutritional regimes. Subsequently, these seedlings were
divided into two batches. One of the batches was transferred again to high-P conditions, whereas
the second set of seedlings was subjected to Pi starvation experiments for 8- and 15-days. The end

measurements were performed at both time points.

Termination of \
the experiment

Germinated

seedlings
Tomato seeds e Allowed them to after 8- and 15-
germination in HP grow for 8-and DAT for

dark for 3-D different assays
and end point

\ measurements

(1.25)/LP(5uM) R

Hoagland media

Fig. 9: Overview of the experimental plan to induce Pi starvation in tomato seedlings.

1.2. Morphometric characterization of tomato seedlings under Pi starvation
Morpho-physiological analyses of tomato seedlings grown at insufficient levels of Pi for 8-day (8-
D) and 15-day (15-D) time points clearly showed longer primary roots in the LP-grown conditions.
The average root length in these seedlings was 22 % and 38 % longer at 8-D and 15-D time points,
respectively. The number of lateral roots was also high in Pi-deficient plants, which increased by
32 % and 33 % at 8-D and 15-D time point, respectively, over the same age HP-grown seedlings
(Fig. 10-Aand B and Fig. 11-A, B).
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Fig. 10: Physio-biochemical characterization of tomato seedlings grown for 8-DAT in %2 MS
agar media containing HP (1.25mM) and LP (5uM) concentration. (A, B and C) Primary root
length, lateral root number and root hairs number per unit length of the root. (D) Total soluble
phosphate (Pi) content. (E and F) Total carbohydrates and anthocyanins content. The experiment
was performed with three independent biological replicates and repeated twice. HP, high phos-
phate; LP, low phosphate. Bar denotes 1 cm. Unpaired student’s t-test was performed for statistical
analysis, p-value ****=<0.05.

Pi-deficient seedlings also exhibited significantly more root hairs at both time points (Fig. 10-C
and Fig. 11-C). The estimation of total soluble Pi at both time points showed severely reduced Pi
levels in Pi-deficient seedlings than their Pi-sufficient controls (Fig. 1-D, Fig. 2-D). The Pi-defi-
cient seedlings also accumulated 48 % and 55 % higher total anthocyanins levels and showed 27
% and 56 % higher total carbohydrates at both 8-D and 15-D time points, respectively, than Pi-
sufficient seedlings. Overall, we noticed an exacerbated Pi starvation response, all the parameters
studied, in Pi-deficient seedlings at 15-DAT time point than the 8-DAT time point, indicating a
progressive increase in severity of plant response with the prolonged duration of Pi starvation (Fig.
10-E, F and Fig. 11-E, F).
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Fig. 11: Physio-biochemical characterization of tomato seedlings grown for 15-DAT in %2 MS
agar media containing HP (1.25mM) and LP (5uM) concentration. (A, B and C) Primary root
length, lateral root number and root hairs number per unit length of the root. (D) Total soluble
phosphate (Pi) content. (E and F) Total carbohydrates and anthocyanins content. The experiment
was performed in three independent biological replicates and repeated twice. HP, high phosphate;
LP, low phosphate. Bar denotes 1 cm. Unpaired student’s t-test was performed for statistical anal-
ysis, p-value ****=<(.05.

1.3. Pi starvation alters metabolites more strongly under long-term Pi deficiency

In total, 56 primary metabolites were detected in both HP- and LP-grown tomato seedlings (Fig.
12-A). Many of these metabolites accumulate differentially in the LP-grown tomato seedlings
compared to their HP-grown seedlings. The principal component analysis (PCA) and correlation
variance explained by the three principal components showed four distinct clusters. The correla-
tion variances explained by PC1, PC2, and PC3 components are 61.2 %, 18.8 %, and 2.5 %, re-
spectively, for the 3-D score plot (Fig. 12-B, C). Altogether, this analysis placed two clusters of
HP-grown seedlings in proximity (Fig. 12-B). The 8-D LP-grown seedlings form a different group.
Tomato seedlings grown under Pi deficiency for 15 days formed the most diverged cluster. This

analysis revealed that the two sets created by LP-grown seedlings are significantly different to
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each other concerning their metabolite accumulation. Many metabolites, such as isoleucine, aspar-
tic acid, and asparagine, showed a transient reduction at 8-D; however, they remained unchanged
under prolonged starvation (Fig. 12-A). The level of B-alanine and phosphonic acid was reduced
gradually under Pi-deficiency from 8-D to 15-D. In contrast, several metabolites such as glycine,
o-ethyl hydroxylamine, quinic acid, stearic acid, and linoleic acid showed a gradual increase under
long-term Pi deficiency. In contrast, fumaric acid, malic acid, a-ketoglutaric acid, pyroglutamic
acid, and threonic acid showed a more prominent enhancement in their accumulation only under
long-term treatment (Fig. 12-B). Long-term Pi deprivation also augmented the synthesis of several
sugar metabolites such as sucrose, glucopyranose, fructopyranose, D-psicofuranose, and myoino-
sitol in tomato seedlings (Fig. 12-D).
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Fig. 12: Metabolite profiling of tomato seedlings grown for 8-D and 15-D under low (LP) and
high phosphate (HP) conditions. (A) Heat map of the abundance of metabolome on 8-DAT and
15-DAT LP seedlings. (B and C) 3D PCA plot and 2D PCA plot of detected metabolites in both
stages of tomato seedlings under LP condition. (D) Selected sugar metabolites at both stages on
HP/LP condition.
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1.4. Sucrose promotes phosphorus starvation response in tomato seedlings

In metabolite profiles, since we observed enrichment of sugars in Pi-deficient seedlings on 8-D
and 15-D time points, we next examined the role of sucrose on P starvation response. For this, the
germinated seedlings were transferred on HP/LP MS medium with and without sucrose for 8-
D/15-D, and again morphometric analyses and end point measurements were performed. From
this study, it became clear that the longer primary root length of Pi-deficient (-P+S) seedlings at
8-D/15-D was due to the presence of sucrose in the growth medium, as -P-S seedlings did not
exhibit any increase in this root traits and remained similar to the Pi sufficient seedlings (Fig. 13-

A, 14-A and 13-B, 14-B).
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Fig. 13: Physio-biochemical characterization of tomato seedlings grown for 8-D in %2 MS
agar media containing HP (1.25 mM) and LP (5 uM) concentration with and without su-
crose. (A, B and C) Phenotypes of 8-day-old seedlings, primary root length, lateral root density.
(D, E and F) BCIP staining for root-associated APase activity, Total soluble phosphate (Pi) and
total carbohydrates content, respectively, at 8-DAT. The experiment was subjected to three inde-
pendent biological replicates and repeated twice. HP, high phosphate; LP, low phosphate. Bar
denotes 1 cm. Unpaired student’s t-test was performed for statistical analysis, p-value
<0.05=*>***

A similar observation was made about increased lateral root number in —P+S seedlings at both

time points (Fig. 13-C and 14-C). Interestingly, -P+S seedlings exhibited the lowest total soluble
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Pi levels, even lower than the —P-S seedlings. Whereas soluble Pi content was significantly de-

creased by 64 % and 72 % in —P-S seedlings, a more severe reduction (88 % and 79 %) was

observed in -P+S seedlings at both time points, respectively, as compared to +P—S or +P+S seed-

lings (Fig. 13-E and 14-E).
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agar media containing HP (1.25mM) and LP (5uM) concentration with and without sucrose.
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(D, E and F) BCIP staining for root-associated APase activity, total soluble phosphate (Pi) and
total carbohydrates content, respectively, at 15-DAT. (G) Expression profiling of the different PSI
genes in Pi-deficient seedlings grown with and without sucrose on 15-DAT. HP, high phosphate;
LP, low phosphate. HAD= Haloacid acid dehalogenase, MIPS= Myo-inositol-3-phosphate syn-
thase, PAP =Purple acid phosphatases, SIRbohH= Respiratory burst oxidase homolog H. The ex-
periment was subjected to three independent biological replicates and repeated twice. Bar denotes
1 cm. Unpaired student’s t-test was performed for statistical analysis, p-value <0.05=****

Next, we noticed higher APase activity and SAP activity in sucrose-supplied +P+S and —P+S seed-
lings at both time points as compared to +P—S as well —P—S seedlings. Enhanced sugar remobili-
zation from shoot to root is key to reprogramming root system architecture (RSA). Such enhanced
carbon repartitioning also increases root-associated secretory acid phosphatase activity (SAP) to
improve Pi acquisition efficiency (PAE) in Pi-deficient plants. External sucrose supply was found
to promote SAP activity, even under Pi-sufficient conditions at both time points. We next studied
the pivotal role of sucrose in PSR by analyzing the transcript profiling of selected PSI genes, in-
cluding purple acid phosphatases, haloacid dehalogenase, glycerodiester phosphodiesterases, and
SIRbohH. Our analysis indicated a more robust upregulation of most of these genes in an external

supply of sucrose, revealing their sugar-dependent expression of many PSI genes (Fig. 14-G).

1.5. Transcriptome study of Pi starved seedlings at 8-D and 15-D time points
Next, we studied transcriptomes of tomato seedlings to identify phosphorous starvation inducible

(PSI) genes on a global scale. For this purpose, four RNA sequencing libraries were sequenced on
an lllumina HiSeq 4000 platform with 150 bp read length and paired-end sequencing approach.
Approximately 30 million high-quality reads (>= 30 Phred score) were obtained for each library,
and over 25 million reads each were aligned successfully to the reference tomato genome. An
excellent alignment percentage of over 90 % was observed for each library (Table. 5). To provide
a framework for understanding how tomato genes respond to Pi starvation, we compared mRNA
populations from 8-D and 15-D HP-grown seedlings transcriptome with that of 8-D and 15-D LP-
grown seedlings, respectively. Genes that were altered by at least 2-fold (log2=1) at p-value <0.05
in their MRNA levels in the DESeq analysis were considered as the differentially expressed genes

(DEGS) for respective time points.
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Table 5: Summary of RNA-sequencing and reads alignment

Sample HQ Reads |Aligned Reads  |Alignment % Unaligned Reads
8-D HP 3,14,78,766 2,89,48,356 92 25,30,410
8-D LP 3,75,14,532 3,44,02,110 91.7 31,12,422
15-D HP 2,95,24,532 2,71,77,488 92.1 23,47,044
15-D LP 2,92,86,358 2,68,26,118 91.6 24,60,240

The differential analysis identified 1246 and 1201 transcripts as DEGs at 8-D and 15-D, respec-
tively. Overall, Pi starvation led to the activation of more genes than the down-regulated genes. In
comparison to the 669 upregulated transcripts at 8-D, mRNA levels of 922 genes were elevated at
15-D (Fig. 15-A and B). In contrast, only 577 and 279 transcripts were down-regulated at the two
time-points, respectively (Fig. 15-A and B). Next, we focused on the common DEGs at both the
time-points. This examination showed that 316 upregulated genes, representing 24.8 % of total
upregulated genes, are shared between 8-D and 15-D. Likewise, 84 common DEGs (constituting
only 10.9 % of total suppressed genes) were down-regulated at both 8-D and 15-D (Fig. 15-A and
B).

8-DAT 15-DAT B. S-DAT 15-DAT

Up-regulated
1275 genes

Down-regulated
772 genes

Fig. 15: Venn diagram representing the common as well as unique DEGs at 8-DAT and 15-
DAT with LP condition. (A-B) Comparative genomics approach using RNA-seq from 8-DAT
and 15-DAT old tomato seedlings grown in low and high P media identified a combined 1275
genes upregulated (FC > 2; p-value <0.05) and 772 genes down regulated (FC > 2; p-value <0.05)
under low phosphate conditions. A total of 316 genes were found to be commonly upregulated
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under low P. On the contrary, only 84 genes were found to be commonly down regulated in both
8-DAT and 15-DAT tomato seedlings.

1.6. Significant biology analysis of the differentially expressed genes

The Gene Ontology (GO) analysis of DEGs identified different categories of genes involved in Pi-
starvation responses. Enriched GO categories for biological processes and cellular components are
presented in Fig.16. The KEGG pathways analysis revealed an enrichment of several groups, in-
cluding ‘metabolic pathways’, ‘biosynthesis of secondary metabolites’, ‘phenylpropanoid biosyn-
thesis’, ‘glycerolipid metabolism’, and amino acid metabolism-related processes at both 8-DAT
and 15-DAT (Fig. 16-A). A similar analysis of DEGs for their molecular function revealed enrich-
ment of ‘metal ion binding’, ‘heme-binding’, ‘iron ion binding’, ‘phosphatase activity’, ‘oxidore-
ductase activity’, and ‘transporter activity’, functions at both time points (Fig. 16-B). However,
the genes with ‘hydrolase activity” were enriched only at 15-DAT. Concerning the cellular com-
ponent category, Pi starvation seemed to affect cytosolic components only at 8-DAT, whereas
vacuole and endoplasmic reticulum-related functions were exclusively affected under the long-
term phosphate stress at the 15-DAT time point (Fig. 16-B). In this analysis, the most common
affected cellular components were found to be the extracellular region, cytosol, apoplast, mem-
brane, and cell wall (Fig. 16-C).
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ferent biological processes, different molecular functions and different cellular components at 8-
DAT and 15-DAT in LP seedlings.
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1.7. Pi starvation activates the transcription of several sugar metabolism-related genes, in-
cluding sugar transporters

Scrutiny of the GO and KEGG pathways revealed differential regulation of many genes which are
responsible for sugar metabolism and transporter activity. Therefore, we next studied the transcript
accumulation of these two major classes of genes in detail. In total, 17 transcripts involved in sugar
metabolism were identified as DEGs, at least at one of the time points. Among these, 10 genes are
commonly present in both 8-D and 15-D DEGs lists and published Pfaff et al. (2020) [134]. The
majority of these genes are upregulated upon Pi-starvation (Fig. 17-A). The most prominent cate-
gories among the differentially expressed sugar metabolism genes such as sucrose biosynthetic
process, sucrose-phosphate synthase, UDP-glucose metabolic process, UDP-glucose glucosyl-
transferase, UDP-sugar pyrophosphorylase, starch biosynthesis process, glycogen synthase, 1,4-
alfa-glucan branching enzyme Il and glucose-6-phosphate 1-epimerase activity are commonly up-
regulated. UDP-glucose 4-epimerase activity and UDP-glucose 4-epimerase were found to be 8-
D specific, whereas glucose-1-phosphate adenylyltransferase, carbonyl reductase 1, glucose dehy-
drogenase, and UDP-glucose glucosyltransferase were upregulated only at 15-DAT (Fig. 17-A).
Additionally, nine sugar transporter genes were differentially regulated in Pi-deficient seedlings at
both time points. Among these, seven genes, including two genes of carbohydrate transporter,
glucose transporter 8, glucose-6-phosphate translocator 2, myoinositol transporter, and glucose-6-
phosphate translocator, are commonly upregulated in Pi-deficient seedlings at both the time points,
whereas hexose transporter gene and another carbohydrate transporter gene were found to upreg-
ulated at only 8-DAT and 15-DAT, respectively (Fig. 17-B).

1.7. Genes belonging to glycerolipid remodeling and primary metabolism are also differen-
tially regulated in Pi-deficient seedlings

In the DEGs list, genes belonging to different metabolic pathways and enzymatic activity are pre-
dominantly present (Table 6). Transcripts belonging to glycerolipid remodeling genes such as
Phospholipase D (Solyc01g100020), GDPD2 (Solyc02g094400), and digalactosyldiacylglycerol
synthase 2 (Solyc10g017580) are highly activated at both time points under Pi deprivation (Table
6). Multiple PEP carboxylase encoding genes such as Solyc04g006970, Solyc07g055060,
Solyc04g009900, and Solyc06g053620, and myoinositol-1-phosphate synthase (Solyc04g054740)
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are also differentially regulated in Pi-deficient seedlings. Similarly, genes encoding critical bypass

enzymes, such as pyrophosphate-dependent phosphofructokinase (Solyc04¢g014270, and
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Fig. 17: Transcriptome analysis of carbohydrate metabolism and transporters genes at dif-
ferent stages/tissues in Pi-deficient seedlings. (A and B) Expression pattern of different sugar
metabolism and transporters related genes at 1-DR and 1-DS, 3-DR and 3-DS, 7-DR and 7-DS, 8-
WP and 15-WP seedlings under LP condition. DR=day-old-root, DS= day-old-shoot, WP=whole

plants.

(Solyc079045160), pyruvate phosphate dikinase (Solyc01g080460), and UDP-sugar pyrophos-
phorylase (Solyc06g051080) of the glycolytic pathway are also induced upon Pi deficiency (Table
6).

1.8. Pi starvation causes alterations in the expression of hormone-related and general stress-

related genes
Several hormone-related genes belonging to the common DEGs include carotenoid cleavage di-

oxygenase 8 (Solyc08g066650; strigolactone), AP2-like ethylene-responsive transcription factor
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(Solyc029092050; ethylene), SIERB1B (ethylene), and methyl jasmonate esterase
(Solyc029065280; jasmonic acid) are also differentially expressed in Pi-deficient seedlings (Table
6). Pi deficiency is known to affect the expression of many genes controlling reactive oxygen
species (ROS) (Mission et al., 2005). Transcripts corresponding to enzymes such as NADPH oxi-
dase, glutathione peroxidase (GPX), and superoxide dismutase are also upregulated at both time

points under Pi deprivation (Table 6).

1.9. Pi starvation alters the expression of many transcription factors

A manual search for the identification of AtPHR1 homologs revealed the presence of four close
members (Solyc06¢g008200, Solyc09g072830, Solyc05¢g055940, and Solyc04g050070) in tomato.
Among these, Solyc04g050070 encoded transcripts could not be detected in the complete RNA-
seq data. The most prominent categories in this set of genes belonged to ‘MYB’, ‘AP2/ERF’, ‘Zinc
finger family’, and basic helix-loop-helix (bHLH). To narrow down the list of putative candidate
genes, we further focused on the TFs present in the common list of DEGs. This analysis retrieved
26 TFs with differential MRNA accumulation at both time points (Fig. 18). Some of the important
differentially regulated MYB TFs included in the list are Solyc059055030 (SIMYB10, down-reg-
ulated), Solyc06g083900 (SIMYB13, up-regulated), Solyc10g086250 (SIMYB90, up-regulated),
Solyc10g086270 (SIMYB113, up-regulated). Similarly, transcripts of Solyc049g014530
(SIERB.1B), SIbHLH136 (Solyc069g062460), SIbHLHO066 (Solyc10g079650), and
Solyc08g067340 (SIWRKY46) are upregulated at both time points (Fig. 18).

Fig. 18: Expression pattern of differentially expressed transcription factors in Pi-deficient

tomato seedlings. Heat map was created on Log2 FC values using Morpheus online tool.
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1.10. Validation of transcriptome data by qPCR using 8-D and 15-D LP-grown seedlings

gPCR was used to verify the accuracy of RNA-sequencing data and the credibility of the identified
DEGs. For this purpose, we selected 18 genes belonging to various categories such as “phospha-
tase’, ‘transporter’, ‘transcription factor and gene regulation’, ‘enzymatic activity’ and ‘lipid re-
modeling’. In this analysis, we profiled genes that showed up-regulation of transcript levels or
remained unaltered under Pi-starvation in the RNA-seq data. The log> fold change values obtained
for each gene in the two datasets were plotted against each other. This analysis was done separately
for the two time-points taken in the study. A good correlation was observed between the RNA-
sequencing and gPCR data, as at least 14 genes each exhibited similar trends in both datasets at 8-
D and 15-D (Fig. 20). Most upregulated genes showed a matching trend in the two datasets. Albeit,
the degree of up-regulation in the two datasets varied. Only transcripts encoded by
Solyc08g007800 showed opposite profiles in RNA-seq and qPCR at both time-points. The tran-
script levels of the genes unaffected by Pi starvation showed little variations in the two data sets
and did not change much. Overall, this analysis supported the differential gene analysis results

observed in our RNA-sequencing data.
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Fig. 19: Validation of RNA-seq results by the gPCR approach of selected candidate genes.
(A-B) 8-DAT and 15-DAT, respectively, under low phosphate conditions. GAPDH was used as

an internal control.
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1.11. Pi starvation leads to enhanced manganese and zinc levels in tomato seedlings

In the DEGs list, we observed that many metal transport-related genes are differentially regulated
in our transcriptome data as well as those published by Pfaff et al. (2020) [134]. Out of ten metal
transport-related genes, eight encoded metal transporters, including iron transporter, molybdate
transporter, zinc transporter, potassium transporter, myo-inositol transporter, sulfate transporter,
phosphate transporter, and peptides transporter, are commonly upregulated in 8-DAT and 15-DAT
LP seedlings. In contrast, a copper transporter and an amino acid transporter gene are down regu-
lated at both time points (Fig 20-A). Inorganic elements and basic earth metals like K, Na, Mg,
and Ca transition metals e.g., Mn, Co, Fe, Cu, and Zn, which are very important for the many
biological functions in the cellular context. Many of these elements influence cell signaling, main-
tain protein structure and regulate many enzymes catalytic centers. Carbohydrate metabolism and
transport were also significantly affected in the Pi-deficient seedlings. Following the upregulation
of several metal transporters, ICP-MS analysis further confirmed elevated levels of Zn and Mn in
both root and shoot tissues. At the same time, Fe accumulation exhibited opposite profiles in the
two tissues, higher in shoots but lower in root tissues of Pi-deficient seedlings at the 15-DAT time
point (Fig. 20-B).
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Fig. 20: (A) Transcript profiles of important metal transporters related genes in-house and pub-
lished transcriptome data by Pfaff et al. (2020) [134]. (B and C) ICP-MS analysis of shoot and
root tissues Pi-deficient seedlings for the content of the metals at 15-DAT.
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Altogether, we profiled tomato seedlings' response to prolonged Pi deficiency and found an im-

portant role of sucrose in influencing the amplitude of PSR in Pi-deficient seedlings. These seed-

lings were found to reprogram their RSA and alter their transcriptome to activate PSI genes as

PSR.

1.11. Summary

Phosphate deficiency

Glycerolipid IPrimary/Second:
TF Y P Hormone Ay ary Phosphatase Transporters
metabolism metabolism
WRKY46 | MYBI3 PLD PLCBI GH3s | Methyl — pppyy Fumaric acid PAPT | HADs Phosphate | MATE
WRKY36 | MYB90 GDPD LACS4 SAURs Jasmonat PPi-PFK Malic acid PAPI2 | ppoC Potassium H+-ATPase
Zine finger| MYB113 DGDG | pPCK CCDE  Jeesterase  (pp_guear | o-ketoglutaric acid  PAPIS | Acid Glycerol-3-P | Ca2+/H+
AP2/ERF | MYBI10 IMP3 PfpB ACOs phosphorylase| Phosphoric acid PAP17b | phosphatases Sulfat‘c . A:Tl_)ases
bHLHO066 | MYB75 DGD2 Linoleic acid ERBIB PEPC Glycine PAP26a Myo-mosnol Ca.t.lonf'H*’
bHLHI36 | PHRI PIP2 AP2/ERI MIPS Sucrose PAP26b Zinc antiporters
Ins(1,4,5)P; AOMT Myo-inositol
Activation of phosphate . . . Altered Increased TAP, SAP
on OF Phosp Lipid metabolism Change in root . .. . Increased
starvation inducible . . metabolic activity and Pi o
and remodelling system architecture e availability
genes pathway acquisition

\

Fig. 21: Summary of differentially expressed genes in tomato seedlings under Pi starvation.
Upon its deficiency, Pi-deficient seedlings deploy a battery of transcription factors belonging to
various groups to control the expression of genes belonging to lipid remodeling, altered root struc-
ture, Pi-dependent metabolic pathways, Pi transporters and acid phosphatases. The induction of
PSI genes leads to the activation of Pi starvation adaptive mechanisms, such as modified RSA for
better root surface area or mechanisms promoting better Pi uptake or its internal recycling to com-
bat chronic Pi unavailability.
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Objective-2
To understand the effect of reactive oxygen species and functional elucidation of a Respira-
tory burst oxidase homolog SIRbohH gene on phosphorus starvation response in tomato

seedlings.

2.1 ROS levels and NADPH oxidase activity are enhanced in shoot and root tissues of Pi-
deficient seedlings.

ROS is important for pathogenesis and plant growth and development. ROS levels were higher in
K*, Na*™ and Pi-limited plant roots [158, 316]. In this study, NBT and DAB staining and subsequent
quantification analysis showed an enhanced level of O, and H2O> in leaves and root tissues of Pi-
deficient plants compared to their Pi-sufficient counterparts at both 8-D and 15-DAT time points.
Between the two time points, 15-DAT Pi-deficient seedlings accumulated even higher ROS levels
than 8-DAT Pi-deficient seedlings (Fig. 22-A, B and C).

NBT staining for O3
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Fig. 22: ROS levels in tomato seedlings under HP and LP conditions. (A) Histochemical stain-
ing of leaves and roots with NBT and DAB staining for 0> and H,0O- detection. (B and C) Spec-
trophotometer-based quantification of O% and H.O- at 8-DAT and 15-DAT, respectively, in Pi-
deficient seedlings. The error bar show the standard deviation. Two-way INOVA was performed
for statistical analysis, and **** represents P-value <0.05
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Further, H2DCFDA staining of the roots of LP-grown seedlings and subsequent live imaging con-

focal microscopy showed higher fluorescence in Pi-deficient roots validating the higher ROS lev-

els in Pi-deficient seedlings at 8-D and 15-D time points (Fig. 23-A). Further examination of the

apoplastic ROS responsive NADPH oxidase enzyme activity from shoot/root crude membrane

proteins confirmed the enhanced NADPH oxidase activity in Pi deficient seedlings than their con-

trol counter parts at both time points. However, we could not establish a significant difference in

shoot NADPH oxidase activity at 8-D in Pi-deficient seedlings (Fig. 23-B). In contrast, root tissues

showed significantly increased NADPH oxidase activity at 8-D and 15-D seedlings under low Pi

conditions (Fig. 23-C).

Fig. 23: (A) Histochemical staining of 8-D and 15-D HP/LP roots with H2DCFDA dye for H.O>
visualization. (B and C) NADPH oxidase activity in the shoot and root of HP/LP seedlings at both
stages. The error bar shows the standard deviation. Two-way INOVA was performed for statistical

analysis and **** represents P-value <0.05.
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2.2. External supply of NADPH oxidase inhibitor diphenyleneiodonium (DPI) and ROS do-
nor H202 influence Pi levels in tomato seedlings

To understand how enhanced ROS affect RSA and PSR under LP conditions, we first used DPI,
an NADPH oxidase inhibitor, to check the effect of inhibited ROS on plants’ growth and Pi accu-
mulation. First, we treated 4-day-old hydroponically grown seedlings with three different concen-
trations (10nM, 100nM and 500nM) of DPI for 8 days. DPI treatment was found to cause a signif-
icant reduction in plant growth, including primary root length in all the treated groups of seedlings
as compared to control buffer-treated seedlings (Fig. 24-A and B). We observed that H>-O2 content
was gradually decreased with increased concentration of DPI in the treated seedlings with respect
to control (Fig. 24-C).
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Fig 24. Effect of NADPH oxidase inhibitor diphenyleneiodonium (DPI) treatment on tomato
seedlings. (A and B) Images of 10-day-old seedlings and primary root length of DPI-treated seed-
lings, respectively. (C and D) H.O> accumulation and total soluble Pi content in DPI treated seed-
lings. (E, F and G) H2DCFDA staining for H202 detection, quantification of H202 and soluble Pi
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level in HP/LP seedlings with and without 10nM DPI treatment, respectively. The error bar shows
standard deviation. An unpaired t-test was performed. For statistical analysis. **** represents P-
value <0.05.

Interestingly, soluble Pi content was also found to follow the same trend as that of H20, with
increasing DPI concentrations (Fig. 24-D). We performed subsequent experiments with 10nM DPI
concentration and found lower H>O. accumulation, as evident by lower fluorescence of
H2DCFDA observed in these treated roots (Fig. 24-E). Further spectrophotometric quantification
also suggested a drop in the level of H.O2 by 31 % in HP and 30 % in LP-grown seedlings with
respect to their respective buffer-treated control seedlings (Fig. 24-F). Interestingly, total soluble
Pi content also significantly decreased by 13 % in HP and 19 % in LP-treated seedlings compared

to their respective control (Fig. 24-G).

Next, we examined the effect of exogenously supplied H2O> on seedlings grown under LP condi-
tions. First, we performed a dosage experiment where different concentrations of H>O> (100, 200,
400, 600, 800 and 1000uM) were used for treating the 4-day-old tomato seedlings, which were
then allowed to grow for the next eight days. As anticipated, we obtained the opposite results in

H>0»-treated seedlings compared to DPI-treated seedlings.
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Fig. 25: Exogenous H20: treatment to tomato seedlings under LP conditions. (A and B) Lat-
eral root number and total soluble Pi content at different concentrations of H>O- treated seed-
lings, respectively.
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The H20> treated seedlings showed growth promotion with higher lateral root numbers, which
increased (16 % at 600uM, 28 % at 800uM and 11 % at 1000uM) in H20, treated seedlings as
compared to control on the 8™ day (Fig. 25-A). The total soluble Pi content also increased (3 % at
600uM, 23 % at 800uM and 10 % at 1000uM) in H20,-treated seedlings compared to their control
counterparts (Fig. 25-B).

Given the most optimum growth promotion, 800 uM H20. was further used to treat Pi-sufficient
and Pi-deficient seedlings for eight days. The treated Pi-sufficient and Pi-deficient seedlings
showed 23 % and 24 % increases in primary root length and 28 % and 35 % increases in lateral
root number, respectively, as compared to buffer-treated control seedlings (Fig. 26-A, B, C and
D).

Fig. 26: Effect of H202 treatment on tomato seedlings under HP/LP conditions. (A-C and D)
Primary root length and lateral root numbers in HP/LP seedlings with and without 800uM H:O..
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(E and F) Quantification of H.O, and H2DCFDA staining for H.O detection by confocal micros-
copy. (G) Total soluble Pi levels in HP/LP seedlings with and without 800uM H20., respectively.
Unpaired Two-way ANOVA was performed. For statistical analysis. **** represents P-value
<0.05.

The treated Pi-sufficient and Pi-deficient seedlings also exhibited more root hairs with increased
length with respect to control seedlings. As expected, 800 uM H»O> supplied seedlings exhibited
higher H20, accumulation, which increased by 26 % in Pi-sufficient and 29 % in Pi-deficient
seedlings compared to their respective control seedlings (Fig 26-E and F). The enhanced ROS
accumulation was further validated by H2DCFDA histochemical staining, followed by spectro-
photometric-based quantification of H2O2. As observed earlier, the Pi levels increased by 14 % in
Pi-sufficient and 23 % in Pi-deficient seedlings compared to their respective controls (Fig. 27-
G). Altogether, the experiments revealed that ROS levels influence Pi accumulation or acquisi-

tion in low Pi-grown tomato seedlings.

2.3. Eight SIRboh genes are present in the tomato genome

NADPH oxidases (NOX or Rboh) genes are enzymes involved in ROS production in plants. We
also observed an enhanced NADPH oxidase activity in Pi-deficient seedlings. Gene identification
analysis identified eight SIRboh members in tomato. Analysis of RNA sequencing data shows that
seven genes, including SIRbohA, B, C, E, F, G, and H are preferentially expressed in roots. SIR-
bohD was found to be a fruit-preferential NADPH oxidase (Fig. 27-A). Investigations on their
expression profiling under Pi deficiency revealed upregulation of SIRbohB, SIRbohD, SIRbohF,
and SIRbohH in roots of Pi deficient seedlings. Among all, SIRbohH remained the only gene with
increased MRNA abundance in shoot and root tissues under Pi-starved conditions at both 8- and
15-days (Fig. 27-B). The upregulation of SIRbohH gene was also validated by gPCR analysis,
projecting it as one of the important potential candidates to be checked for its role during PSR in
tomato seedlings (Fig. 19).
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Fig 27. Expression profiling of Rboh genes. (A) Heat map representation of eight Rbohs genes
at different development stages in tomato (TGC, 2012). (B) Transcriptome analysis of Rboh genes
under Pi starvation. 1, 3, 7, 8, and 15-day-old seedlings, WP= whole plant. (MG= Mature green,
B-Breaker). (C and D) Expression profile of a selected SIRbohH candidate gene in different min-
erals stresses. -P= without phosphate, -Mg= without magnesium, -Ca= without calcium, -N=with-
out nitrogen and —K= without potassium. Error bar shows standard deviation. Two-way INOVA
was performed for statistical analysis and **** represents P-value <0.05

Next, SIRbohH showed a higher expression pattern in roots as compared to other tissues by using
Multi-Plant eFP Browser 2.0 — BAR tool (http://bar.utoronto.ca/efp2/) and In house qPCR data of
different development stages of tomato cDNA (Fig. 28-A and B). We also checked the kinetics of

the SIRbohH mRNA accumulation at different time points of Pi starvation and Pi recovery. The
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resulting data showed significant upregulation of SIRbohH on 7-DAT and 15-DAT after Pi starva-
tion. During the recovery experiment, ~ 95 % of the transcripts declined within 15 min of Pi re-
covery (Fig. 28-C). Further, this gene was found to be upregulated by external sucrose supply low
Pi condition (Fig. 28-D). Altogether, SIRbohH appears to be a late-responsive gene of Pi starva-

tion.
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Fig. 28: Expression dynamics of SIRbohH gene. (A and B) Expression profile of SIRbohH dur-
ing tomato growth and development. (C) Kinetics of its mMRNA accumulation upon Pi defi-
ciency/Pi recovery. (D) The expression level of SIRbohH upon low Pi with and without sucrose
supply. Unpaired Two-way ANOVA was performed. For statistical analysis. **** represents P-
value <0.05.
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2.4. Characterization of pSIRbohH::GUS transcriptional reporter stable Arabidopsis lines
After confirming the PSI nature of the SIRbohH gene, we cloned its 1-kb upstream promoter se-
quence, harboring two P1BS elements, in the pPCAMBIA1391Z vector (Fig. 29-A, B and C) and
generated the stable transcriptional reporter lines deriving the expression of gus (pSIRbohH::GUS)
in Arabidopsis thaliana Col-0 background (Fig. 30-A).
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Fig. 29: Cloning of SIRbohH promoter in pCAMBIA1391Z:GUS binary vector. (A) Sche-
matic diagram of 1-kb promoter with P1BS elements. (B) Amplification of SIRbohH promoter
fragment and confirmation of cloning by double digestion with respective restriction enzymes
(Xbal and Sacl). (C) Agro-transformation of Arabidopsis plants with pPCAMBIA1391Z:pSIR-
bohH:GUS vector through Floral dip methods.

The root preferential MRNA abundance of SIRbohH was further confirmed by analyzing its pro-

moter activity using GUS histochemical staining. The activity was found to be more in roots than
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shoot tissue in the pSIRbohH::GUS transcriptional reporter Arabidopsis lines. Since this promoter
harbored two P1BS elements, and its transcript levels were induced in Pi-deficient seedlings, more
intense GUS staining of the roots of these lines under Pi deficiency supported the gene expression
data. It confirmed the PSI nature of this promoter. (Fig. 30-B).
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Fig. 30: Promoter activity in the stable SIRbohH:GUS promoter line. (A) Homozygous stable
SIRbohH:GUS promoter lines on the selection medium supplemented with hygromycin antibiotics
(15 pg/ml). (B) SIRbohH promoter activity in 15-day-old grown promoter:GUS transgenic line on
HP/LP % MS solid media.

2.5. SIRbohH promoter is a direct target of SIPHRL1/L2

Because the promoter of SIRbohH harbored two P1BS elements, it is a likely target of the master
regulators of PSR, PHRL1/L2 transcription factors. Next, we checked the transcriptional activation
of the SIRbohH promoter by PHRL1/L2 in N. benthamiana. GUS assay was performed for the
SIRbohH promoter activity with and without PHRL1/L2. The enhanced GUS activity of the SIR-
bohH promoter in the presence of PHRL1/L2 suggested the activation of this promoter by binding
two TFs at the P1BS elements. Stronger activation of SIRbohH promoter activity was observed
with PHRL2 compared to PHRLL1, indicating a more prominent role of this TF in activating the
SIRbohH gene in Pi-deficient seedlings (Fig. 31).
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Fig 31: Transient transcriptional activation of pSIRbohH:GUS promoter reporter activation
by SIPHRL1/L2 in N. benthamiana. GUS assay for SIRbohH promoter activity was performed
with SIPHRL1 and SIPHRL2 homologs.

2.6. Characterization of SIRbohH using Virus Induced Gene Silencing (VIGS)

To get primary insight into the function of SIRbohH during PSR, we decided to transiently silent
this gene using Virus Induced Gene Silencing (VIGS) approach. Using standard and lab-optimized
VIGS protocols by (Senthil Kumar et al., 2011, Akash et al., 2022) [449,450], we used pTRV2-
SIRbohH construct to induce silencing of this gene in tomato plants. The silencing of SIRbohH was
confirmed by quantitative real-time PCR (qPCR) analysis using gene-specific primers (Fig. 32-
D). As a positive control for the VIGS experiments, we also silenced Phytoene Desaturase (PDS)
genes and scored the characteristic bleaching leaf phenotype in the transiently silenced tomato
seedlings (Fig. 32-C). Overall, an excellent silencing effect (over 80 %) in the repeated VIGS
experiments was observed. The silencing of this gene was found to modulate plant response to Pi
starvation at morpho-physiological, biochemical, and molecular levels indicating perturbed PSR

in tomato seedlings.
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Fig. 32: VIGS-based functional characterization of SIRbohH in tomato seedlings. (A) Details
of the VIGS vectors. (B) PCR amplification of SIRbohH VIGS fragment and the confirmation of
its cloning in pTRV2 vector. (C) SIPDS acted as a positive control of VIGS experiments as the
photobleaching phenotype was scored upon the silencing of this gene to determine the efficiency
of gene silencing in these experiments. (D) gPCR-based confirmation of the relative expression of
SIRbohH in transiently silenced plants.

2.6. SIRbohH silencing leads to lower ROS generation in both Pi-sufficient and Pi-deficient
seedlings

In the transiently silenced lines of SIRbohH, we first noticed a lower amount of ROS generation in
both Pi-sufficient and Pi-deficient seedlings than in the non-silenced control plants. The
H2DCFDA staining also confirmed the lower ROS levels in the roots of both Pi-sufficient and Pi-
deficient plants (Fig. 33-A). This was further confirmed by the quantification of ROS levels in
these silenced plants. Significantly reduced levels of ROS were detected in the SIRbohH silenced

plants than in the empty vector infiltrated control seedlings (Fig. 33-B and C).
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Fig 21: Comparison of ROS levels between WT and SIRbohH-VIGS tomato plants. (A)
H2DCFDA staining of the roots of silenced and vector control seedlings. (B and C). Quantifica-
tion of H2O> and superoxide radicals in the roots of silenced and vector control seedlings HP and

LP conditions.

2.7. SIRbohH silencing leads to reduced total NADPH oxidase activity and inhibited Pi accu-
mulation under both HP and LP conditions

Once the low levels of H.O were confirmed in the silenced plants, we next quantified the NADPH
oxidase activity in these seedlings and compared that with the WT plants under both HP and LP
conditions. The transiently silenced plants showed suppressed NADPH oxidase activity compared
to the non-silenced controls under both HP and LP conditions. The activity was found to be inhib-
ited by 31 % and 39 % in the roots of the silenced plants under HP and LP conditions, respectively
(Fig. 34-A). We then quantified the total P and soluble Pi levels in the SIRbohH-silenced plants

and found lower Pi accumulation in the roots compared to the non-silenced control counterparts.
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The silenced plants accumulated approximately 23 % and 39 % lesser soluble Pi under HP and LP
conditions, respectively (Fig. 34-B). Total P levels followed a similar trend, as evident by the
reduction of total P levels by 27 % and 30 % in the silenced seedlings compared to the non-silenced

plants under HP and LP conditions, respectively (Fig. 34-C).
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Fig. 34: (A) Comparison of NADPH oxidase activity in WT and VIGS SIRbohH seedlings in
tomato. (B and C) Total soluble Pi and total P content in SIRbohH silenced and non-silenced
HP/LP seedlings. Two-way ANOVA was performed for statistical analysis, and **** represents
P-value <0.05.

2.8. Silencing of SIRbohH leads to altered RSA in both Pi-sufficient and Pi-deficient seedlings
We further investigated the phenotypic repercussions of SIRbohH silencing in the roots of SIRbohH
silenced plants and observed altered RSA in both Pi-sufficient and deficient conditions (Fig. 35-
A and B). Primary root length, root hair number, and average root hair length were all significantly
reduced in the silenced plants compared to their control counterparts. On average, the primary root
length was found to be reduced by 29 % and 42 % in the SIRbohH-silenced plants under HP and
LP conditions, respectively (Fig. 35-C). Similarly, the number of root hairs decreased by approx-

imately 57 %, whereas the length of root hairs decreased by about 32 % in the silenced plants

86




under LP conditions (Fig. 35-D and E). Since RSA was altered in the silenced lines, we next
checked the relative expression of genes involved in root hair formation in the silenced plants.
There was an approximate 50 % reduction in the relative expression levels of Root Hair Defective-
Six Like2 (RSL2) in the silenced plants in both HP and LP conditions. Similarly, RSL4 was reduced
by approximately 46 % and 52 % in these plants under HP and LP conditions, respectively (Fig.
35-F).

Fig. 35: RSA is modified in the SIRbohH-silenced VIGS plants. (A and B) Root images of
control and silenced seedlings under HP and LP conditions. (B) Measurement of primary root
length of control and silenced seedlings under HP and LP conditions. (C) An average number of
root hairs in WT and silenced seedlings under LP conditions. (D) The average root hair length of
control and silenced seedlings under LP conditions. (E) Relative expression levels of Root Hair
Defective-Six Like (RSL) genes in control and silenced seedlings under HP and LP conditions.
An unpaired t-test was performed for statistical analysis. **** represents P-value <0.05.
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2.9. SIRbohH silencing also affects total anthocyanins and total carbohydrates content in Pi-
sufficient and Pi-deficient seedlings

We further investigated shoot phenotype in the SIRbohH-silenced tomato seedlings. The leaves of
these plants were purplish in appearance, which indicated a higher accumulation of total anthocy-
anins. This observation was substantiated by spectrophotometric quantification of total anthocya-
nins in both control and transiently silenced SIRbohH seedlings. We observed 13 % and 40 %
higher total anthocyanins levels in the SIRbohH-silenced seedlings compared to the control plants
under HP and LP conditions, respectively (Fig. 36-A and B).
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Fig. 36: Shoot phenotype in SIRbohH silenced and non-silenced tomato seedlings under
HP/LP conditions. (A, B) Total anthocyanins levels in non-silenced and transiently silenced SIR-
bohH plants under HP and LP conditions. (C) Total carbohydrate levels in silenced and WT plants
under HP and LP conditions. (D) Relative expression of SUC2 in the silenced and control seedlings
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under HP and LP conditions. Error bar shows standard deviation. Two-way ANOVA was per-
formed for statistical analysis, and **** represents P-value <0.05.We also quantified the total car-
bohydrate levels in these seedlings and recorded 49 % and 30 % higher carbohydrate levels in the
silenced plants under HP and LP conditions, respectively (Fig. 36-C). In the silenced plants under
LP, we also found a significant difference in the relative expression levels of SUC2, a gene re-
sponsible for sucrose transport into the cell/phloem loading. There was a 33 % increase in the
relative expression of SUC2 in the silenced plants, possibly linked to the variability of total carbo-
hydrate levels and altered RSA in these plants (Fig. 36-D).

2.10. SIRbohH silenced seedlings appear to experience exacerbated P starvation response
For further confirmation of PSR, we subjected the roots of SIRbohH silenced tomato seedlings to

APase activity and total secretory acid phosphatase (SAP) activity experiments.
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Fig 37. (A and B) Estimation of root surface-associated APase activity by BCIP staining and the
secretary APase activity (SAP) in the roots of both SIRbohH-silenced and non-silenced seedlings
under HP/LP conditions, respectively. (C, D and E) Expression profiling of PSR genes, including
phosphate transporters, miR399, and purple acid phosphatase (PAP15) in the roots of SIRbohH-
silenced and non-silenced seedlings under HP/LP conditions, respectively. The error bar shows
the standard deviation. Two-way ANOVA was performed for statistical analysis, and **** repre-
sents P-value <0.05.

First, we conducted the NBT-BCIP staining to detect the alkaline phosphatase activity (APase) in
the roots of these silenced plants. The APase activity was found to be higher in the SIRbohH si-
lenced seedlings, especially under LP conditions, indicating a significant role of SIRbohH in PSR.
Similarly, the SAP activity increased by 16 % in the silenced plants to their control counterparts
(Fig. 37-A and B). After observing the activated PSR symptoms in the SIRbohH silenced seed-
lings, we profiled the expression of typical PSI genes, including different Pi transporters (PHT1,
PHT7), miR399, and purple acid phosphatasel5 (PAP15). We observed significant increases in the
relative expression of all these genes under LP conditions in the silenced plants compared with the

non-silenced plants (Fig. 37-C, D, and E).
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Fig. 38: Overview of the role of SIRbohH-mediated ROS production in PSR in tomato seed-

lings.

90




Objective-3

To Investigate the role of a F-box domain containing SIFBX2L1 gene in phosphorus starva-

tion response and fruit ripening

F-box genes are an integral component of SCF-mediated protein degradation, a process important
for the turnover of proteins in a cell. The primary function of F-box genes is in substrate selection.
Because several components of plants' PSR are subjected to ubiquitin-mediated proteasomal deg-
radation, we were interested in looking into this aspect of PSR in tomato seedlings. Since F-box
gene family was not characterized in tomato, we first identified and characterized the members of

this family for their role in PSR and fruit ripening.

3.1. Total 410 members constitute the full complement of tomato F-box genes
The rigorous data mining performed using HMM profiling initially identified 463 putative F-box
genes in tomato. Among these, 53 putative F-box proteins lacked a specific F-box domain

(https://pfam.xfam.org/search); therefore, those entries were removed from the final list. This anal-

ysis resulted in the identification of 410 F-box proteins. F-box proteins contain diverse C-terminal
domains, which often facilitate protein-protein interactions. Based on the presence of these addi-
tional C-terminal domains, the identified tomato F-box proteins were classified into ten subfami-
lies, as described previously (Gupta et al., 2015) (Fig. 39). Among these, F-Box proteins contain-
ing leucine-rich repeat domain (108 genes) constituted the most abundant subfamily. The second-
largest category was formed by 91 F-box proteins lacking any additional C-terminal domain. The
remaining F-box members contained either one or more other domains at their C-terminals. These
were accordingly named as FBA (68) with F-box associated domain, FBD (23) with FBD domain,
FBDUF (22) with a domain of the unknown function, FBK (35) with kelch repeat domain, FBT
(10) having TUB domain, FBW (6) with WD40 domain, FBP (22) constituted by proteins with
PP2 domain and FBO (25) containing other domains such as Actin, Cupin, FIST, HERPES,
PAS 9, Sell, Snoal_3, G-alpha and SWIM (Fig. 39).
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Fig. 39: Classification of tomato F-box proteins. (A) Based on the additional C-terminal do-
mains, the identified F-box members are grouped into ten categories, FBL being the largest among
these. (B) 25 F-box genes harboring other domains (FBO) such as Actin, Cupin, FIST, HERPES,
PAS 9, Sell, SnoalL_3, G-alpha, and SWIM are further classified into 19 subcategories. The value
presented in each category and subcategory represents the number of F-box genes in that group.

3.2. Structural organization and evolutionary relatedness of F-box genes

The compiled information of their genomic locus IDs, length of mMRNAs, domain architecture,
predicted subcellular localization, and intron-exon organization of the identified 410 F-box genes
is listed. The length of their coding sequences displayed a wide range and varied from 174 base
pairs (bp) (Solyc069g008470) to 15379 bp (Solyc04g017610). Further, an unrooted NJ-phylogenetic
tree was constructed using protein sequences of the identified tomato F-box members. The phylo-
genetic tree revealed the clustering of proteins belonging to the same subfamily in one cluster (Fig.
40). FBK, FBA, FBL, FBDUF, FBT, and FBP members formed separate groups in the phyloge-
netic tree. However, a few members of FBL, FBX, FBK, FBA, and FBD subfamilies were also
present in more than one cluster in the phylogram, revealing contamination of specific groups by

members of the other subfamilies (Fig. 40).
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Fig. 40: Phylogenetic analysis of F-box genes in tomato. The complete amino acid sequences of
371 F-box proteins were aligned using ClustalW. Short or divergent amino acid sequences were
excluded from this analysis. A Neighbor-joining (NJ) tree was constructed using MEGA7. The
following parameters, such as the bootstrap method with 1000 iterations, the Poisson method with
uniform rates, and pairwise deletion, were used to build the tree. Values with >50 % supporting
the node are indicated. Members of different F-box subfamilies are represented in a different color,
and the name of the respective subfamily is mentioned next to it.

3.3. Chromosomal distribution and gene duplication of F-box genes

Members of the F-box gene family showed a non-uniform distribution on 12 chromosomes of
tomato. We noticed the highest and the lowest gene densities of F-box genes on chromosomes 2
and 12, respectively (Fig. 41). This analysis assigned at least 44 F-box genes (22 pairs) to the
segmental duplication blocks on all chromosomes except 11. Similarly, 148 tandemly duplicated
F-box genes, present in 51 groups, were also identified. Interestingly, 18 F-box genes, including
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Solyc01g091700, Solyc01g091710, Solyc03g120330, Solyc049005890, Solyc05g010360,
Solyc07g054620, Solyc09g091710, and Solyc12g098190, are present in both tandem and segmen-
tally duplicated blocks (Fig. 41). The tandem duplicates that exhibited high sequence similarity
were mostly placed in the same cluster in the phylogenetic tree (Figs. 40 and 41). Further, the
duplication events were prevalent within FBL, FBX, and FBA subfamilies. The majority of the

identified duplicated gene pairs belonged to the same subfamily (Figs. 40 and 41).

Fig. 41: Chromosomal distributions and gene duplication events. The chromosome number is
indicated at the top of the respective bar. Values in parentheses, next to each chromosome name,
show the number of F-box genes located on the chromosome. The scale on the left is in megabases
(Mb). Tandem duplicated genes are highlighted in yellow color. Segmental duplication events are
shown in colored blocks placed next to each such gene. The same colored and shaped boxes
(squares or triangles) present on single or different chromosomes correspond to the segmentally
duplicated gene pairs.
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3.4. Duplicated F-box genes broadly show dissimilar transcript profiles

We next examined the duplicated members' transcript profiles using the publicly available RNA-
seq data (Sato et al., 2012). Expression data for the majority of the identified F-box genes are
available in the form of a heatmap. Of the 44 segmentally duplicated F-box genes, barring mem-
bers of three gene pairs, including Solyc07g054620:Solyc08g068530,
Solyc09g009470:Solyc109083480, and Solyc059053620:Solyc12g098200, the remaining dupli-
cates showed different expression profiles to each other within a gene pair (Fig. 42-A). For in-
stance, transcripts of Solyc03g062800 remained undetected, whereas its duplicated partner,

Solyc02g085440, was found to have flower-specific mMRNA abundance.
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Fig. 42: Expression profiles of segmental and tandem duplicate F-box genes. (A and B)
Heatmap is constructed using log2 reads per kilo per million mapped reads (RKPM) values ob-
tained from the RNA-seq data published along with sequenced tomato genome (Sato et al., 2012)
using ’gplots’ package in 'R’. Corresponding gene locus IDs are mentioned on the right side of
each row. Ft-1, -2, and -3 represent young fruits of 1-cm, 2-cm, or 3-cm diameter, respectively;
MG, mature green fruit; B, breaker stage fruit; RR, red-ripe stage fruit.

Likewise, excluding a few tandem duplicates, such as Solyc04g079800:Solyc04g079810,
Solyc05g008700:Solyc05g008730, and Solyc11g072050:Solyc119g072080, most of the remaining
genes located in other tandemly duplicated blocks exhibited different expression profiles to each
other. A few tandemly duplicated blocks also contained genes with both similar and dissimilar
expression profiles within that block. For instance, tandemly duplicated blocks such as
Solyc02g079080:Solyc02g079190 on chromosome 2, Solyc04g063380:Solyc049g064480 on chro-
mosome 4, Solyc08g005310:Solyc08g005370, and Solyc08g013750:Solyc08g013820 on chromo-
some 8 contained duplicated genes with both similar and distinct expression profiles (Fig. 42-A
and B).

3.5. Pi deficiency and sucrose unavailability influence the transcription of several F-box
genes

The AtFBX2 gene is known to regulate PSR in Arabidopsis [352]. To identify tomato F-box genes
affected by Pi deficiency, we next checked their mMRNA levels at multiple time-points and in dif-
ferent tissues using in-house 8-DAT and 15-DAT RNA-seq data (unpublished) along with the
recently published RNA-seq data by (Pfaff et al., 2020) [134]. Together, we were able to retrieve
and analyzed expression profiles of 207 genes in the two data-sets. This analysis identified 55 F-
box genes as differentially expressed (>2-fold change, p-value <0.05) at least one of the time
points/tissues in the two data-sets (Fig. 42A). Similar to Arabidopsis, transcript levels of the two
close tomato homologs of AtFBX2, SIFBX2L1 (Solyc06g073650) and SIFBX2L2
(Solyc11g072050), remained unchanged in the tomato seedlings grown under Pi starvation (Fig.
43-A). Based on the activation and inhibition upon Pi starvation, the differentially expressed genes
fell into three groups: downregulated (), upregulated (1), and genes with mixed regulation, in-
cluding both down or upregulation at different stages/tissues (111) (Fig. 43-B). Further scrutiny
revealed a clear enrichment of FBL subfamily genes (14) among these differentially regulated

genes. The other prominent subfamilies featured in the 55 differentially expressed genes were FBD
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(9 genes), FBX and FBK (8 genes each), and FBP (6 genes). The pronounced activation of eight
F-box transcripts, including Solyc02g079150, Solyc09g065400 (Galactose oxidase homolog),
Solyc04g008980 (RNI-like superfamily protein homolog), Solyc079g062390 (Tubby like protein 7
homolog; SITLP7), Solyc10g076290 (RNI-like superfamily protein homolog), Solyc059055870
(MATERNAL EFFECT EMBRYO ARREST 66 homolog; SIMEE66), Solyc01g100010 (PP2-B15
homolog; SIPP2-B15), and Solyc05g040040 (SLEEPY1 homolog; SISLY1) was observed at multi-
ple time-points in the root, shoot, or seedling, in at least two data-sets, under Pi deficiency (Fig.
43-B).
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Fig. 43: The differentially expressed F-box genes in Pi-deficient tomato seedlings. (A) Heat
map of 206 differentially expressed F-box genes at 8-DAT and 15-DAT in tomato seedlings. (B)
Heat map of 55 F-box genes which are differentially expressed In-house and publically available
RNA-seq data [134]. Heatmap was generated by taking the log. fold change of transcripts per
million (TPM) values (treatment vs. control) for each gene using MORPHEUS (https://soft-
ware.broadinstitute.org/morpheus/). 1, 3, 7 represent the respective number of days of Pi starvation
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treatment. WS, whole seedling. The color bar at the side indicates the minimum and maximum
values of gene expression.

3.6. SIFBX2L1 interacts with SITIR1 and SIEBF2

STRING-based in-silico scrutiny of protein-protein interactions predicted robust interaction activ-
ity of Solyc06¢g073650 (SIFBX2L1) with many putative proteins. TIR-like and EBF2-like proteins
among the interacting partners showed strong protein-protein interaction potential with SIFBX2L1
(Fig. 44 A). The Yeast-2-Hybrid assay confirmed the protein-protein interaction of SIFBX2L1
with TIR1 and EBF2, indicating that this gene might regulate both auxin and ethylene signaling in
tomato plants (Fig. 44-B)
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Fig. 44: (A) In-silico prediction of putative protein interacting partners of SIFBX2L1 using
STRING (http://string-db.org/). (B) Y2H-based validation of SIFBX2L1 with TIR-likel and
EBF2-like proteins.

3.7. SIFBX2L1 is a cytosolic protein with the highest expression in roots and red-ripe fruits
SIFBX2L1 is a close homolog with Arabidopsis AtFBX2 (Fig. 45-A). In the RNA-seq data, this
gene was found to have root and fruit-specific expression (Fig. 45-B). To validate its expression,
we checked its mMRNA abundance using gPCR and found that SIFBX2L1 shows maximum tran-

scripts in root and fruit tissues (Fig. 45-C).
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Fig. 45: (A) SIFBX2L1 tomato and Arabidopsis homologs protein sequences were alignment using
the BioEdit tool. The three genes showed a high level of homology (B and C). Expression analysis
of SIBX2L1 gene at different development stages using Multi-Plant eFP Browser 2.0 — BAR tool
and gPCR. (D) SIFBX2L1 is mildly induced under low Pi.

Expression profiling in Pi-deficient seedlings revealed approximately 50 % increase in transcript
levels of SIFBX2L1 on the 15" day of starvation than their control counterparts (Fig. 45-D). To
confirm its subcellular localization, the SIFBX2L1 CDS was fused with N-terminal GFP in the
pCAMBIA1302 binary vector (Fig. 46-A, B and C). The expression vector was infiltrated in N.
benthamiana leaves. The confocal laser scanning microscopy revealed that SIFBX2L1 is a cyto-
solic protein (Fig. 46-D). The same was confirmed in the roots of SIFBX2L1 complemented Atfbx1

mutant stable Arabidopsis lines.
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Fig 46: Molecular cloning and subcellular localization of SIFBX2L1 protein. (A) Gene struc-
ture and orientation of SIFBX2L1 gene in binary vector pPCAMBIA1302 with N-terminal fused
GFP. (B and C) PCR amplification of 1.6 kb SIFBX2L1 CDS on agarose gel electrophoresis. Dou-
ble digestion-based confirmation of plasmids with Ncol and Bucl restriction enzymes. (D) Sub-
cellular localization of SIFBX2L1 protein in Nicotiana benthamiana and 35S:SIFBX2L1::GFP sta-

ble complemented line in Atfbx2 mutant background.

3.8. Screening of Atfbx2 homozygous mutants under Pi deficiency

To check if SIFBX2L1 has a conserved function in PSR, as previously described in Arabidopsis,
we screened Atfbx2 SALK mutant seeds for homozygosity by PCR with specific primers along

with LB3.1 primer (Fig. 47-D).
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Fig. 37: Screening of Atfbx2 homozygous mutant (HM) lines. (A) Representative images of the
T-DNA insertion mutant seedlings of Atfbx2 and Col-0 on soilrite under 16/8 day/night cycle at
22°C. (B and C) Confirmation of homozygous Atfbx2 mutant lines by PCR amplification with left,
right and LB3.1 primers. (D) Screening of Atfbx2 homozygous mutant lines with Col-0 on solid %2
MS media under HP and LP conditions.

Next, Arabidopsis homozygous Atfbx2 mutant and Col-0 seeds were germinated and transferred
on %2 MS medium with and without Pi. The plates were kept vertically for 16/8h light-dark cycle
at 22°C for seven days. Atfbx2 mutants showed enhanced root hair density compared to Col-0
control under both HP and LP conditions (Fig. 48-B and C). Atfbx2 mutant seedlings also accu-
mulated higher soluble Pi, which increased by 15 % and 50 % in these seedlings compared to Col-

0 in both high and low Pi conditions (Fig. 48-D).
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Fig. 48: Atfbx2 homozygous mutant and WT Col-0 seedlings grown on % MS agar media
HP/LP conditions. (B and C) Root hairs phenotype and number in mutant line and Col-0 during
HP/LP conditions. (D) Soluble Pi content in Atfbx2 mutant and WT Col-0 seedlings under HP/LP
conditions. One-way ANOVA was used for statistical analysis. ** denotes P-value <0.01.

3.9. SIFBX2L1 complements Atfbx2 mutant for PSR

To explore the function of SIFBX2L1 gene in PSR, its transgenic overexpression lines were gen-
erated in Atfbx2 mutant background. For this purpose, SIFBX2L1 CDS was cloned in pCAM-
BIA1302GFP binary vector ()CAMBIA1302GFP::SIFBX2L1-OX) and used for transformation in
the mutant background. These putative transgenic lines were confirmed for their HygR resistance
and by PCR using gene-specific primers. The level of overexpression of this gene in the mutant
background was established by gPCR using SIFBX2L1 specific primers (Fig. 49-B, C and D).
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CDS in pCAMBIA1302 expression vector. (B) Hygromycin-based screening of T1 lines for iden-
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tifying homozygous lines. (C) PCR-based screening of SIFBX2L1 positive lines using gene-spe-
cific primers. (D) Expression profiling of SIFBX2L1 gene in the complementation lines using
gPCR. Error bar shows standard deviation. Two-way ANOVA was performed for statistical anal-
ysis, and **** represents P-value <0.05.

Further, we have screened the complemented lines on ¥ MS agar in HL/LP conditions. The seed-
lings showed 55 % and 59 % lower root hairs number in the complemented seedlings under HP
and LP conditions, respectively, with respect to Atfbx2 mutant plants (Fig. 50 & 51 A and B). We
didn't find much difference in the primary root length in all the complemented lines compared to
the mutant plants (Fig. 51-C). Soluble Pi content in the complemented lines also decreased signif-
icantly to the mutant and WT plants (Fig. 51-D).

Atfbx2 HM 35S:SIFBX2L1:Atfbx2
Col-0 Linel Line2 Line3 || Linek1 Line74 Line9-8 Linel0-4

Fig. 50: Screening of SIFBX2L1:Atfbx2 complemented stable Arabidopsis lines under HP/LP
conditions.
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Fig. 51: Screening of stable SIFBX2L1:Atfbx2 complemented lines under HP/LP conditions.
(A, B and C) Root hairs phenotype, root hairs number and primary root length of Col-0, Atfbx2
HM mutant and SIFBX2L1:Atfbx2 complemented lines under HP/LP conditions. (D) Soluble Pi
contents of Col-0, Atfbx2 HM mutant, and SIFBX2L1 complemented lines under HP/LP conditions.
The error bar shows the standard deviation. Two-way ANOVA was performed for statistical anal-
ysis, and **** represents P-value <0.05.

3.10. SIFBX2L1 silencing increases root hairs formation and enhance Pi accumulation in
both Pi-sufficient and Pi-deficient seedlings

Next, SIFBX2L1 was transiently silenced using VIGS, and the infiltrated plants were confirmed as
described previously for SIRbohH. SIPDS gene was used as a positive control in the VIGS exper-
iments. Photobleaching of leaves was observed in all SIPDS silenced plants, indicating an excellent
gene silencing efficiency (Fig. 52).
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Fig. 52: (A) SIFBX2L1 VIGS fragment was cloned in between duplicated CaMV35S promoter
(2X35S) and nopaline synthase terminator (NOSt) in a T-DNA vector. RdRp, RNA dependent
RNA polymerase; 16K, 16 kDa cysteine-rich protein; MP, movement protein; CP, coat protein;
LB and RB, left and right borders of T-DNA; Rz, self-cleaving ribozyme; MCS, multiple cloning
sites. (B) PCR amplification of 300 bp SIFBX2L1 CDS and release of the same band after double
digestion for cloning confirmation in pTRV2 vector (C). Photobleaching phenotype of VIGS PDS
seedlings on the 15" day after the infection.

The infection of TRV vectors was confirmed by PCR analysis using coat protein—specific gene
primers. The coat protein gene was found to be present in all the inoculated plants but not in the
wild-type control plant (Fig. 53-A). The gPCR analysis confirmed the silencing of SIFBX2L1 gene
in both Pi-sufficient and Pi-deficient plants compared to their respective blank pTRV1/2 inocu-
lated plants. While SIFBX2L1 transcripts were downregulated by 50 % in the Pi-sufficient plants,
amore robust silencing of this gene was observed (76 % inhibition) in Pi-deficient plants compared
to non-silenced control seedlings (Fig. 53-B). Under LP condition, silencing of SIFBX2L1 resulted
in a significant increase in root hair density, which increased by 28 %, compared to non-silenced
plants. Under HP condition, the increase in root hair density of SIFBX2L1 silenced plant was found
to be non-significant (Fig. 53-C and D). Along with root hairs density, which was calculated as

the number of root hair/mm root length, the root hairs length was also analyzed. It was found that
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the average length of root hairs in SIFBX2L1 silenced plants increased by 33 % over their non-
silenced plants under Pi deficient conditions. No significant increase in root hair length was ob-

served in silenced plants when subjected to Pi sufficient condition (Fig. 53-E).
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Fig. 53: Silencing effect of SIFBX2L1 genes in the VIGS tomato plants. (A) The infiltration
efficiency in the seedlings was confirmed by PCR using pTRV2 coat protein (CP) specific gene
primers. Tomato Actin gene expression from the pTRV2-infiltrated and control seedlings cDNA
acted as a control. (B) qPCR of SIFBX2L1 transcript levels in pTRV2 control and pTRV2-
SIFBX2L1 silenced plants. The GAPDH gene was used as an internal control. (C and D) The
average number length of the silenced and non-silenced seedlings in HP/LP conditions. Error bar
shows standard deviation. One-way ANOVA was used for statistical analysis. **** shows P-value
<0.05.

Biochemically, silencing of SIFBX2L1 led to elevated levels of soluble Pi in plants, showing an
increase of up to 25 % in HP condition and up to 28 % in LP condition compared to their respective
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non-silenced control plants (Fig. 54-A). SIFBX2L1 silenced plants also showed a significant in-
crease of 22 % in SAP activity under LP conditions, but no significant change in SAP activity in
silenced Pi-sufficient plants was recorded (Fig. 54-B). This increase in soluble Pi accumulation
and SAP activity was further investigated by gPCR analysis of selected PSI phosphate transporter
(PHT) and acid phosphatase (PAP) genes. PHT1 and PHT7 transcripts showed an increase of 48
% and 72 % in the silenced plants under LP conditions, respectively. PHT1 and PHT?7 transcripts
showed a comparatively modest increase of 9 % and 25 % in HP conditions, respectively (Fig. 54-
D).
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Fig. 54: Biochemical and molecular characterization of SIFBX2L1 silenced plants. (A and B)
Total soluble Pi content and SAP activity in the silenced and non-silenced seedlings under HP/LP
conditions. (C, D and E) Transcript levels of Pi transporters, acid phosphatases, and Root hair
defective-six-like (RSL) genes in SIFBX2L1 silenced and non-silenced seedlings. The error bar
depicts the standard deviation. One-way ANOVA was used for statistical analysis. **** shows P-
value <0.05.

A similar trend in the transcript levels of PAP7, PAP26a, and PAP26b genes was observed in
SIFBX2L1 silenced plants, which showed an increase of 45 %, 77 %, and 80 %, respectively, for
these genes in the LP condition. In the HP condition, PAP7 transcript levels remained unchanged,
PAP26a transcript levels were increased by 17 %, and PAP26b transcripts by 25 % in the silenced
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plants compared to non-silenced plants (Fig. 54-D). The increased root hair length and root hair
density in SIFBX2L1 silenced plants was further validated by the upregulation of RSL1, RSL2, and
RSL4 genes in the silenced plants under HP and LP conditions. RSL1, RSL2, and RSL4 transcripts
were found to be considerably increased in the silenced plants than in non-silenced plants under

LP and HP conditions (Fig. 54-E).

3.11. Functional characterization of SIfbx2I11 knockout line under the low Pi availability

We next generated CRISPR/Cas9-based gene-edited knockout (KO) stable mutant tomato lines of
SIFBX2L1 gene. In total, six lines were generated. Out of these, four KO lines showed deletion of
2-base pairs, which disrupted the conserved motifs such as the WD domain in this protein. The

loss of conserved domains suggested a severely altered function of the mutated protein in the KO

background (Fig. 55).
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Fig. 55. Generation of SIFBX2L1 CRISPR/Cas9 knockout tomato lines. Two base pairs dele-
tion in the SIFBX2L1 coding sequence disturbed the conserved domains in this protein. (A and B)
Vector map of pFASTRK-AtCas9-AtU6 and two base pairs deletion observed in the CRISPR edited
KO lines in Pusa Ruby. (C and D) Domain structures of SIFBX2L1 protein sequences in WT and

the edited KO lines.
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Similar to VIGS plants, SIfbx2l1 knockout lines showed more root hairs in 15-day-old seedlings
compared to their respective control seedlings under HP and LP conditions (Fig. 56-B and C).
The changed RSA, especially for root hairs, in the KO lines seedlings was further confirmed by
the reduced transcript levels of two Root Hair Defective-Six Like genes (RSL2 and RSL4) under
HP and LP conditions (Fig. 56-C). Regarding biochemical attributes, the total P and soluble Pi
levels significantly increased, with 41 % and 67 % enhancement in KO lines under HP and LP
conditions (Fig. 57-C). After observing these PSR symptoms in the knockout lines, we checked
the transcript levels of typical PSR marker genes to understand their behavior in the KO lines
during LP conditions. The relative mRNA abundance of Pi transporters (PHT2, PHT3, PHT5 and
PHT7), phosphatases (PAP10a, PAP26a, and PAP26b) was significantly increased in the roots of
the KO line plants compared with the WT counterparts under LP conditions (Fig. 57-C and D).
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Fig. 56: RSA is altered in the Slfbx2l1 KO lines. (A) The phenotype of KO lines and WT seed-
lings on HP and LP media. (B and C) Root hairs phenotype of KO line and WT seedlings on HP
and LP media. (D) Transcript profiling of RSL genes in WT and KO line seedlings under HP/LP
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conditions. Error bar shows standard deviation. One-way ANOVA was used for statistical analy-
sis. **** depcits P-value <0.05.

Further, the KO line seedlings accumulated 39 % lesser total anthocyanins than WT seedlings
under LP conditions. We did not find any such significant change in the knockout plants under HP
condition (Fig. 58-A and B).
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Fig. 57: SIfbx211 KO line seedlings accumulate higher soluble Pi levels. (A) Total soluble Pi
and total P accumulation in KO line and WT seedlings under HP and LP conditions. (B and C)
Transcript profiling of Pi transporters (PHTS) and acid phosphatases in both the conditions in KO
and WT seedlings by gPCR. Error bar shows standard deviation. One-way ANOVA was used for
statistical analysis. **** depicts P-value <0.05.
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Further, expression profiling confirmed the downregulation of regulators of anthocyanins biosyn-
thesis pathway in KO line seedlings under HP and LP conditions. While SIMYB28 transcript levels
were reduced by 75 % and 82 %, a downregulation of 34 % and 54 % was observed in SIMYB75
MRNA levels in the KO lines with respect to WT seedlings under HP and LP conditions, respec-
tively (Fig. 58-C). Similarly, transcripts of the key genes of anthocyanins biosynthesis, such as
Dihydroflavonol 4-reductase (DFR), is reduced by 73 % and 74 %, and Flavanone 3-hydroxylase
(F3H) by 47 % and 75 % in the KO plants under HP and LP conditions, respectively (Fig. 58-D).
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Fig. 58: Slfbx211 KO plants accumulate higher anthocyanins levels. (A and B) Total anthocy-
anins estimation of SIfbx211 KO line and WT seedlings grown on HP/LP media. (C and D) gPCR
analysis of anthocyanins biosynthesis related gene for their expression in the WT and KO mutant
backgrounds. DFR= Dihydroflavonol 4-reductase, F3H= Flavanone 3-hydroxylase. Error bar
shows standard deviation. One-way ANOVA was used for statistical analysis. **** indicates P-
value <0.05.

3.12. Slfbx211 knockout affects fruit ripening
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3.12.1. Slfbx2I1 KO fruits show higher respiration and develop intense red coloration during
ripening

Investigations of KO lines during fruit development showed that SIFBX2L1 also plays a prominent
role during ripening. In Slfbx2l1 KO mutants, fruit ripening was altered as the fruits of these lines
displayed accelerated transition from greenish-yellow (breaker stage) to orange color at 3-days
post breaker (B+3) stage (Fig. 59-A). Surprisingly, these fruits produced only a few seeds com-
pared to the WT fruits (Fig. 59-B). Since respiration is one of the important factors for climacteric
fruit ripening in fleshy fruits, we checked the respiration rate in both WT and KO line fruits at B+3
and B+10. We observed a significantly higher respiration rate, which increased by 18 % and 45 %
at B+3 and B+10 stages, respectively, in the KO fruits compared to WT fruits (Fig. 59-C).
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Fig. 59: Ripening phenotype of WT and SIfbx2l1 KO line fruits. (A) Fruits shape, size and
color of KO lines and WT. (B) Locules development. (C) Quantification of respiration rate by
portable CO2 gas analyzer in KO and WT fruits at breaker+3 (B+3) and B+10 stages. Error bar
shows standard deviation. One-way ANOVA was used for statistical analysis. **** depicts P-
value <0.05.
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3.12.2. Slfbx2I1 KO line fruits exhibit enhanced ethylene biosynthesis and signaling during
ripening

Since the SIfbx211 KO fruits exhibited accelerated ripening phenotype, we next investigated the
ethylene levels in these fruits. Ethylene level was also enhanced by 20 % and 32 % at B+3 and

B+10 stages, respectively, in the KO line fruits with respect to WT counterparts (Fig. 61).
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Fig. 60: Ethylene biosynthesis and signalling are perturbed in the SIfbx2l1 mutant fruits. (A)
Analysis of ethylene level by GC analyzer. (B, C, D, E and F) Expression levels of ethylene
biosynthesis and signaling genes at B+3 and B+10 stages in WT and KO line fruits. ACO; Amino-
cyclopropanecarboxylate oxidase, EIL; Ethylene insensitive like, and RIN; Ripening inhibitor. Er-
ror bar shows standard deviation. One-way ANOVA was used for statistical analysis. **** depicts
P-value <0.05.

114




The quantitative real-time expression profiling of ethylene biosynthesis genes such as ACS2 (ACC
Synthase2) and ACO1 (ACC Oxidasel) further supported enhanced ethylene biosynthesis in the
KO fruits. These genes were found to be significantly upregulated in the Slfbx2l1 knockout fruits
at both the ripening stages (Fig. 60-B and C). Genes involved in the ethylene signaling pathway,
like Ethylene insensitive (EIL) and ripening master regulator Ripening Inhibitor (RIN) were also
found to be upregulated at B+3 and B+10 fruits stage as compared to WT fruits (Fig. 60-D, E and
F).

3.12.3 Slfbx211 KO line fruits accumulate higher lycopene and p-carotene during ripening
Quantification of pigments using High-Performance Liquid Chromatography (HPLC) revealed
that the KO mutant fruits accumulated significantly higher levels of lycopene at B+3 (increased
by 68 %) and B+10 (increased by 22 %) stages than the WT fruits (Fig. 61-A). Interestingly, pB-
carotene was also increased in the KO fruits at both ripening stages, which increased by 79 % and
45 %, respectively, at B+3 and B+10 stages (Fig. 61-B).
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Fig. 61: HPLC-based estimation of fruit pigments. (A and B) Lycopene and B-carotene accu-
mulation in WT and KO line fruits at B+3 and B+10 stages. Error bar shows standard deviation.
One-way ANOVA was used for statistical analysis. **** shows P-value <0.05.
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Since we observed the higher accumulation of lycopene and B -carotene levels in KO line fruits,
we next performed TEM imaging of WT and KO line fruits at B+3 and B+10. This analysis con-
firmed the significantly increased accumulation of lycopene crystals in KO line fruits at B+3 and
B+10 stages compared to WT fruits from the same stages (Fig. 62).

WT Sifbx211

B+3

B+10

Fig. 62: Transmission electron microscopy of WT and KO line fruits at B+3 and B+10 fruits.
Red arrow shows the lycopene crystals in the fruits.

Further, we confirmed the expression pattern of key genes of the carotenoid biosynthesis pathway.
The transcript levels of PSY1, PDS and ZDS were found to be upregulated in the KO background
fruits, supporting the increased lycopene biosynthesis (Fig. 63-A, B and C). Astonishingly,
MRNA levels of B-carotene biosynthesis genes, such as LCYB, LCYB1 and LCYB2 were also in-
creased in the KO fruits compared to their WT counterparts, substantiating the higher B-carotene
levels observed in the HPLC data (Fig. 63-D, E and F).
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Fig. 63: Transcript levels of carotenoids biosynthesis pathway genes in WT and Slfbx2l1 KO
fruits during ripening. PSY1; Phytoene synthase 1, PDS; Phytoene desaturase, ZDS; Zeta-caro-
tene desaturase, LCYB; Lycopene B-cyclase. The error bar shows standard deviation One-way

ANOVA was used for statistical analysis. **** depicts P-value <0.05.

3.12.4. Genes encoding cell wall loosening enzymes are upregulated in SIfbx211 KO fruits

Next, we checked the transcript levels of cell wall softening enzyme-related genes such as Cellu-
lose2 (CEL2), Pectinesterase (PE) and Expansinl (EXP1) and noticed upregulation in their ex-
pression at the B+10 stage in the knockout fruits compared to WT counterparts (Fig. 64-A, B and

C).
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Fig. 64: Quantitative real-time PCR of cell wall loosening enzyme coding genes for their ex-
pression level in WT and Slfbx2l1 KO fruits. CEL2; Cellulose2, PE; Pectinesterase and EXP1;
Expansinl. Error bar shows standard deviation. One-way ANOVA was used for statistical analy-

sis. **** shows P-value <0.05.
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Discussion:

In this study, the Indian tomato cultivar Pusa Ruby has been used to catalog P starvation
responses (PSR) and characterize the selected candidate genes functionally. The candidate PSI
genes were identified using a transcriptomic approach in the Pi starvation condition. Arabidopsis
thaliana has been used for the complementation study of the selected candidate SIFBX2L1 gene
and for the characterization of SIRbohH promoter activity. Besides the repeated use of the Virus-
Induced Gene Silencing (VIGS) method, the CRISPR/Cas9 based gene-editing approach was also
adopted for the characterization of the SIFBX2L1 gene for its role in P starvation responses and
fruit ripening. Nicotiana benthamiana was used for the transient gene expression studies for sub-
cellular localization and promoter activity experiments with GUS as a marker protein.

Under most natural conditions, the concentration of available Pi in the soil is generally low
and ranges between 0.65 uM to 2.5 mM [382]. Plants employ an array of well-coordinated mor-
phological, physiological, biochemical, and molecular adaptations to orchestrate their response
under chronic Pi limitation [115]. Transcriptional studies at the global scale in Arabidopsis have
provided an in-depth insight into the molecular mechanisms underlying Pi starvation responses in
plants [132,383,384]. However, these studies have primarily covered the transcriptional changes
occurring within the first week of Pi starvation in mature seedlings. While PSR remains broadly
conserved in plants, variations in plants’ response to Pi-deficiency also exist between the model
plant Arabidopsis and crop species. For example, in contrast to the characteristic shorter root phe-
notype in Arabidopsis, the primary roots of tomato seedlings tend to grow longer under Pi-defi-
ciency [385,386]. Secondly, most genes belong to gene families, and BLAST search of Arabidop-
sis PSI genes against a crop’s genomes often retrieves more than one close ortholog, making it
difficult to choose the right candidate. Given these facts, precise information on the entire set of
PSI genes in tomato was needed for the identification and subsequent functional characterization

of candidate PSI genes.

To mimic the Pi deficient natural conditions, we germinated tomato seeds in the presence
of 5 uM Pi and directly transferred them to either HP (High Pi/ Pi sufficient/non-limiting Pi) or
LP (Low Pi/ Pi deficiency/ Pi limiting) conditions. The comprehensive morpho-physiological anal-
ysis revealed a more substantial effect of Pi starvation at 15-DAT compared to the 8-DAT time
point. In contrast to the 8-DAT, prolonged Pi starvation led to longer primary roots, higher lateral

root numbers, higher anthocyanins, and higher total carbohydrates. Besides the activation of high-
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affinity Pi transporters, vacuolar Pi pools are utilized under chronic Pi limitation [387]. Physio-
morphological analyses clearly showed that PSR in tomato seedlings becomes more robust under
extended chronic Pi stress [385,388,389]. Accumulated literature also suggests higher levels of
several sugars metabolites are essential for activating PSI genes under low Pi conditions [117,118].
In our metabolome study, we also observed a higher abundance of sugar metabolites, including
sucrose, glucopyranose, fructopyranose, D-psicofuranose, and myoinositol with some other non-
sugar metabolites in the Pi-deficient tomato seedlings than Pi sufficient plants at 8-DAT and 15-
DAT. Therefore, we inspected the importance of sucrose on Pi starvation response by growing
seedlings with and without sucrose. It became clear that sucrose supply enhances the robustness
of PSR, as evident by the longer primary root length in seedlings, increased LR density, and higher
SAP/APase activity of -P+S grown seedlings at 8-DAT/15-DAT. Along with these studies, we
also witnessed higher induction of selected PSI genes in sucrose-supplied seedlings supporting the
earlier observations [109,117,390]. The higher sucrose level in the metabolome data further signi-
fies the importance of sucrose in PSR. The formation of two separate clusters by the Pi-starved
seedlings at 8-DAT and 15-DAT in the PCA analysis suggests more robust metabolic alterations
happening under extended Pi limitation. A more severe reduction in the phosphoric acid levels at
15-DAT might be required to maintain the intracellular Pi levels under chronic Pi limitation. The
increased content of several amino acids under Pi stress in tomato seedlings is consistent with the
previous findings [115]. Increased levels of malic acid and fumaric acid are compatible with the
observation that these organic acids are profoundly synthesized and secreted in the rhizosphere,

under extended chronic Pi limitation [15,115]

RNA-sequencing is a useful tool for profiling and quantifying transcripts in tomato [391].
Indeed, the activation of more transcripts at 15-DAT (922) than 8-DAT (669) in our RNA-seq data
of Pi-starved seedlings reflects tomato seedlings experiencing severe stress at 15-DAT. A further
decrease in the number of down-regulated genes at 15-DAT from 8-DAT provided additional sup-
port to the findings. Altogether, activating a larger set of genes than downregulated ones in Pi-
starved seedlings at both time points reiterates the significance of gene activation over gene sup-
pression in PSR [131,137-141,143,392]. The presence of 316 commonly upregulated transcripts
at both time points implicates a broader role of these genes in Pi homeostasis in tomato. On the
contrary, the time-point-specific DEGs indicate their temporally-regulated functions.
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Gene ontology-based annotation of DEGs for ‘cellular component’ revealed that Pi starva-
tion targets cell wall, membrane, and extracellular region function similarly at both time points.
These findings are consistent with the earlier observations in wheat and soybean [393,394]. It fur-
ther showed that while cytosolic components are enriched only at 8-DAT, vacuole and endoplas-
mic reticulum-related functions are affected more significantly upon extended starvation. Con-
cerning the molecular function of the DEGs, genes with ‘metal ion binding, heme binding, iron
ion binding, oxidoreductase activity, phosphatase activity, and transporter activity are equally af-
fected at both time points. However, transcripts with ‘hydrolase activity’ seem to be activated only
at 15-DAT. Under the ‘biological process’ category, the affected processes are broadly similar at
both time points. Albeit, the glycolipid biosynthetic process only stimulates after prolonged Pi
starvation. Enrichment of ‘metabolic pathways’, ‘phenylpropanoid pathways’, ‘glycerolipid me-
tabolism’, and ‘secondary metabolite biosynthesis pathways’ in the KEGG analysis is consistent
with the previous observations [134,383]. Differential regulation of many glycerolipid metabo-
lism-related genes is consistent in Pi-starved seedlings and suggests that similar transcriptional

changes underlie the rerouting of this metabolic process in different tissues of tomato [134].

Long-term Pi starvation-induced processes involve lineage-specific transcription factors
(TFs) that play crucial roles in the regulation of gene expression [395]. No significant change in
the transcripts of putative PHOSPHATE STARVATION RESPONSE1 (PHR1) homologs sug-
gests that these genes are not responsive to Pi deficiency in tomato, unlike in Arabidopsis and rice
[183,396]. The MYB transcription factors play pivotal roles in regulating the expression of PSI
genes in plants [397-400]). Sharma et al. (2020) reported the identification of 127 MYB genes in
the tomato genome. Differential regulation of other MYB transcription factor genes such as
SIMYBL13, SIMYB90, and SIMYB113 at both time points and in leaf and root tissues (Pfaff et al.,
2020) [134] suggests that the three TFs play ubiquitous but perhaps overlapping roles during to-
mato PSR. Their direct involvement in regulating Pi-starvation-induced Anthocyanins accumula-
tion cannot be ruled out. Upregulation of phenylpropanoid biosynthesis pathway genes, such as
flavonol synthase (Solyc06g083910), flavanone 3-hydroxylase (Solyc02g083860), and Anthocy-
anins O-methyltransferase (Solyc09g082660) in the Pi starved seedlings not only corresponds to
higher anthocyanins accumulation but also suggests that they may serve as the direct targets of
these MYBs. The differential regulation of several other TFs belonging to AP2/ERF
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(Solyc029092050, Solyc01g090340) and bHLH (SIbHLH066, SIbHLH136) families indicates that

together these TFs control transcriptional networks underlying PSR in tomato.

Differential regulation of several genes belonging to plant hormone biosynthesis and sig-
naling pathways facilitate plant response to Pi deficiency [8,401]. In the DEGs list, ethylene re-
sponse factors such as those encoded by Solyc02g092050, and SIERB.1B suggests their role in
tomato PSR. Auxin is known to participate in Pi deficiency-induced root architectural changes in
plants [21,122]. Down-regulation of several auxin signaling and metabolism-related genes such as
SIGH3s  (Solyc049081250, Solyc01g107390, and Solyc01g107400), and SISAURs
(Solyc01g110560, Solyc06g072650) suggests that increased 1AA levels probably mediate PSR in
tomato by altering auxin signaling. Differential regulation of SIGH3-2 (Solyc01g107390) is excit-
ing because this gene is known to maintain 1AA levels in tomato fruits during ripening [379].
Strong activation of carotenoid cleavage dioxygenase encoding gene (Solyc089g066650, SICCD8)
at both time points in the present study and the root-tissue provide strong evidence of the involve-
ment of strigolactone as an endogenous signal of tomato PSR [134,402]. Similarly, down-regula-
tion of an ethylene-forming gene, 1-aminocyclopropane-1-carboxylate  oxidase
(Solyc07g026650), in the common DEGs between root, leaf, and seedlings is in concordance with
the previously published results in wheat and soybean [393,403].

Scrutiny of the GO and KEGG pathways revealed differential regulation of many genes
responsible for sugar metabolism and transporter activity. Thus, we observed the transcript accu-
mulation of sugar metabolism and its transporter-related genes in both 8-DAT and 15-DAT DEGs
lists and in the data published by Pfaff et al. (2020) [134]. The majority of these genes showed
upregulation of sugar metabolism genes such as sucrose biosynthetic process, sucrose-phosphate
synthase, UDP-glucose metabolic process, UDP-glucose glucosyltransferase, UDP-sugar pyro-
phosphorylase, Starch biosynthesis process, Glycogen synthase, 1,4-alfa-glucan branching en-
zyme Il and Glucose-6-phosphate 1-epimerase activity are commonly upregulated whereas, UDP-
glucose 4-epimerase activity and UDP-glucose 4-epimerase 8-DAT specific and Glucose-1-
phophate adenylyltransferase, Carbonyl reductase 1, Glucose dehydrogenase and UDP-glucose
glucosyltransferase 15-DAT upregulated. Additionally, nine sugar transporter-related genes were
differentially regulated at both time points. Among these, seven genes, including two genes of

carbohydrate transporter, glucose transporter 8, glucose-6-phosphate translocator 2, myoinositol
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transporter, and glucose-6-phosphate translocator, are commonly upregulated in both the LP tis-
sues, whereas the hexose transporter gene and another carbohydrate transporter gene is upregulated
at 8-DAT and 15-DAT time points, respectively.

In plants, activation of PAP genes and glycerol-3-phosphate permease (G3Pp) family genes
regulate Pi homeostasis under Pi deficiency [84,404]. Up-regulation of many acid phosphatases
and two G3Pp members in Pi-starved seedlings in this study suggests a broad set of phosphatases
are involved in tomato PSR. This is also reflected by the enhanced root surface associated APase
activity and SAP in LP-grown tomato seedlings, especially under prolonged treatment [405-407].
Previous studies have implicated four purple acid phosphatase genes in regulating enhanced PAP
activity in tomato [98,407]. Identification of ten purple acid phosphatase genes, including SIPAP1,
SIPAP10b, SIPAP12, SIPAP15, SIPAP17b, SIPAP26a, and SIPAP26b, in the 24 common DEGs in
this category not only identifies the additional members of PSI PAPs in tomato but also highlights
their vital contribution to SAP under different time-points of Pi starvation [84,407-410].

Organic acid excretion from roots into the rhizosphere includes two pathways: plasma
membrane H+-ATPase for their efflux and channel-like transporters for passive efflux of their
anions [411]. In the transcriptome, up-regulation of three aluminum-activated malate transporters
(Solyc11g071350, Solyc05g009590, and Solyc08g006990), two cation/H™ antiporter/transporters
(Solyc08g081820, Solyc119039980), and two Ca*/H* ATPase transporters (Solyc01g096190,
Solyc02g092450) suggest their crucial role in Pi acquisition for the Pi-starved seedlings [393].
Enhanced production of organic acids is usually accompanied by elevated activity of PEP carbox-
ylases, malate dehydrogenase, and citrate synthase enzymes in Pi-starved plants [412]. Five acti-
vated PEP carboxylase genes (Solyc04g006970, Solyc07g055060, Solyc04g009900,
Solyc06g053620, and Solyc10g007290) in Pi-deficient seedlings at both 8-D and 15-D time points
indicate enormously enhanced PEPC activity in tomato seedlings under Pi stress. More robust
activation of the PEPC genes at 15-D than 8-D time points also reinforce the opinion that such

activation increases gradually with the longer duration of stress treatment [178,383].

Pi levels are tightly associated with the intracellular levels of ATP, ADP, and related nu-
cleoside Ps, and severe Pi stress is known to reduce their quantity [113,114]. Activation of inor-
ganic pyrophosphate-dependent bypass enzymes is crucial for the metabolic adaptations of plants

under depleted intracellular Pi [115]. Such changes facilitate the C flux for the enhanced synthesis
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of organic acids in the glycolytic pathway under chronic Pi limitation and help plant survival under
depleted ATP levels [115]. Activation of bypass enzymes such as pyrophosphate-dependent phos-
phofructokinase  (Solyc04g014270, Solyc079g045160), pyruvate phosphate dikinase
(Solyc01g080460), and UDP-sugar pyrophosphorylase (Solyc06g051080) under prolonged Pi
stress suggests that similar transcriptional changes occur to ensure increased production of organic
acids in the Pi starved tomato seedlings. Up-regulation of two alternative oxidases
(Solyc08g005550 and Solyc08g075550) further contributes to such adaptation by maintaining the
proper functioning of the mitochondrial citric acid cycle and electron transport chain with impaired
ATP production, especially under long-term starvation [114,116]. Many genes involved in reactive
oxygen species (ROS) production and scavenging are also differentially regulated in the Pi-starved
tomato seedlings. ROS are recognized as critical players in plant stress signaling [413]. While the
role of these genes in general stress responses is known, how these signals affect plant response to

Pi deficiency warrants further studies.

Activation of several transporters, such as phosphate, glycerol-3-phosphate, sulfate, mo-
lybdate, zinc, and iron, show that a robust reprogramming of these genes is critical during PSR in
tomato [178,383,393]. ICP-MS analysis also demonstrated the elevated levels of Zn and Mn in
both root and shoot tissue, whereas Fe accumulation displayed reverse profiles in the two tissues,
higher in shoots but lower in root tissues of Pi-deficient seedlings at 15-DAT. The relevance of
the enhanced levels of these metal ions in Pi-deficient seedlings is still not clearly understood.
However, decreased Zn levels are known to generate Pi toxicity due to higher accumulation and
diminution of P regulation. At the same time, plants grown with a high concentration of Zn lead
to Pi deficiency and enhanced APase activity [414]. Zn deficiency seedlings promote higher reg-
ulation of Pi transporter genes under high Pi and low Pi conditions in barley [415]. Thus, Zn main-
tains the P homeostasis in many plants but the role of enhanced levels of Zn in Pi-starved tomato

seedlings is still not clear and warrants further investigations.

Reprogramming of root system architecture (RSA), generally to increase the surface area
of roots, is a central response to almost all nutrient deficiencies [416]. Production of reactive oxy-
gen species (ROS) such as superoxide anion (O2") and hydrogen peroxide (H202) invariably un-
derlies such reprogramming of RSA, indicating their critical role in altering root growth and de-

velopment under mineral nutrient deficiencies [417]. The apoplastic reactive oxygen species are
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generated mostly by NADPH oxidases (NOXs). NOXs are highly expressed in roots and are in-
volved in the growth of root hairs, pollens, stomatal closure, nodule functioning, biotic response,
and abiotic stress response. Our screening of tomato seedlings for RSA under Pi-deficient condi-
tions revealed that primary root length, number of lateral roots, and root hairs significantly in-
creased under low Pi at 8-DAT and 15-DAT. While more LR and denser and longer RHs under Pi
starvation represents a conserved response in plants, the primary root length response varies in
different plants, as evident from the longer primary roots of tomato and smaller roots in Arabidop-
sis under Pi starvation [13,263]. Further, Pi-limited medium-grown seedlings showed more intense
staining near the root tip region than those grown in Pi-sufficient medium, indicating that O, and
H>0O> production is high compared to the control counterparts. H2DCFDA staining also suggests
higher H20, accumulation in the root under low Pi conditions. Simultaneously, we also found
higher NADPH oxidase activity in Pi-deficient roots. We also noticed more H,O; and O, produc-
tion in the roots compared to shooting under Pi-starved conditions. Since cell growth is a funda-
mental process in all organisms, NOX genes have been implicated in polarized cell growth in
plants. Rboh genes are apoplastic ROS-producing enzymes. Both ROS generation and polarized
root growth are tightly associated with cell wall loosening and stiffening, which have been shown
to be ROS and Rbohs-dependent. Jordan et al. (2019) reported that DPI inhibits ROS accumulation
generated by Rbohs, and hampers plant growth [418]. Whereas H2O.-treated seedlings showed
more root growth and improved K™ retention in rice and sweet potato [419,420]. Further, we have
also found inhibited root growth, low Pi accumulation, and lowering ROS production in 10nM
DPI-treated seedlings under HP and LP conditions. Lateral root number and root hairs increased
in the H202 (800uM) treated seedlings. These seedlings also accumulated higher Pi levels in both
high and low Pi conditions. We expected a role of these genes in mediating enhanced root growth
under Pi stress. In light of these facts, we studied the expression profiles of apoplastic ROS-gen-
erating genes at the mRNA level at multiple time points and in different tissues using in-house
(unpublished) and recently published RNA-seq data [134]. In total, eight Rboh genes were identi-
fied in the tomato genome. Among these, a consistent induction in the transcripts of SIRbohH gene
at all-time points and all three treated samples suggest a critical role of this candidate gene in the
Pi starvation response in tomato. Further, online tools for gene expression profiling suggest that
seven SIRboh genes are root preferential and only one Rboh gene is fruit-specific. The gPCR anal-

ysis of SIRbohH in different tomato tissues confirmed the root preferential expression of this gene
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in tomato. Next, we studied the expression profile of SIRbohH gene in different minerals defi-
ciency (-P, -Mg, -N, -K, and -Ca) and found the highest induction of this gene under Pi stress
concerning others minerals nutrients. Therefore, we were curious whether the SIRbohH gene is an
early or late-responsive during the low Pi condition. The transcript profiling showed its induction
only at 8-DAT, which increased further to 15-DAT under low Pi conditions, ruling it out to be an
early PSI gene. After 15 min and 4 h of Pi resupply, the instant recovery of its mMRNA levels
suggested the reversal of ROS levels caused by this gene under Pi-optimum conditions. We also
found this gene as sucrose-dependent, as evidenced by the enhanced transcript level upon sucrose
treatment under low Pi condition. P1BS conserved sequence (GNATATNC) is a cis-acting element
that serves as the site for PHR1 homologs binding, hence regulating the mRNA abundance of
many PSI genes under Pi deficiency [398]. Analysis of 1-kb upstream promoter region of this gene
revealed the presence of two P1BS elements. The transactivation of SIRbohH was found to be
under the direct control of PHR1 activity as this TF was found to bind to the pSIRbohH in our in-
planta experiments. The results established SIPHR1L2 (SIPHL2) as the dominant regulator of PSR
in tomato seedlings. Analysis of the promoter activity in stable Arabidopsis SIRbohH:GUS lines
and higher GUS activity in the Pi-deficient roots only further validated the PSI nature of the SIR-
bohH gene. For functional characterization of the selected SIRbohH gene, it was cloned in a pTRV2
vector for elucidating its role in PSR, especially reprogramming of RSA under Pi-stress through
virus-induced gene silencing method. The photo-bleached leaves phenotype in the pTRV2-PDS
silenced VIGS plants confirmed the effectiveness of the VIGS experiments. As expected, contrary
to their pTRV2 control (SIRbohH non-silenced) VIGS plants, the pTRV2-SIRbohH silenced plants
showed strong suppression of this gene. The SIRbohH mRNA levels were significantly reduced by
75 % and 85 % in the silenced HP/LP seedlings, respectively. Morphological examination of the
roots in non-limiting Pi conditions of SIRbohH-silenced plants showed reduced root length, root
hairs and root hairs number compared to non-silenced plants. SIRbohH-silenced plants also accu-
mulated less H.O> as compared to non-silenced plants, as confirmed by H2DCFDA staining of the
roots. At biochemical level, silenced plants accumulated reduced ROS levels (02" and H.O2) com-
pared to non-silenced seedlings. Decrease in the ROS levels was confirmed by performing
NADPH oxidase enzyme activity in HP/LP non-silenced and silenced seedlings, respectively. In-
terestingly, SIRbohH silenced seedlings showed a significant reduction in the soluble Pi and total

P content in both HP/LP seedlings, the magnitude of such decline was not severe in the pTRV2
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control plants. Further, we found that there is moderate increase in root surface associated APase
activity, as evident by BCIP staining, in SIRbohH silenced seedlings under low Pi availability. To
explore the reason behind the elevated soluble Pi levels, especially under Pi-deficient condition,
we studied the transcripts level of the selected PSI genes like phosphate transporter genes (PHT1
and PHT7), PAPs, miR399 and SUC2. We observed induction in these selected PSI genes tran-
scripts upon 8-DAT and 15-DAT of Pi starvation in tomato seedlings in our RNA-seq data. These
genes showed moderate induction in the SIRbohH-silenced seedlings than their pTRV2-control
plants under Pi deficiency. Also, silencing of SIRbohH led to more Anthocyanins and carbohy-
drates accumulation under both condition (HP and LP) as compared to the non-silenced control
seedlings. Altogether, VIGS based characterization of SIRbohH gene suggests its involvement in
tomato PSR, including reprogramming of RSA and enhanced Pi-uptake efficiency for better sur-

vivability under Pi starvation condition in tomato seedlings.

The ubiquitin/proteasome protein degradation pathway regulates protein turnover in cellu-
lar processes [319]. F-box genes, an integral component of SCF-complexes of this pathway, belong
to a large superfamily in plants. However, minimal information is available on these genes in to-
mato. The data mining of the tomato genome revealed at least 410 members constitute the F-box
superfamily. Only 90 tomato members without any additional C-terminal domain (accounting for
22 % of the identified genes) and the remaining 78 % F-box with other motifs indicate that acquir-
ing these new domains would be essential for the neofunctionalization of the duplicated genes
during the evolution. Like many other plant species, except Arabidopsis, the absence of lectin-
domain-related F-box genes in tomato is also intriguing [320,421]. The prevalence of LRR-con-
taining F-box members in the identified tomato C-terminal domain containing members and the
lowest number of WDA40 repeat domain-containing F-box genes in tomato is in line with already
reported FBD genes in Arabidopsis, rice, and chickpea [320,354,422].

The presence of 31.8 % F-box genes lacking any intron in tomato is exciting and indicates
that intron-less genes' prevalence is ostensibly a unique feature of this superfamily [324]. Phylo-
genetic analysis grouped members of different subfamilies in separate clusters. However, the pres-
ence of FBL, FBX, FBK, FBA, and FBD members in more than one place in the phylogram and
the contamination of specific groups by members of the other groups point towards a complex
evolutionary ancestry of these genes. It further suggests that while it is easy to divide these genes,
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based on their C-terminal domain, into different subfamilies, some members belonging to other
subfamilies may have similar biological functions.

Gene duplication is an important phenomenon contributing to expanding genomes and
functional diversification of gene families during evolution [421,423]. Among the identified 410
F-box genes, the presence of 192 (47 %) duplicated genes revealed that both segmental (11 %) and
tandem (36 %) duplication events have contributed to the growth of this superfamily in tomato.
These observations reiterate the significant role of tandem duplication events during the expansion
of the F-box superfamily in plants [320,324,422]. It is anticipated that the amplification of these
genes in such large numbers has probably matched with the increasing number of their putative
substrate in plant genomes [354]. The overrepresentation of FBX, FBL, and FBA members in the
duplicated blocks indicates that the frequency of duplication events may differ among different
subfamilies within a superfamily. This conclusion supports the findings of a previous report where
duplication events were suggested to occur in the form of waves, leading to a non-linear expansion
of F-box subfamilies [424].

Sequence comparison of related sequences among close and distant taxa has augmented
phylogenetic studies to construct the evolutionary lineage of a gene family [425]. The syntenic
analyses of F-box genes in tomato and three other Solanaceae species, S. pennellii (70.5 %), potato
(60.2 %), and pepper (37.3 %), revealed close evolutionary relationships of tomato F-box genes
with its wild relative, followed by that of potato and pepper [364]. The most significant number of
syntenic blocks within tomatoes and between tomato and potato is in the expected lines as tomato,
S. pennellii, and potato belong to the same genus Solanum. Identification of only a few syntenic
blocks (5.8 %) between tomato (asterids) and Arabidopsis (rosids) indicates that the two species
are evolutionary distant and belong to different groups within eudicots. Due to the observed high
sequence divergence between Arabidopsis and tomato F-box members, we cannot rule out the
evolution of novel F-box genes for performing species-specific functions in the two genomes.

Previous studies have shown the involvement of F-box proteins in different aspects of plant
development [332,334,336,426-431]. The undetected transcripts of 52 tandemly duplicated genes
suggest that these genes might have very precise spatiotemporal mMRNA accumulation, which is
missing from the developmental stages undertaken in this study. The other possibility is that these

genes are still evolving for novel functions and are yet to undergo transcription. Of the 192 dupli-
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cated genes, different expression profiles for most duplicated gene pairs/blocks indicate their func-
tional divergence. Altered expression of a few genes between wild-type and ripening mutants dur-
ing fruit ripening directly implicates those members in the fruit ripening regulation. Three tomato
EBF homologs (EBF1-3) are known to induce at the time of ripening induction. These genes also
respond positively to exogenous ethylene treatment [431,432]. In the gPCR analysis, mostly unal-
tered transcript levels of the selected genes, except Solyc04g074490, revealed that, unlike tomato
EBFs, ripening-associated expression of many F-box genes might remain independent of ethylene
[433]. RNA-Seq is often employed to profile and quantify plant transcripts [391]. The differential
expression of 55 tomato F-box genes in the RNA-seq data directly implicates them in Pi starvation
responses. The consistent induction of eight PSI F-box genes, including SIMEE66 and SIPP2-B15,
in all three tissues, suggests a vital role of these proteins in Pi starvation response.

In Arabidopsis, a WD40 domain-containing F-box protein (AtFBOX2) regulates phosphate
starvation responses; however, its MRNA levels remain unaffected under Pi deficiency [352]. We
were intrigued by the extensive protein-protein interaction potential of AtFbx2 homolog
Solyc06g073650 (SIFBX2L1) with other proteins, including TIR1 and EBF2, and hence decided
to characterize it further for its potential roles in plant development. Transcriptional profiling
demonstrated that this gene is moderately expressed throughout tomato development, though its
maximum expression was observed in fruits and roots. Further, the SIFBX2L1 protein accumulates
in the cytosol. Next, we have observed that in the Atfbx2 mutant, root hair density is significantly
increased compared to Col-0 in HP/LP condition. Also, in the Atfbx2 mutant, the total Pi level is
high with respect to Col-0 in both high and low Pi conditions. Upon expression of 35S:SIFBX2L1
gene in Atfbx2 mutant plants, we observed the reversal of low Pi-induced root phenotypes and Pi
levels in the SIFBX2L1 complemented lines. These lines showed fewer root hairs with lower Pi
levels than Atfbx2 mutant plants. These results suggest a conserved function of FBX2 homologs in
plant development and during PSR in plants. Therefore, we investigated the role of SIFBX2L1 in
tomato and found a significant increase in the root hairs density, with the expression level of RSL
genes, in both SIFBX2L1 VIGS plants and SIfbx211 KO lines in both HP/LP conditions. Addition-
ally, the soluble Pi and total P levels were enhanced in the VIGS plants and SIfbx211 KO lines in
both HP/LP conditions. These observations found good support in changes observed at the molec-

ular level, as confirmed by the higher expression of Pi transporters and PAPs genes in the
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SIFBX2LI modulated plants. SIfox211 CRISPR knockout lines showed increased Pi acquisition ef-
ficiency and accumulated lower levels of anthocyanins, as evident by both spectrophotometric
estimation and expression profiling of its biosynthesis-related genes, indicating that the higher Pi
levels in the mutant plants alleviate the severity of PSR under low Pi availability.

Interestingly, the SIfbx2l11 CRISPR knockout fruits displayed fastened ripening phenotype.
Respiration, ethylene biosynthesis, and its signaling are important for the ripening program in cli-
macteric fleshy fruits [434]. The significantly higher respiration rate and ethylene level at ripening
stages (B+3 and B+10) in KO fruits as compared to WT fruits explains their overripening pheno-
type. Further, higher transcript accumulation of ethylene biosynthesis-related genes ACO1, ACS2,
and its signalling pathway-related genes EIL1, EIL2, and master regulator, RIN, at both the stages
of KO fruits suggested enhanced ethylene biosynthesis and signaling underlies the fast ripening
response in KO fruits. Since KO fruits were intensely red with yellow spots on the fruits, compared
to WT fruits, we found significant enhancement in the lycopene content in KO fruits than in wild-
type counterparts. Increased transcript levels of carotenoid biosynthesis pathway genes such as
PSY1, PDS, and ZDS further supported the higher lycopene level in KO fruits. The KO line fruits
also showed small yellow dots, which were absent in WT fruits. HPLC analysis revealed signifi-
cantly enhanced levels of B-carotene at the red-ripe stages in KO fruits than their WT counter parts.
The enhanced transcript levels of LCYB, LCY1, and LCYB2 genes in KO fruits at both ripening
stages provided good support with the improved B-carotene in these fruits. Overall, the upregula-
tion of carotenoid biosynthesis pathway genes and increased lycopene and carotene in KO line
fruits support the previous observations [435-437]. Accumulation of a significantly higher number
of lycopene crystals in the KO line fruits in electron microgram and upregulation of most MEP
pathways genes further confirmed the HPLC data on overaccumulation of lycopene and 3-carotene
in edited fruits. Such over-ripening phenotype could be attributed to enhanced ethylene biosynthe-
sis and signalling in KO fruits. We suspect the involvement of EBF2, an interacting partner of
SIFBX2L1 and a negative regulator of ethylene signaling, in influencing both root and fruit traits
in SIfbx211 KO lines.
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Summary and Conclusion:

In summary, we first cataloged the Pi starvation response at morpho-physiological and biochemi-
cal levels in an Indian tomato cultivar Pusa Ruby. Global untargeted metabolites profiling indi-
cated enhanced sugar levels in the Pi-deficient seedlings. Further characterization revealed that
sugars, mainly sucrose, are a vital regulator of PSR as it is required for altered RSA, robust acti-
vation of many PSI genes, and enhanced secretion of APases. Transcriptome studies identified a
list of candidate PSI genes, including sugar metabolism and transport, phosphatases, PHT1 trans-
porters, metal ion transporters, transcription factors, etc., in Pi-deficient tomato seedlings. In-
creased Zn levels in the Pi-deficient seedlings are an interesting phenomenon and need further
investigation to decipher the functional relevance of such increment. Overall, the transcriptome
study captured the global-level changes in the transcripts and identified several candidate genes.
One a such gene (SIRbohH) belongs to NADPH-oxidase gene family. NOX genes contribute to
apoplastic ROS formation. The DPI and H2O> treatment to tomato seedlings revealed that inhibited
NOX activity and optimally enhanced ROS levels have opposite effects of RSA and Pi accumula-
tion in tomato seedlings grown under HP or LP conditions, revealing a pivotal role of ROS in PSR.
SIRbohH was consistently upregulated by Pi starvation throughout the plant, though it is a root
preferential gene. VIGS based silencing of this gene was found to affect RSA and other Pi starva-
tion responses, indicating its active involvement in Pi-stress mitigation in tomato seedlings. Ma-
nipulation of another candidate gene, SIFBX2L1, an F-box protein, using VIGS or CRISPR/Cas9-
based gene-editing revealed the function of this gene in both RSA and fruit ripening. SIFBX2L1
was identified as a negative regulator of root hair formation and Pi accumulation in plants under
HP and LP conditions. Astonishingly, the SIFBX2L1 KO lines also exhibited elevated fruit pig-
mentation, indicating a de-repression of the carotenoids biosynthesis pathway in tomato fruits. It
is anticipated that such diverse functions of SIFBX2L1 could emerge due to its physical interaction
with two important proteins, TIR1 and EBF2, auxin and ethylene signaling pathway genes, in
tomato. Overall, the study provides comprehensive details of PSR in tomato seedlings and identi-
fies potential candidate genes regulating it. Functional characterization of SIRbohH and SIFBX2L1
also reveals their involvement in plant development and PSR. However, further investigations are
warranted to uncover the underlying molecular regulatory mechanisms of their diverse actions

from root to fruit tissues.
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Table 6: List of the selected most prominent upregulated genes in Pi-deficient tomato seed-

lings.
FC
FC (log2 (log2
mean mean
signal signal
values) values)
8-D 15-D
SGN ID Gene description LP/HP | pValue |LP/HP | pValue
Glycerolipid __me-
tabolism
Glycerophosphodiester  phos- 4.14E-
Solyc02g094400 | phodiesterase (GDPD2) 2.93 2.28E-05 | 5.01 07
4.32E-
Solyc11g012410 Inositol monophosphatase 3 1.67 0.0015 2.73 06
Inositol 1, 4, 5-trisphosphate 5-
Solyc08g007080 | phosphatase 1.86 0.0005 1.37 0.0110
Solyc10g076710 Phospholipase C 1.58 0.0308 1.45 0.0325
3.16E-
Solyc01g100020 Phospholipase D 5.73 1.78E-18 | 7.03 20
Solyc09g065180 | UDP-glucose 4-epimerase 1.07 0.0381 0.47 0.5436
Solyc08g082440 UDP-galactose 4-epimerase -0.89 0.0846 1.31 0.0219
Solyc08g063080 | UDP-sulfoquinovose synthase | 1.46 0.0061 1.52 0.0077
UDP-sulfoquinovose:DAG sul- 1.31E-
Solyc09g014300 | foquinovosyltransferase 2.61 5.06E-06 | 3.36 06
UDP-sulfoquinovose:DAG sul- 1.64E-
Solyc10g085100 | foquinovosyltransferase 3.59 3.20E-10 | 4.25 11
Digalactosyldiacylglycerol 3.14E-
Solyc10g017580 | (DGDG) synthase 2 1.70 0.0013 2.40 05
Monogalactosyldiacylglycerol
Solyc08g006640 | (MGDG ) synthase 1 0.39 0.4423 1.48 0.0068
Monogalactosyldiacylglycerol 2.59E-
Solyc07g007620 | (MGDG ) synthase 2 5.51 1.37E-17 | 4.97 12
Monogalactosyldiacylglycerol
Solyc12g009820 | (MGDG ) synthase 3 0.48 0.3978 2.18 0.0060
Solyc10g007960 | Allene oxide synthase 3 3.30 9.39E-06 | 1.90 0.0428
Metabolic__ac-
tivity and
stress-related
genes
Carotenoid cleavage dioxygen- 1.99E-
Solyc01g090660 | ase 5.20 4.60E-05 | 4.98 05
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1.41E-

Solyc03g078500 | Glycosyltransferase 7.86 1.71E-24 | 9.46 26
Phosphoenolpyruvate carbox- 1.37E-
Solyc04g009900 | ylase kinase 3.60 3.40E-10 | 5.54 15
Pyrophosphate-dependent 4.62E-
Solyc07g045160 | phosphofructokinase 2.45 7.57E-06 | 2.41 05
Solyc01g080460 Pyruvate phosphate dikinase 1.36 0.009572 | nd Nd
5.17E-
Solyc06¢g051080 UDP-sugar pyrophosphorylase | 2.08 8.87E-05 | 2.26 05
0.00522
Solyc08g005550 | Alternative oxidase nd nd 2.26 6
0.00046
Solyc08g075550 | Alternative oxidaselb 2.17 8
Phosphoenolpyruvate carbox- 1.87E-
Solyc04g006970 | ylase 1.75 0.000941 | 3.00 07
Phosphoenolpyruvate carbox- 5.89E-
Solyc07g055060 | ylase 1 2.15 0.000259 | 3.30 06
Phosphoenolpyruvate carbox- 0.00013
Solyc06g053620 | ylase 1 1.45 0.018348 | 2.44 5
1.30E-
Solyc04g016490 Phosphohydrolase 2.91 0.0002 5.16 08
Myo-inositol-1-phosphate syn- 3.76E-
Solyc04g054740 | thase 6.44 5.44E-17 | 4.10 10
3.23E-
Solyc05g007950 Extracellular ribonuclease 5.22 7.55E-17 | 5.70 15
Taurine catabolism dioxygen-
Solyc059g009960 | ase 3.26 0.0196 4.39 0.0022
Glutamine-dependent NAD+ 1.27E-
Solyc06g071240 | synthetase 5.26 3.26E-05 | 4.14 06
3.17E-
Solyc08g080190 | Choline dehydrogenase 3.16 0.0024 3.90 05
Peptidyl-prolyl cis-trans iso- 6.96E-
Solyc10g054910 merase 6.83 8.42E-23 | 7.39 17
1.64E-
Solyc10g085100 | Glycosyltransferase 3.59 3.20E-10 | 4.25 11
1.34E-
Solyc11g072800 | NADPH oxidase (SIRboh) 3.76 9.99E-10 | 5.06 14
Solyc11g066390 | Superoxide dismutase (SOD) 2.02 0.0002 1.33 0.0271
Solyc109076220 | Peroxidase 1 1.42 0.0086 1.67 0.0048
Solyc03g080150 Peroxidase 1.43 0.0090 1.74 0.0041
Glutathione S-transferase
Solyc059g006740 | (GST) 1.12 0.0352 1.21 0.0346
Glutathione S-transferase
Solyc09g007150 | (GST) 2.34 0.0010 1.90 0.0011
Solyc02g065190 | Cytochrome P450 1.63 0.0082 1.60 0.0135
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3.59E-

Solyc08g079300 | Cytochrome P450 5.07 9.23E-05 | 6.08 05
5.27E-
Solyc02g082960 | Chitinase 1.78 0.0175 4.47 09
Solyc12g056240 | Glutathione peroxidase (GPX) | 1.27 0.0157 141 0.0092
Phenylpropanoid
pathway
0.01939
Solyc00g282510 Phenylalanine ammonia-lyase | -1.90 0.0004 -1.28 7
0.00214
Solyc02g085020 Dihydroflavonol 4-reductase 1.84 0.3870 4.70 3
0.12825
Solyc05¢g053170 | Chalcone synthase-A 2.36 0.0001 1.61 5
Solyc02g067870 Putative chalcone isomerase 3 0.0005 -0.13 1
5.03E-
Solyc06¢g083910 Flavonol synthase 1.50 0.0251 2.88 05
Solyc02g083860 Flavanone 3-hydroxylase 0.85 0.1219 1.98 0.0008
Anthocyanins  O-methyltrans-
Solyc09g082660 | ferase 2.90 0.0473 5.58 0.0003
Proteins of un-
known __ func-
tions
1.90E-
Solyc01g096400 Unknown Protein 3.20 1.45E-06 | 4.41 11
1.98E-
Solyc01g109100 | Unknown Protein 3.32 8.03E-08 | 3.60 09
5.54E-
Solyc04g007730 Unknown Protein 3.91 1.38E-10 | 5.57 11
4.47E-
Solyc04g015120 U-box domain protein 6.29 2.14E-19 | 7.07 17
Solyc04g050820 Unknown protein 5.16 0.001399 | 4.27 0.0007
7.41E-
Solyc07g042400 Unknown Protein 8.12 3.09E-26 | 9.73 26
1.07E-
Solyc07g053900 Unknown function 6.85 1.54E-22 | 8.78 20
1.36E-
Solyc09g091060 Unknown Protein 3.28 4.56E-07 | 3.40 08

Table 7: List of primers used in the study.
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S.N. Primers Sequences FP/ | Sol ID Name Type
RP
1 GGCTGCAATCAAGGAGGAA FP Solyc05g014470 | GAPDH gPCR
2 AAATCAATCACACGGGAACT RP Solyc05g014470 | GAPDH gPCR
3 TCTCAACCCTAAGGCCAACAGAGAG FP | Solyc11g005330 | Actin gPCR
4 TCTCTCGGTGAGGATCTTCATCAGG RP | Solyc11g005330 Actin gPCR
16 TGGCGAACGATTTGCAAGTG FP | Solyc09g090070 | PT1 gPCR
17 ATGCCAGCAATCACAATCGC RP | Solyc09g090070 | PT1 gPCR
18 TGCTGCTGTTTTCGCTATGC FP | Solyc09g066410 | PT7 gqPCR
19 TGCTTGAGGAACCGTTGAAC RP | Solyc09g066410 PT7 gPCR
5 CGCATGAAAATGCCCGAAAC FP Solyc03g005555 | PT2 gPCR
6 CCTCGCTTTCAATTTCCACCTG RP Solyc03g005555 | PT2 gPCR
7 TTCGCGATGCAAGGATTTGG FP Solyc09g090080 | PT3 gPCR
8 TCCATACGAAATCAGCCTCAGG RP | Solyc09g090080 | PT3 gPCR
9 TTGCCGGCCTTGTTTCAATG FP Solyc06g051860 | PT5 gPCR
AGACGATCCGCCAGACATAATC RP | Solyc06g051860 | PT5 gPCR
10 TCCAACTTTGCAGGACTCA FP Solyc02g078210 Pho2 gPCR
11 CTTTGAATACTCTTTCGCACA RP | Solyc02g078210 Pho2 gPCR
12 ACACTCTATTGGCATGCAAC FP NR_108003 mir399 gPCR
13 GCAACTCTCCTTTGGCATT RP | NR_108003 mir399 gPCR
20 TGCTTGAAGAGGCAGTTCAG FP Solyc10g049720 RSL2 gPCR
21 TAGGCAATGGGAGCATACATCC RP | Solyc10g049720 RSL2 gPCR
22 CCAAAACAAGGGCAAGTAGAGG FP Solyc12g088380 RSL4 gPCR
23 TGTGCTTAAGTCAACCCTTGC RP | Solyc12g088380 RSL4 gPCR
24 AGCCAAGAATCGTCGAGAAC FP Solyc02g091440 RSL6 gPCR
25 TTGCCAACACCTTCACTTGC RP | Solyc02g091440 RSL6 gPCR
26 ATCAGCTTCTTCCTACCATGCC FP Solyc03g121420 HAD gPCR
27 AACAACCCGAGGAATTGCAG RP | Solyc03g121420 HAD gPCR
28 ATGGAATCGGCGATTTCTGC FP | Solyc06g062540 | Phosphol gPCR
29 TGGACCCCTGCTTTTACTAGTG RP | Solyc06g062540 | Phosphol gPCR
36 ATTCTCGTCCTCGTTCTCATCC FP Solyc10g086250 SIMYB75 gPCR
37 TTGAGAAGTTCCGAGGTTGAGG RP | Solyc10g086250 SIMYB75 gPCR
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38 GGACTGAACAAGAAGATCTCCTC FP | Solyc10g086270 | SIMYB28 gqPCR
39 TCAGACCAGCTCTTATGGGAAC RP | Solyc10g086270 | SIMYB28 qPCR
40 CCTGATGGGAATTGATGGAG FP | Solyc029g094400 | SIGDPD2 | gPCR
41 TGAACCTTTTCCTCCCCTTC RP | Solyc029g094400 | SIGDPD2 | gPCR
42 CTGCAGGGCATAATGAATAGATGTG- FP | Solyc11g072800 | SIRbohH Promoter
TATTTGAACTTAATT
43 CCTAGGTTTACACAAAATTCTCTTCTTCTT | RP | Solyc11g072800 | SIRbohH Promoter
CTTCTTTATGT
14 CCTTTATCCCTCTCCCTGACG FP Coat protein seq CP PCR
VIGS
confirma-
tion
15 CCATCAAGTCAGCAGGACCG RP | Coat protein seq CP PCR
VIGS
confirma-
tion
32 AGGCTGTTAGTGGCTGGGGGTA FP | Solyc069g073650 | SIFBX2L1 | gene edit
confirma-
tion
33 AGATCCGAGCCTGCTGTGCT RP | Solyc06g073650 | SIFBX2L1 | gene edit
confirma-
tion
30 TGATCTAGAATATCCCATAATCTT- FP | Solyc11g072800 | SIRbohH VIGS
GAAGGCTTCTCTC
31 AGAGGATCCCTGATCATTTAGGATA- RP | Solyc11g072800 | SIRbohH VIGS
TATTGAGATATGGC
34 ATCCATG GAC ATGGCATTTGAATG FP | Solyc06g073650 | SIFBX2L1 | OXPCR
35 AGACTAGTGGCCTTCACCTTCCA RP | Solyc06¢g073650 | SIFBX2L1 | OX PCR
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Table.8. Differentially expressed genes in the RNA-seq transcriptome data

S.N. |Geneid Expression status Gene id Expression status S.N. | Geneid Expression status
1[Solyc039114910 [Up regulated 1[(Solyc029084850 |Up regulated 101{Solyc09g090010 |Up regulated
2|Solyc01g104400 |Up regulated 2|Solyc10g006290 |Up regulated 102(Solyc05g007950 |Up regulated
3|Solyc03g114890 |Up regulated 3|Solyc07g064600 |Up regulated 103(Solyc11g045160 |Down regulated
4|Solyc03g116700 |Up regulated 4|Solyc01g095150 |Up regulated 104{Solyc02g065740 |Up regulated
5[Solyc07g008140  |Up regulated 5|Solyc12g008510 [Down regulated 105|Solyc039g114860 |Up regulated
6]/Solyc12g015690  |Up regulated 6/Solyc02g079960 |Down regulated 106{Solyc07g055730 |Up regulated
7|Solyc02g088380  |Up regulated 7|Solyc02g082850 |Down regulated 107(Solyc01g060070 |Up regulated
8|Solyc03g121180  |Up regulated 8|Solyc03g025610 [Down regulated 108|Solyc069g010010 |Up regulated
9|Solyc09g083390  |Down regulated 9|Solyc06g007180 |Down regulated 109(Solyc11g045440 |Up regulated
0]|Solyc04g008230  |Up regulated 0|Solyc08g079020 |Down regulated 110{Solyc12g088420 |Up regulated
1{Solyc059044615 [Down regulated 1(Solyc08g080570 [Down regulated 111{Solyc059005680 |Up regulated
2|Solyc09g014300  |Up regulated 2|Solyc10g054870 |Down regulated 112(Solyc03g078500 |Up regulated
3|Solyc10g085100  |Up regulated 3|Solyc01g006630 |Up regulated 113[Solyc08g006410 |Down regulated
4]Solyc09g065155 |Down regulated 4|Solyc01g018020 |Up regulated 114{Solyc09g008060 |Up regulated
5/Solyc10g017580  |Up regulated 5|Solyc01g058720 |Up regulated 115{Solyc01g105350 |Up regulated
6[Solyc08g061480  |Up regulated 6|Solyc01g098700 |[Up regulated 116|Solyc09g098080 |Up regulated
7]|Solyc09g009830  |Up regulated 7|Solyc01g111900 |Up regulated 117(Solyc12g005840 |Up regulated
8|Solyc11g066950  |Up regulated 8|Solyc04g006970 |Up regulated 118(Solyc09g074930 |Down regulated
9|Solyc02g085100  |Up regulated 9|Solyc06g051080 |Up regulated 119(Solyc01g096190 |Up regulated
0|Solyc07g042830  |Up regulated 0|Solyc07g014640 |Up regulated 120{Solyc02g070450 |Up regulated
1[(Solyc089005665 |Up regulated 1[Solyc07g055060 |Up regulated 121{Solyc04g080750 |Up regulated
2|Solyc08g005720  |Up regulated 2|Solyc07g062810 |Up regulated 122(Solyc08g063090 |Up regulated
3|Solyc08g066650  |Up regulated 3|Solyc08g082440 |Up regulated 123(Solyc04g081870 |Up regulated
4(Solyc09g007190  |Up regulated 4{Solyc09g010380 |Up regulated 124|Solyc039g111570 |Down regulated
5|Solyc11g008250  |Up regulated '5/Solyc10g007290 |Up regulated 125(Solyc04g074110 |Up regulated
6|Solyc08g066720  |Up regulated 6|Solyc10g085830 |Up regulated 126{Solyc02g081050 |Up regulated
7|Solyc04g078460  |Down regulated 7|Solyc06g059990 |Down regulated 127(Solyc01g103660 |Up regulated
8|Solyc04g054740  |Up regulated 8|Solyc04g007650 |Down regulated 128(Solyc059050980 |Up regulated
9|Solyc06g062430  |Up regulated 9|Solyc02g089350 |Up regulated 129(Solyc08g005650 |Up regulated
0|Solyc01g101180 |Down regulated 0|Solyc11g011210 |Up regulated 130{Solyc04g081300 |Up regulated
1(Solyc049014270  (Up regulated 1[(Solyc029092120 |Up regulated 131{Solyc05g007830 |Up regulated
2|Solyc03g117590  |Down regulated 2| Solyc07g049460 [Down regulated 132|Solyc06g049050 |Up regulated
3|Solyc08g078850  |Up regulated 3|Solyc03g083840 |Up regulated 133(Solyc02g088100 |Up regulated
4|Solyc03g111140  |Down regulated 4|Solyc08g069040 |Up regulated 134{Solyc01g099650 |Up regulated
5|Solyc11g011960  |Up regulated 5|Solyc02g092110 |Up regulated 135(Solyc03g097420 |Up regulated
6/Solyc01g101170  |Down regulated 6|Solyc02g091920 |Up regulated 136{Solyc08g075240 |Up regulated
7|Solyc02g067750  |Down regulated 7|Solyc03g031800 |Up regulated 137(Solyc02g014300 |Down regulated
8|Solyc02g078860  |Down regulated 8|Solyc05g046290 |Down regulated 138(Solyc03g083360 |Up regulated
9|Solyc01g103390  |Up regulated 9|Solyc09g008320 |Up regulated 139(Solyc01g015080 |Down regulated
0[Solyc02g081340  |Up regulated 0|Solyc12g098610 [Down regulated 140|Solyc019g110280 |Up regulated
1[(Solyc059051750  |Up regulated 1(Solyc01g094970 [Down regulated 141{Solyc029069490 |Up regulated
2|Solyc05g054590  |Up regulated 2|Solyc01g102910 |Down regulated 142(Solyc04g054730 |Down regulated
3|Solyc06g083070  |Up regulated 3|Solyc02g090470 |Down regulated 143(Solyc06g075650 |Up regulated

Solyc07g045160 |Up regulated 4|Solyc01g005120 |Up regulated 144{Solyc06g060760 |Up regulated
5|Solyc07g049560  |Up regulated 5|Solyc02g085120 |Up regulated 145(Solyc03g019820 |Down regulated
6/Solyc09g011590  |Up regulated 6|Solyc05g007940 |Up regulated 146{Solyc01g006360 |Down regulated
7|Solyc10g078320  |Up regulated 7|Solyc06g082420 |Up regulated 147(Solyc01g080570 |Down regulated
8|Solyc12g097080  |Up regulated 8| Solyc07g006560 |Up regulated 148|Solyc019g106820 |Down regulated
9|Solyc04g050820  |Up regulated 9|Solyc09g084460 |Up regulated 149(Solyc02g062890 |Down regulated
0|Solyc06g071240  |Up regulated 0|Solyc10g076220 |Up regulated 150{Solyc02g071090 |Down regulated
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S.N. Gene id Expression status [S.N. | Gene id Expression status [S.N. | Gene id Expression status
151{Solyc02g071350  |Down regulated 201|Solyc03g122360 |Up regulated 251|Solyc12g019480  |Up regulated
152(Solyc02g082070  |Down regulated 202|Solyc04g008250  |Up regulated 252|Solyc12g043030  |Up regulated
153|Solyc02g085745  |Down regulated 203|Solyc04g008900  |Up regulated 253|Solyc12g056760  |Up regulated
154(Solyc02g088560  |Down regulated 204|Solyc04g054990  |Up regulated 254|Solyc12g056960  |Up regulated
155(Solyc03g020060  |Down regulated 205|Solyc04g074740  |Up regulated 255|Solyc12g088920  |Up regulated
156{Solyc03g094000  |Down regulated 206|Solyc04g077420  |Up regulated 256|Solyc01g009830  |Up regulated
157(Solyc049g083140  |Down regulated 207|Solyc04g078140  |Up regulated 257|Solyc02g077550  |Up regulated
158(Solyc07g009130  |Down regulated 208|Solyc04g079300  |Up regulated 258|Solyc03g118940  |Up regulated
159(Solyc079g017610  |Down regulated 209|Solyc04g079760  |Up regulated 259|Solyc08g079300  |Up regulated
160{Solyc089g014010  |Down regulated 210|Solyc05g006020  |Up regulated 260|Solyc11g011285  |Up regulated
161(Solyc08g079310  |Down regulated 211|Solyc05g008580  |Up regulated 261|Solyc03g025730  |Up regulated
162|Solyc09g005330  |Down regulated 212|Solyc05g012700  |Up regulated 262|Solyc02g087880  |Up regulated
163|Solyc09g066400  |Down regulated 213|Solyc05g047680  |Up regulated 263|Solyc05g006550  |Down regulated
164(Solyc09g092600  |Down regulated 214|Solyc05g047710  |Up regulated 264|Solyc11g010920  |Up regulated
165(Solyc10g078280  |Down regulated 215|Solyc05g055400  |Up regulated 265|Solyc05g051400  |Up regulated
166{Solyc10g081200  |Down regulated 216|Solyc06g005560  |Up regulated 266|Solyc01g058410  |Up regulated
167|Solyc10g086570  [Down regulated 217(Solyc06g005750  |Up regulated 267(Solyc06g050870  |Up regulated
168|Solyc119g056670  |Down regulated 218|Solyc06g034290  |Up regulated 268|Solyc10g048065  |Up regulated
169(Solyc12g056160 |Down regulated 219|Solyc06g064440  |Up regulated 269|Solyc09g075210  |Down regulated
170{Solyc129g096310  |Down regulated 220|Solyc06g064570  |Up regulated 270|Solyc02g089620  |Up regulated
171{Solyc129100250  |Down regulated 221|Solyc06g072950  |Up regulated 271|Solyc07g006500  |Down regulated
172(Solyc10g079690  |Down regulated 222|Solyc06g074090  |Up regulated 272|Solyc04g015750  |Down regulated
173|Solyc01g006640  |Up regulated 223|Solyc06g084130  |Up regulated 273|Solyc08g066120  |Down regulated
174|Solyc01g010350  |Up regulated 224(Solyc07g006850  |Up regulated 274{Solyc02g089840  |Up regulated
175|Solyc01g080680  |Up regulated 225|Solyc07g021700  |Up regulated 275|Solyc09g057950  |Up regulated
176{Solyc01g087890  |Up regulated 226|Solyc07g041500  |Up regulated 276|Solyc11g007000  |Up regulated
177|Solyc019g091320  |Up regulated 227|Solyc07g042400  |Up regulated 277|Solyc05g055110  |Down regulated
178|Solyc01g095330  |Up regulated 228|Solyc07g063930  |Up regulated 278|Solyc02g093335  |Up regulated
179(Solyc01g095980  |Up regulated 229|Solyc08g074495  |Up regulated 279|Solyc12g013880  |Up regulated
180{Solyc019111350  |Up regulated 230|Solyc08g076670  |Up regulated 280|Solyc01g106220  |Down regulated
181|Solyc02g065190  |Up regulated 231(Solyc08g078960  |Up regulated 281(Solyc019112010  |Up regulated
182|Solyc02g069750  |Up regulated 232|Solyc08g080430  |Up regulated 282|Solyc03g113940  |Up regulated
183|Solyc029g081040  |Up regulated 233|Solyc09g007765  |Up regulated 283|Solyc10g086250  |Up regulated
184(Solyc02g081890  |Up regulated 234|Solyc09g008910  |Up regulated 284|Solyc04g009910  |Up regulated
185|Solyc02g082170  |Up regulated 235|Solyc09g011360  |Up regulated 285|Solyc03g120380  |Up regulated
186{Solyc02g084810  |Up regulated 236|Solyc09g015170  |Up regulated 286|Solyc08g021820  |Down regulated
187(Solyc029g084930  |Up regulated 237|Solyc09g060100  |Up regulated 287|Solyc04g082840  |Up regulated
188|Solyc029g086650  |Up regulated 238|Solyc09g098190  |Up regulated 288|Solyc10g082020  |Up regulated
189(Solyc029g089890  |Up regulated 239|Solyc10g005500  |Up regulated 289|Solyc01g090760  |Up regulated
190{Solyc02g091590  |Up regulated 240|Solyc10g006150  |Up regulated 290|Solyc08g066510  |Up regulated
191{Solyc029g092230  |Up regulated 241|Solyc10g009310  |Up regulated 291|Solyc01g099410  |Up regulated
192(Solyc02g093430  |Up regulated 242|Solyc10g009590  |Up regulated 292|Solyc07g062400  |Down regulated
193|Solyc03g026130  |Up regulated 243|Solyc10g055770  |Up regulated 293|Solyc03g095510  |Up regulated
194{Solyc03g031530  |Up regulated 244|Solyc10g083880  |Up regulated 294|Solyc08g075840  |Down regulated
195(Solyc03g079980  |Up regulated 245|Solyc11g008610  |Up regulated 295|Solyc08g075760  |Up regulated
196{Solyc03g083010  |Up regulated 246|Solyc12g005590  |Up regulated 296|Solyc09g015770  |Up regulated
197|Solyc03g093140  |Up regulated 247|Solyc12g005710  |Up regulated 297|Solyc01g005390  |Down regulated
198(Solyc03g097840  |Up regulated 248|Solyc12g006460  |Up regulated 298|Solyc01g087420  |Down regulated
199(Solyc039114940  |Up regulated 249|Solyc12g008490  |Up regulated 299|Solyc01g110180 |Down regulated
200|Solyc03g120020  |Up regulated 250|Solyc12g017880  |Up regulated 300/Solyc03g045030  |Down regulated
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301|Solyc03g111710  [Down regulated 351|Solyc12g017860 Up regulated 401|Solyc08g048290 |Up regulated
302[Solyc03g120910 [Down regulated 352(Solyc12g055990  [Up regulated 402|Solyc08g068850 |Up regulated
303|Solyc04g050520  [Down regulated 353|Solyc03g059270 Up regulated 403|Solyc09g091400 |Up regulated
304(Solyc06g035940  [Down regulated 354[Solyc01g079385  [Down regulated 404|Solyc09g098310 |Up regulated
305|Solyc06g053220  [Down regulated 355|Solyc02g093190 Up regulated 405|Solyc10g049580 |Up regulated
306(Solyc07g026675 [Down regulated 356[Solyc02g038740  [Down regulated 406|Solyc11g007780 |Up regulated
307[Solyc09g009250  [Down regulated 357[Solyc03g032020 Down regulated 407|Solyc119g069250 |Up regulated
308[Solyc09g090970  [Down regulated 358[Solyc10g007600  [Down regulated 408|Solyc02g067190 |Up regulated
309(Solyc09g091000 [Down regulated 359(Solyc09g061840  [Up regulated 409|Solyc08g062200 |Up regulated
310[Solyc10g075030  [Down regulated 360[Solyc04g008730  [Up regulated 410{Solyc09g075820 |Up regulated
311|Solyc10g075035 [Down regulated 361[Solyc11g044910 [Down regulated 411|Solyc02g083480 |Up regulated
312|Solyc10g079380  [Down regulated 362|Solyc04g072850 Up regulated 412|Solyc03g080150 |Up regulated
313|Solyc11g006720  [Down regulated 363[Solyc10g085225  |Up regulated 413|Solyc04g081860 |Up regulated
314|Solyc11g056650  [Down regulated 364|Solyc12g019440 Up regulated 414|Solyc05g046020 |Up regulated
315[Solyc11g069160 [Down regulated 365(Solyc11g071350  |Up regulated 415|Solyc05g055320 |Up regulated
316|Solyc02g094270  [Down regulated 366|Solyc01g104750 Up regulated 416|Solyc07g047740 |Up regulated
317|Solyc01g096790  [Up regulated 367[Solyc03g097580  |Up regulated 417|Solyc079g049240 |Up regulated
318|Solyc01g108610  [Up regulated 368|Solyc04g064620 Up regulated 418|Solyc08g013930 |Up regulated
319(Solyc02g070440  (Up regulated 369(Solyc05g005960  |Up regulated 419|Solyc08g075830 |Up regulated
320|Solyc02g077610  [Up regulated 370|Solyc07g014690 Up regulated 420(Solyc12g005370 |Up regulated
321(Solyc02g087840 [Up regulated 371[Solyc07g006900  [Up regulated 421|Solyc01g009400 |Down regulated
322|Solyc02g089210  [Up regulated 372|Solyc01g099880 Down regulated 422|Solyc02g089260 |Down regulated
323|Solyc02g091440 (Up regulated 373|Solyc02g071520  |Up regulated 423|Solyc12g013700 |Down regulated
324|Solyc02g092050  (Up regulated 374]Solyc04g064610 Down regulated 4241Solyc01g006320 |Up regulated
325(Solyc02g092450 [Up regulated 375[Solyc09g010200  [Up regulated 425|Solyc02g080670 |Up regulated
326|Solyc03g078630  [Up regulated 376|Solyc01g100880 Up regulated 426|Solyc04g071900 |Up regulated
327|Solyc04g005100 (Up regulated 377|Solyc01g100920  [Down regulated 427|Solyc049g082140 |Up regulated
328|Solyc04g008820  [Up regulated 378|Solyc11g012930 Down regulated 428|Solyc05g055910 |Up regulated
329(Solyc04g077220  (Up regulated 379(Solyc02g079440  [Down regulated 429|Solyc079g052240 |Up regulated
330|Solyc04g080500  [Up regulated 380|Solyc03g013440 Down regulated 430(Solyc10g008440 |Up regulated
331[Solyc05g009720  (Up regulated 381[Solyc04g011340  [Down regulated 431|Solyc09g065120 |Down regulated
332|Solyc06g005310  (Up regulated 382|Solyc04g071140 Down regulated 432|Solyc08g005680 |Up regulated
333[Solyc06g063430  Up regulated 383[Solyc04g072760  [Down regulated 433|Solyc09g008670 |Up regulated
334(Solyc06g068930  [Up regulated 384(Solyc06g005813  [Down regulated 434|Solyc12g010025 |Up regulated
335[Solyc06g074350  Up regulated 385[Solyc07g063700  [Down regulated 435|Solyc01g079790 |Up regulated
336(Solyc06g075510  [Up regulated 386[Solyc08g075570  [Down regulated 436|Solyc079g056140 |Up regulated
337|Solyc06g083900  (Up regulated 387[Solyc01g067510  [Up regulated 437|Solyc019g109790 |Up regulated
338[Solyc06g084090  (Up regulated 388(Solyc01g107340  |Up regulated 438|Solyc11g066390 |Up regulated
339(Solyc07g052700  (Up regulated 389(Solyc02g070210  [Up regulated 439|Solyc079g062390 |Up regulated
340(Solyc08g067340  [Up regulated 390(Solyc02g081600  |Up regulated 440|Solyc08g063080 |Up regulated
341[Solyc08g067360 [Up regulated 391(Solyc03g005960  [Up regulated 441|Solyc119g044840 |Up regulated
342(Solyc08g082070  [Up regulated 392(Solyc03g006890  [Up regulated 442|Solyc04g039820 |Up regulated
343|Solyc09g007260  (Up regulated 393|Solyc03g114750 Up regulated 443|Solyc09g091960 |Up regulated
344(Solyc09g061280  [Up regulated 394(Solyc04g025880  [Up regulated 444(Solyc08g006470 |Up regulated
345|Solyc10g074930  [Up regulated 395|Solyc04g040210 Up regulated 445|Solyc07g056540 |Down regulated
346(Solyc10g076370  [Up regulated 396(Solyc04g063370  [Up regulated 446|Solyc04g071610 |Up regulated
347|Solyc11g008630  (Up regulated 397|Solyc07g005110 Up regulated 447]Solyc04g049920 |Up regulated
348[Solyc11g065190  (Up regulated 398(Solyc07g014680  |Up regulated 448|Solyc02g070560 |Up regulated
349|Solyc11g067280  (Up regulated 399|Solyc07g048085 Up regulated 449|Solyc07g040970 |Up regulated
350[Solyc12g010800 (Up regulated 400(Solyc07g052360 |Up regulated 450|Solyc08g014560 |Up regulated
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451(Solyc11g008540  [Up regulated 501|Solyc10g076730  |Up regulated 551|Solyc01g005590  |Up regulated
452[Solyc08g066730  [Down regulated 502|Solyc09g008760  |Up regulated 552|Solyc04g007250  |Up regulated
453[Solyc08g075940  [Down regulated 503|Solyc02g090990  |Up regulated 553|Solyc06g073220  |Up regulated
454(Solyc01g067103  [Down regulated 504|Solyc06g007580  |Up regulated 554|Solyc10g018320  |Up regulated
455(Solyc12g057030  [Up regulated 505|Solyc02g090950  |Up regulated 555|Solyc07g049530  |Up regulated
456(Solyc01g086930  [Up regulated 506|Solyc04g076190  |Up regulated 556|Solyc10g007960  |Up regulated
457|Solyc06g053760  [Up regulated 507(Solyc12g010540  |Up regulated 557(Solyc11g021060 |Up regulated
458|Solyc03g063220  [Down regulated 508|Solyc02g076830  |Up regulated 558|Solyc11g067270  |Up regulated
459(Solyc05g016120  [Up regulated 509|Solyc01g091100  |Up regulated 559|Solyc10g086500  |Up regulated
460(Solyc11g039980  [Up regulated 510|Solyc03g006250  |Down regulated 560|Solyc11g066430  |Up regulated
461(Solyc12g017250  [Up regulated 511|Solyc01g091110  |Up regulated 561|Solyc11g012410  |Up regulated
462(Solyc04g081350  [Up regulated 512|Solyc01g107710  |Up regulated 562|Solyc06g062390  |Up regulated
463(Solyc05g010060  [Up regulated 513|Solyc02g067020  |Up regulated 563|Solyc059051880  |Up regulated
464(Solyc08g075870  [Up regulated 514|Solyc01g106510  |Up regulated 564|Solyc02g088210  |Up regulated
465(Solyc09g090360  [Up regulated 515|Solyc03g119930  |Up regulated 565|Solyc10g055780  |Up regulated
466|Solyc06g083580  [Up regulated 516{Solyc09g009810  |Up regulated 566(Solyc07g009060  |Down regulated
467[Solyc02g093700  [Down regulated 517|Solyc02g070090  |Down regulated 567|Solyc02g088390  |Up regulated
468(Solyc03g120750  [Up regulated 518|Solyc05g052680 |Down regulated 568|Solyc05g046030  |Up regulated
469(Solyc04g008060  [Up regulated 519|Solyc09g075700  |Up regulated 569|Solyc01g094270  |Up regulated
470(Solyc06g073910  [Up regulated 520|Solyc01g005320  |Up regulated 570|Solyc06g083910  |Up regulated
471(Solyc07g008410  [Up regulated 521|Solyc07g066540  |Up regulated 571|Solyc06g062560  |Up regulated
472(Solyc08g079090  [Up regulated 522|Solyc03g119820  |Up regulated 572|Solyc02g086402  |Up regulated
473(Solyc01g100020  [Up regulated 523|Solyc01g091760  |Up regulated 573|Solyc04g007760  |Up regulated
474(Solyc02g078690  [Up regulated 524|Solyc02g089920  |Up regulated 574|Solyc09g082250  |Up regulated
475|Solyc01g110000  [Down regulated 525(Solyc03g119810  |Up regulated 575(Solyc07g007620  |Up regulated
476[Solyc12g008840  [Down regulated 526|Solyc07g065530  |Up regulated 576|Solyc07g026650 |Down regulated
477(Solyc03g121540  [Down regulated 527|Solyc03g098490  |Up regulated 577|Solyc04g012020  |Up regulated
478(Solyc01g094690  [Up regulated 528|Solyc01g090340  |Up regulated 578|Solyc09g082660  |Up regulated
479(Solyc11g012360  [Down regulated 529|Solyc07g007610  |Up regulated 579|Solyc01g079480  |Up regulated
480(Solyc01g087970  [Up regulated 530|Solyc01g094130  |Up regulated 580|Solyc08g077770  |Up regulated
481(Solyc01g111660  [Up regulated 531|Solyc05g014550  |Up regulated 581|Solyc03g116910  |Up regulated
482(Solyc06g069470  [Up regulated 532|Solyc04g074400  |Down regulated 582|Solyc11g006250  |Up regulated
483(Solyc08g008050  [Up regulated 533|Solyc05g008370  |Up regulated 583|Solyc04g016430  |Down regulated
484(Solyc04g080040  [Down regulated 534|Solyc04g014520  |Up regulated 584|Solyc10g079870  |Up regulated
485(Solyc08g080620  [Up regulated 535|Solyc10g080430  |Up regulated 585|Solyc07g007750  |Up regulated
486(Solyc01g095170  [Up regulated 536|Solyc05g007210  |Up regulated 586|Solyc01g059900  |Up regulated
487(Solyc03g123400  [Up regulated 537|Solyc02g069800  |Up regulated 587|Solyc02g082740  |Up regulated
488(Solyc01g110150  [Up regulated 538|Solyc06g036110  |Up regulated 588|Solyc08g081780  |Up regulated
489(Solyc01g079670  [Up regulated 539|Solyc03g113570  |Up regulated 589|Solyc10g055230  |Up regulated
490(Solyc03g098710  [Up regulated 540|Solyc03g113580  |Up regulated 590|Solyc02g078910  |Up regulated
491(Solyc04g080480  [Up regulated 541|Solyc10g081520  |Up regulated 591|Solyc12g049070  |Down regulated
492(Solyc04g080740  [Up regulated 542|Solyc06g062950  |Down regulated 592|Solyc02g090730  |Up regulated
493|Solyc10g080840  [Up regulated 543(Solyc09g065710  |Up regulated 593(Solyc07g006800  |Up regulated
494(Solyc10g050880  [Down regulated 544|Solyc04g014530  |Up regulated 594|Solyc07g043490  |Up regulated
495(Solyc06g034370  [Up regulated 545|Solyc05g009890  |Up regulated 595|Solyc07g043500  |Up regulated
496(Solyc03g112040  [Down regulated 546|Solyc09g011540  |Up regulated 596|Solyc01g079170  |Up regulated
497(Solyc05g012490  [Up regulated 547|Solyc03g032230  |Up regulated 597|Solyc06g075800  |Up regulated
498(Solyc03g083710  [Up regulated 548|Solyc02g063510  |Up regulated 598|Solyc01g086820  |Up regulated
499(Solyc03g113850  [Up regulated 549|Solyc05g056470  |Up regulated 599|Solyc02g077480  |Up regulated
500/Solyc03g019690  |Down regulated 550|Solyc12g010940  |Up regulated 600|Solyc10g008910  |Up regulated
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601(Solyc11g07284 Up regulated 651|Solyc02g083280  |Down regulated 701(Solyc07g052135  [Down regulated
602|Solyc07g00724 Up regulated 652|Solyc02g087090  [Down regulated 702|Solyc079055470  [Down regulated
603|Solyc049g0581q Up regulated 653|Solyc029087620  [Down regulated 703|Solyc079g065900  [Down regulated
604|Solyc08g07864Up regulated 654|Solyc029092530  [Down regulated 704]|Solyc089g061490  [Down regulated
605(Solyc10g07501 Up regulated 655|Solyc02g092820 | Down regulated 705[Solyc08g065540  [Down regulated
606|Solyc10g0751q Up regulated 656|Solyc03g007290  [Down regulated 706|Solyc089g066570  [Down regulated
607|Solyc09901824 Up regulated 657|Solyc03g025585  [Down regulated 707|Solyc089g067610  [Down regulated
608|Solyc0990831q Up regulated 658|Solyc03g043880  [Down regulated 708|Solyc089g067690  [Down regulated
609|Solyc11g06613 Up regulated 659|Solyc03g071590  [Down regulated 709|Solyc089g067870  [Down regulated
610(Solyc05g0140q Up regulated 660(Solyc03g080030  |Down regulated 710(Solyc08g068085  |Down regulated
611]|Solyc01g08041 Down regulated 661|Solyc03g083490  [Down regulated 711|Solyc099g005420  [Down regulated
612|Solyc10g0549] Up regulated 662|Solyc03g098760  [Down regulated 712|Solyc099g007010  [Down regulated
613|Solyc09906641 Up regulated 663|Solyc03g111550  [Down regulated 713|Solyc09g007020  [Down regulated
614(Solyc11g02094 Up regulated 664|Solyc03g119895  |Down regulated 714(Solyc09g007790  [Down regulated
615(Solyc03g0980] Up regulated 665|Solyc04g016177  |Down regulated 715(Solyc09g011470  [Down regulated
616|Solyc07g00764 Up regulated 666|Solyc04g040130  [Down regulated 716|Solyc099061700  [Down regulated
617]|Solyc09909191 Up regulated 667|Solyc04g049930  [Down regulated 717|Solyc099074100  [Down regulated
618|Solyc02g07974 Up regulated 668|Solyc04g054450  [Down regulated 718|Solyc099082340  [Down regulated
619(Solyc02g0915¢ Down regulated 669|Solyc04g063245 | Down regulated 719(Solyc09g089580  [Down regulated
620|Solyc02g08354 Up regulated 670/Solyc04g064590  [Down regulated 720|Solyc099089730  [Down regulated
621|Solyc00g 13654 Down regulated 671|Solyc04g064763  [Down regulated 721|Solyc099g090900  [Down regulated
622|Solyc00g 14004 Down regulated 672|Solyc04g064795  [Down regulated 722|Solyc09g090990  [Down regulated
623(Solyc00g23344 Down regulated 673|Solyc04g071340 | Down regulated 723[Solyc09g091600  [Down regulated
624(Solyc00g2825] Down regulated 674|Solyc04g076500 | Down regulated 724(Solyc09g097760  [Down regulated
625|Solyc01g0055 Down regulated 675|Solyc04g076980  [Down regulated 725|Solyc099g098000  [Down regulated
626|Solyc01g00584 Down regulated 676|Solyc04g077860  [Down regulated 726|Solyc10g005920  [Down regulated
627|Solyc01g00654 Down regulated 677|Solyc04g077990  [Down regulated 727|Solyc10g006250  [Down regulated
628(Solyc01g00881Down regulated 678|Solyc04g078450 | Down regulated 728(Solyc10g017960  [Down regulated
629|Solyc01g0570q Down regulated 679|Solyc059012110  [Down regulated 729|Solyc109g054670  [Down regulated
630|Solyc01g06649 Down regulated 680|Solyc059016460  [Down regulated 730|Solyc109g076840  [Down regulated
631|Solyc01g07924 Down regulated 681|Solyc059052880  [Down regulated 731|Solyc10g081000  [Down regulated
632|Solyc01g08144 Down regulated 682|Solyc059054350  [Down regulated 732|Solyc10g083380  [Down regulated
633(Solyc01g09154 Down regulated 683|Solyc05g054620 | Down regulated 733[Solyc10g083400  [Down regulated
634|Solyc01g09409 Down regulated 684|Solyc069005820  [Down regulated 734]|Solyc109g084410  [Down regulated
635|Solyc01g10119 Down regulated 685|Solyc069007430  [Down regulated 735|Solyc11g008440  [Down regulated
636|Solyc01g1012] Down regulated 686|Solyc06g007970  [Down regulated 736|Solyc119g010790  [Down regulated
637(Solyc01g1028¢ Down regulated 687|Solyc06g033850  |Down regulated 737(Solyc11g012120  [Down regulated
638|Solyc01g10421 Down regulated 688|Solyc069051940  [Down regulated 738|Solyc119013293  [Down regulated
639|Solyc01g 10566 Down regulated 689|Solyc06g054610  [Down regulated 739|Solyc119g020670  [Down regulated
640|Solyc01g11234 Down regulated 690(|Solyc06g060013  [Down regulated 740|Solyc119g027840  [Down regulated
641|Solyc02g01414 Down regulated 691|Solyc06g062460  [Down regulated 741|Solyc119g071740  [Down regulated
642(Solyc02g01419 Down regulated 692|Solyc06g068270 | Down regulated 742(Solyc12g010740  [Down regulated
643|Solyc02g0648( Down regulated 693|Solyc06g072840  [Down regulated 743|Solyc129g010900  [Down regulated
644|Solyc02906804 Down regulated 694|Solyc06g073165  [Down regulated 744|Solyc129014620  [Down regulated
645|Solyc02g07144 Down regulated 695|Solyc06g074620  [Down regulated 745|Solyc129027540  [Down regulated
646|Solyc02g0715q Down regulated 696|Solyc07g009050  [Down regulated 746|Solyc129042060  [Down regulated
647|Solyc02g07704 Down regulated 697|Solyc07g009100  [Down regulated 747|Solyc129g042500  [Down regulated
648|Solyc0290784q Down regulated 698|Solyc07g009500  [Down regulated 748|Solyc129044983  [Down regulated
649(Solyc02g08184 Down regulated 699(Solyc07g026680 | Down regulated 749(Solyc12g049150  [Down regulated
650|Solyc0290829] Down regulated 700|Solyc079044970  [Down regulated 750|Solyc129g049170  [Down regulated
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751[Solyc12g094380  [Down regulated 801|Solyc01g091130  |Up regulated 851(Solyc02g081980  |Up regulated
752(Solyc12g098850  [Down regulated 802|Solyc01g091200  |Up regulated 852(Solyc02g082960  |Up regulated
753[Solyc12g098900  [Down regulated 803|Solyc01g091660  |Up regulated 853(Solyc02g083200  |Up regulated
754(Solyc12g100080  [Down regulated 804|Solyc01g094570  |Up regulated 854(Solyc02g083250  |Up regulated
755[Solyc12g100090  [Down regulated 805|Solyc01g094660  |Up regulated 855(Solyc02g083860  |Up regulated
756(Solyc12g100100  [Down regulated 806|Solyc01g095500  |Up regulated 856(Solyc02g083870  |Up regulated
757(Solyc12g100110  [Down regulated 807|Solyc01g096370  |Up regulated 857(Solyc02g084790  |Up regulated
758(Solyc03g094020  [Down regulated 808|Solyc01g096400  |Up regulated 858(Solyc02g087210  |Up regulated
759(Solyc09g005610  [Down regulated 809|Solyc01g096450  |Up regulated 859(Solyc02g088080  |Up regulated
760[Solyc12g049040  [Down regulated 810|Solyc01g098720  |Up regulated 860(Solyc02g088200  |Up regulated
761|Solyc12g098615 [Down regulated 811|Solyc01g099050  |Up regulated 861(Solyc02g089850  |Up regulated
762(Solyc06g060640  [Down regulated 812|Solyc01g099370  |Up regulated 862(Solyc02g089900  |Up regulated
763[Solyc00g009060  |Up regulated 813|Solyc01g100010  |Up regulated 863[Solyc02g091620  |Up regulated
764(Solyc00g020020  (Up regulated 814|Solyc01g100030  |Up regulated 864(Solyc02g093197  |Up regulated
765[Solyc00g021640  (Up regulated 815|Solyc01g100090  |Up regulated 865(Solyc02g093600  |Up regulated
766(Solyc00g022107  [Up regulated 816|Solyc01g100270  |Up regulated 866(Solyc02g094150  |Up regulated
767(Solyc00g071180  Up regulated 817|Solyc01g100310  |Up regulated 867(Solyc02g094400  |Up regulated
768[Solyc00g072400  |Up regulated 818|Solyc01g102390  |Up regulated 868[Solyc03g005550  |Up regulated
769(Solyc00g075035  [Up regulated 819|Solyc01g104740  |Up regulated 869(Solyc03g006050  |Up regulated
770[{Solyc00g136565 |Up regulated 820|Solyc01g104780  |Up regulated 870(Solyc03g006410  |Up regulated
771(Solyc00g178340  |Up regulated 821|Solyc01g105880  |Up regulated 871(Solyc03g007760  |Up regulated
772|Solyc00g244290  (Up regulated 822|Solyc01g106630  |Up regulated 872(Solyc03g008010  |Up regulated
773[Solyc00g277510  |Up regulated 823|Solyc01g107400  |Up regulated 873[Solyc03g020040  |Up regulated
774{Solyc01g006400  |Up regulated 824|Solyc01g109100  |Up regulated 874(Solyc03g020080  |Up regulated
775(Solyc01g008320  (Up regulated 825|Solyc01g110060  |Up regulated 875(Solyc03g034420  |Up regulated
776(Solyc01g009500  |Up regulated 826|Solyc01g110600  |Up regulated 876(Solyc03g044670  |Up regulated
777(Solyc01g009760  Up regulated 827|Solyc01g110913  |Up regulated 877(Solyc03g063480  |Up regulated
778(Solyc01g010180  |Up regulated 828|Solyc01g111145  |Up regulated 878(Solyc03g079960  |Up regulated
779(Solyc01g010250  Up regulated 829|Solyc01g112260  |Up regulated 879(Solyc03g080190  |Up regulated
780|Solyc01g057260  |Up regulated 830[Solyc02g005115  |Up regulated 880|Solyc03g093470  (Up regulated
781[Solyc01g067295  |Up regulated 831|Solyc02g062170  |Up regulated 881(Solyc03g096870  |Up regulated
782|Solyc01g067380  |Up regulated 832|Solyc02g065280  Up regulated 882|Solyc03g097570  [Up regulated
783|Solyc01g067850  |Up regulated 833|Solyc02g065430  (Up regulated 883|Solyc03g098030  Up regulated
784(Solyc01g067940  Up regulated 834|Solyc02g065480  |Up regulated 884(Solyc03g098780  |Up regulated
785|Solyc01g068630  |Up regulated 835|Solyc02g067160  (Up regulated 885|Solyc039111820  Up regulated
786|Solyc01g073940  |Up regulated 836|Solyc02g067660  |Up regulated 886|Solyc039112297  (Up regulated
787|Solyc01g074000  |Up regulated 837|Solyc02g068790  (Up regulated 887|Solyc039g112300  Up regulated
788|Solyc01g079980  |Up regulated 838|Solyc029g069250  (Up regulated 888|Solyc03g113090  Up regulated
789|Solyc01g080750  |Up regulated 839|Solyc029g071610  Up regulated 889|Solyc039114310  Up regulated
790|Solyc01g080790  |Up regulated 840|Solyc02g071700  (Up regulated 890|Solyc03g114530  (Up regulated
791|Solyc01g080800  |Up regulated 841|Solyc02g071750  [Up regulated 891|Solyc039g115950  Up regulated
792|Solyc01g081620  |Up regulated 842|Solyc02g076980  Up regulated 892|Solyc039g116630  (Up regulated
793|Solyc01g086920  |Up regulated 843|Solyc02g077040  [Up regulated 893|Solyc03g117860  |Up regulated
794|Solyc01g087570  |Up regulated 844|Solyc02g077330  [Up regulated 894|Solyc039g118780  Up regulated
795|Solyc01g088250  |Up regulated 845|Solyc02g078040  [Up regulated 895|Solyc039120040  Up regulated
796|Solyc01g089850  |Up regulated 846|Solyc02g078100  Up regulated 896|Solyc03g120050  Up regulated
797|Solyc01g090210  |Up regulated 847|Solyc02g078480  Up regulated 897|Solyc039120950  (Up regulated
798|Solyc01g090660  |Up regulated 848|Solyc029g079150  (Up regulated 898|Solyc039g121170  Up regulated
799|Solyc01g090890  |Up regulated 849|Solyc02g080480  Up regulated 899|Solyc03g121190  Up regulated
800|Solyc01g090980  |Up regulated 850[Solyc02g081360  |Up regulated 900|Solyc03g121420  Up regulated
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S.N. Gene id Expressionstatus |[S.N. | Geneid Expression status [S.N. | Gene id Expression status
901|Solyc03g121940  |Up regulated 951|Solyc05g013530  |Up regulated 1001(Solyc079g017570  (Up regulated
902|Solyc03g123630  |Up regulated 952|Solyc05g014370  |Up regulated 1002(Solyc079g042100  Up regulated
903|Solyc04g006950  |Up regulated 953|Solyc05g015300  |Up regulated 1003(Solyc079g043480  Up regulated
904|Solyc04g007050  |Up regulated 954|Solyc05g026310  |Up regulated 1004(Solyc079g043630  (Up regulated
905|Solyc04g007730  |Up regulated 955|Solyc05g050730  |Up regulated 1005(Solyc079g043660  (Up regulated
906|Solyc04g007825  |Up regulated 956|Solyc059051610  |Up regulated 1006(Solyc079g045440  (Up regulated
907(Solyc04g008615 |Up regulated 957(Solyc059051870  |Up regulated 1007|Solyc07g045460  [Up regulated
908|Solyc04g009590  |Up regulated 958|Solyc05g052270  |Up regulated 1008(Solyc07g048090  Up regulated
909|Solyc04g009900  |Up regulated 959|Solyc05g052400  |Up regulated 1009(Solyc079g049200  Up regulated
910|Solyc04g011480  |Up regulated 960|Solyc05g054090  |Up regulated 1010(Solyc079g049300  (Up regulated
911|Solyc04g012080  |Up regulated 961|Solyc05g054470  |Up regulated 1011(Solyc079g052530  Up regulated
912|Solyc04g015120  |Up regulated 962|Solyc05g056380  |Up regulated 1012(Solyc079g052600  Up regulated
913|Solyc04g015210  |Up regulated 963|Solyc06g005470  |Up regulated 1013(Solyc079g053030  Up regulated
914|Solyc04g016490  |Up regulated 964|Solyc06g007130  |Up regulated 1014(Solyc079g053900  (Up regulated
915|Solyc04g024340  |Up regulated 965|Solyc06g011490  |Up regulated 1015(Solyc079g055010  Up regulated
916(Solyc04g054500  |Up regulated 966(Solyc06g018100  |Up regulated 1016|Solyc07g055950  [Up regulated
917|Solyc04g064800  |Up regulated 967|Solyc06g036340  |Up regulated 1017(Solyc079g055990  [Up regulated
918|Solyc04g071060  |Up regulated 968|Solyc06g048570  |Up regulated 1018(Solyc079g056460  Up regulated
919|Solyc04g071165  |Up regulated 969|Solyc06g053520  |Up regulated 1019(Solyc079g056510  Up regulated
920|Solyc04g071615  |Up regulated 970|Solyc06g053620  |Up regulated 1020(Solyc079g063490  Up regulated
921|Solyc04g071620  |Up regulated 971|Solyc06g053625 |Up regulated 1021(Solyc079g063880  Up regulated
922|Solyc04g072450  |Up regulated 972|Solyc06g054640  |Up regulated 1022(Solyc079g064420  (Up regulated
923|Solyc04g072800  |Up regulated 973|Solyc06g060600  |Up regulated 1023(Solyc079g064820  (Up regulated
924|Solyc04g074100  |Up regulated 974|Solyc06g062380  |Up regulated 1024(Solyc079g066670  (Up regulated
925(Solyc04g074810  |Up regulated 975(Solyc06g9062540  |Up regulated 1025|Solyc08g005550  [Up regulated
926|Solyc04g077775  |Up regulated 976|Solyc06g062550  |Up regulated 1026(Solyc08g005620  (Up regulated
927|Solyc04g077920  |Up regulated 977|Solyc06g062770  |Up regulated 1027(Solyc08g005960  Up regulated
928|Solyc04g078090  |Up regulated 978|Solyc06g065580  |Up regulated 1028(Solyc08g006640  (Up regulated
929|Solyc04g078110  |Up regulated 979|Solyc06g066180  |Up regulated 1029(Solyc08g007080  Up regulated
930|Solyc04g078270  |Up regulated 980|Solyc06g066750  |Up regulated 1030(Solyc08g008500  Up regulated
931|Solyc04g078710  |Up regulated 981|Solyc06g066830  |Up regulated 1031(Solyc089013840  Up regulated
932|Solyc04g079100  |Up regulated 982|Solyc06g067910  |Up regulated 1032(Solyc089g023500  Up regulated
933|Solyc04g079520  |Up regulated 983|Solyc06g068770  |Up regulated 1033(Solyc08g060920  (Up regulated
934|Solyc04g079910  |Up regulated 984|Solyc06g072830  |Up regulated 1034(Solyc089062340  (Up regulated
935|Solyc04g080550  |Up regulated 985|Solyc06g073380  |Up regulated 1035(Solyc08g066590  (Up regulated
936/|Solyc04g080685  |Up regulated 986|Solyc06g074000  |Up regulated 1036(Solyc08g066760  (Up regulated
937|Solyc05g005470  |Up regulated 987|Solyc06g074790  |Up regulated 1037(Solyc08g067620  (Up regulated
938|Solyc05g005535  |Up regulated 988|Solyc06g083160  |Up regulated 1038(Solyc08g074620  (Up regulated
939|Solyc05g005540  |Up regulated 989|Solyc06g083490  |Up regulated 1039(Solyc08g074630  (Up regulated
940|Solyc05g006740  |Up regulated 990|Solyc06g084460  |Up regulated 1040(Solyc08g074680  (Up regulated
941|Solyc059006750  |Up regulated 991|Solyc07g007220  |Up regulated 1041(Solyc089074683  (Up regulated
942|Solyc059007330  |Up regulated 992|Solyc07g007270  |Up regulated 1042(Solyc08g074690  Up regulated
943[Solyc059007720  |Up regulated 993(Solyc07g007320  |Up regulated 1043|Solyc08g075550  [Up regulated
9441Solyc05g009470  |Up regulated 994|Solyc07g007660  |Up regulated 1044(Solyc08g075790  (Up regulated
945|Solyc05g009610  |Up regulated 995|Solyc07g008210  |Up regulated 1045(Solyc08g076885  (Up regulated
946|Solyc05g009960  |Up regulated 996|Solyc07g008280  |Up regulated 1046(Solyc08g076890  (Up regulated
947|Solyc05g010080  |Up regulated 997|Solyc07g008290  |Up regulated 1047(Solyc08g076970  (Up regulated
948|Solyc059011940  |Up regulated 998|Solyc07g008380  |Up regulated 1048(Solyc089g078210  Up regulated
949|Solyc059011970  |Up regulated 999|Solyc07g008710  |Up regulated 1049(Solyc08g078520  (Up regulated
950|Solyc059012260  |Up regulated 1000|Solyc07g009290  |Up regulated 1050(Solyc08g079080  Up regulated
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S.N. Gene id Expression status S.N. [Geneid Expression status S.N. | Geneid Expression status
1051/ Solyc08g07959 Up regulated 1101(Solyc09g092720  Up regulated 1151(Solyc12g005670  |Up regulated
1052|Solyc08g08019 Up regulated 1102|Solyc09g097780  [Up regulated 1152|Solyc12g005940  Up regulated
1053|Solyc08g08019 Up regulated 1103|Solyc10g005020  [Up regulated 1153|Solyc12g006380  (Up regulated
1054|Solyc08g08144 Up regulated 1104|Solyc10g005210  [Up regulated 1154|Solyc12g006680  [Up regulated
1055/ Solyc08g08144Up regulated 1105[Solyc10g005340  [Up regulated 1155(Solyc12g007080  |Up regulated
1056|Solyc08g08184 Up regulated 1106|Solyc10g005750  [Up regulated 1156|Solyc12g008650  [Up regulated
1057|Solyc08g08214 Up regulated 1107|Solyc10g006920  [Up regulated 1157|Solyc12g009310  [Up regulated
1058|Solyc08g08245 Up regulated 1108|Solyc10g007870  [Up regulated 1158|Solyc12g009480  Up regulated
1059|Solyc08g08313Up regulated 1109|Solyc10g008410  [Up regulated 1159|Solyc12g009820  (Up regulated
1060/ Solyc09g0054q Up regulated 1110(Solyc10g017570  (Up regulated 1160(Solyc129010960  |Up regulated
1061|Solyc09g00719Up regulated 1111|Solyc10g018907  [Up regulated 1161|Solyc12g011340  [Up regulated
1062|Solyc09g00764Up regulated 1112|Solyc10g047040  [Up regulated 1162|Solyc12g015920  Up regulated
1063|Solyc09g00854 Up regulated 1113|Solyc10g048060  |Up regulated 1163|Solyc12g017460  (Up regulated
1064/ Solyc09g00854 Up regulated 1114(Solyc10g049660  [Up regulated 1164(Solyc12g040640  |Up regulated
1065|Solyc09g00893 Up regulated 1115|Solyc10g052600  [Up regulated 1165|Solyc12g042930  Up regulated
1066|Solyc09g00919Up regulated 1116|Solyc10g075110  [Up regulated 1166|Solyc12g055920  [Up regulated
1067|Solyc09g01054 Up regulated 1117|Solyc10g076210  |Up regulated 1167|Solyc12g056240  (Up regulated
1068|Solyc09g01153 Up regulated 1118|Solyc10g076243  |Up regulated 1168|Solyc12g062340  (Up regulated
1069|Solyc09g01159 Up regulated 1119(Solyc10g076710  (Up regulated 1169(Solyc129088130  |Up regulated
1070|Solyc09g01163 Up regulated 1120|Solyc10g079650  [Up regulated 1170|Solyc12g088370  [Up regulated
1071|Solyc09g01449 Up regulated 1121|Solyc10g080050  [Up regulated 1171|Solyc12g089330  [Up regulated
1072|Solyc09g01504 Up regulated 1122|Solyc10g084540  [Up regulated 1172|Solyc12g096770  [Up regulated
1073|Solyc09g01587 Up regulated 1123|Solyc10g084680  |Up regulated 1173|Solyc12g098770  [Up regulated
1074|Solyc09g0577q Up regulated 1124(Solyc10g086490  [Up regulated 1174(Solyc129099430  |Up regulated
1075|Solyc09g05917Up regulated 1125|Solyc11g006490  [Up regulated 1175|Solyc01g098570  [Up regulated
1076|Solyc09g059471Up regulated 1126|Solyc11g007590  [Up regulated 1176|Solyc02g086400  (Up regulated
1077|Solyc09g06173Up regulated 1127|Solyc11g008810  [Up regulated 1177|Solyc03g095970  (Up regulated
1078|Solyc09g06494 Up regulated 1128(Solyc11g010400  [Up regulated 1178(Solyc03g097560  |Up regulated
1079|Solyc09g0654q Up regulated 1129(Solyc11g010630  Up regulated 1179(Solyc04g072700  |Up regulated
1080|Solyc09g07524 Up regulated 1130|Solyc11g010700  [Up regulated 1180|Solyc04g080920  Up regulated
1081|Solyc09g07579Up regulated 1131|Solyc11g011240  |Up regulated 1181|Solyc07g064100  Up regulated
1082|Solyc09g07597 Up regulated 1132|Solyc11g013150  [Up regulated 1182|Solyc08g005940  (Up regulated
1083|Solyc09g08224 Up regulated 1133(Solyc11g019910  [Up regulated 1183(Solyc09g008500  |Up regulated
1084|Solyc09g08224 Up regulated 1134|Solyc11g056330  [Up regulated 1184|Solyc09g089505  [Up regulated
1085|Solyc09g08253 Up regulated 1135|Solyc11g066400  [Up regulated 1185|Solyc10g046830  [Up regulated
1086|Solyc09g08274 Up regulated 1136|Solyc11g066580  [Up regulated 1186|Solyc12g006130  [Up regulated
1087|Solyc09g08294 Up regulated 1137(Solyc11g066940  [Up regulated 1187(Solyc01g067900  |Up regulated
1088|Solyc09g08304 Up regulated 1138(Solyc11g068515  |Up regulated 1188(Solyc01g094870  |Up regulated
1089|Solyc09g08344 Up regulated 1139|Solyc11g069070  [Up regulated 1189|Solyc07g007860  [Up regulated
1090|Solyc09g08445 Up regulated 1140|Solyc11g069280  [Up regulated 1190|Solyc08g006850  [Up regulated
1091|Solyc09g08449 Up regulated 1141|Solyc11g069940  |Up regulated 1191|Solyc08g062570  [Up regulated
1092|Solyc09g09004 Up regulated 1142(Solyc11g071470  (Up regulated 1192(Solyc08g078930  |Up regulated
1093|Solyc09g0906q Up regulated 1143|Solyc11g071720  [Up regulated 1193|Solyc08g078940  [Up regulated
1094|Solyc09g09103 Up regulated 1144|Solyc11g072030  [Up regulated 1194|Solyc08g079190  [Up regulated
1095|Solyc09g09104 Up regulated 1145|Solyc11g072410  |Up regulated 1195|Solyc08g079200  Up regulated
1096|Solyc09g09113Up regulated 1146|Solyc11g072800  [Up regulated 1196|Solyc10g018200  Up regulated
1097|Solyc09g09159 Up regulated 1147(Solyc11g073090  [Up regulated 1197(Solyc10g076340  |Up regulated
1098|Solyc09g0918] Up regulated 1148|Solyc11g073260  [Up regulated 1198|Solyc11g010390  [Up regulated
1099|Solyc09g09243 Up regulated 1149|Solyc12g005430  [Up regulated 1199|Solyc12g010545  (Up regulated
1100|Solyc09g09249 Up regulated 1150|Solyc12g005440  |Up regulated 1200|Solyc03g113930  [Up regulated

1201|Solyc11g042630  (Up regulated
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