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Abstract

Rice (Oryza sativa) is a staple food crop for more than half of the world’s population and
provides 20% of dietary energy all over the world. Although it is the main source of calories,

nearly 60% of rice is grown in soils which are low in phosphorus especially in Asia and Africa.

Inorganic Phosphate (Pi) is a non-renewable and indispensable macroelement for plant growth.
Pi levels in soil are modulated by interaction with other elements such as aluminium and iron.
This interaction between other elements regulates the availability of Pi to plants even after the
application of fertilizers. Given the limitations of bioavailable Pi in soils, it is important to

develop crops tolerant to low phosphate. This would be helpful to resource-poor farmers.

Due to their immobile nature plants have developed complex molecular signalling pathways
that allows them to discern changes in the environment and adapt their growth and
development. Post Translation Modifications (PTMs) play an important role in plants in
providing a conduit to detect the changing environment and influence molecular signalling
pathways to adapt growth and development. In recent years the PTM SUMOylation has been
shown to be critical for plant growth and development. It is known that plants experience
hyperSUMOylation of target proteins during stresses such as heat, salinity, drought and
phosphate starvation. We provide new evidence for the role of SUMO in plant responses to Pi
starvation. Here we demonstrate that PSTOL1 is SUMOylated in planta, and this affects its
autophosphorylation activity. Moreover, we have investigated the targets of PSTOLI1 using
yeast two hybrid and coimmunoprecipitation techniques. Further, we also provide new
evidence for the role of SUMO in plant responses to Pi starvation in rice and Arabidopsis. Our
data demonstrated that overexpression of non — SUMOylatable version of OsPSTOLI1
negatively affects the root parameters of rice grown under low Pi. Interestingly, our data also
showed that overexpression of PSTOL1 in a heterologous system, Arabidopsis positively

impacts overall plant growth under high and low Pi by modulating root system architecture.

Therefore, unraveling the role of SUMOylation to improve plants’ ability to survive in

phosphorus-deficient soil will open-up new ways to enhance the productivity of rice varieties.
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Chapter 1

Introduction

1.1 Oryza sativa- a necessary food crop

Rice (Oryza sativa) has been considered an essential food crop for more than half of the world’s
population and the most cultivated staple crop worldwide. China, India, Indonesia, Bangladesh,
Vietnam and Thailand are the largest rice producing countries for whom cultivating rice is
considered a main source of income. Apart from being a major income source, rice also
provides dietary energy (20%) which is more than wheat (19%) and maize (5%). The latest
projections have shown that as the world’s population continues to increase to an estimated 9
billion by 2050, food production will be required to increase by 70% from 2005/07 — 2050 in
order to meet the ever-growing demand (FAO, 2009 ). Therefore, to meet this demand, rice
production must also be increased by at least 25% by 2030 (Li et al., 2014). As this demand
continues to put pressure onto an already vulnerable agricultural system, this can lead to a
global issue involving food insecurity as the demand becomes even more difficult to achieve
due to the drastic effects of climate change on soil quality leading to low nutrient availability
and water accessibility as well as many more issues (Giri et al., 2018).
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1.1.1 Low Phosphorus in soil

Abiotic stresses such as nutrient deficiency in soil is a major threat to food security. The three
most important macronutrients are Nitrogen, Potassium and Phosphorus and are required for
plant production, however, their deficiencies continue to escalate with exhaustive crop
production. Nitrogen can be manufactured by chemical reactions or produced by symbiotic
associations such as legume-Rhizobium. For potassium, natural reserves are sufficient,
therefore, deficiency of potassium is not an issue like phosphorus and nitrogen deficiency. The
importance of phosphorus is receiving widespread attention because it is an essential nutrient
that comes from a non-renewable resource (Hasanuzzaman Agronomic Crops. Volume 3,
Springer, 2020 and Lott et al., 2011). Phosphorus is an indispensable element for all living
organisms as it is the main component of biomolecules - nucleic acids, ATP and lipids. The
demand for phosphorus increases in order to support the healthy and robust growth of living
organisms. Plants acquire phosphorus from the soil, but the accessibility of phosphorus is
limited primarily because naturally, loss of phosphorus is either compensated by soil-plant
cycling system and this cycle is restored by the slow and steady process of rock weathering or
supplemented via fertilizers, however, only 10-20% of phosphorus supplied by fertilizers is
free for plants to use and the rest is bound to the ions present in soil (Crombez et al., 2019).
Moreover, fertilizers are mostly derived from phosphate rock which unfortunately is a non-
renewable resource. Recent projections estimated that “peak phosphorus” production will be
reached in 30 years which will resultantly lead to a decrease in fertilizers production and an
increase in the price of fertilizers, which ultimately will lead to a rise in food prices as low
phosphorus results in reduced crop yield. However, other reports suggested that some
phosphorus reserves are overlooked and can last for 600 years but these reserves are restricted
to Morocco and Western Sahara. The main concern regarding these reserves can be technical
and under economic constraints or these reserves may be impossible to reach physically
(Alewell et al., 2020). The insufficiency of phosphorus fertilizers and the unavailability of
natural resources are some issues that will affect poor farmers, especially in countries where
rice is cultivated as a major income source. Therefore, a long-term strategy is needed to address
the global threat of phosphorus limitation. Exploring the genetic determinants that can be

associated with the high productivity of rice under low phosphorus is a valid approach and this



approach can be useful for breeding programs (Mickelbart et al., 2015 and Gamuyao et al.,
2012).

1.2 Understanding of phosphate sensing and signaling in plants

Levels of Pi can limit crop yield; therefore, it is important to investigate the regulatory
mechanisms underpinning adaptive response in plants to cope with low phosphate (Pi) in soil.
The understanding of the mechanism is an important step for boosting the P uptake or P use
efficiency in crops. Plants maintain Pi-level homeostasis by applying various approaches — if
a plant experiences low external Pi, local signals are induced such as signals to change root
system architecture (RSA). RSA adaptions include primary root (PR) growth cessation, lateral
root development and root-microbiome interaction enhancements. On the other hand, long-
distance or systemic signals are produced in response to changes in internal Pi. Systemic signals
include initiation of Phosphate Starvation Response (PSR) cascade and phloem-mediated

traffic signals to improve Pi remobilization, redistribution and acquisition (Ham et al., 2018).

1.2.1 Local signals responsive to change in external Pi

a) Adaptations of Root system architecture (RSA) in low Pi

Fluctuations in external Pi, enable plants to adapt their root architecture to increase topsoil
foraging under low phosphate conditions. These responses can vary between monocots and
dicots. Monocots plants such as rice, wheat and maize respond to low Pi by elongating primary
root length, developing more crown roots, changing in the angle of crown roots and increasing
the length of root hair. Unlike monocots, dicots plants such as Arabidopsis thaliana develop a
shallower root system in low Pi by cessation of primary root length, enhancing lateral root/root

hair density/length under low Pi (Huang and Zhang ., 2020) (Figure 1.1).



Rice Arabidopsis thaliana

High Pi Low Pi High Pi Low Pi

Figure 1.1: Root developmental responses under high and low Pi in rice and Arabidopsis.

Image adapted from Liu., 2021.

The underlying mechanism PR growth response depends upon a few key genes studied in
Arabidopsis. Interaction between PHOSPHATE DEFICIENCY RESPONSE 2 (PDR2);
encoding a P-type 5 ATPase and ferroxidases LOW PHOSPHATE ROOT1/2 (LPR1/2) is an
essential step to maintain stem cell niche by changing meristem activity in an ER-dependent
pathway. Parallelly, a transcription factor SENSITIVE TO PROTON RHIZOTOXICITY
(STOP1) activates a transporter known as ALUMINIUM ACTIVATED MALATE
TRANSPORTER (ALMT1), which is incorporated into plasma membrane where it regulates
malate secretion into apoplasm. Oxidation of Fe*? to Fe™> by LPR1 leads to the accumulation
of Fe™ in the apoplasm where it makes a complex with malate. This complex activates the
production of reactive oxygen species (ROS) that initiate the callose deposition in the stem cell
niche of the primary root. Deposition of callose hinders trafficking via a transcription factor
such as SHORT ROOT (SHR) which results in the loss of stem cell function, therefore, the
inactivation of primary root growth (Chiou and Lin ., 2011; Satheesh et al., 2022). Homologs
of AtLPR1/2 and AtPDR2 are OsLPRS5 in rice which maintains ferroxidase activity suggesting
that it is involved in the regulation of Pi homeostasis. Although the root growth response is
different in rice and Arabidopsis under low Pi, the PDR-LPR pathway model is conserved in
dicots and monocots. Besides the PDR-LPR pathway, RICE MORPHOLOGY
DETERMINANT 1 (RMD1) modulates the angle of crown roots (CR), making CR distribution
shallower under Pi-deficient soil conditions (Lu et al., 2022). In rice, OsPHR?2, (the homolog



of AtPHR1), OsMYB2P-1 and Itnl (the homolog of Arabidopsis PHO2) are some important
genes to enhance the elongation of primary root and lateral roots to increase Pi uptake (Zhou
et al., 2008, Dai et al., 2012 and Hu et al., 2011). Under low P1i, the auxin gradient is important
to trigger LR proliferation by enhancing auxin sensitivity through increasing the expression of
the receptor of auxin, TIRI in the pericycle cells. Also, strigolactone participates in the
modulation of RSA by induction of synthesis of strigolactone when the root experiences low
Pi. Increasing SL secretion into the rhizosphere will favour colonization by arbuscular
mycorrhiza fungi (AMF) and it is well-known that AMF plays a critical role in the acquisition
of Pi in plants. Finally, the interaction between lateral roots and AMP regulates RSA to

prevailing soil conditions (Ham et al., 2018).

1.2.2 Systemic Pi Starvation pathway

In Arabidopsis, a significant part of Pi homeostasis is centered around key transcription factors,
PHOSPHATE STARVATION RESPONSE 1 (PHR1) and PHOSPHATE STARVATION
RESPONSE-LIKE 1 (PHL1). These transcription factors control responses to Pi starvation
signals by regulating and modulating membrane lipids, increasing the ratio of root-shoot
growth, initiating Pi scavenging and transport activities, anthocyanin biosynthesis and
suppressing photorespiration and photosynthesis (Puga et al., 2017). PHR1 and other PHL
transcription factors regulate via binding to a DNA motif of GNATATNC (also known as
PHR1-binding sites (PIBS)) in the promoter region of nearly 2000 genes (Chiou and Lin .,2011
and Crombez et al., 2019) encoding genes like SPXs (SYG1, PHOS81 and XPR1), signal
molecules such as IPS1/At4, miRNAs, Phosphate transporters (PTs), biosynthetic genes of
galactolipids, sulfolipids and purple acid phosphatases (PAPs) (Wu et al., 2013).

SPX domain proteins are relatively conserved in eukaryotes, and they act as a sensor of Pi in
form of inositol polyphosphates (InsP). Biochemical and genetic assay data showed that InsP
promotes the binding of SPX proteins with PHR to suppress Pi starvation responses under
sufficient Pi conditions in both Arabidopsis and rice (Lu et al., 2022). In Pi-deficient
conditions, the association between SPX proteins and PHR1 is disrupted and PHR1 is released,
to induce the expression of genes involved in phosphate starvation signalling. PHR1 induce
their expression via binding to the PIBS motif in the promoter region of these genes. In rice,

OsPHR1 and OsPHR?2 proteins are homologs of AtPHR1. Eventually, reports have also shown



that OsPHR3 and OsPHR4 are also involved in Pi homeostasis and Pi signalling along with
OsPHR1 and OsPHR2 (Ruan et al., 2017 and Guo et al.,2015). The regulatory mechanisms

mediated by PHR proteins in rice and Arabidopsis are comparable.

In Pi deficient condition, PHR1 also induces expression of Pi transporters (PHT1) and
PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR (PHF1), an endoplasmic
reticulum (ER) exit cofactor that allows PHT1 to migrate to the plasma membrane to improve
the Pi acquisition and remobilization (Puga et al., 2017 and Gonzalez et al., 2005). Moreover,
PHT1 is negatively controled by ALIX and CK2a2p3 kinase with both of these proteins
affecting the accumulation of PHT1 in the plasma membrane via distinct mechanisms under

phosphate-deficient conditions (Puga et al., 2017)

Additionally, mobile mRNAs are potential candidates involved in systemic signals. The
miRNAs such as miR399, miR827, miR156, miR2111 and miR778 are produced by Pi
deficiency. Under the low Pi conditions, PHR1 induces expression of shoot-derived miR399
movement into the root through the phloem by releasing post-transcription negative control on
PHT1 transporters. It is here where miR399 mediates cleavage of the PHO2 and NLA
transcripts resulting in the enhancement of the uptake of Pi in roots which then leads to an
increase in the translocation of Pi from root-to-shoot. Rice homolog, OsPHO?2 is the target of
miR399, suggesting the miR399-PHO2 pathway is conserved in both rice and Arabidopsis.
Another well-studied miRNA in rice is miR827, this miRNA is upregulated in Pi deficiency
and targets OsSPX-MFSI1 and OsSPX-MFS2 (SYGI, PHOS81 and XPR1- major facilitator
superfamily) and negatively regulates these two genes to respond to external phosphate
conditions because the SPX domain in proteins aid in Pi sensing and Pi transport whereas, the
MFS domain is found in membrane proteins which are important for the transport of small

solutes. (Lu et al., 2022 and Lin et al., 2010).

Biosynthetic genes such as PAPs catalyse the hydrolysis of Pi from phosphomonoesters. Low
Pi induce specific PAPs, for instance, AtPAP12 and AtPAP26 are secreted by root that search
Pi from extracellular Pi-esters, whereas AtPAP26 have a dual role that functions in Pi recycling
of vacuole (Tran et al., 2010). The rice ortholog of AtPAP26 is OsPAP26 which also plays a
dual role in plants during Pi starvation: remobilization of Pi from senescing to non-senescing
leaves and utilization of organic Pi (Gao et al, 2017). In rice, Sulfolipids,

sulfoquonovosyldiacylglycerol 2 (SQD2) recycles Pi from membrane phospholipids (Wu et
6



al., 2013) whereas in Arabidopsis, expression of AtSQD1 and AtSQD? is upregulated in both
root and leaf of the thylakoid membrane. On the other hand, galactolipids are increased in the
extraplastidic membrane and thylakoid membrane in Pi-starved Arabidopsis seedlings. The

induction of galactolipids results in lipid alteration mediated by auxin and cytokinin.

Pi starvation also induces some phosphate transporters (PTs) for Pi uptake, translocation, Pi
distribution and uploading, vacuolar import and export. For instance, in Arabidopsis, the Phtl
family consists of high-affinity Pi transporters. AtPT1 and AtPT4 are two important Pi
transporter for Pi uptake (Fang et al., 2009) this is evident where double mutants exhibited a
75% reduction in efficiency to uptake Pi compared to wild-type seedlings (Shin et al., 2004).
In rice, OsPT2 and OsPT6 were primarily expressed in the roots under low Pi conditions.
Knockdown of OsPT6 affects both Piuptake and Pi translocation from roots to shoots. Another
major high-affinity PT in rice is OsPT8.The expression of OsPT8 is increased especially in
roots while its expression in shoots is not affected in Pi starvation. Knockdown of OsPT$§

results in a decrease in total Pi uptake, root and shoot biomass (Wu et al., 2013).

Although the latest progress in understanding both molecular and physiological mechanisms
to improve nutrient acquisition is impressive, significant work is still going on to uncover much
more before being able to transfer these discoveries into crops to enhance their nutrient
efficiency. Another way is the identification of molecular markers that is of particular value

for the development of phosphorus-efficient rice varieties.

1.3 Discovery of genetic determinant to improve phosphate tolerance in rice based on

natural variation

A lack of phosphorus can severely limit rice yield and the rising cost of fertilizers is a taxing
issue for farmers. Therefore, exploring rice varieties that show yield above average on P-
deficient soil can be used for investigating genetic determinants (generally identified using
Quantitative trait locus mapping, QTL). The effect of that locus can be studied and evaluated

after back-crossing in other rice varieties.



To develop improved cultivars, breeders were focusing on the cultivars under low P conditions.
Tolerance to low P was measured as grain yield, dry weight, tiller number or relative tiller
number and the most important parameters are - P-use efficiency (internal efficiency) and P-
uptake efficiency (external efficiency). Wissuwa et al., 1998 used molecular linkage maps in
rice which allowed the examination of quantitatively expressed traits into Mendelian factors,
also known as Quantitative trait locus mapping (QTL). Their objective was to identify and map
QTL associated with indicators of tolerance to low Pi - dry weight, tiller numbers, P-uptake
efficiency (external efficiency) and P-use efficiency (internal efficiency). In recent years, a
particular group of rice, known as aus-type varieties were identified which can grow in poor
soil in some region in India. These aus-type varieties have been identified as an important
source of tolerance genes. For example, the SUBIA gene was discovered in aus-type rice and
rice plants with this gene can survive in flooded fields for 2 weeks. Another aus-type rice,
Kasalath, was identified to be tolerant of Pi deficiency. To find the potential QTLs for P-
deficiency tolerance in rice, Japonica was crossed with indica (Nipponbare X Kasalath) where
Japonica represents intolerant variety to low Pi. 98 backcross inbred lines (BILs) were
generated, and phenotypic responses were recorded. Four potential QTLs were identified
regarding P uptake on chromosomes 2,6,10 and 12. Among 98 BILs, major QTL linked to
marker C443 on chromosome 12 explains major variation in dry weight (26.5%) and P-uptake
(27.9%). Apart from the C443 marker, QTLs on chromosomes 2 and 6 (minor QTLs) also have
a positive effect on P-deficiency and these positive alleles come from ‘Kasalath’. Breeders can
transfer the improved P-uptake ability from a variety like Kasalath into breeding material which
will have a higher harvest index to improve the productivity of rice under low Pi. Wissuwa and
Ae et al., 2001 developed near-isogenic lines (NILs) for major QTL linked to marker C443 on
chromosome 12 and minor QTL linked to C498 on chromosome 6 and using these NILs their
phenotypic responses are recorded in low Pi. P uptake was improved by a factor of 3-4 times
in NIL-C443 than in Nipponbare whereas the improvement was seen in the range of 60-90%
in NIL-C498. The data also showed that both QTLs improved specifically the uptake of
phosphorus in low Pi soil because the effects of these QTLs are linked to root surface area.
Further investigation also revealed that Nipponbare had reduced surface area in P deficiency
whereas NILs - C443 could retain half of its non-stress condition root-surface area. Therefore,
they decided to map this major QTL on the long arm of chromosome 12 and named as Pupl
(Phosphorus uptake 1) (Wissuwa et al., 2002). It was obvious that the presence of Pup/ in
Kasalath (tolerant donor parent) showed three times higher grain yield and phosphorus uptake

in low-phosphorus soil than in Nipponbare (intolerant parent). It was reported after fine
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mapping the population derived from Kasalath X Nipponbare that the Nipponbare reference
genome sequence did not display any potential genes associated with phosphorus metabolism.
Therefore, the corresponding region in Kasalath was sequenced and it revealed transposons-
and retrotransposons-related elements. 68 potential genes in the Kasalath Pupl region were
identified and some of these genes were present in this region which was exclusively known
as the insertion/deletion (INDEL) region, and it explained the difference in the size of the
region between Nipponbare and Kasalath. It was unclear if this represents the deletion in
Nipponbare or insertion in Kasalath, hence named INDEL region. 14 putative genes were
chosen for reverse transcriptase-polymerase chain reaction (RT-PCR) to confirm gene models

(Heuer et al., 2009).

1.4 Discovery of PSTOLI1 gene

From previous reports, it was identified the INDEL region in Kasalath was absent from
Nipponbare and other intolerant rice varieties. Finally, five candidate genes (OsPupK04-1,
OsPupK05-1, OsPupK20-2, OsPupK29-1 and OsPupK46-2) were shortlisted from 68 Pupl
gene model and their gene expression was examined using RT-PCR. The data showed
expression of OsPupK46-2 was different in low and high phosphorus conditions, and it was
later assumed that this protein might have a role in P homeostasis signalling and sensing.
Thereafter, the candidate was named phosphorus-starvation tolerance 1 (PSTOLI). To gain
insight into PSTOLI gene function, the protein sequence showed similarity with
serine/threonine receptor-like kinases of the LRK10L-2 subfamily. PSTOL1 kinase lacks
amino-terminal extension hence it was classified as a receptor-like cytoplasmic kinase.
Furthermore, phylogenetic analyses confirm that OsPSTOL1 kinase is truncated to a single
kinase domain compared to genes present in members of the Gramineae family which usually
have kinase domains, a transmembrane domain and a N-terminal domain important for
interaction with microbes (Kettenburg et al., 2022). Overexpression of PSTOL1 coding region
in IR64 and Nipponbare (representing indica and japonica respectively) showed that 60%
increase in grain yield when transgenic lines were grown in P-deficient soil. Superior
performance was observed when the PSTOL1 gene was overexpressed in IR64 plants.

Parallelly, experimental results conducted in hydroponic solution showed that IR64 PSTOL1



overexpressing lines have enhanced root surface area and total root length under both high
(100uM) and low (10uM) P concentrations. Further experiments also showed that PSTOLI
expression was detected in stem nodes from where the formation of crown roots initiates. Taken
together, data showed that PSTOL1 is a key regulator for root growth and crown root
development, as a result, root growth is enhanced in low P conditions. Increasing root surface
area and root length will help plants uptake more P from topsoil (Gamuyao et al., 2012). To
understand the molecular function of OsPSTOL1 in rice, analysis from Affymetrix gene-array
and Agilent microarray showed that P-starvation genes did not change in overexpressing
PSTOLI1 rice transgenic lines. Alternatively, authors identified other 23 genes related to root
growth and stress response that showed lower and higher expression in the transgenic lines
irrespective of the Pi supply and developmental stage. Among these 23 genes, HOX1 is well
associated with the role played by OsPSTOLI in root development because HOX1 is a positive
regulator of root cell differentiation whereas, DOS (DELAY OF ONSET OF SENESCENCE)
gene expression has been shown to delay leaf senescence. DOS gene and gene encoding
WRKY -transcription factors are located on chromosome 1 and these genes were shown to
associate with OsPSTOLI in association studies. Intriguingly, among the constitutively
upregulated genes, a potential peptide transporter was also upregulated probably to uptake
more P. However, further investigation needs to be done as to how OsPSTOL1 overexpression

regulates their expression to increase root surface area to maximize Pi uptake.

Additional investigation revealed that allelic variation was investigated across more than
sequenced 3000 rice accessions. J and K- functional alleles were identified in two different
sub-groups of rice. The authors showed that K-allele in genotypes has more transcript
abundance in both deep and shallow roots. Interestingly, 64% of the landraces showed the
presence of OsPSTOLI: 17% have J-alleles in Japonica and aromatic rice landraces and 43%
have K-allele dominant in indica and aus landraces which agrees with OsPSTOLI role in
enhancing root growth in Kasalath. The absence of OsPSTOLI in the rice haplotype was seen
in East Asia. To investigate further, the J-allele of OsPSTOLI is prominent in the Japonica
landrace from an area having depleted irrigation and rice grown in rainfed upland. K-allele is
diminished in indica irrigated lowland landraces; however, it has a comparable frequency in

the rainfed uplands and lowlands. (Kettenburg et al., 2022).

Following the work from Gamuyao et al., 2012, reports showed NERICA (New Rice for

Africa) varieties have high yield ability but are intolerant to phosphorus deficiency, therefore,
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work was started to identify the PSTOL1 allelic diversity among NERICA rice varieties such
as CG14 which is one of O.glaberrima accessions and is a founder parent for NERICAs
(Pariasca-Tanaka et al., 2014). Subsequently, Vigueira et al., 2016 findings suggested the
presence of non-functional and functional allele of PSTOLI in Asian rice varieties which
includes wild, domesticated and weedy varieties of rice. The balance between these functional
and non-functional alleles can be considered as an adaptation with a geographical variation.
Consequently, the presence of a superior allele of PSTOL1 in all accessions of O.rufipogon
was also assessed and these three accessions (IRGC 106506, IRGC 81989 and IRGC 104639)
revealed they harbour a superior allele of PSTOLI1, although the marker-assisted transfer of
these alleles is already initiated (Neelam et al., 2017) to characterize the superior allele of
PSTOLI. Haplotypes of PSTOL1 were not only investigated in phosphorus-deficient soil but
novel allelic combinations were also reported in rice genotypes grown in acidic soil (Yumnam
et al., 2017). Although extensive work has been done to identify a superior allele of PSTOLI1
in other rice accessions to generate phosphorus-efficient rice varieties, considerable work has
to be done to identify downstream targets of PSTOL1 and later elucidate the underlying
mechanism of PSTOL1. Recent studies by Kumar et al., 2021 revealed the role of the important
genes expressed during P-starvation conditions and one of them could be a target of
OsPSTOLI1. The study presented the significant role of jasmonate/auxin induced proteins
acting as signalling molecules (LOC 0s04g22900, LOC Os01g36580), transporters
(OsPHT1;6. OsPHT1;10), glycerophosphoryl diester phosphodiesterase family protein
(LOC_0s03g40670), auxin-responsive protein (LOC_0Os05g48270), LTPL-protease inhibitor
(LOC _0Os10g40430, LOC Os10g40480), transcription factors (LOC 0s03g51690),
phosphatases (LOC_0s01g52230, LOC Os08gl17784, LOC Os11g38050,
LOC 0s07g01540, LOC_0s05g02310), AP2 domain containing proteins (LOC _0s08g36920,
LOC 0Os10g11580), MYB family TFs (LOC_0s03g62100, LOC_0s02g22020), glycine-rich
cell wall structural proteins (LOC Os10g31530, LOC _Os10g31540) and core histone domain-
containing protein (LOC_0Os10g28230), in conferring tolerance in rice under low Pi (Kumar et

al., 2021).

Interestingly, PSTOLI orthologs in other crops such as wheat, sorghum and maize were

identified, and targeting their expression will pave the way to develop crops that can grow in

phosphorus-deficient soil without loss of yield and biomass. But the characterization of these

PSTOLI orthologs in other crops is yet to be investigated. Some research groups demonstrated

the identification of PSTOL1 homolog in sorghum genome, Sh03g00676, Sb03g031690
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(alleles of SbPSTOLI) and PSTOLI1-like gene SH07g02840 exhibited improved P uptake by
increasing root surface area, modulating root diameter and subsequently increasing grain
weight (Bernardino et al., 2019, Hufnagel et al., 2014, Li et al., 2015). Another study in maize
by Mukherjee et al., 2014 and Azevedo et al., 2015 identified four potential homologs of
PSTOL1 that primarily expressed in roots and interestingly, QTL mapping showed these
homologs co-localise with QTL for root biomass, root morphology and other P-uptake related
characters. However, it is unclear if these PSTOL1 homologs in maize are a better option for
molecular breeding. In wheat, twenty-two TaPSTOLI gene family members were identified
and characterized. TraesCS1402G018000, TraesCS1402G018600,
Traes3402G012900, Traes3402G018200, Traes3402G018500 and TraesCS2B02G558600
were co-localized with the phosphorus related QTLs in the wheat genome.
TraesCS3402G018500 showed upregulation under low Pi, but it does not co-localize with the
phosphorus related QTLs. However, it co-localizes with QTL of dry weight which
demonstrated the different role of PSTOLI1 genes in various other stress conditions in wheat
(Abbas et al., 2022). Recent reports also showed that heterologous expression of OsPSTOLI
in wheat enhanced shoot and root growth when compared to null segregant. More P and N
content accumulated in shoots because transcriptomic analysis of root and crown roots
demonstrated that the transcript level of the genes associated with P recycling and
remobilization was upregulated under low Pi. As shown by Gamuyao et al., 2012, 23
differentially regulated genes (DRGs) were identified in IR64 overexpressing OsPSTOLI rice
transgenic lines. Similarly, in wheat, 11 DRGs which are orthologs in rice were identified
especially OsDOS and S-adenosyl methionine decarboxylase (SAMDC2) which is an
important component in polyamine biosynthesis. Moreover, OsPSTOL1 regulates the
transcript level of transcription factors managing reproductive development, sugar homeostasis
and nutrient assimilation. Collectively, authors showed that expression of OsPSTOLI is
beneficial in wheat for changing root architecture and increasing grain yield (Kettenburg et al.,
2022). Taken together, OsPSTOLI might act in the conserved pathway, and the expression of
this gene might affect developmental and environmental responses in all the other monocot

Crops.
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1.5 Role of post-translational modification in various biotic and abiotic stress conditions

Plants are sessile in nature and therefore, they depend on elaborate molecular mechanisms that
allow them to respond and comprehend the variations in the environment to mount an adaptive
response (Roy and Sadanandom ., 2021 and Verma et al., 2017). Among these intricate
molecular mechanisms, post-translational modifications (PTMs) are important elements of
how plants will mount an adaptive response during stress conditions (Clark et al., 2022). PTMs
expand proteome activity to mediate responses under biotic and abiotic stress (Miura and

Hasegawa., 2010).

Phosphorylation, ubiquitination and acetylation are the most studied PTMs according to the
dbPTM database (Clark et al., 2022). Protein phosphorylation is a reversible regulatory
mechanism that play important role in enzymes and membrane channel activity. This
modification occurs mainly on Tyr, Thr and Ser and His residues. Amongst other PTMs,
ubiquitination is considered another important PTM because of its reversible and versatile
nature as ubiquitination can occur on all 20 amino acids. Moreover, ubiquitylation plays a vital
role in the degradation of intracellular proteins through 26S proteasome (Ramazi and Zabhiri.,
2021). Parallel to ubiquitination, SUMOylation is another influential PTM system and had
gained widespread attention because of its reversible nature and dynamic role in protein
modification in plants during stress survival (Clark et al., 2022). SUMOylation is able to
regulate various biological processes such as growth and development, light signalling,
flowering, responses to abiotic stresses and biotic stresses like pathogen infection (Verma et
al., 2017) and in contrast to ubiquitination, SUMOQylation of target proteins has many
downstream effects such as prevention of protein degradation, regulating the subcellular
localization of the protein, preventing lysing residues prone to any other PTMs and regulating
the interaction of proteins with their targets to alleviate the damage caused by stress (Clark et
al., 2022). Apart from studying a single regulatory PTM, recent studies also highlighted the
importance of PTM crosstalk to mount an adaptive response to the smallest changes in the
environment (Dai Vu et al., 2018). For instance, the first ever SUMOylation-phosphorylation
cross-talk was identified in the BR response pathway. A transcription factor, CESTA (CES)
was SUMOylated by SUMOI1 and SUMO?2 at lysine 72 and as a result, SUMOylated-CES
relocalised to nuclear bodies upon BR treatment. Relocalization of SUMOylated-CES is an

13



important step for its transcriptional activation. But phosphorylation of CES at serine 55 and
77 by CALCIUM-DEPENDENT KINASES (CDPKs) weakens its SUMOylation and thereby
impairs nuclear body formation. Another example of phosphorylation-SUMOylation interplay
was found in a salicylic acid receptor, NONEXPRESSER OF PR GENES 1 (NPR1) essential
for the induction of immune responses. Phosphorylation of serines 55 and 59 blocks the
SUMOylation of NPR1. This step is necessary because protein can be in a latent state under no
stressful conditions. However, upon exposure to pathogens, induction of salicylic acid will
facilitate the phosphorylation of NPR1 at serine 589 and threonine 373 by SnrK2.8 to mediate
the transport of NPR1 from the cytoplasm to the nucleus. In the nucleus, NPR1 is SUMOylated
and probably alters its affinity towards transcriptional repressors for defense genes. Moreover,
SUMOylation is also important for further phosphorylation at serines 11 and 15, which results
in enhanced SUMOylation of NPR1. This enhanced SUMOylated form of NPR1 has an affinity
to bind to the transcriptional activator and induce the expression of downstream genes related
to pathogenesis. Therefore, an interconnection between these modifications can coordinate

input from two different signalling mechanisms to modulate stress responses in plants.

1.5.1 SUMOylation and its role in maintaining homeostasis under stress

SUMO (small ubiquitin-like modifier) proteins are present in single-celled eukaryotes such as
Saccharomyces cerevisiae, plants and mammals. In plants, SUMOylation is important for light
regulation, hormone signalling, development, flowering time, and abiotic and biotic stress
responses (Rosa ., 2018). The critical role of SUMO was highlighted when deletion of only
SUMO isoform, also known as SMT3, in yeast cells leads to loss of cell viability and in
Arabidopsis thaliana sumolsumo2 knockout mutants are embryonic lethal (Morrell and
Sadanandom., 2019 and Roy and Sadanandom., 2021). SUMO protein is an 11kDa protein and
its structure is like ubiquitin containing a signature fold known as the B-grasp fold (Roy and
Sadanandom., 2021). Through, computer analysis only one isoform in yeast was identified,
eight isoforms of SUMO in Arabidopsis and six isoforms of SUMO in rice. In Arabidopsis,
AtSUMO1/2 are highly expressed, and functionally conserved and their expression is regulated
under stress conditions like human SUMO2/3, although other SUMO proteins such as
AtSUMO 3 and 5 are also expressed, they do not maintain their capacity to interact with SUMO
conjugating enzymes, E2 (AtSCE1) (Castafio-Miquel et al., 2011). In rice, transcript analysis

of OsSUMO1/2 showed high-level expression irrespective of genotype and tissues whereas

14



here the authors first time observed OsSUMO3 transcript, however, its expression is tissue and
genotype dependent in their studies (Rosa et al., 2018). On the other hand, Teramura et al.,
2021 reported transcript levels of OsSUMO1, OsSUMO2, OsSUMO3 and OsSUMOS5 were seen
in all tissues which suggest their expression is constitutive. The transcript level of OsSUMO4
was detected in tissue except developing seeds and spikelets and the transcript level of
OsSUMOG6 was detected in tissue except for seeds and developing roots. Taken together,
OsSUMO1, OsSUMO2, OsSUMO3 and OsSUMOS5 are expressed in all tissue except the
expression of OsSUMO4 and OsSUMO6 which shows tissue specificity. Moreover, the in-vivo
analysis demonstrated that all SUMO from rice is involved in SUMOylation. But only
OsSUMOV1/2 are functionally characterized under salt and drought stress (Srivastava et al.,
2016 and Srivastava et al., 2017 ) and no functional analysis has been reported yet for other
SUMOs. Phylogenetic tree analysis also revealed OsSUMO3,4,5 and 6 evolved after
monocotyledons had evolved suggesting their importance, particularly for the Gramineae
family. Recent studies showed the identification of OsSUMO? in the rice genome, and it is

constitutively expressed in all plant organs (Ibrahim et al., 2021).

Likened to ubiquitination, SUMOylation also occurs through a series of biochemical steps
which includes activation, conjugation and ligation of SUMO to the target protein. To begin
with, SUMO proteases — Ubiquitin-like proteases (ULPs) having SUMO peptidase activity will
recognize a carboxy-terminal diglycine (GlyGly) motif in SUMO proteins and via its peptidase
activity will remove 10 amino acids after GlyGly motif to generate mature SUMO. As a result,
the diglycine motif on the SUMO protein is exposed and is ready for conjugation with the
target protein. The next step is the activation of SUMO protein catalyzed by E1 - SUMO-
activating enzymel/2 (SAE1/2). SAE1/2 is a heterodimer of a regulatory subunit SAE1a/SAE1b,
and the other subunit is known as the catalytic subunit, SAE2. The activation involves the ATP
molecule hydrolysis, forming a high-energy thioester bond between the carboxyl group of
glycine (Gly) in SUMO and the sulthydryl group of a cysteine residue in SAE2. The activated
SUMO protein is transferred from SAE2 to a cysteine residue of E2 - SUMO conjugating
enzyme (SCE1) to form the SUMO-SCEI1 thioester complex. The last step involves the SUMO-
SCE1 complex that catalyzes the process of conjugation of SUMO protein on lysine residue in
the target protein via an isopeptide bond between the g-amino group of lysine (K) and glycine
residue of SUMO carboxyl-terminal. Typically, the lysine residue belongs to SUMOylation
consensus motif ¥ KXE/D where ¥ represents a hydrophobic residue, K is the lysine residue

conjugate with SUMO, X is any amino acid and E/D is the presence of either glutamate or
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aspartate. Though the process of conjugation of SUMO to target protein can be directly
catalyzed by E2, however, the interaction between SUMO-SCE1 complex and the target
protein is not sufficient sometimes, therefore, SUMO ligases, E3 are necessary to assist in the
transfer. E3 facilitates the precise positioning between the SCE1-SUMO complex and
substrate. The presence of the SP-RING domain in E3 ligase aid the interaction between SCE
and substrate (Figure 1.2).
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Figure 1.2: The SUMO cycle — a brief overview.

The SUMO cycle begins with the maturation of SUMO from precursor SUMO via a SUMO ULP
protease. Peptidase activity of ULPs results in cleaving 10 amino acids after the diglycine motif in
SUMO. Mature SUMO is activated by the E1 enzyme which aids ATP hydrolysis and facilitates the
complex formation between SAE2 and SUMO. The complex is transferred from SAE2 to SCE1, E2.
SUMO-SCEI catalyzes the process of SUMOylation onto a lysine residue of the target protein.
However, SUMO E3 ligase precisely transfers the SUMO from SCE1 onto target proteins. SUMO E4
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is a further step in the SUMO cycle and promotes the formation of SUMO chains. Finally, SUMO
proteases — ULPs or DeSls will cleave the SUMO from the target protein via a process known as
deSUMOylation to make pools of free SUMO, thereby, making the process of SUMOylation reversible.
Image adapted from Clark, L., Sue-Ob, K., Mukkawar, V., Jones, A.R. and Sadanandom, A., 2022.
Understanding SUMO-mediated adaptive responses in plants to improve crop productivity. Essays in
biochemistry, 66(2), pp.155-168.

a. E1-SUMO-activating enzyme

In Arabidopsis and rice, the E1-SUMO activating enzyme consists of three subunits- SAE/a,

SAE1b and SAE2. El activating enzyme catalyze the first step in the SUMO conjugation
pathway, therefore, E1 plays very essential roles in a eukaryotic system. Especially, catalytic
subunit-SAE?2 catalysis majority of function and mutation of SAE in Arabidopsis, Atsae?2, affect
the early development of plants as Atsae2 mutant plants are embryo lethal. Therefore, limited
data is available on the role of AtSAE2 in response to stress conditions, but probably it is
because Atsae? mutants are embryo lethal. Conversely, Atsaela mutants are viable and its role
in abiotic stress has been proposed. Atsaela mutants when subjected to heat and drought
treatment exhibited defects in phenotype and subsequently reduced SUMO-conjugation
accumulation. Currently, information about Atsaelb null mutants under stress conditions is
still unknown. The role of OsSAEla is well established for maintaining nutrient homeostasis
(specifically P and N) in rice, however, the role of OsSAE1b and OsSAE?2 in stress conditions
is still unknown (Vivek et al., 2017, Morrell and Sadanandom., 2019 and Clark et al., 2022).

b. E2-SUMO Conjugating enzyme

The SUMO-conjugating enzyme, AtSCE is a critical enzyme within the SUMO cycle because
it can aid the SUMO conjugation directly to the target protein. Interestingly, A¢SCE[ mutants
are embryonic lethal i.e., embryo development is arrested at an early stage. AtSCE] mutants
being embryonic lethal, the information about its role in stress is limited. However, crops have
several genes encoding SCE1 (Figure 1.3). In rice, three SCEs genes were discovered-
OsSCE1, OsSCE?2 and OsSCE3 and their responses under abiotic stresses have been observed.
OsSCE1 expression was greatly induced by polyethylene glycol 6000 (PEG6000), which
ultimately suggests that OsSCE1 protein might involve in mounting adaptive response during

drought conditions (Nurdiani et al., 2018). Moreover, reports from Nigam et al.,2008 showed
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that OsSCE1 and OsSCE?2 transcript levels were changed by high temperatures. Interestingly,
OsSCE3 has been shown to improve tolerance to drought conditions in rice and growth
recovery was 90-96% observed after 2 days of drought stress when compared with WT with a
recovery rate of 40-64% (Clark et al., 2022).

c. E3- SUMO ligase

Unlike Arabidopsis E1 and E2 knockouts, SUMO E3 ligase mutants are viable but were
phenotypically dwarf and surprisingly, the mutant has shown effective responses in various
stress conditions. AtSIZ1 ligase regulates responses to abiotic stresses such as high salt, heat,
drought, phosphorus deficiency and low temperature. Yoo et al., 2006 showed that the siz/
mutant shows thermal hypersensitivity, and on other hand, Catala et al., 2007 demonstrated
that the siz/ mutant has a lower tolerance to drought stress. Reports from Miura et al., 2007
showed that SUMOylation of ICE1 by SIZ1 dependent pathway will activate the expression of
CBF3/DREBIA and downregulation of MYB15 expression results in conferring tolerance to
low temperature. AtSIZ1 is a positive regulator of basal thermotolerance, drought tolerance,
and conferring tolerance under low temperature, whereas AtSIZ1 mediated SUMOylation can
control mechanism that acts both positively and negatively under phosphate deficient
conditions (Miura et al., 2005), while mutations in S/Z/ enhance tolerance to salt stress (Miura
et al.,, 2011). The data clearly suggest the important role of AtSIZ1 in plant growth and
development under stress conditions. The SUMO E3 ligase OsSIZ1 of rice also exhibited
conserved functions like AtSIZ1. Overexpressing OsSIZ1 in Arabidopsis, improve
thermotolerance and enhance tolerance to both salinity and drought stress (Mishra et al., 2018).
In ossizl mutants, total phosphorus (P) and phosphate (Pi) was increased than WT type
irrespective of Pi supply (Wang et al., 2015). Heterologous expression of OsSIZ1 in cotton
plants has also been shown to increase drought tolerance, improve growth, and increase fibre
yield (Clark et al., 2022). Overexpression of OsSIZ1 in creeping bentgrass significantly
improves performance under water and heat stress by modulating root growth, enhancing water

retention and cell membrane integrity when compared to WT controls (Li et al., 2012).

In Arabidopsis, another E3 ligase AtMMS21/AtHPY2 has been shown to negatively regulate
drought tolerance. Knockout of the AtMMS21/AtHPY? is viable and beneficial in response to
drought stress but it is accompanied by undesirable severe defects that are not worth the trade-

off. OsMMS21, a SUMO ligase is a homolog of AtMMS21 where OsMMS21 rice T-DNA
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mutant exhibits a dwarfism phenotype that indicates the involvement in rice development. The
author also showed OsMMS21 is probably involved in responses mediated by auxin. However,
the characterization of OsMMS21 is yet to be done (Jiang et al., 2021). Conversely, OsHPY2.2

expression was decreased in shoot tissues under drought stress (Margarida PhD thesis, 2019).

d. E4 Ligases

E4 SUMO ligases function by promoting SCE1-dependent SUMO chain formation and are
currently not as vastly identified in crops in comparison with Arabidopsis as observed in other
SUMO components (Figure 1.3). Atpiall and Atpial? mutants demonstrated improved growth
performance when seedlings are subjected to salinity and osmotic stress. The literature is again

limited regarding the role of crop E4 ligases in stress responses (Clark et al., 2022).

e. SUMO proteases

SUMO proteases are an important component within the SUMO cycle because SUMO
proteases carry out two key functions in the SUMO system. First, immature SUMO undergoes
maturation by cleaving 10 amino acids after the diglycine motif via SUMO proteases’
hydrolase/peptidase activity. Secondly, SUMO proteases cleave SUMO from the target protein
via isopeptidase activity resulting in a pool of free SUMO. This process makes SUMOylation

a reversible modification.

In the ubiquitin system, E3 ligases are assumed to provide specificity in ubiquitination due to
an enormous number of E3 ligases. In contrast to the ubiquitin system, only a few E3 ligases
are identified in the SUMO system. On the other hand, a significant number of SUMO
proteases have been identified which probably suggests that SUMO proteases provide
specificity in the SUMO system in Arabidopsis and other crop plants (Figure 1.3).

19



Number of genes

w

o

Species

. A. thaliana

. G. max

. O. sativa

B 7. cettoices

. S. lycopersicum
1 - S. tuberosum

. Z. mays

SUMO E1 E2 E3 E4 uLP Des!
SUMOylation components

Figure 1.3: Collective summary of the SUMO components involved in the SUMO cycle of
Arabidopsis thalinan, soybean (G.max), rice (O. sativa), tomato (S.lycopersicum), potato
(S. tuberosum), and maize (Z.mays). Image adapted from Clark, L., Sue-Ob, K., Mukkawar, V.,
Jones, A.R. and Sadanandom, A., 2022. Understanding SUMO-mediated adaptive responses in plants
to improve crop productivity. Essays in biochemistry, 66(2), pp.155-168.

Currently, all the SUMO proteases identified are cysteine proteases because they have cysteine
residue in their active site which is critical for proteolytic cleavage. SUMO proteases identified
are either the ULPs (Ubiquitin-like proteases) or DeSI (DeSUMOylating isopeptidases).
Cysteine proteases are characterized by proteolytic mechanisms and therefore, ULPs belong to
the CE clan and DeSI belongs to the CP clan. Presently, in Arabidopsis, eight ULPs have been
identified and six of them are characterized as SUMO proteases. AtOTSI and AtOTS2 were
identified in response to salinity stress where it was observed that during high-salt growth
conditions, AtOTS1/OTS2 were degraded to regulate salt stress response, on the other hand,

Atotslots2 double mutants exhibited extreme sensitivity to salt stress. Likewise, AtOTS1/2 is
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also responsible for the deSUMOylation of auxin response factor 7 (ARF7) to provide roots
with hydropatterning during wet environments by forming lateral roots in the direction of
water-regulating osmotic stress. Bailey et al., 2016 reported Afotslots2 double mutants
displayed increased resistance to virulent P.syringae and increased levels of SUMO
conjugation and salicylic acid. Thereby, AtOTS1/OTS2 has also have shown to play a role in
immunity. Other ULPs such as AtSPF'1 and AtSPF2 have been shown to play role in immunity
by facilitating the SUMOylation of WRKY 33 during infection from Botrytis cinerea and flg22
treatment. Phosphorylation of WRKY33 is mediated by SUMOylation which facilitates the
interaction of mitogen-activated protein kinases (MAPKs), MAPK3 and MAPK6. Other than
ULPs, there is inadequate literature regarding the role of DeSI proteases in the Arabidopsis,
but Orosa et al., 2018 have shown that AtDesi3a protease plays important role in FLS2-
mediated immunity. Induction of flagellin caused degradation of AtDesi3a which promotes the
SUMOylation of FLS2. As a result, BIK1 is dissociated from the FLS2 complex and thereby

activates PTI intracellular immune signaling.

When it comes to the role of SUMO proteases in the response to stress in crops very little is
known; however, recent reports have shown eight ULPs are identified, and some reports also
showed twelve ULPs inrice (Yates et al., 2016). Though, the role of only two ULPs - OsOTS1
and OsOTS2 has been reported in salt and drought stress in rice. Rice transgenic lines
overexpressing OsOTSI have been shown to degrade under increasing levels of salinity,
indicating that SUMO conjugation in rice plants is important for enhancing salt tolerance by
downregulating the activity of OsOTS1/2 protease activity. Moreover, OsOTS! has also been
shown to mediate drought tolerance in rice plants. The promoter of the OsOTS3 gene has light-
regulation cis-acting regulatory elements (CREs), however, Rosa et al., 2018 also showed the
basal expression levels of OsOTS3 were low in both LC and Nipponbare rice varieties.
Knockout of OsFUGI exhibits defects in seed fertility, seed weight and panicle architecture
whereas knockout of OsELSI rice plants will show reduced plant height and defects in
flowering time (Rosa and Abreu., 2019). In current literature, there is no identification of DeSI
proteases in any crops due to their recent characterization in Arabidopsis. DeSI proteases from
Arabidopsis have a PPPDE domain (catalytic domain, HXNCN) and by using the domain to
search in the rice genome (kindly helped received by Miss Kawinnat Sue-ob), 10 OsDeSIs
were identified (Figure 1.4). But further validation of these OsDeSI is required in the future.
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Figure 1.4: Phylogenetic analysis of the DeSI genes of rice and Arabidopsis. The protein
sequences were aligned by MEGA X and constructed a phylogenetic tree by the maximum likelihood
method with 1000 bootstraps.

1.6 Emerging role of SUMOylation in regulating Pi starvation responses

Post-translational modification such as SUMOylation has emerging importance in abiotic and
biotic stress responses. A unique characteristic of SUMO is that there will be a strong increase
in SUMO conjugates under stress conditions; this pattern of SUMO conjugation under stress
conditions has been seen to be conserved in all eukaryotic systems. The role of SUMOylation
is well studied, especially in Arabidopsis, under various abiotic stress responses, including
water availability, salinity, extreme temperatures, oxidative stress, and nutrient imbalance.
Previous literature had showed the critical role of A£SIZ1 in controlling Pi-starvation responses.
sizl seedlings display the exaggerated response that is correlated with Pi deficiency which
includes cessation of primary root length while increasing root hair number and length and
lateral root number, anthocyanin accumulation and shoot/root ratio is decreased. The data
indicate that AtSIZ1 is a negative regulator of signalling under Pi deficiency that regulate root

system architecture and anthocyanin accumulation. Under low Pi, mRNA levels of Pi
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starvation-responsive genes — AtPS3, AtPT2 and AtPS2 were increased in siz/ seedlings.
Increase expression of these genes results in a change of root architecture and anthocyanin
accumulation thereby indicating the critical role of involvement of AtSIZ1 in the Pi starvation
sensing mechanism. Interestingly, AtSIZ1 can also act as a positive regulator in the P-starvation
response pathway. Transcript accumulation of A¢/PS1 and AtRNS! is reduced in siz/ seedlings
as compared to the wild type. Activation of these genes will promote the interaction of AtPHR1
with the PIBS motif in the promoter of these genes. The authors also showed A£SIZ1 involved
in the SUMOylation of AtPHRI1. The hypothesis is that SUMOylation of AtPHR1 will activate
the transcription of A¢#/PSI and AtRNSI genes in Pi deprivation. This paper confirms that
AtSIZ1 mediated SUMOylation of AtPHRI1 positively controls the transcription activation of
AtIPS] and AtRNSI, however, SUMOylated-AtPHR1 do not show significant phenotypic
change or on the expression of AtPS3, AtPT2 and AtPS2, thereby negatively controlled by
AtSIZ1 (Miura et al., 2005). Fujii et al., 2005 also demonstrated that ubiquitin-conjugating
enzyme (UBC) is the target of miR399 and it downregulates the accumulation of UBC
transcript to control the plant responses to Pi deficiency. Authors hypothesized that since
AtSIZ1 is involved in regulating Pi starvation responses, it may be possible that UBC functions
together with E3 ligase from the SUMOylation pathway. Another MYB transcription factor,
MYBG62, is activated in response to low Pi which can be dependent on translational regulation
by SUMOylation (Yang et al., 2010). LPR2 regulates the response in roots when local Pi
changes and was also identified as a SUMOylated protein. But whether SIZ1 or MMS21
specifically recognizes LPR2 is still unknown. Two purple acid phosphates (PAP10 and
PAP26) respond to Pi starvation by controlling internal Pi recycling or Pi release from
organophosphates for plants to uptake and have also been found as being SUMOylated (Pan et
al., 2019).

Following work on the characterization of AtSIZ1, OsSIZ1 was also characterized to
investigate the role of Pi starvation responses in rice. The transcript level of OsSIZI does not
change in response to changes in Pi supply. This could be because SUMOylation might affect
the protein that functions downstream of SIZ1. ossiz/ mutants have increased total P and Pi
concentrations in both shoots and roots under high and low Pi supply therefore, expression of
phosphate transporter (PT) genes involved in Pi response were evaluated. The transcript level
of OsPT$8 and OsPTI was increased in ossiz/ mutants, especially under Pi starvation, thereby
it is likely to increase Pi acquisition. On the other hand, the expression of another PTs such as

PT2 and PT6 are negatively regulated by OsSIZ1. Homolog of Arabidopsis miR399 in rice,
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OsmiR399a expression is suppressed in ossiz/ mutants. The data suggest that OsSIZ1 can act
both positively and negatively to regulate the genes involved in the Pi starvation mechanism in
rice, which agrees with the literature in Arabidopsis. Potential SUMO sites are found in
OsPHR?2, and its expression is a change under Pi-replete conditions in ossiz/ mutants (Wang
et al., 2015). Pei et al., 2017 showed that like OsSIZ1, OsSIZ2 have similar effects on the
expression of transcription factors- OsPHR1 and OsPHR?2, Pi transporter — OsPT1 and OsPT8
and ossiz2 mutants have increased levels of Pi and total P in different tissues. Taken together,
the author showed that OsSIZ2 acts positively and negatively to govern Pi homeostasis, but

OsSIZ1 will have a pronounced effect in regulating Pi starvation responses in rice.

The functional role of other SUMO components was also investigated such as OsSAE!a.
Mutation in OsSAEa effect shoot and root length i.e., there is a reduction in both parameters
in high and low Pi when compared to WT plants. Further investigation suggested that higher
uptake of Pi in +P and -P in roots of RNAI lines of OsSAE1a, indicating its negative role in Pi
acquisition. In the contrast, there is a similar distribution of Pi in shoot and roots between WT
and RNAI lines regardless of Pi supply suggesting the role of OsSAE]la is not involved in the
mobilization of Pi. Overall, mutation of OsSAEla has a differential effect on total P

concentration in a tissue-specific manner under low and high Pi conditions (Pei et al., 2020).

The recent findings on the role of SUMO components in regulating Pi homeostasis in both
Arabidopsis and rice are exciting. Given the reversible and dynamic nature of SUMO in stress
conditions, it governs the physiology, morphology, biochemistry and molecular level of
proteins in response to phosphate starvation. Even though work has been done to elucidate the

role of SUMO in Pi regulon, many intriguing questions remain to be answered.

1.7 The implication of SUMO in future-proofing crops against climate change

There is limited literature about the role of SUMO in crops therefore, it is important to study
SUMO components in Arabidopsis and how these SUMO components provide a mechanism
of defense against abiotic and biotic stresses. The studies in Arabidopsis will provide an outline

of SUMOylation machinery in crops. Figure 1.3 showed that number of SUMO components,
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particularly E2, E3, and ULPs genes have expanded in crops - soybean (G.max), rice (O.
sativa), tomato (S./ycopersicum), potato (S. tuberosum), and maize (Z.mays) when compared
with Arabidopsis. This increase is likely ascribed to an evolutionary advantage in crops to
enable their survival and the requirement of extra SUMO genes in crop species to provide an
extra layer of regulation that is not needed in Arabidopsis. Thus, SUMO reveals a conserved
core stress response pathway in model plants and crops. Identification of SUMOylated targets

regulating adaptive responses could pave the way to generating stress-tolerant crops.

The aim of this PhD project was to investigate the role of SUMOylation in regulating
OsPSTOL1 mechanism to confer tolerance to plants under Pi-starved conditions. We examine
effect of SUMOylation on the PSTOLI kinase activity and target selectivity, localization and
PSRs in rice and Arabidopsis.

1.8 Study objectives

The main objectives of this work are as follows:

a. Investigating the SUMOylation status of PSTOL1 and the non-SUMOylatable version
of PSTOLI and furthermore, determine the role of SUMO sites in regulating the
autophosphorylation activity of PSTOLI.

b. Investigating the targets of PSTOL1 by employing Yeast two-hybrid and Co-

immunoprecipitation techniques.
c. Characterization of PSTOL1 and the non-SUMOylatable version in a heterologous
system, Arabidopsis through phenotypic analysis of PSTOL1 transgenic lines under

different Pi regimes.

d. Characterization of PSTOL1 and the non-SUMOylatable version through phenotypic

analysis of overexpressing PSTOL1 rice transgenic lines under high and low Pi.
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Chapter 2

Materials and methods

2.1 Materials

The Nicotiana benthamiana leaves, rice and Arabidopsis seedlings were used as plant

material for experimental work in this thesis.

The chemicals used for the experimental work in this thesis were bought from Sigma-

Aldrich, Fisher Scientific, VWR, New England Biolands or Melford.

2.1.1 Vectors
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Table 2.1 Vector size and antibiotic resistance used

Vector Size (bp) Promoter Resistance Purpose
pENTR D-TOPO 2580 N/A Kanamycin Gateway entry
vector
pENTR4 dual 3757 N/A Kanamycin Gateway entry
vector
pJET 1.2 2974 T7 promoter Ampicillin Cloning vector
pEarlygate 104 12,505 35S Kanamycin N-terminal YFP
promoter tag plant
expression
pEarlygate 201 11,779 35S Kanamycin N-terminal HA
promoter tag destination
vector
pEarlygate 100 11,648 35S Kanamycin Destination
promoter vector with no tag
pMAL c5X 5677 laclq Ampicillin Expression and
promoter purifying of
recombinant
MBP fused
protein in E.coli
pDEST 32 12266 ADHI1 Gentamicin Yeast two hybrid
promoter screening
pDEST 22 8930 ADHI1 Ampicillin Yeast two hybrid
promoter screening
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2.1.2 Bacterial Strains

Table 2.2 List of bacteria used in this study

Organism Strain Resistance Purpose

GV3101 Rifampicin and Gentamicin Arabidopsis

Agrobacterium
transformation

tumefaciens
and

N.benthamiana
transient

transformation

Escherichia coli DH5alpha n/a For maintaining

and propagation

of plasmid

Escherichia coli BL21 (DE3) Chloramphenicol, For expressing

Streptomycin, Kanamycin protein

Escherichia coli CCDB+ For propagation

of empty

plasmid
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2.1.3 Yeast strains

Table 2.3 List of yeast strain used in this study

Yeast species Strain Genotype Use
Saccharomyces | Pj69-4a | MATalpha trp1-901 leu2-3 ura3-52 his3- | Yeast two hybid
cerevisiae 200 gal4gal80v LYS::GALI-

HIS3 GAL2-ADE2 met::GAL7-lacz
YM4271 | MATa, ura3-52,his3-200,ade-101,ade5, Yeast two hybid
lys2-801,leu 2-3,112, trp1-901,tyr-
501,gal4D,gal8D,ade::hisG
2.1.4 Antibodies
Table 2.4.1 List of primary antibodies
Antibody Host Working Supplier
Concentration
(TBST)
Anti-FLAG Mouse 1:8000 Sigma Aldrich
Anti-GFP Rabbit 1:10000 Abcam
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Anti-SUMO1 Rabbit 1:2500 Manufactured
inhouse

Anti-HA Rat 1:2500 Sigma Aldrich

Anti-MBP Mouse 1:10000 NEB
Table 2.4.2 List of secondary antibodies
Antibody Host Working Supplier
Concentration
(TBST)

Anti-Rat-HRP Goat 1:20000 Sigma Aldrich
Anti-rabbit-HRP Donkey 1:20000 Abcam
Anti-mouse-HRP Rabbit 1:20000 Sigma Aldrich

2.1.5 Enzymes
Table 2.5 List of enzymes used in this thesis
Enzymes Supplier
Polymerases MyTaqTM Red Mix Bioline
Q5® Hot Start High-Fidelity DNA Polymerase New England BioLabs
Brilliant III Ultra-Fast SYBR® Green Agilent technologies
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Gateway Life Technologies pENTR D-TOPO

Thermo Fisher

Life Technologies Gateway cassette LR clonase

II

Thermo Fisher

Reverse Transcription Invitrogen SuperScript® I1

Reverse Transcriptase

Thermo Fisher

Invitrogen RNaseOUT™ Recombinant

Ribonuclease Inhibitor

Thermo Fisher

T4 DNA ligase New England BioLabs
DNasel Promega
Restriction Enzymes- Pvul HF, Sall, Pstl, BglII New England BioLabs

2.1.6 Antibiotics

Table 2.6 Working and stock concentration of antibiotics used in the study.

Antibiotic Stock Solution Working Supplier
(mg/ml) Concentration
(ng/ml)
Kanamycin 50 50 Melford
Hygromycin 40 40 Melford
Basta (Glufosinate 20 20 Flurochem

ammonium)

Rifampicin 25 50 Duchefa Biochemie
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Gentamicin 25 25 Melford

Streptomycin 100 50 Melford
Carbenicillin 50 50 Melford
Chloramphenicol 34 34 Duchefa Biochemie

2.1.7 Ladders

Table 2.7 List of ladders

Ladder Supplier
DNA hyperladder™ 1Kb plus Bioline
50bp DNA ladder NEB
Page Ruler™ Plus Prestained Protein Thermo fisher
Ladder

2.1.8 Kits

Table 2.8 List of Kits used in this thesis

Kits Supplier

ZR Plasmid Miniprep™ isolation kit Zymo
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Zymoprep yeast Plasmid Miniprep 11 Zymo

Gel DNA recovery kit Monarch®
pENTR/D-TOPO cloning kit Thermo Fisher
MACS®microbead system Miltenyi Biotech
DNeasy®Plant Mini kit Qiagen
NEBExpress®MBP Fusion and Purification NEB
system

ProQuest™ Two-Hybrid System with Thermofisher

Gateway™Technology

2.1.9 Buffers

Ultrapure deionized water was used to make all buffers.

TE Buffer:
0.01% Tris-HCI pH 7.5
0.001% EDTA

SOC:
2% tryptone

0.5% yeast extract

0.05% Nacl

0.019% KCl
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TAE buffer:

after autoclaving add 0.036% glucose and

0.001% Mgcl,

2M Tris-HCI
5.71% Glacial acetic acid

0.06M disodium EDTA

Genomic DNA extraction buffer from Arabidopsis seedlings:

0.2% Tris-HCI (pH 7.5)
0.25% NaCl
0.025% EDTA

0.5% sodium dodecyl sulphate (SDS)

Genomic DNA extraction buffer from rice seedlings:

For yeast
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PEG 3350 8ml of 50% PEG 3350

1M Lithium Acetate (LiAc) 10.2g lithium acetate was dissolved in

100ml deionized water

0.9% NacCl 0.9g of NaCl in 100ml deionized water and
autoclave
1.1X TE/LiAc 1.1ml of 10X TE buffer was combined with

of IM LiAc (10X). The volume was made

upto 10ml

For protein expression and analysis

SDS-PAGE running gel:
0.38 M Tris-HCI (pH 8.8 at 25°C)
0.1% Sodium dodecyl sulphate(SDS)
8-15% (w/v) 29:1 Acrylamide:Bis-
acrylamide
0.05% (w/v) Ammonium persulphate

(APS)
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SDS-PAGE stacking gel:

4x SDS Loading Buffer:

10x SDS-PAGE Running Buffer:

36

0.07% (v/v) Tetramethylethylene-diamine

(TEMED)

132 mM Tris-HCI (pH 6.8 at 25°C)

0.1% SDS

4% (w/v) 29:1 Acrylamide:Bis-acrylamide
0.05% (w/v) APS

0.15% (v/v) TEMED

200mM Tris-HCI (pH 6.8 at 25°C)
8% (w/v) SDS

50mM EDTA

20mg Bromophenol blue

4% w/v B-mercaptoethanol

40% (v/v) glycerol

250mM Tris-HCI (pH 8.3 at 25°C)

1.9M glycine



1x SDS-PAGE Running buffer:

Coomassie Stain:

Coomassie Destain:

10x Transfer Buffer:

37

1% (w/v) SDS

25mM Tris-HCI (pH 8.3 at 25°C)
190mM glycine

0.1% (w/v) SDS

0.25% (w/v) Coomassie Brilliant Blue
R-250
10% (v/v) MeOH

10% (v/v) glacial acetic acid

10% (v/v) MeOH

10% (v/v) glacial acetic acid

250mM Tris

1.9M glycine



1x Transfer Buffer:

10x TBS:

1x TBST:

Blocking Solution:

ECL Solution 1:
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25mM Tris
190mM glycine

20% (v/v) MeOH

500mM Tris (pH 7.4 at 25°C)

9% (w/v) NaCl

50mM Tris (pH 7.4 at 25°C)
0.9% (w/v) NaCl

0.1% (v/v) Tween20

5% (w/v) non-fat milk powder in 1xXTBST

2.5mM luminol

0.4 mM p-coumaric acid

100mM Tris pH 8.5



ECL Solution 2:

0.02% hydrogen peroxide

100mM Tris pH 8.5

SUMO Extraction Buffer:
(For Arabidopsis)

ImM EDTA
1% (v/v) NP-40
0.5% (w/v) Sodium deoxycholate
0.2% (w/v) SDS
20mM NEM
50mM Tris-HCI (pH 8.5 at 25°C)
150mM NaCl
1 protease inhibitor cocktail tablet

SUMO Extraction Buffer

(For Rice)

25mM Tris-HCI (pH 8)
150mM NaCl

ImM EDTA
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CO-IP Buffer:

40

0.7% (v/v) NP-40

0.25% (w/v) Sodium deoxycholate
70mM NEM

2% Glycerol

0.1% Triton X-100

20mM MgCl

50mM KCl

1 protease inhibitor cocktail tablet

150mM NaCl

50mM Tris-HCI (pH 8 at 25°C)
5SmM EDTA

10% (v/v) glycerol

0.1% (v/v) Triton-X

10mM DTT

1 protease inhibitor cocktail tablet



Ponceau S Stain:
0.5% (w/v) Ponceau S

1% (v/v) glacial acetic acid

Elution buffer:

50mM Tris base

20mM Reduced glutathione, pH 8.0
IMIPTG: 238.31mg IPTG in Iml MQ water; filter

sterile

Column buffer:
20Mm Tris HCI pH=7.4
200mM Nacl

ImM EDTA

0.5M Maltose: 3.603g maltose in 20ml MQ water.

Kinase reaction buffer (10x):

25mMTris HCI1 pH=7.4
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SmM MgCl,
20mM ATP
2.5mM EDTA
ImM DTT
25mM ATP
5mM BGP
20mM Na3zVO3
2.5mM EGTA

50mM MnClz

Phostag 5mM Phos-tag

2.2 Media

2.2.1 For Bacteria

Luria Bertani broth:
2% LB broth (lennox)
1% microagar (if required)

After autoclave, add appropriate antibiotic
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Rich medium+glucose+carbenicillin:
2% LB broth (lennox)
2g glucose per liter, autoclave

sterile carbenicillin was added to media

2.2.2 For Yeast

YPDA:
1% yeast extract
2% peptone
2% glucose
0.01% adenine hemisulfate

1.2% microagar

Synthetic defined (SD) medium:
2.67% DOB
0.079% CSM

2% agar

1M 3-amino-1,2,4-triazole (3-AT): 0.84¢g 3-AT dissolved in MQ water
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2.2.3 For Arabidopsis

2 MS (Melford) for growing Arabidopsis seedlings:
0.22% Murashige & Skoog Basal Salt
Mixture
0.8% phytoagar (if required)
1% sucrose (if required)

pH 5.7 with KOH

Murashige & Skoog Modified Basal Salt Mixture (phytotech lab):
0.61% Murashige & Skoog Basal Salt
Mixture
0.8% phytoagar (if required)

pH 5.7 with KOH

2.2.4 For Rice (Oryza sativa)

2 MS (Melford) for growing Rice seedlings:
0.22% Murashige & Skoog Basal Salt
Mixture
0.4% Gerlite (if required)

1% sucrose
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pH 5.7 with KOH

Murashige & Skoog Modified Basal Salt Mixture (phytotech lab):

0.61% Murashige & Skoog Basal Salt

Mixture

0.35% phytoagar (if required)

pH 5.7 with KOH

Yoshida Growth media for growing rice seedlings

Table 2.9 Preparation of stock solutions

Element Reagent Preparation
g/1L of distilled water
N NH4NO3 91.4
P NaH>PO4.2H,0 40.3
K K> SO4 71.4
Ca CaCl, 88.6
Mg MgSO4 - 7TH20 324
After dissolving macronutrients, pH was adjusted to 4.5 with concentrated HNO3;, Make up
to 1 litre volume with distilled water.
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Mn MnCl,-4H,0O 15
Mo (NH4)6-M0O7024-4H40 0.74
B H3BO:3 9.34
Zn ZnSO4-7H20 0.35
Cu CuSO4-5H20 0.31
Fe FeEDTA
Citric acid (monohydrate) 119

The nutrient media was prepared according to concentration of each component mentioned in

Table 2.9 expect the final concertation of phosphorus (NaH>PO4.2H>O) was modified to

100uM (high Pi) and 3uM (low Pi) respectively.

Modified Phosphate media

For preparing modified phosphate media to examine the Arabidopsis seedlings under different
phosphate condition, MS media (Duchefa) lacking nitrogen, potassium and phosphorus was
used. Nitrogen (NHsNO3) and potassium (KNOs3) were supplemented according to
concentration mentioned for full strength MS. Later, final concentration of phosphorus

(KH2PO4) was added to media to prepare for high (1.25mM) and low Pi (3uM) media

respectively.
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2.3 Plant Growth and treatment

2.3.1 Nicotiana benthamiana growth

N.benthamiana seeds were sown onto moist Levington F2 plus sand compost in a tray. To
maintain the humidity for seedlings the tray was covered with a lid. The seedlings were grown
in a growth room with temperature of 21°C and a 16/8-hour light/dark programme. 1-week
seedlings were transferred into individual 10cm pots where they were allowed to grow under

same conditions until the plants had produced 5-7 leaves.

2.3.2 For Arabidopsis thaliana

Arabidopsis thalianatissue culture

All Arabidopsis seedlings were grown on 2 MS medium (Melford) or full-strength MS
(phytotech) with 0.8% agar. Media was allowed to cool down to 50°C before adding selective

agents.

Arabidopsis thaliana sterilization for tissue culture

Arabidopsis seeds were sterilized using chlorine gas generated from the reaction between 3ml
concentrated hydrochloric acid and 97ml of 12% hypochlorite solution. The sterilization was
set up in a closed box in a fume hood. The seeds were allowed to sterilize for 10-12 hours
before being ventilated in laminar hood to remove chlorine gas. The seeds were placed on Y2

MS or full MS plates, and the plates were sealed with micropore tape (3M). The sealed plated
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were transferred for stratification at 4°C for 3 days. After 3 days, the plates were then placed

vertically at 21°C temperature in 16/8-hour light/dark programme in a Sanyo growth cabinet.

Arabidopsis thaliana growth

Arabidopsis seeds were sown in most Levington F2 plus sand compose treated with Calpyso
SC 480 insecticide (Bayer). The seeds were then stratified for 3 days at 4°C before being
transferred to growth room. The plants were grown under long day conditions: 16light hours

at 22°C and 8 dark hours at 20°C with a constant relative humidity of 70%.

2.3.3 For Rice (Oryza sativa)

Rice tissue culture

Rice seedlings were grown on 2 MS medium, 1% sucrose and 0.4% gerlite. Media was

allowed to cool down to 50°C before adding selective agents.

Rice seeds sterilization for tissue culture

The mature rice seeds were dehusked with a rice husker and seeds were collected into a sterile
50-ml tube. The seeds were surface sterilized in 20ml of 70% ethanol for 10seconds and then
in 25ml of 2% sodium hypochlorite for 22-25minutes with shaking. The seeds were rinsed with
sterile water for 5 times. Extra water was removed, and the seeds were placed on %2 MS plates.

The seeds were stratified at 28°C for 3 days before transferring them to light at 28°C.

48



Rice growth

The 7-10 days old seedlings were transferred to John Innes number 2 soil in 60cm pots . The
pots were kept in growth room with a temperature 28°C. The plants were raised in 16/8 hours

photoperiod with approximately 70% relative humidity.

2.4 Raising and selection of PSTOL1 transgenic lines in Arabidopsis thaliana and Rice

2.4.1 Floral dipping of Arabidopsis thaliana

The floral dip method was followed as described by Clough and Bent 1998. Protein expression
vectors with gene of interest cloned is transformed into Agrobacterium tumefaciens strain
GV3101 (pMP90). Positive colonies are streaked on plates with Rifamycin, gentamycin and
kanamycin (specific to vector transformed into Agrobacterium strain). 10ml of liquid LB with
same selection was inoculated from freshly streaked plates and grown overnight at 28°C with
shaking at 200rpm. 1% of starter culture was inoculated into 500ml of liquid LB with
appropriate selection and grown at 28°C with shaking at 200rpm for 24hours. The cells were
centrifuged at 4500rpm (3170g) for 10minutes, and supernatant disposed. The cells were
resuspended in 400ml 5% (w/v) of sucrose in sterile water. 0.02% of Silwett-L77® was added
to the culture. The stage of Arabidopsis plants is very important for the floral dipping. 4-5-
week-old grown under long-day condition with unopened inflorescence is the best stage for
having maximum positive transformants. The bolts were dipped for 30 seconds with agitation.
Once dipping was over, the plants were laid down in trays and covered with plastic dome for
24 hours for maintaining humidity. The plastic dome was removed after 24 hours, and plants
were allowed to stand upright. The plants were allowed to grow in 16/8-hour light/dark

programme in a growth room until they set seeds.
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Selection of transgenic Arabidopsis thaliana

T1 (primary transformants) were selected by spreading seed on soil soaked with 0.1%
Glufosinate (marketed as Basta, Bayer). The seeds were stratified for 2 days at 4°C. The
resistant seedlings were selected after 3 weeks and transferred to fresh soil with no selection.
The seedlings were grown under long day conditions until plants set seeds. T2 (second
generation) seeds were collected and sterilised as described above. The seeds were spread on
%2 MS plates supplemented with 20mg/ml final glufosinate-ammonium (BASTA) and the
plates sealed with micropore tape (3M). The seeds were stratified at 4°C for 3 days. The plates
were then moved to growth cabinets and grown for 10-12 days. At this stage, the seedlings
were screened for resistance at a ratio of 3:1 (resistance : susceptible) to select for transgenics
containing a single transformation insert. Few seedlings were picked out from selected lines
and were transferred to soil with no selection. Plants were allowed to set seed and T3 (third
generation) seeds were collected for screening again. T3 seeds were sterilised and spread on /2
MS plates supplemented with 20mg/ml final glufosinate-ammonium and the plates sealed with
micropore tape (3M). The seeds were stratified at 4°C for 3 days. The plates were then moved
to Sanyo growth cabinets and grown for 10-12 days. The plants were then screened for
complete resistance indicating the homozygous state of plants. Again, seedlings from selected
lines were then transferred to soil without selection. The individual plants were allowed to grow

in long-day conditions to set seeds.

2.4.2 Generation of PSTOL1 transgenic lines in rice (kindly done by Dr.Cunjin Zhang)

The full length CDS sequence of OsPSTOL1 was amplified from Kasalath genomic DNA and
cloned into pDTOPO vector. The gene was subcloned into binary vector pIPKb002 which has
ubiquitin promoter. The construct was introduced into Agrobacterium tumefaciens strains

EHAT105 and then transformed into rice (O.sativa cv Nipponbare).
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Selection of transgenic rice by evaluating the transgene copy number

At TO stage, the pure genomic DNA from rice seedlings was isolated using the DNeasy®Plant
Mini kit (Qiagen). SYBR Green qPCR (Quantitative polymerase chain reaction) was carried
out in thermal cycler Rotorgene Q. To calculate the PSTOL1 copy number, a relative
quantification method was used. In this approach, the absolute value was used : one for the
endogenous reference gene (Sucrose phosphate synthase, SPS) and one for the target specific
gene from transgenic plants (Hygromycin gene). The relative values are then compared to
positive control which on previous investigation had shown single copy SPS gene in GM
(genetically modified) rice. The quantitative RT-PCR result of the SPS gene amplification was
to represent total rice genome copy number, which was designed to normalize the reaction and

thereby enabling estimation of the transgene copy number.

The transgenic rice plants that showed the single-copy insertion in TO stage were allowed to
grow and set seeds for further analysis. The T1 seeds were collected and sterilised as described
above and were placed on 2 MS plates supplemented with 40mg/ml hygromycin for 3:1
segregation ratio. The seeds were placed in dark at 28°C for 3 days before transferring them
to light for analysis. The seedlings from selected lines were transferred to soil and allowed
them to set seeds. T2 seeds are collected and sterilised and placed on 2 MS plates supplemented

with 40mg/ml hygromycin for screening homozygous transgenics.

2.5 Microbiological Procedures

2.5.1 Generation of chemically competent E.coli

The selected E.coli strain (e.g.DH5a) was streaked out onto a fresh LB agar plate with no

selection and incubated at 37°C for 24 hours. A single colony was selected using a sterile loop
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and used to inoculate 10ml of LB media. The culture was grown for 16 hours at 37°C. Iml of
the culture was then used to inoculate 200ml of LB media, with shaking at 220rpm, at 37°C for
further 6 hours. The bacterial culture was transferred to chilled centrifuge tubes and centrifuged
at 4000rpm for 15minutes at 4°C. The supernatant was removed, and the cells were
resuspended in 10ml of ice-cold TE buffer. The culture was re-centrifuged under same
conditions, the supernatant removed, and the cells resuspended in 10ml of ice-cold liquid LB.

The cells were the stored at -80°C in 100ul aliquots.

2.5.2 Generation of chemically competent Agrobacterium tumefaciens

The selected Agrobacterium tumefaciens (e.g. GV3101) was streaked out onto a fresh LB agar
plate with rifamycin and gentamicin selection and incubated at 28 °C for 48 hours. A single
was selected using a sterile loop and used to inoculate 10ml of LB media with rifamycin and
gentamicin. The culture was grown for 24 hours at 28°C. 1ml of the culture was then used to
inoculate 200ml of LB media with rifamycin and gentamicin and incubated , with shaking at
220rpm at 28°C for further 18 hours. The culture was transferred to chilled centrifuge tubes
and centrifuged at 4000rpm for 15minutes at 4°C. The supernatant was removed, and the cells
resuspended in 10ml of ice-cold TE buffer. The culture was re-centrifuged under same
conditions, the supernatant removed, and the cells resuspended in 20ml of ice-cold liquid LB.

The cells were the stored at -80°C in 100ul aliquots.

2.5.3 Preparation of yeast competent cells

Fresh yeast strain (PJ69-4a) was streaked on YPDA plate and incubated at 30°C for
approximately 3 days. Single colony was inoculated in 10ml YPDA medium and incubated for

8-12 hours at 30°C with shaking at 250rpm. 50ml of YPDA was prepared in 250ml flask and

Sul culture was transferred to 50ml YPDA. The media was incubated at 30°C with shaking at
250rpm until the OD reached 0.15-0.3. Once the desired O.D. had been reached, cells were

centrifuged at 700g for Sminutes at room temperature (RT). Supernatant was discarded and the
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pellet was resuspended in 100ml of fresh YPDA. The culture was again incubated at 30°C until
0O.D. was reached 0.4-0.5 (3-5 hours) with shaking at 250rpm. 100ml YPDA culture was
divided into two 50ml sterile falcon conical tubes and again centrifuged at 700g at Sminutes.
The supernatant was discarded, and pellet was dissolved with 30ml deionized water. The
culture was again centrifuged at 700g at Sminutes, and supernatant was discarded. The pellet
was dissolved in 1.5ml 1.1Xte/LiAC. The cell suspension was transferred into 1.ml
microcentrifuge tubes and centrifuged at high speed for 15seconds. After centrifugation step,
the supernatant was discarded, and pellet was resuspended in 600ul 1.1Xte/LiAC. 50ul from

above culture was aliquoted into 1.5ml microcentrifuge tubes.

2.6 DNA/RNA analysis

2.6.1 Primer designing

For Arabidopsis

Arabidopsis thaliana gene coding DNA sequences were retrieved from The Arabidopsis

Information Resource (TAIR).

For Rice

Rice Genome Annotation Project (previously also known as MSU) or Rice annotation Project
Database (RAB-DB) programs were used to retrieve Oryza sativa gene coding DNA

sequences.
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2.6.2 Polymerase chain reaction (PCR)

Colony PCR

Individual bacterial/agrobacterial colonies were dissolved in 10pl water or LB and 2pl was
used as DNA template for PCR reaction. The PCR as carried out using different set of primers-
vector specific primers, vector-gene specific primers and gene specific primers. The different

combination of primers will ensure the recombinant gene insert after bacterial transformation.

Table 2.10 Colony PCR set up:

Component 10ul reaction
2X Bioline My Taq Red Mix 5
Forward primer (10pm/pl) 0.5
Reverse primer (10pm/ul) 0.5
DNA template 2
Sterile water To 10

Table 2.11 Cycling programme used during colony PCR
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Temperature Time Number of cycles
95°C 3min -
95°C 30sec x30
58°C 30sec
72°C Imin per kb
72°C 5 min -
10°C u -

Once PCR is over, the reactions were run on an agarose gel to check the size of gene insert and

gene plus vector size.

Cloning PCR

e Q5™/(NEB) cloning polymerase was used amplify the different genes using the primers
with CACC added to the 5’ end of forward primer and reverse primer designed to amplify
with or without stop codon for cloning using pPDTOPO cloning kit.

e Primers with correct restriction sites added were used for cloning in pPENTR4/pMAL vector
system. The template DNA used for cloning were either amplified from cDNA, genomic

DNA or plasmid.

Table 2.12 PCR set up for cloning by Q5 polymerase
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Component 50pl reaction
5x Q5™ reaction buffer 10ul
10mM dNTPs Tul
Forward primer (10pm/pl) 0.5ul
Reverse primer (10pm/ul) 0.5ul
DNA template 100-200ng
Q5™ High fidelity polymerase 0.5ul
5x Q5 High GC Enhancer (optional) 10ul
Sterile water To 50

Table 2.13 Cycling programme used for cloning by QS polymerase

Temperature Time Number of cycles
95°C 3min -
95°C 30sec x25
58°C 30sec
72°C 30sec per kb
72°C 5 min -
10°C u -

The PCR reaction was analyzed for correct size on agarose gel. The PCR product from agarose

gel was cut using sharp scapel and DNA purified using Gel extraction kit (Qiagen kit).
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Genotype analysis by PCR

The primers were developed for CAPS (Cleaved Amplified Polymorphic Sequences) markers.

The primers for CAPS can be based on single nucleotide change.

Table 2.14 PCR set up for genotyping analysis

Component 10ul reaction
2X Bioline My Taq Red Mix 5
Forward primer (10pm/pl) 0.5
Reverse primer (10pm/ul) 0.5
DNA template (rice or Arabidopsis gDNA) 2
Sterile water To 10

Table 2.15 Cycling programme used for genotyping analysis

Temperature

Time

Number of cycles

95°C

3min
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95°C 30sec X30
58°C 30sec

72°C 30sec per kb

72°C 5 min -
10°C w -

PCR product was analyzed for correct size on agarose gel. The PCR product from agarose gel
was cut using sharp scalpel and DNA purified using Gel extraction kit (Qiagen kit). The

purified PCR product was subjected to restriction digestion by endonuclease.

Real-Time PCR (Quantitative PCR, qPCR)

Primers for qPCR were designed to target genes using NCBI BLAST (Geer et al., 2010). This
was to ensure the specificity of primers to target gene. The cDNA quality and primer annealing
temperature was tested using gradient PCR. The components for reaction are listed below in

table 2.16 were run in Qiagen Rotogene®Q under the programme conditions in table

Relative expression was compared between genotypes and treatments using target primers and
primers to the housekeeping gene ACTIN2 (At3g18780) from Arabidopsis and OsACTIN 1
(LOC_0s03g50885) from Oryza sativa for normalisation (the in-house standard housekeeping
gene). Technical repeats were conducted in triplicate for each sample and comparisons were
performed using the comparative quantification using 241 Cp) ysing the software provided

by Qiagen. Melting curve analysis for eachreaction was conducted using the software provided

by Qiagen.
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Table 2.16 qPCR set up

Component 10ul reaction
SYBR green 5
Forward primer (10pm/ul) 0.5
Reverse primer (10pm/pl) 0.5
Template cDNA 1
Sterile water To 10

Table 2.17 Programme for qPCR using Rotogene Q machine

Temperature Time Number of cycles
95°C 3min -
95°C 10sec X40
58°C 30sec
72°C 2minute

2.6.3 Agarose gel electrophoresis

To visualize the different fragments of DNA, different percentage (between 0.8-1.2%) agarose

gels were made. The higher percentage gels were used to visualize small fragments of DNA

whereas lower percentage gels were used to visualize large fragments of DNA. Agarose was
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added to the 1x TAE buffer to make a 0.8-1.2% solution was then heated in a microwave until
the agarose had dissolved. The solution was allowed to cool down before ethidium bromide
was added to a final concentration of 0.0001%. The solution was then poured into an
appropriately sized gel mold, a 8/20 well comb added and the solution allowed to set. The gel
was then placed into gel tank contained 1x TAE buffer. Sul of appropriate hyperladder (either
50bp, 100bp or 1Kb depending on size fragment) (Bioline) was pipetted into the first well. The
gel tank was run from 80-120V. The DNA fragments were visualized in BioRed Gel Doc 2000.

e The procedure can be followed to analyze the RNA on the agarose gel.
e For PCR reaction using Q5, 10x loading dye was added to final concentration of 1x to PCR

reaction before loading into the wells.

2.6.4 Gel Extraction

The fragment to be extracted was first run on agarose gel. The gel was placed on a UV light
box and the expected DNA fragment was cut using a sharp scalpel and put into a pre weighed
1.5ml tube. The tube was then reweighed to get the weight of the gel. The gel extraction was
done following the instructions in the Qiagen Gel extraction kit. 12l of sterile water was used

as final elution.

2.6.5 DNA Extraction:

From bacteria:

Positive bacterial colonies (confirmed by colony PCR) were inoculated in 10ml LB culture

supplemented with appropriate antibiotics incubated overnight at 37°C. Recombinant plasmids
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were purified using a ZR Plasmid Miniprep kit-Classic (Zymo research). The amount of DNA

was quantified using a NanoDrop™One (Thermo Scientific).

e If plasmid was isolated from Agrobacterium tumefaciens, same procedure was followed.
The quantity of DNA was low whenever plasmid was isolated from Agrobacterium

tumefaciens.

DNA extraction from Yeast

The yeast colony was dispensed into 1.5ml SD/-LWH in 2ml microcentrifuge tube was allowed
to incubate at 28°C overnight. The plasmid was isolated from yeast colony using Zymoprep™

Yeast Plasmid Miniprep II kit.

Genomic DNA extraction from Arabidopsis thaliana

A single leaf disc was cut using the end of a P10 pipette tip. The disc was ground briefly in a
1.5ml microcentrifuge tube using a mini-pestle. 150ul of extraction buffer was added and the
mix ground again until homogenous. The sample was centrifuged at 13,000 rpm for Sminutes.
100pl of the supernatant was transferred to a fresh tube and 100ul of neat isopropanol was
added and mixed via inversion. The mixture was incubated at room temperature for Sminutes.
Samples were centrifuged at 13,000 rpm for 10 minutes and the supernatant was discarded.
The pellet was mixed gently with 500ul of 70% EtOH and centrifuged at 13,000 rpm for 5
minutes. The supernatant was discarded, and the pellet left to air-dry for 15 minutes. The dry
pellet was then dissolved in 50ul of 10mM Tris (pH 8.5 at 25°C). The quality of the gDNA

extraction was then checked via PCR using Actin primers.
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Crude Genomic DNA extraction from rice seedlings

The fresh leaf was cut and ground briefly in a 1.5ml microcentrifuge tube using a mini pestle.
50pul of 0.5N NaOH was added to ground tissue. Spl of crushed tissue was added to 245ul of
100mM Tris HCI pH 8 and boiled for 2-3 minutes. Syl was used as a DNA template for 25ul

PCR reaction.

Pure Genomic DNA extraction from rice seedlings

The fresh leaf was cut and ground by liquid N> briefly in a 1.5ml pre-chilled microcentrifuge
tube using a mini pestle. The procedure to extract pure genomic DNA was followed as per the

instruction on DNeasyPlant Mini Kit.

2.6.6 RNA Extraction

RNA extraction from Arabidopsis thaliana

The plant tissue was flash freeze in liquid N> and was ground into a fine powder using a
precooled microcentrifuge and micropestle. The RNA was extracted using the ZR zymo RNA
extraction kit (ZYMO). All extractions were performed following the instructions provided in
the supplied kit. RNA was eluted in DEPC water and quantified by measuring absorbance at

1260nm and 1280nm using a NanoDrop™ One (Thermo Scientific).
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RNA extraction from rice seedlings

7-10 days rice seedlings were used to extract the RNA. The tissue was ground into fine powder
using a prechilled mortar and pestle. The ground tissue was transferred to prechilled 2ml
microcentrifuge tube. TRIzol reagent was added to ground tissue in microcentrifuge and was
vortex for 2-3 minutes. 200ul chloroform was added to per ml of TRIzol reagent and shake
vigorously for 15 seconds. The mixture was centrifuged at 4°C at 18000g for 15 minutes. After
centrifugation, the mixture was separated into 3 phases- a red organic phase (containing
protein), an interphase (containing DNA) and a colorless upper aqueous phase (containing
RNA). The aqueous phase was transferred to fresh tube and 0.5ml of isopropanol was added.
The sample was again centrifuged at 4°C at 18000g for 15 minutes. RNA will be precipitated
as a white pellet at the bottom of tube. The supernatant was removed, and the RNA pellet was
washed with 1ml of 75% ethanol (in DEPC). The sample was centrifuged again at 4°C at
18000g for 10 minutes. The ethanol was removed, and the pellet was allowed to dry. The pellet
was dissolved in 30pl DEPC water. The RNA sample was stored in -80°C.

RNA purification by Sodium Acetate precipitation

One volume of chloroform was added to RNA in microcentrifuge tube and was vortexed for 5
minutes. The mixture was centrifuged at 18,000g for Sminutes at 4°C. Upper phase was
transferred to fresh microcentrifuge tube. 3 volumes of ice-cold ethanol and 1/10 volume of
3M Sodium acetate pH 4.8 was added to and incubate at -20°C overnight. The mixture was
centrifuged at 4°C for lhour at 18,000g. The supernatant was discarded and 1ml of 75% ethanol
(in DEPC) was added and again centrifuged at 4°C for 30 minutes at 18,000g. Supernatant was
discarded again, and the pellet was allowed to dry and resuspended in 30ul DEPC water.
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2.6.7 cDNA synthesis

From Arabidopsis seedlings

RNA was extracted using ZR zymo RNA extraction kit (ZYMO) as per instruction from the
whole Arabidopsis plants to be used as a substrate for cDNA synthesis. 1ul of each oligo dT
(500pg/ml) and ANTP mix (10uM each) was added to the reaction and incubated at 65°C for a
further 5 minutes. The reaction was then chilled briefly on ice and spun down. 4ul 5X First
strand buffer, 2ul 0.1M DTT,1ul RNaseOUT and 1pul SuperscriptOH Reverse Transcriptase
was added to the reaction and was allowed to incubate at 42°C for 50 minutes. Finally, the
reaction was heated to 70°C for 15 minutes to terminate the reaction. The final cDNA was
made up to 100ul by adding 80l ultra-pure water (1:5 ratio). The quality of the resultant cDNA
was tested by PCR with actin primers.

From Rice seedlings

RNA was extracted and was subjected to DNase treatment. 2pug of RNA, 1l 10x DNase buffer,
1ul DNase was added together, and final volume was made up to 10pul by DEPC water. The
reaction was incubated at 37°C for 30 minutes. 1pl of STOP solution was added to solution to
cease the reaction. The reaction was then incubated at 65°C for Sminutes. After incubation,
reaction was chilled briefly on ice and spun down. The same protocol was followed as
described above. The quality of the resultant cDNA was tested by PCR with actin primers
designed according to OsACTIN gene.
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2.6.8 pENTR4 Cloning

The target gene were amplified using primers flacking relevant restriction sites. The PCR
products were run on agarose gel and the desired product was cut out of the gel using sharp
scalpel. The DNA fragment was purified using Qiagen Gel DNA recovery kit. The purified
DNA fragment and pENTR4 vector was then digested with the relevant restriction sites for
overnight at 37°C. The digested product was run on a 0.8% agarose gel and again correct sized
fragment and pENTR4 backbone was cut from the gel using a sharp scalpel. The fragments
were purified using Qiagen Gel DNA recovery kit. The digested products were then ligated in
10ul reaction together using T4 DNA ligase overnight at 4°C. The ligation reaction was then

transformed into E.coli DH5a.

e For cloning in pMAL c5X vector, the same protocol was followed as described above.

2.6.9 pENTR4/D-TOPO Cloning

For pENTR4/D-TOPO cloning, it is important to add CACC at the 5’end of the forward primer
and gene was amplified and purified as described above. The purified DNA and vector were
ligated as per instruction provided in the Invitrogen kit. The reaction contents were then

transformed into E.coli DH5a.

2.6.10 Restriction Digestion

Standard restriction digestion

A standard restriction digestion was followed for digesting the insert and vector for pPENTR4
or pMAL c5X cloning. The restriction digestion reactions were incubated 37°C overnight. The

digested products were then run on an agarose gel.
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Table 2.18 showing restriction digestion setup components in standard restriction digest

with NEB enzymes

Component 50ul reaction
10x compatible NEB buffer 5
DNA lpg
Restriction endonuclease (NEB) 5 U per ug DNA
Sterile water Up to 50ul

Table 2.19 showing Restriction digestion setup components for genotyping the

transgenic lines

Component 20ul reaction
10x compatible NEB buffer 2ul
PCR purified product 6ul
Bglll 1
Sterile water Up to 20pul

2.6.11 T4 DNA Ligase reaction

T4 DNA ligase reactions were carried out to anneal two DNA fragments after restriction

digestion containing corresponding restriction sites. For a standard ligase reaction, the ratio of

vector to insert was 1:3 however the ratio can be varied depending on the size (in kb) of each



fragment. The reaction was incubated overnight at 4°C. The reaction was transformed into

E.coli DH5a.

Table 2.20 showing Ligase reaction setup components for T4 DNA ligase

Component 20ul reaction
10x T4 DNA Ligase Buffer 2ul
Vector 50ng
Insert 37.5ng
T4 DNA ligase Tl
Sterile water Upto to 20ul

2.6.12 LR Reaction into Gateway® Destination Vectors

Few Gateway destination and pENTR4/D-TOPO vectors sometimes have same antibiotic
resistant gene, so it is important to digest the recombinant gene with Nrul or Pvul (NEB) in
entry vector, ensuring the gene of interest was not also digested. This step is important to ensure
that entry vector is not replicated in E.coli DH5a after transformation and only LR recombinant
plasmid (destination vector with insert) can grow. The LR reaction was performed as described

in table below:
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Table 2.21 showing LR reaction setup components

Component 10ul reaction
TE buffer pH 8 2ul
Entry vector 50ng
Destination vector 150ng
LR 0.5
Sterile water Upto to 10ul

2.7 Protein Expression

2.7.1 Protein expression and purification from E.coli

E.coli strain BL21 was transformed with MBP fused with PSTOL1 in pMAL vector.
Transformed colony was confirmed by PCR using PSTOL1 gene specific primers. The positive
colony for PSTOL1 WT and PSTOL12¥R was inoculated in 10ml LB cultures containing the
appropriate antibiotic (50pg/ml carbenicillin) for 16 hours at 37°C. The optimum conditions
for expressing fusion protein were achieved by testing the different conditions using following

method.

100ul of overnight culture was added to a 10ml LB culture with appropriate antibiotic (50pg/ml
carbenicillin). Two 10ml culture was grown at 37°C on shaker until optical density (O.D.) at
600nm of the culture was between 0.6-0.8. 1ml culture was taken as uninduced sample and
spun down. 3ml culture was separated in six different 15ml falcons. Two different [IPTG

concentrations was used to induce the cultures- 0.5mM and 1mM. Both IPTG concentration
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was used for induction respectively and culture were grown on three different temperatures -
37°C, 28°C and 18°C. 3 hours after IPTG induction, further samples were taken. All samples
were then spun down at 10000rpm for Sminutes. For total protein extract, the pellet was mixed
in 200ul 1x SDS-PAGE loading buffer. For insoluble and soluble fractions, pellet was mixed
with bugbuster (Novogen, Billerica, USA) volume according to the weight of pellet. 1 tablet
of complete™ mini EDTA-Free Protease Inhibitor Tablets (Roche, Indianapolis, USA) was
mixed with 10ml the bugbuster before adding to pellet. Cell suspension was incubated on
rotating mixer at slow setting for 20minutes. The cell suspension was centrifuged at 13000rpm
(16,200g) for 30minutes at 4°C. The supernatant was transferred into new microcentrifuge tube.
The pellet after centrifugation was dissolved in 200ul 1x SDS-PAGE loading dye and 4x SDS-
PAGE loading dye was added to volume of supernatant collected. 20ul of all samples-
Uninduced, Total protein, soluble and insoluble fraction was loaded onto SDS-PAGE to
analyse the protein content. The protein was then visualized by immune blotting. The
conditions were recorded once the optimal condition was known for MBP-PSTOLI1 fusion

protein expression

Purification of tagged proteins

250ml of rich broth + glucose and carbenicillin was inoculated with 2.5ml (1%) of an overnight
culture of cells containing the MBP-PSTOL1 WT, MBP-PSTOL1%*® fusion plasmid and
vector control (empty c¢5X vector). The procedure of inducing protein expression was followed
as above. The cells suspension was centrifuged at 13000rpm (16,200g) for 30minutes at 4°C
after incubating with bugbuster. The supernatant was transferred into new microcentrifuge
tube. 200ul of supernatant was separated as an Input sample. The equal volume of bugbuster

and column buffer was mixed together.

Before starting the purification steps, amylose resins were equilibrated. 150ul of amylose resin
was added to 1.5ml microcentrifuge. 500ul bugbuster + column buffer was added to amylose
resins, incubated at rotating mixer for 10minutes at 4°C and spun down at 1000rpm for 1minute.

This step was repeated two times.
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The cell lysate (Supernatant + Bugbuster + column buffer) was incubated with equilibrated
beads on an end-to-end rotator at slow speed setting for 2-3hours at 4°C. After the incubation
was over, the cell lysate is spun down at 1000rpm for 1minute. The supernatant was discarded
and 1ml of 1x column buffer was added and incubated at rotator for Sminute. Repeat the same

step five times.

The fusion proteins were eluted with four different maltose concentrations- 0.5mM,
ImM,3mM and 10Mm. These different concentrations of maltose were prepared in 1x column
buffer. The fusion protein was eluted with 200ul column buffer + maltose. Eight fractions (two
elution by each concentration of maltose) were collected. The eluted fractions were loaded on

SDS-PAGE and analyzed with Coomassie blue staining.

in-vitro phosphorylation assay study of purified PSTOL1 protein from E.Coli

To perform the in-vitro phosphorylation assay — MBP tagged PSTOL1 WT and PSTOL1?¥®
and empty vector was transformed into £.Coli BL21 strain. Protein was purified as described
in the method above. The purified proteins were incubated in the kinase reaction buffer for
lhour at 30°C. The reaction was stopped by addition of 4x loading dye and denatured at 95°C
for Sminutes. Samples were loaded on both 10% SDS-PAGE and Phos-tag SDS-PAGE.

In vivo reconstituted SUMOylation assay in E.coli

To perform in-vivo SUMOylation assay, open reading frame (ORFs) of AtSCEla and
AtSUMO1 (AA or GG) were cloned in two different Multiple Cloning Site (MCS) respectively
in pCDFDuet vector. While ORF of AtSAE1a/b-AtSAE2 were cloned in pACYCDuet vector
using same strategy. E.coli BL21 was transformed with pCDFDuet-AtSUMO1 (AA or GG)-
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AtSCEla and pACYCDuet-AtSAEla/b-AtSAE2 plasmids (Okada et al., 2009). After
transformation, the cells with these two plasmids were used for preparation of competent cells.
The competent cells with SUMO1-AA will act as negative control of in vivo SUMOylation
assay because SUMO1-AA cannot ligate to other proteins.

+SS Competent cells -SS Competent cells

pCDFDuet-AtSUMO1 - SUMO1-GG SUMO1-AA
AtSCEla

pACYCDuet-AtSAEla/b-
AtSAE2

Using this reconstituted SUMOylation system, difference in SUMOylation status of PSTOL1
WT and PSTOL1?%R was investigated.

Analysis on Phostag SDS-PAGE

To detect phosphorylation of substrate and autophosphorylation of kinase itself, Phos-tag SDS-
PAGE was used for analysis. SuM Phos-tag and 10uM MnCl, was added while preparing the
resolving gel and allow it to polymerize. Preparation of stacking gel is same as described below.

The samples were loaded, and the gel was run at very slow speed with low constant voltage of

50mV at 4°C.

The gel was equilibrated with transfer buffer supplemented with ImM EDTA for 30minutes.
The buffer was changed after every 10minutes. To remove the EDTA, the gel was then
equilibrated with transfer buffer without EDTA for 30minutes. The transfer was changed after

every 10minutes.
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The standard western blot procedure was followed.

SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used analyse
and separate the proteins according to molecular weight. SDS is anionic detergent which
bounds to the proteins giving the protein overall negative charge, hence denaturing the tertiary

structure of proteins. This allows the separation of proteins on the basis of size.

SDS-PAGE is also called discontinuous gel because this method is composed of two type of

gel preparation- Stacking and Resolving Gel.
The protein is loaded in stacking gel and in resolving gel, proteins bands are resolved.
These gels can cast as follows:

Stacking gel: 5% acrylamide, 0.125M Tris pH 6.8, 0.1% SDS, 0.1% ammonium persulphate
and 0.01% TEMED.

Resolving gel: ranged from 10-15% acrylamide, 0.375M Tris pH 8.8, 0.1% SDS, 0.1%
ammonium persulphate and 0.04% TEMED.

2x or 4x SDS PAGE loading buffer was used added to the samples to final concentration of 1x
in order to denature the sample. The sample with SDS PAGE loading dye was heated at 95°C

for Sminutes and then loaded on the stacking gel.

The separation of proteins as discrete bands can be visualized by Coomassie staining or

transferred to a PVDF membrane for western blotting.
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Western Blotting

The gel (without stacking gel) was submersed in transfer buffer for equilibration. Meanwhile,
a PVDF membrane was submersed in 100% methanol for 1minute. The membrane was then
soaked in transfer buffer for Sminutes. Within a clamp ready cassette was prepared with
blotting paper and sponges. The gel and PVDF membrane were sandwiched between blotting
paper and sponges in blotting cassette. The proteins were allowed to transfer overnight at 25V

at 4°C from SDS-PAGE onto membrane.

The membrane was removed and was incubated in 5% semi-skimmed milk (blocking solution)
for 2hours at room temperature. After 2 hours, the membrane was washed with 1x TBST and
incubated with primary antibody in 1x TBST. The incubation with primary antibody can vary
from 3hours at room temperature to overnight incubation at 4°C. After primary antibody
incubation, the membrane was rinse with 1x TBST for Sminute. This step was repeated for 5
times. Once this wash cycle was completed the membrane was incubated with secondary
antibodies (HRP) for 1 hour at room temperature. Wash cycle was repeated as mentioned
above. The ECL solution] and solution 2 were mixed in 1:1 ratio and membrane was incubated
with ECL solution mix for Iminute and sealed in a light-proof cassette. In a dark room, X-ray
film was placed on membrane and removed after various time periods. The reaction between
ECL and HRP antibody caused light and the exposed film was developed using Xograph
Compact 4x Automated Processor (Xograph Imaging Systems).

Coomassie Blue Staining

Coomassie blue staining is another way to visualize the discrete band separation of protein.
The resolving gel was stained for 30minutes with slow shaking in Coomassie Blue stain. After
30minutes, gel was soaked in Coomassie-destain. The destain solution was changed after every

1 hour until proteins bands were clearly visible.
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2.7.2 Protein extraction from N.benthamina leaves

Infiltration of N.benthamina

The recombinant plasmid was transformed into Agrobacterium and single colony was
inoculated into 10ml LB with relevant antibiotics (rifamycin and gentamicin were added to LB
media which are specific to Agrobacterium strain and antibiotic resistance for recombinant
plasmid to grow was also added). The cultures were incubated overnight in an orbital shaker at
28°C at 220rpm. The cells were pelleted at 20°C at 5000rpm for 10minutes and resuspended in
10ml 10mM sterile MgClz. The culture was again centrifuged at 20°C at 5000rpm for
10minutes. The pellet was again resuspended in 10ml 10mM sterile MgCl. . The cultures were
diluted to the OD600 0.2 in total volume of cultures. The cultures were infiltrated into a 5-7
N.benthamina leaves using 1ml sterile syringe. The plant was kept at 20°C on a long day cycle

for 3 days.

Transient assay in N.benthamina

For SUMO:

PSTOL1 WT and PSTOL1%*R was transformed into Agrobacterium strain GV3101 and were
coinfiltrated along with 35:HA-SUMO and P19 into N.benthamiana. The infiltrated samples
were collected after 3 days and freeze in liquid nitrogen. Samples were grinded into fine powder
by liquid nitrogen in mortal and pestle. To fine powder PVPP and SUMO extraction buffer was
added. The samples were defrosted and was spun in a centrifuge at 8500rpm for 15minutes.

The supernatant was transferred to a new microcentrifuge tube and spun again at 14000rpm for
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Sminutes. The supernatant was again transferred into new microcentrifuge tube. Supernatant
collected was incubated with MACS® microbeads (Miltenyi Biotech) for 30 minutes,
supernatant was run down a magnetic column and column was washed five times by 200ul
extraction buffer. The protein was eluted using 4x SDS loading dye heated for 5 minutes at

98°C. The eluted protein was loaded onto a SDS-PAGE gel for protein separation.

For CO-IP:

For CO-IP, the same protocol was followed as described above. The buffer composition was

different for CO-IP.

in vitro phosphorylation assay of PSTOL1 immunoprecipitated from N.benthamiana

PSTOL1 WT and PSTOL1%¥R was transformed into Agrobacterium strain GV3101 and were
coinfiltrated along with 35:HA-SUMO and P19 into N.benthamiana. The infiltrated samples
were collected after 3 days and freeze in liquid nitrogen. Samples were grinded into fine powder
by liquid nitrogen in mortal and pestle.To fine powder PVPP and extraction buffer (SUMO
extraction buffer without NEM) was added. The samples were defrosted and was spun in a
centrifuge at 8500rpm for 15 minutes. The supernatant was transferred to a new
microcentrifuge tube and spun again at 14000rpm for 5 minutes. The supernatant from each
sample was again transferred and divided into two different microcentrifuge tube. Supernatant
collected was incubated with MACS® microbeads (Miltenyi Biotech) for 30 minutes,
supernatant was run down a magnetic column and column was washed five times by 200ul

extraction buffer.

For in vitro phosphorylation assay, 50ul of 1x kinase buffer was added to the column and
allowed to run through column. The column was taken out from magnetic stand and again 50ul
of 1x kinase buffer was added to the column and allowed to run through column. The

supernatant (protein bound to GFP beads) was collected in 1.5ml microcentrifuge tube. The
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sample was incubated at 30°C for 1 hour. The sample was again run through the column and
washed five times by 200ul extraction buffer. The protein was eluted using 4x SDS loading
dye heated for 5 minutes at 98°C. The eluted protein was loaded onto a SDS-PAGE gel and
Phos-tag SDS PAGE for protein separation.

2.7.3 Protein extraction from Arabidopsis

Total protein:

7-10 old Arabidopsis seedlings were frozen and frozen tissue was ground to fine powder with
chilled pestle and mortar. The 1x SDS buffer was used as extraction buffer in ratio of 1:1
(weight/volume). The mixture was centrifuged at 8500 rpm for 15 minutes and supernatant was
transferred to 2ml microcentrifuge tube. The mixture was again centrifuged at 14000 rpm for
5 minutes and supernatant was again transferred to new 2ml microcentrifuge tubes. To 900ul
of supernatant, 300ul of 4x SDS loading dye was added and heated for 5 minutes at 98°C. The
samples were loaded to SDS-PAGE gel for western blotting.

Immunoprecipitation for demonstrating SUMOylated PSTOL1 from Arabidopsis

transgenic lines expressing PSTOL1

Frozen leaf tissue was ground to a fine powder with chilled pestle and mortar. The ice-cold
SUMO buffer was added. Upon defrosting the tissue (now liquid paste) was then transferred to
a pre-cooled microcentrifuge tube. The tubes were centrifuge at 4°C at 8500 rpm for 15
minutes. The supernatant was transferred to new pre-cooled microcentrifuge tube and again the
supernatant was centrifuged at 4°C at 14000 rpm for 10 minutes. Supernatant was again
transferred to new 2ml microcentrifuge tubes. 20-25ul MACSP microbeads (Miltenyi Biotech)
were added to 2ml supernatant incubated for 30 minutes. Supernatant was run down a magnetic

column and column was washed five times by 200ul extraction buffer. The protein was eluted
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using 4x SDS loading dye heated for 5 minutes at 98°C. The eluted protein was loaded onto a
SDS-PAGE gel for protein separation.

2.7.4 Protein extraction from Rice seedlings

Total protein

Protocol for protein extraction from rice seedlings was followed as described above except the

difference is of additional centrifugation step at 14000 rpm for 10 minutes.

Immunoprecipitation for demonstrating SUMOylated PSTOL1 from rice transgenic

lines expressing PSTOL1

Protocol for immunoprecipitation from rice seedlings was followed as described above except
the difference is of buffer composition and additional centrifugation step at 14000 rpm for 10

minutes.

in vitro phosphorylation assay of PSTOL1 immunoprecipitated from rice seedlings

Rice seedlings were ground into fine powder by liquid nitrogen in mortal and pestle.To fine
powder PVPP and extraction buffer for protein isolation from rice was added. The samples
were defrosted and was spun in a centrifuge at 8500rpm for 15 minutes. The supernatant was
transferred to a new microcentrifuge tube and spun again at 14000rpm for 5 minutes. The
supernatant from each sample was again transferred and divided into two different

microcentrifuge tube. Supernatant collected was incubated with MACS® microbeads (Miltenyi
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Biotech) for 30 minutes, supernatant was run down a magnetic column and column was washed

five times by 200ul extraction buffer.

For in vitro phosphorylation assay, 50ul of 1x kinase buffer was added to the column and
allowed to run through column. The column was taken out from magnetic stand and again 50ul
of 1x kinase buffer was added to the column and allowed to run through column. The
supernatant (protein bound to GFP beads) was collected in 1.5ml microcentrifuge tube. The
sample was incubated at 30°C for 1 hour. The sample was again run through the column and
washed five times by 200ul extraction buffer. The protein was eluted using 4x SDS loading
dye heated for 5 minutes at 98°C. The eluted protein was loaded onto a SDS-PAGE gel and
Phos-tag SDS PAGE for protein separation.

2.8 Yeast two hybrid

Yeast transformation

The plasmid DNA was added to competent cells and gently mixed. 500ul of PEG/LiAc was
added to and incubated at 30°C for 30minutes. 20ul DMSO was added and incubated at 42°C
in water bath for 15minutes. After incubation, yeast cells were centrifuged at high speed for 15
seconds, and supernatant was removed. The pellet was dissolved into 1ml YPDA media and
incubated at 30°C with shaking at 250rpm. Culture was centrifuged again at high speed for
15seconds. Supernatant was discarded and pellet was dissolved in 1ml 0.9% NaCl solution.
100u1 of solution was spread on selective media (SD/-L). The plate was incubated ta 30°C for
3-5 days.
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Yeast Mating

The ORFs of TFs are amplified and combined into donor plasmid which has att sites. Once the
donor plasmids were ready, TF ORFs were recombined into yeast compatible plasmid
pDEST™ 22, After confirming the clones, the plasmids were transformed into yeast strain
YM4271. The library was purchased from Nottingham Arabidopsis Stock Centre (NASC) as
glycerol stocks. The first step was to revive the frozen library (as glycerol stock) on SD/-W.
Other way to revive the frozen library was to reviving on YPDA media (less stringent media)
and then transferring to SD/-W (more stringent media). The plates were allowed to incubated
for 3days at 28°C. 96-pin replicator was used in this experiment. The preys were transferred
from SD/-W to 200ul YPDA media using 96-pin replicator and allowed to grow on shaking
for 1day at 28°C. Meanwhile, bait was grown in 200ml YPDA media in Erlenmeyer flask
alongside the preys. 100ul Bait was added to 100ul RR library preys using 96-pin replicator
and incubated for 2days at 28°C with shaking. This step allowed for mating to take place. The
next step was to inoculate the mated culture into 96-well plates with selection media i.e. SD
minimal base media without leucine and tryptophan (SD/-LW) for 1day at 28°C with shaking
. This selection media allowed diploid cells to grow. To confirm that mating has happened and
subsequently to investigate the positive interactions, diploid cultures were spotted on the plates
with agar containing SD/-LW for scoring diploids and SD/-LWH for checking positive bait-

prey interactions.
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2.9 Imaging

Confocal Microscopy

For N.benthamiana or Arabidopsis leaves/Arabidopsis or rice roots

For in vivo plant leaf imaging, leaf sections were cut (approximately 0.5cm?) and placed on a
microscopy slide (Fischer Scientific), a droplet of perfluoroperhydrophenanthrene (PP11) was
added before covering the leaf section with a 22x22mm cover slip (Menzel-Glaser, Waltham,
USA). The slide was placed on the stage of a Zeiss LSM 880 Airyscan confocal microscope
(Zeiss, Oberkochen, Germany). A 64x objective oil lens was used for viewing and an Argon-

Ion gas laser was used to excite YFP at 514nm and GFP at 488nm.

2.10 Software packages

Sequence analysis and primer design

Snap Gene viewer version 5.2.4 O 2004-2021 GSL biotech
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Figure preparation

FIJI-Version 2.9.0

Mega X Version 11.0.6 1993-2021 (Kumar et al., 2018)

Clustal X Version 2.1 (Larkin et al., 2007)

Phylogenetic tree construction

Rice Genome Annotation Project (https://www.rice.uga.edu.org/) and TAIR

(https://www.arabiopdis.org/) were used to retrieve protein. Alignments were made using

ClustalX (https://www.ebi.ac.uk/Tools/msa/clustalo/) and visualized using Jalview

(https://www.jalview.org/). Bootstrap Neighbor-Joining trees were made using ClustalX and

visualized using MEGAX (https://www.megasoftware.net/).

Software for determining SUMO sites

SUMO site predictions were carried out using in-house experimental software developed

using similar algorithms to GPS-SUMO (https://sumosp.biocuckoo.org/online.php.). The

software was developed by Stuart Neils (PhD thesis 2014).
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2.11 Data analysis

Data were expressed as mean + SEM. Statistical differences were tested with ANOVA
Turkey test post hoc or Dunnett’s multiple comparison test. Turkey test post hoc was used to
compare the mean between three or more groups while Dunnett’s multiple comparison test
was used to compare the mean of all the group with the control. The value P<0.05 were
considered statistically significant. Statistical analysis was done using software Prism-

GraphPad.
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Chapter 3

Protein Biochemistry of PSTOLI1 in E.coli and Nicotiana benthamiana

3.1 Introduction

Protein phosphorylation by protein kinases is an important covalent Post-Translational
Modification (PTMs) that modulates their functions such as subcellular localization, stability,
the binding specificity of target proteins and enzymatic activity (Kinoshita et al., 2006 and
Sugiyama and Uezato., 2022). Recent studies by Nishioka et al., 2020 showed that the
regulation of photosynthetic activities is under the control of the phosphorylation status of the
photosystem II (PS II) core and the light-harvesting complex of PSII (LHC II). Therefore, to
anticipate the activation and downstream mechanism of protein kinases, it is important to

determine the activity of these kinases (Sugiyama and Uezato., 2022)

An important feature of Protein Kinases (PKs) is their autophosphorylation activity. This
feature of PKs regulates the protein conformation to maximize substrate recognition which
directly affects the functional properties of the protein. An example of regulating functional

mechanism by autophosphorylation activity is hetero-oligomerization of BR receptor-like
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kinase, BR1 and BAK1. Autophosphorylation of various Tyr and Thr residues commence BR
signal transduction after BR binding. Thus, it is important to investigate the
autophosphorylation activity of PKs to understand its mechanism (Nemoto et al., 2011) and

hence we decided to examine the autophosphorylation activity of PSTOLI kinase.

Over the years, to study the phosphorylation state of the protein phosphoproteomic methods
such as mainstream Mass Spectrometry (MS) or the classic and still widely used method of
isotope labeling of the phosphate group focused on interpreting protein phosphorylation status.
However, each approach has its strengths and limitations. The latter approach requires proper
reference samples for the quantification of protein phosphorylation or multi-site
phosphorylation. An obvious problem linked with this approach is exposure to radiation while
handling radioactive isotopes. The former approach needs proteolytic digestion of the protein
which leads to difficulty to trace the information about the protein. Moreover, determining
time-dependent changes and abundance ratio for proteins with varying phosphorylation
statuses is also difficult with MS. (Kinoshita et al.,2015, Donoghue and Smolenski., 2022).
Forset Resonance energy transfer (FRET) provides insight into microdomain formation and
compartmentation of kinase signaling; however, the approach is restricted by the need to
overexpress the protein marker which leads to misleading endogenous signaling events

(Donoghue and Smolenski., 2022).

In 2003, Phos-tag SDS PAGE was described as an electrophoretic technique that uses a novel
phosphate-binding tag or Phos-tag (1,3-bis[bis(pyridine-2-ylmethyl)-amino] propan-2-olato)
and a dinuclear metal (Zn*? and Mn*?) complex polymerized into resolving gel. The principle
of Phos-tag SDS PAGE is based on the interaction between the Phos-tag and phospho-group
on protein in separating gel. The separation of the protein (based on molecular weight), an
operating procedure, protein sample preparation, and the reagents used for Phos-tag SDS-
PAGE are like the conventional SDS-PAGE technique. The only exception is simply the
addition of an acrylamide pendant Phos-tag in separating gel. Immobilized Phos-tag in
resolving gel, traps the phosphorylated protein and as a result, phosphorylated protein will
migrate slowly when compared to non-phosphorylated protein. Gel-shifted bands of protein

can be seen on Phos-tag SDS-PAGE (Figure 3.1).
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It is also used for deciphering if the protein has multiple phosphorylation sites which can result
in the multiple phosphorylation states of the protein. The multiple phosphorylation of the
protein results in the differences in electrophoretic mobilities of several phosphorylated forms
of the same protein. Phos-tag SDS-PAGE is also sensitive and highly accurate for
distinguishing the nearly related or alike proteins with a similar number of phosphorylated
amino acid residues because the different phosphorylation sites display different mobility
observed as a separate band (Kinoshita et al., 2015). This difference in mobility is due to the

amino acid residues nearby the phospho-site (Donoghue and Smolenski., 2022).
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Figure 3.1: Schematic representation of working principle of Phos-tag SDS-PAGE.

This allows the separation of multiple phosphorylated states of protein as different bands in

presence of divalent cations Mn*2 or Zn**

There are two methods to visualize the phosphorylated and dephosphorylated protein on SDS-
PAGE- Mn"2- Phos-tag SDS-PAGE using the Laemmli’s Buffer System and Zn*? — Phos-tag
SDS-PAGE using a neutral -pH buffer system. Mn*2- Phos-tag SDS-PAGE followed by
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western blot analysis is most widely used since this method can be performed with
conventional SDS-PAGE and western blotting reagents and equipment. This method is based
on a buffer system used in the resolving gel that has an alkaline pH (Laemmli’s buffer system)
which has a valuable feature because phosphoproteins such as histidine and aspartate are liable
to hydrolysis under acidic conditions thereby contributing to the progress in bacterial two-
component transduction system. While this method offers some advantages, it has some
disadvantages also. Because this method uses alkaline pH as a basis, it is difficult to store the
gel for a longer period as it leads to hydrolysis of polyacrylamide (Kinoshita et al.,2015 and
Kinoshita et al.,2022)

3.2 Crosstalk between phosphorylation and other post-translational modifications

Gamuyo et al., 2012 showed that PSTOL1 is a functional kinase using in vitro phosphorylation
assay however, it is still unknown how PSTOL1 kinase regulates the molecular mechanism. In
recent years, it well reported that protein activity is regulated by multiple PTMs which
generally serve as molecular switches for numerous pathways (Zhang and Zeng., 2020) and
sometimes these PTMs act in a coordinated manner to regulate the responses. We were
particularly interested in studying the role of SUMOylation and how it plays a vital role in
regulating PSTOLI1 protein. The important reason to choose SUMOylation as our main interest
is because SUMOylation is dynamic in nature, and it is considered an important way to
facilitate cellular changes essential in plants to adapt to environmental abiotic and biotic
stresses (Clark et al., 2022). Interestingly, the PSTOLI1 protein sequence was scanned for
potential SUMO binding sites using in-house bioinformatic software, HyperSUMO (Nelis,
PhD thesis 2014). We found that PSTOL1 has two predicted SUMO sites — lysines at the 20™
and 225" position. Therefore, we hypothesized that — First, PSTOLI is subjected to both
modifications (SUMOylation and Phosphorylation). Secondly, SUMOylation is possibly a key
PTM regulating the kinase activity of PSTOL1. Thirdly, identification of PSTOLI1 targets using

a yeast-two-hybrid screening system and Co-Immunoprecipitation techniques will allow us to
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understand the relationship between SUMOylation and phosphorylation in PSTOL1 Kinase

function.

Therefore, to study the crosstalk between SUMOylation and phosphorylation, we mutated
these two SUMO sites from lysine to arginine. From hereafter, the non-mutated version will
be addressed as PSTOL1 WT and the SUMO site mutated version will be addressed as
PSTOL1?®R, This will allow us to investigate the role of these two post-translational

modifications in regulating the PSTOL1 mechanism.

3.3 Cloning of PSTOL1 gene in the pMAL system

PSTOL1 WT and PSTOL1?¥R gene was cloned in the pMAL-5 vectors system. These vectors
have a malE gene of E.coli, which translates maltose-binding protein (MBP). As a result, MBP
fusion protein can be expressed in these systems. The malE gene is followed by a multiple
cloning site that allows for cloning the CDS of interest in frame with the malE gene to allow
high-level expression of the cloned gene as these vectors have robust “tac” promoter and malE
translational initiation signals. pMAL system has two vectors- pMAL-c5X and pMAL-p5X. In
the latter, the fusion protein is effectively exported to the periplasm of E.coli whereas the
pPMAL-c5X vector expressed the MBP fusion in the cytoplasm. In this study, we used the

pMAL-c5X vector for our experimental set up.

The open reading frame of PSTOL1 WT and PSTOL1?®R was cloned in pMAL-c5X. The
genes were amplified from entry clone pDTOPO-PSTOL1 WT and pDTOPO-PSTOL12¥®
respectively (kindly donated by Dr. Cunjin Zhang), by gene specific primers flanking the
restriction sites Sall and Pstl sites. The gene was cloned into the Sall and Pstl restriction sites

in pMAL-c5X vector. PCR amplification product was analyzed on an agarose gel by size
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separation electrophoresis for confirmation of the predicted size of the amplicon (Figure 3.2
A and B). Once the size of the amplicon was confirmed, the PCR amplified product and pMAL-
c5X vector was digested by Sall and Pstl enzymes. A ligation reaction was set up between the
digested amplified product and the pMAL-c5X vector. The ligation mixture was transformed
into DH5a competent E.coli cells. Positive colonies were checked by PCR using gene specific
primers (Figure 3.2 C). Plasmids were isolated from colony PCR positive clones and were
subject to restriction digestion by Sall and Pstl for further confirmation of the clones (Figure

3.2 D).

The clones were further verified by sequencing to ensure that the gene was in-frame with the
tag and the vector is mutation free. The constructs were transformed into BL21 cells and grown

on media containing carbenicillin. The presence of the construct was confirmed by PCR again.

A. M 48.5° 49.6° i} g 526"

PSTOL1 WT

B. M 48.5 49.6 51° 52.6

e e SRR
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C. M PSTOL1 WT PSTOL12KR
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Figure 3.2: Cloning of Oryza sativa PSTOL1 WT and PSTOL12¥R jn MBP tagged ¢5X
vector.

The open reading frame of PSTOL1 WT and PSTOL1*® was amplified by proofreading DNA
polymerase Q5 (NEB) at different temperatures (48.5°, 49.6°, 51°, and 52.6°) from entry clones-
PSTOL1 WT and PSTOL1?**® using gene specific primers having Sall and Pstl restrictions site
sequences flanking the primers. (A.) shows the resulting amplicon of PSTOL1 WT (B.) shows the
resulting amplicon of PSTOL1**® analyzed on a 1% agarose gel by electrophoresis size separation. (C.)
The positive clones were analyzed by PCR using gene specific primers. (D.) Plasmids were isolated
from positive clones. Plasmids were digested at 37° for 2 hours using Sall and Pstl. The digested product
was analyzed on 1% agarose gel by electrophoresis size separation. Bands corresponding to the vector
and PSTOL1 gene were observed on the gel ensuring that the gene was ligated in the right orientation

in between appropriate restriction sites Sall and Pstl.
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A pilot experiment for checking recombinant protein induction was set up. The confirmed
construct - PSTOL1 WT was grown in 10ml LB culture supplemented with carbenicillin at 37°
until O.D.600 reached a reading of 0.6. 1ml samples were taken and processed as uninduced
(UI) controls. IPTG was added to a final concentration of 1mM to the remaining culture. The
remaining culture was divided into three different 15ml falcons and was allowed to grow at
three different temperatures - 18°,28° and 37°. Iml samples were taken after 3 hours. The
samples were then processed into 3 categories- total protein (TP), soluble extract (S), and
insoluble extract (P). The recombinant protein expression was seen at both 28°and 37°
temperatures although, recombinant protein expression was best seen in the supernatant (or
soluble) fraction at 28° at the expected size of MBP-PSTOL1 WT at 80kDa (Figure 3.3).
However, no expression of recombinant protein was seen at 18°. The condition under which

the PSTOL1 protein expressed was recorded for further optimization.

Vector Control 37°C 28°C 18°C

TP P S U TP P S U TP P S Ul

Figure 3.3: Optimization of expression of MBP-tagged PSTOL1 WT protein in E.coli

A single colony of transformed BL21 cells with recombinant plasmid- PSTOL1 WT was inoculated in
10ml culture and grown overnight at 37°. 1% inoculation of primary culture was added to new LB
media supplemented with carbenicillin until O.D.600 reached 0.6. 1ml samples were taken and
processed as pre-induced controls and 1mM IPTG was added to the rest of the culture, and it was grown
at three different temperatures- 18°, 28° and 37° for 3hours. The 1ml samples were taken to check
protein induction. The samples were processed by Bugbuster into 2 categories- soluble (supernatant)
and insoluble (pellet) extract. Uninduced (UI), Soluble (S), insoluble (P), and total extract (TP) were
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analyzed on SDS-PAGE followed by western blotting of gels to confirm PSTOL1 protein expression
(red arrows indicate MBP-PSTOL1 WT).

The protocol for recombinant protein expression was further optimized. The protocol was
exactly followed as above, however, after adding IPTG the culture was allowed to grow at
28°C overnight. Figure 3.4 shows that the expression of recombinant protein was seen in the
soluble fraction at 28° and no expression was seen in the uninduced sample suggesting that the

band corresponding in the soluble fraction is PSTOLI protein (Figure 3.4).

PSTOL1 WT PSTOL12¥R
ur S P Tp UI S P TP

10
72
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Figure 3.4: Expression of recombinant PSTOL1 WT and PSTOL1*¥R in E.coli.

E.coli cells with pMAL-c5X PSTOL1 WT and PSTOL1%**® constructs were grown until an OD600
reach 0.6. Samples were processed as total protein (TP), supernatant (S), and pellet (P) fractions. The
samples were taken before IPTG induction and was used as uninduced (UI) control. ImM IPTG was
added to the bacterial culture and the culture was grown at 28° overnight. The samples were analyzed
on SDS-PAGE gel. Protein was indicated by a red arrow in supernatant fraction whereas no expression
of protein was not seen in uninduced fraction.
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3.4 Purification of E.coli expressed recombinant PSTOL1 protein

Protocol for PSTOL1 protein expression was optimized as described above. The purification
of PSTOLI1 protein was achieved by resuspending in Bugbuster reagent/ protease inhibitor mix.
This mix was prepared for disruption of the cell wall of E.coli resulting in the release of soluble
protein. The supernatant was used as starting material for the purification. 200ul supernatant

was taken as input control for further purification steps.

The amylose resin was added to the supernatant in a 1.5ml microcentrifuge and was incubated
for 3 hours on a rotator mixer at a slow setting. After the incubation, resins were settled down
by centrifugation at 1000rpm for 1 minute. The fusion protein was eluted with column buffer
+ 10mM maltose. The protein fractions were collected and analyzed on SDS-PAGE. The
proteins were visualized by Coomassie staining (Figure 3.5 A and B) and immunoblotting for

confirming the expression of the purified protein (Figure 3.5 C).

B. PSTOL [ 2¢R

A. PSTOL 12KR PSTOL1 WT
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Figure 3.5: Purification of MBP tagged-PSTOL1 WT and PSTOL1?%¥R protein.

BL21 cells having ¢5X-PSTOL1 WT and c5X-PSTOL1**® plasmids were grown at optimal conditions
as described above for protein expression and later the cells were harvested. The pellet was dissolved
in Bugbuster/protein inhibitor mix for lysis and the supernatant was collected and incubated with
amylose resin. Column buffer + 10mM Maltose was used to elute the MBP tagged. All the fractions
collected were added to 4x SDS loading buffer and protein fractions were analyzed on SDS-PAGE (A.)
MBP-PSTOL1 WT and (B.) MBP-PSTOL 1%*® were visualized by coomassie staining respectively. (C.)
Proteins were separated on SDS-PAGE and were transferred to a PVDF membrane. Proteins were
visualized by probing the membrane with aMBP antibody. Uninduced (UI), Input (I), and Fractions (E)
were loaded onto SDS-PAGE to analyze the expected size at 80kDa. The red arrow indicates the
expected size of the protein.

3.5 in-vivo reconstituted SUMOylation assay

To investigate the SUMOylation status of PSTOL1, MBP tagged PSTOL1 WT and
PSTOL1%%R clones were transformed to the reconstituted SUMOylation system and grown on
media containing carbenicillin, chloramphenicol and streptomycin as previously described by
Okada et al., 2009. The positive colonies containing PSTOL1 CDS (975bp) were checked by
PCR, using gene specific primers (Figure 3.6).
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Figure 3.6: MBP-tagged PSTOL1 WT and PSTOL1%¥R plasmids were transformed into
E.coli reconstituted SUMOQylation system.

The figure shows the amplification of PSTOL1 WT and PSTOL1**® from E.coli colonies that grow on
selection media.

The protocol to express and purify PSTOL1 from bacteria was described above and the same
method was used. From the Figure 3.5 above, we can observe that it is difficult to visualize
the protein using coomassie staining. This time the protein was visualized directly using
immunoblotting. The protein was transferred from SDS-PAGE to PVDF membrane. The
membrane was probed with aMBP antibody to visualize the expression of recombinant protein.

(Figure 3.7).
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Figure 3.7 : Purification of recombinant PSTOL1 WT and PSTOL1?¥R from
reconstituted SUMOylation system.

BL21 cells containing PSTOL1 WT and PSTOL1?**® were grown at optimal conditions for protein
expression and the cells were harvested. The pellet was dissolved in Bugbuster/protein inhibitor mix
for lysis and the supernatant was collected and incubated with amylose resin. Column buffer + 10mM
Maltose was used to elute the MBP tagged. All the fractions collected were added to 4x SDS loading
buffer and protein fractions were analyzed on SDS-PAGE. Proteins were separated on SDS-PAGE and
were transferred to a PVDF membrane. Proteins were visualized by probing the membrane by «MBP
antibody. Uninduced (UI), Input (I), and Fractions (E) were loaded onto SDS-PAGE to analyze the
expected size. Red arrow indicates the expected size of protein at 80kDa.

Purified MBP tagged-PSTOL1 WT and PSTOL12¥R proteins were loaded on SDS-PAGE
along with uninduced and input samples. Immunoblot analysis by aSUMO1 antibody showed
that two bands for MBP-PSTOL1 WT purified protein (in Figure 3.8 A indicated by two white
arrows), indicating that SUMO moieties were conjugated to MBP-PSTOL1 WT protein.
However, the bands were not observed for MBP-PSTOL12KR purified protein suggesting the
loss of SUMOylation as predicted. Hence, the data showed that lysine 20 and 225 are potential
sites of SUMOylation in vitro (Figure 3.8 A). When proteins were probed with aMBP
antibody, the higher bands corresponding to polySUMOylation was not observed. This
confirms that the aSUMOI antibody specifically binds to SUMO1/2 conjugates of protein
(Figure 3.8 B).
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However, immunoblot analysis by aMBP also showed that PSTOL1?%R purified protein is less
when compared with PSTOL1 WT protein expression. We also observed partial SUMOylation
in vector alone expressing MBP. Therefore, it is important to investigate the PSTOLI1
SUMOylation status in-planta in combination with reconstituted SUMOylation system for
better understanding of SUMOylation status of PSTOLI1.

A. PSTOL1 Vector
WT PSTOLI*®*®  Control

ur 1 E Ul I E Ul 1 E PSTOL1 ' Vector

WT PSTOL12*®  Control

u 1 E Ul I E U I E

IB: aAtSUMO1,/2
IB: aMBP

Figure 3.8 : Reconstituted SUMOQylation assay.

N-terminal MBP tagged PSTOL1 WT and PSTOL1*® proteins were purified from E.coli BL21 cells.
The uninduced, input and purified protein samples were added to 1x SDS-PAGE loading buffer and
heated at 98°C for Sminutes. The samples were loaded on SDS-PAGE and proteins were transferred to
a bloating membrane and probed with aSUMO1 (A.) and (B.) aMBP .(A.) Immunoblot analysis by
aSUMO1 antibody indicates that PSTOL1 WT is SUMOylates while PSTOL1?**is not, indicating that
lysine 20 and 225 can be potential sites of SUMOylation in vivo. Red arrows indicate molecular weight
of MBP-tagged PSTOL1, and white arrows indicate bands corresponding to poly-SUMOylation (B)
protein was probed with aMBP. Uninduced (UI), Input (I), and Eluted Fraction (E)
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3.6 in-vitro phosphorylation assay

in-vitro phosphorylation assays are used to determine the activity of specific kinases from cells.
In this assay, purified recombinant protein kinase (expressed in E.coli BL21 cells) transfer the
gamma (y -P) phosphate group from ATP to the target substrate, known as a cross-
phosphorylation reaction. However, sometimes kinases add phosphate groups to itself, a

process known as autophosphorylation.

An in-vitro phosphorylation assay was performed to investigate the PSTOLI kinase
autophosphorylation activity. In this study, ATP acts as a donor for kinase to transfer gamma
phosphate either to substrate (cross-phosphorylation reaction) or add them to itself
(autophosphorylation reaction). We used commercially available substrate Myelin basic
protein (MyBP). It is widely used as a substrate in various in vitro phosphorylation assays

because MyBP has multiple sites for protein phosphorylation.

Three different phosphoryl reactions were set up using bacterial purified MBP-PSTOL1 WT
and MBP-PSTOL12*¥R proteins in microcentrifuge tubes (Figure 3.9). The first reaction
includes purified protein incubated with sterile water. This reaction was a negative control for
the in-vitro phosphorylation reaction. In the second reaction, purified proteins were incubated
with 1x kinase buffer including ATP but without Myelin Basic Protein (MyBP). This reaction
was set up to determine the autophosphorylation activity of PSTOL1 WT and PSTOL12¥R,
Third reaction included 1x kinase buffer (which includes ATP), MyBP (substrate), and purified

bacterial proteins.
The summary of all three reactions is given below:

a. Protein — ATP - MyBP: Control reaction
b. Protein + ATP - MyBP: To study the autophosphorylation activity of protein
c. Protein + ATP + MyBP: To study the cross-phosphorylation activity of protein
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Phos-tag analysis was done to detect the phosphorylation state of PSTOL1 WT and
PSTOL12¥R | Specifically, 5SuM of Phos-tag acrylamide and 10uM MnCl, were added to

resolving gel mix during preparation.

PSTOL1 WT  PSTOLI12KR  Vector Control

- - + - - + - + MyBP
ATP

Figure 3.9 : Immunoblots of in-vitro phosphorylation assays resolved on a SDS PAGE

phos-tag gels.

Purified MBP tagged bacterial proteins MBP- PSTOL1 WT and PSTOL1**® incubated with and
without MyBP in kinase reaction mixture (including ATP) to determine cross-phosphorylation and
autophosphorylation activity respectively. In vector control, autophosphorylation and cross-
phosphorylation activity was not detected. The western blot represents samples run on Mn*? Phos-tag
gels with 5pM of Phos-tag acrylamide and 10uM MnCl,. The red arrow indicates the phosphorylated
form of the protein above 80kDa, and white arrow indicates the dephosphorylated form of protein at
expected size of 80kDa.

The Phos-tag gel analysis of MBP-tagged PSTOL1 WT and PSTOL12X¥R protein purified from
E.coli, showed that in lane B and C of Figure 3.9, PSTOL1 WT protein was separated into two
different forms because of altered mobility of phosphorylated (indicated by red arrow) and
non-phosphorylated (indicated by white arrow) form. When PSTOL1 WT protein was
incubated without kinase buffer, it ran as a single band at 80kDa (Figure 3.9 lane A)
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confirming that the shift in the band is phosphorylated form of PSTOL1 WT (Figure 3.9 Lane
B and C). Western blot also showed that the autophosphorylation activity of PSTOL1 WT
when the purified PSTOL1 WT protein was incubated with kinase buffer including ATP
(Figure 3.9 Lane B). We also observed higher amount of both forms of PSTOL1 WT protein
when it was only incubated with ATP (Figure 3.9 lane B). Incubation of PSTOL1 WT protein
with both ATP and MyBP showed less intensity of both phosphorylated and dephosphorylated
form of PSTOL1 WT (Figure 3.9 lane C). We speculate cross-phosphorylation of MyBP by
PSTOL1 WT kinase. However, further experiments must be done to confirm the cross-
phosphorylation activity of PSTOL1 WT kinase on substrates. On the other hand, we cannot
detect any phosphorylated form of PSTOL1?%R protein when incubated with ATP or MyBP (in
Figure 3.9 lane E and F). Therefore, the data showed that there is no detectable
autophosphorylation or cross-phosphorylation activity of PSTOL12¥R kinase protein (Figure
3.9 lane E and F). We also included vector alone as a negative control in this experiment to

eliminate any non-specific phosphorylation activity by MBP tag.

We wanted to further study, autophosphorylation activity of SUMOylated PSTOL1 WT and
non-SUMOylated version of PSTOL1. in-vitro phosphorylation assay was set up using purified
SUMOylated PSTOL1 proteins and non-SUMOylated version of PSTOL1 as described above.

The figure highlights that PSTOL1 WT is autophosphorylated (Figure 3.10 lane B) and
probably MyBP was phosphorylated by PSTOL1 WT kinase (Figure 3.10 lane C). Clearly,
mutating SUMO sites in PSTOL1 impacts on both autophosphorylation and cross-
phosphorylation activity which can be seen in Lane E and F. This substantiated our earlier

results shown in Figure 3.9.

Collectively, the data suggested that PSTOL1 WT kinase can autophosphorylate itself whereas
mutating SUMO sites completely abolish the autophosphorylation activity of PSTOL12¥R, We
propose that probably SUMOylation might have an essential role in orientating the substrate

precisely for PSTOL1 kinase activity facilitating the transfer of y-phosphate to substrate
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efficiently. Thereby, SUMOylation is possibly regulating the kinase activity of PSTOLI1
kinase. Further investigation in this work would be highly insightful.

A.
PSTOLI Vector
WT PSTOL1**®  Control
O + - - + - - + MyBP
- + + - 4+ + - + + ATP
10 - )
72 -~ | .
55 . =
36
A B C D E F G H I
B. it PSTOLI
Control ~ PSTOL1%KR WT
T . T+ - - T - - MyBP
+ + + + - + + - ATP
100~ ¢
2= Ss “ i i""
8 .'
a b c d e f g h

Figure 3.10: in-vitro phosphorylation assay conducted using N-terminal MBP tagged
SUMOylated form and non-SUMUOylated form of PSTOLI1.

SUMOylated PSTOL1 (PSTOL1 WT) and non-SUMOylated version of PSTOL1 (PSTOL1**®) were
purified from E.coli. The purified proteins were incubated with and without MyBP in kinase reaction
mixture (including ATP) to determine cross-phosphorylation and autophosphorylation activity
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respectively. (A.) The western blot probed with aMBP represents samples run on Mn*? Phos-tag gels
with SuM of Phos-tag acrylamide and 10uM MnCl,. (B.) The parallel samples were run on the standard
SDS-PAGE and probed with aMBP. Black arrow indicates the phosphorylated form of the protein and
red arrow indicates the dephosphorylated form of protein.

Taken together, in vivo reconstituted SUMOylation assays and in-vitro phosphorylation assays
provided evidence that presence of potential SUMO sites in PSTOL1 may regulate its kinase
activity. We wanted to ascertain the role of SUMOylation of PSTOL1 on its phosphorylation
activity in planta. To investigate this, a transient assay in N.benthamiana using
35::GFP:PSTOL1 WT and 35::GFP:PSTOL1?*® was performed. GFP-PSTOL1 WT or GFP-
PSTOL1%®R was co-expressed with SUMO in N.benthamiana leaves. GFP was used as a
negative control. Recombinant GFP-PSTOL1 WT and GFP-PSTOL12¥R transient expression
was confirmed by western blotting with aGFP monoclonal antibodies (Clonetech) (Figure 3.11
A). The SUMOylation status of GFP-PSTOL1 WT when compared to GFP-PSTOL 1R was
confirmed via western blotting with aAtSUMO1/2 antibodies. From Figure 3.11 B we can also
see that in vivo SUMO immunoprecipitation assays showed that there is considerable reduction
in SUMOylation status of PSTOL1*R when compared to PSTOL1 WT (Figure 3.11 B)
because band corresponding to GFP-PSTOL1 was observed in the lane GFP-PSTOL1 WT. A
faint band was observed in the lane corresponding to the GFP-PSTOL1?®R, Therefore,
confirming the mutation of predicted SUMO sites from lysine to arginine would abolish the
PSTOL1 SUMOylation. This validated the earlier data of immunoblots from SUMO
reconstituted system, though, in Figure 3.8 A showed that PSTOL1 WT was poly-
SUMOylated whereas in-planta PSTOL1 WT exhibits a single band at around 65 kDa.
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A. Input I

GFP-PSTOL1 WT - - + - o i
GFP-PSTOL1%¢R - + - = + -
GFP * - -+ - -
SUMO o+ + 4+ 4+ 4
7O =
<+« PSTOLI1
S5 N——— > @ or PSTOL]1%KR
“. IP: aGFP
IB: aGFP

B. = <+=SUMO conjugated
55— PSTOLI1
35—
25w

: IB: aAntiSUMO
s - .-

Figure 3.11: The GFP-PSTOL1**R s potentially not SUMOylated in transient assay.

A. Western blot showing o-GFP IP and a-GFP IB of recombinant GFP-PSTOL1 WT, GFP-
PSTOL1%**® and a GFP control infiltrated with P19 suppressor protein and SUMO in 1:1:1 ratio.
Bands corresponding to GFP-PSTOL1 WT, GFP-PSTOL1?*® and the YFP control can be seen in
all lanes. 10ul of IP was loaded on SDS-PAGE.

B. Western blot showing a-GFP IP and a-AtSUMO1/2 IB of recombinant GFP-PSTOL1 WT, GFP-
PSTOL1%**® and a GFP control infiltrated with P19 suppressor protein and SUMO in 1:1:1 ratio. A
band corresponding to GFP-PSTOL1 WT can be seen in the IP lane indicating mono-SUMOylation
of GFP-PSTOL1 WT. A faint band can be seen in the IP lane of GFP-PSTOL1**®, indicating that
mutation of SUMO sites will significantly abolish the SUMOylation. 100ul of IP was loaded on
SDS-PAGE.
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3.7 Immunokinase assay/ in vitro Kinase assay

To investigate the autophosphorylation activity of PSTOLI1 protein kinase in-planta, the GFP-
PSTOL1 WT and GFP-PSTOL1%*R protein kinase was immunoprecipitated using GFP beads.
The purified proteins were incubated with 1x kinase buffer including ATP for 1 hour at 30°C.
Samples were subjected to Phos-tag analysis and blots were probed by aGFP antibody. SDS-
PAGE without the addition of Phos-tag acrylamide was run alongside Phos-tag gel.

A PSTOL1 WT PSTOLI2YR  GFp

-+ -+ I o ATP
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B. GFP PSTOL12R  PSTOL1 WT

Figure 3.12: Immunokinase assay/In vitro phosphorylation assay.

Protein was extracted using extraction buffer and immunoprecipitated using GFP beads.
Immunoprecipitated GFP-PSTOL1 WT, GFP-PSTOL1?*® and GFP were used as sample for in-solution
kinase assay. (A.) The western blot probed with aGFP represents samples run on Mn"? Phos-tag gels
with 5uM of Phos-tag acrylamide and 10uM MnCl. (B.) The samples were also run on the standard
SDS-PAGE and probed with aGFP antibody.

In contrast to in-vitro phosphorylation assay (Figure 3.9 and 3.10 A), there was no significant
difference observed in-planta in autophosphorylation activity of PSTOL1 WT and
PSTOL1%®R, Two separate forms of PSTOL1 WT were not observed and instead PSTOL1 WT
and PSTOL12¥R both run as a single band at 65kDa when subjected to Phos-tag gel analysis.
There are several factors to optimize the strategy for employing Phos-Tag acrylamide pendant
used for separation of phosphorylated and non-phosphorylated forms of protein from plants.
Bekesova et al., 2015 showed that it is important to establish appropriate extraction buffer
conditions to maintain the phosphorylation status of protein. Besides optimizing buffer
conditions, it is also crucial to optimize the metal cation (Mn*? or Zn*?) used to separate the
phosphorylated and non-phosphorylated forms of protein. Some research by Kumar G., 2018,
Ban et al., 2013 and Smékalova et al., 2014 showed that Zn*?> Phos-tag SDS PAGE with neutral

gel buffer system was an improved method for separating the two forms of proteins. The
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original procedure for post-electrophoretic treatment of the Phos-Tag gel demonstrated by
Kinoshita et al., 2006 recommended 10minute incubation time in transfer buffer supplemented
with ImM EDTA, however, this step is inadequate to transfer the forms of protein since certain
form of protein can occur as a minute fraction. To overcome this issue, EDTA concentration
can be increased 10mM whilst also increasing the time of incubation to 1 hour. The buffer was
also changed frequently. Also, it is critical to remove methanol from washing steps because it

may hinder the transfer of protein from gel to PVDF membrane.

Other than these technical issues, we also speculate another reason to differences between in -
vitro and in planta data. Some protein kinases are activated when exposed to various biotic and
abiotic stresses. Studies in rice showed that OsMSRMK?2 (a mitogen -activated protein kinase)
will show activation only by abiotic stresses such as ROS burst, drought, or salinity (Agrawal
et al., 2002). Calcium dependent protein kinases (CDPKs or CPKs) also show activation or
repression due to abiotic stresses in plants (Atif et al., 2019). Therefore, we hypothesized that
PSTOLI1 may exist in different forms when a plant is exposed to stress related to phosphorus.

Unfortunately, due to lack of time, this study could not be further investigated.

3.8 PSTOL1 cellular localization in leaves of Nicotiana benthamiana

The CDS of PSTOL1 gene was cloned into YFP tagged plant expression vector series
pEARLYGATE (pEG) (Earley et al., 2006). These vectors were used to transform the
bacterium Agrobacterium tumefaciens GV3103 cells; this strain of bacteria is used to
transiently express protein of interest when infiltrated into N.benthamiana leaves (Vijn and
Govers 2003). 3 days after syringe infiltration, 1cm squared sections of the leaf were carefully

cut and placed under a microscope slide for viewing in a confocal microscope Zeiss LSM 880.
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YFP Brightfield Overlay

OsPSTOL1 WT

OsPSTOL 122

Vector Only

Figure 3.13: YFP tagged PSTOL1 WT and PSTOL12¥R Jocalizes in nucleus and cell
membrane/cytoplasm when expressed in N.benthamiana leaves.

N.benthamiana leaves were infiltrated with Agrobacterium tumefaciens expressing PSTOL1 constructs,
YFP, SUMO and P19 respectively. The Agrobacterium culture expressing all constructs were diluted
in 10mM MgCl; to an O.D. 600 of 0.2 each. The infiltrated plants were allowed to grow for 3 days. The
Zeiss 880 microscope was used to visualize PSTOL1 WT, PSTOL1?**® and YFP in the leaf. The ‘Vector
only’ panel shows the localization of the YFP protein from pEG104 vector. YFP-PSTOL1 WT and
YFP-PSTOL1*® are observed to be present in nucleus and cell membrane in N. Benthamiana plant
cells. The localization was analysed by Zeiss LSM 880 confocal laser scanning microscope using a
60 x 1.4NA lens using laser excitation at 514 nm and emission filters 524-580 nm.

Figure 3.13 showed that YFP-PSTOL1 WT and YFP-PSTOL 12¥R Jocalize to the nucleus and
cell membrane/nucleus like vector only controls. Fusion proteins of YFP-PSTOL1 WT and
YFP-PSTOL1%¥R in the transient expression system was confirmed by western blotting with

aGFP monoclonal antibodies (Clonetech) (Figure 3.11 A). We also investigate the localization
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of PSTOL1 WT and PSTOL1%!R in Arabidopsis and rice which is discussed in chapter 4 and

chapter 5 respectively.

3.8 Investigating the target of PSTOL1 kinase

The next step was to identify the target substrates of PSTOL1 kinase. Gamuyo et al., 2012
showed that PSTOL1 overexpressing lines has more P content when compared to null
transformants. However, the underlying mechanism of PSTOL1 remained elusive until today.
Therefore, identification of PSTOLI1 targets is necessary to unveil the mechanism which can

be absent from other rice varieties which are intolerant to phosphorus deficiency.

We primarily used two methodologies to identify the targets of PSTOL1- Yeast two hybrid
(Y2H) and Complex-immunoprecipitation (CO-IP).

3.8.1 Yeast two Hybrid

3.8.1a Introduction

A practical method to predict the function of a protein is by identifying its interacting partner
(Keskin, et al., 2008). A vast number of biological processes are reliant on protein-protein
interactions (Wong et al., 2017). Various techniques by means of biochemical approaches-

affinity chromatography, co-immunoprecipitation and while molecular approaches include-
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yeast two hybrid are employed to map the interaction between proteins (Causier and Davies et

al., 2001).

Yeast two hybrid based on the observation that transcription factors from eukaryotic system
have distinct and separable domains- DNA binding domain (DBD) and Activation domain
(AD). The promoter region of gene is recognized and bound by DNA binding domain leading
to activation domain to recruit other proteins from transcription machinery to activate the
transcription of the gene (Figure 3.14) (Causier and Davies et al., 2001 and Ferro and
Trabalzini et al., 2013).

We have used ProQuest™ Two Hybrid System, which includes yeast expression vectors-
pDEST™ 22 has GAL4 activation domain (GAL4 AD; Prey) with tryptophan as a selection
marker whereas pDEST™32 has DNA Binding domain (GAL4 DBD; Bait) with leucine as a
selection marker. Along with these two expression vectors, the kit also provides the control
vectors to include them as positive controls for yeast two hybrid experiments. These controls
plasmids are based on interaction between RalGDS and KrevI. Mutations in RalGDS will affect

the interaction with Krevl.

Bait or protein of interest was cloned into pDEST™32 vector that contains a leucine selection
marker and the vector was transformed into PJ69-4a yeast strain. Transformed yeast cells are
selected by growing on minimal Synthetic Defined (SD) base media without leucine (SD/-L).
This SD base media has all amino acids except leucine. Likewise, Prey are cloned in to
pDEST™ 22 and transformed into YM4271 yeast strain and the yeast colonies are selected on
minimal Synthetic Defined (SD) base media without tryptophan (SD/-W). These yeast strains
are genetically engineered to contain LacZ and HIS3 as reporter genes. These reporter genes
encode the functional protein that provides a simple readout of interaction between two
proteins. If the two proteins i.e., bait and prey interact in yeast cell, DBD and AD will come
together to re-form transcription factor and later will activate the expression of reporter genes.
Positive interaction can be confirmed by two ways: 1. Interaction between bait and prey can be

detected by selecting on plates lacking histidine. Positive interaction between two proteins in
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yeast cells will enable yeast cells to grow in media lacking histidine. 2. Another way to check
the interaction is by B-galactosidase activity. If there is no interaction between two proteins,
yeast cells harboring both plasmids will grow white in color on plates of SD base media with
X-a-GAL. The yeast colonies will look blue in color if two proteins interact with each other.
To increase the stringency of yeast two hybrid screens sometimes more than one reporter genes

are evaluated parallelly.

reporter gene

no transcription

RNA Polymerase Il

reporter gene

transcription

Figure 3.14: Schematic representation of classic yeast-two hybrid system.

(A) shows a negative interaction which ultimately results in no transcription activation of reporter gene.
(B) The interaction between X and Y reconstituted the transcription factor, leading to recruitment of
RNA polymerase II for transcription activation of downstream reporter gene. Adapted from Briickner
et al., 2009.

3.8.1b Checking the autoactivation

A common restraint in yeast two hybrid experiment is that when a gene fragment subcloned in

the vector is transformed into yeast strain, it can activate the reporter genes without binding
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partner (Galletta and Rusan .,2015). This is known as Autoactivation or self-activation of

reporter genes.

To check the autoactivation activity, PSTOL1 WT and PSTOL1%*R gene were subcloned into
pDEST 32 vector. Empty vector pDEST 32, pDEST 32 PSTOL1 WT and pDEST 32
PSTOL 1R were transformed into PJ69-4a yeast strain. Besides transforming empty vector,
the control plasmid Krevl from ProQuest™ Two Hybrid System was also transformed into
PJ69-4a yeast strain. Krevl plasmid will be control plasmid for checking autoactivation

activity.

We had checked the reporter activity of lacz gene. The cultures were plated on SD/-L and SD/-
L+X-a-Gal and incubated for 2 days. The color of cultures was observed. The culture will turn
blue if the bait or empty vector is autoactivating the reporter gene. In the absence of

autoactivation of reporter gene, the culture would appear white.

Figure 3.15: Autoactivation test for target proteins.

PSTOL1 WT and PSTOL1%**® gene was subcloned into pDEST 32 vector and transformed into PJ69-
4a yeast strain along with empty vector. (A.) Negative control was included to check the autoactivation
activity of bait plasmid. Cultures plated on SD/-L plates and after 2 days of incubation, the color of
cultures was observed. (B.) Detection of self-activation of bait plasmid on SD/-L+X-a-Gal plates.
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Figure 3.15 A and B shows that the color of cultures was same in both negative control (SD/-
L) and SD/-L+X-a-Gal plates. This experiment confirmed that empty vector, PSTOL1 WT and
PSTOL1?®R do not autoactivate the reporter gene transcription in absence of activation

domain.

3.8.1c Validating the controls for positive interactions in Yeast -two hybrid assays

The next step is to set up a mating experiment with positive controls. Positive controls were
used to assay the interaction in a two-hybrid system. As a result, activation of specific reporter
gene will confirm that fusion protein is properly folded and directed to nucleus. However,
PSTOLI does not have any known interactor yet, therefore, to assay the interaction, we decided
to use the controls plasmids suggested by ProQuest™ Two Hybrid System. These controls are
built on the interaction between RalGDS and Krevl. Mutations in RalGDS (m1 and m2) affect
the interaction with Krevl. Mating between RalGDS WT and Krevl was strongest while the
interaction between Krevl and RalGDS (m1) weakened and further weakened when Krevl was
mated with RalGDS (m2). Along with positive controls, yeast strains harboring empty vectors
were also mated as negative controls for experimental system. Negative control is required to
standardize the suppression of background growth, but it is important to consider that

suppression of background should be enough to distinguish the weak interaction with

background growth.
Control Backbone Insert Mutant Role Interaction with
plasmid pEXP™32/Krevl
pEXP™32/ pDEST™32 full-length rat Krevl  wt Bait not applicable
Krevl
pEXP™22/ pDEST™22  ras association wt Prey strong
RalGDS-wt domain of RalGDS,
wt
pEXP™22/  pDEST™22 ras association 177T! Prey  weak
RalGDS- domain of RalGDS,
ml ml
pEXP™22/  pDEST™22 ras association L65P! Prey  not detectable
RalGDS- domain of RalGDS,
m2 m2
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Figure 3.16: The interaction controls recommended following transformation.

Adapted from ProQuest™ Two Hybrid System manual.

pDEST 32 Krevl was transformed into PJ69-40 yeast strain, and the other three control
plasmids were transformed into another yeast strain -YM4271. Mated cultures were spotted on
the SD/-LWH (Synthetic Defined (SD) base media without leucine, tryptophan, and histidine)
plates and incubated at 30°C for 2-3days.

A. B. C. D.
RalGDS-wt RalGDS-ml1 RalGDS-m2  pDEST 32

- - - -
and KreV1 and KreV1 and KreV1 pDEST 22

Figure 3.17: Interaction between controls plasmids recommended by ProQuest™ Two
Hybrid System.

Controls plasmids were transformed into yeast strains and interaction between control plasmids were
systematically examined. Standard mating protocol was used for this experimental setup. (A.) shows
strong interaction between RalGDS-wt and Krevl. (B.) shows intermediate interaction between
RalGDS-m1 and Krevl. (C.) shows weak interaction between RalGDS-m2 and Krevl. (D.) shows
interaction between empty vectors - pPDEST32 and pDEST22.

With this experiment, we were able observe a strong, intermediate, and weak interaction.
While strong and intermediate interactions (Figure 3.17 A and B) will be easily visible and
distinguished, it can be difficult to distinguish weak interaction (Figure 3.17 C) with
background growth. From Figure 3.17 C and D, it was important to distinguish the weak
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interaction from non-specific background interactions. This is a relevant reference while
screening potential interactors of OsPSTOL1 using arrayed yeast library. A common limitation
of yeast two hybrid screening is that sometimes bait, or prey constructs produce extensive
background growth which generates a substantial number of false positives as shown in Figure
3.17 D. There are two different types of false positives: Firstly, comprise of “biological” false
positives which can only be eliminated by comprehensive knowledge of protein of interest.
Second type of false positives developed as result of technical issues (Vidalain et al., 2004).
This creates a problem when detecting a positive interaction. To overcome this issue, yeast
strains harboring empty vectors (pDEST 32 and pDEST22) were also mated which will act as

suitable negative two-hybrid controls for non-specific interactions.

Before starting the yeast two hybrid screening, we had determined the autoactivation activity
of PSTOL1 WT independent of the activation domain (AD). Also, positive and negative

controls were included in the experimental set up of yeast two hybrid screening.

3.8.1d Arabidopsis TF library for Yeast two hybrid

To investigate the targets of PSTOL1, we used an arrayed yeast library generated by Castrillo
and Turck., 2010 et al added to previously known library of A4.thaliana transcription factors
(Regia project). This library consists of 1200 A.thaliana transcription factors (TFs) (Regia
Project) and 288 (Regulators) hereafter known as REGIA+REGULATORS; RR library. The
protocol for yeast two hybrid screening was followed as described by Castrillo and Turck.,
2010. . The RR library was purchased from Nottingham Arabidopsis Stock Centre (NASC).
The library was sent as glycerol stocks of the TFs in yeast (YM4271) on 15 separate 96 well

plates. Since PSTOL1 is in plant nuclei — it may have nuclear substrates, such as TFs.
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Figure 3.18: Schematic representation to screen RR library.

Adapted from Castrillo et al., 2011.

To investigate the transcription factors interacting with PSTOL1 WT, the gene was cloned into
pDEST32 (bait). The clone was confirmed by PCR and transformed into PJ69-4« yeast strain.
A single colony after transformation was inoculated in YPDA media and simultaneously TF
yeast library (prey) was inoculated in 96-well plate with YPDA. Both bait and prey were
allowed to grow at 28°C overnight with shaking at 180rpm. The next step was to mate the two
yeast strains. The 100ul bait was inoculated to 100ul prey in 96-well plates. The plates were
allowed to incubate for 2days at 28°C with shaking with 180rpm. Mated culture was used to
inoculate to selective medium SD/-LW to score diploids and SD/-LWH for checking the

positive interactions. The pictures of the plates were taken after 3 days to check for positive

interactions (Figure 3.18).
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Next step was to investigate the identity of AD insert which showed interaction with PSTOL1
WT. The colonies were inoculated in SD/-LWH media and allowed to grow overnight at 30°C
with shaking 220rpm. The DNA was isolated from all colonies. pDEST 22 vector specific
primers were designed and these primers were used to amplify the CDS of interacting partner.
PCR product was run on 1% agarose gel and using gel extraction kit the corresponding bands
were eluted and sent for sequencing (Figure 3.19). Table 1 shows the probable transcription

factors as interactors of PSTOLI.

L(1Kb)16 17 NC L(50bp)

12 13 14 15 L(50bp)

Figure 3.19: Image of DNA gel showing amplification of PCR product of AD.

Vector specific primers were used to amplify from yeast colonies grown on SD/-LWH media and run
on 1% agarose gel. The agarose gel was cut using sharp scalpel and DNA purified using a Gel extraction
kit. The samples were eluted in 12l in sterile water and send it for sequencing.
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Table 3.1 : Potential positive interactors of PSTOL1 identified through arrayed yeast

library of transcription factors from Arabidopsis thaliana and their homologs in rice

S.No | Clone Gene ID Gene Description Homolog in Rice genome
Number (Japonica)

1.2 AT5G53420 | CCT motif family protein Uncharacterized protein

2. 11 AT5G56840 | myb-like transcription | Transcription factor
factor family protein MYBS3-like

3.13 AT4G11680 | Zinc finger, C3HC4 type | E3 ubquitin-protein ligase
(RING  finger) family
protein

4.114 AT1G25470 | Cytokinin Response Factor | Ethylene response factor
12 ERF117

5.16 AT2G37260 | WRKY 44 Hypothetical protein DAI22

6. |15 AT1G29160 | COGWHEELL1 Dof-type zinc finger protein

02

7.7 AT2G31230 | Ethylene responsive | Putative = DNA  binding
element binding factor 15 protein

8. |17 AT5G54070 | Heat shock transcription | Heat stress transcription
factor A9 factor A-2e

9.15 AT1G17770 | SDG17, SET DOMAIN | Histone-lysine N-
PROTEIN 17, SU(VAR)3-9 | methyltransferase, H3
HOMOLOG 7, SUVH7 lysine-9 specific SUVH1

10{ 4 AT4G08250 | GRAS family transcription | Nodulation-signalling
factor pathway 2 protein

1149 AT1G55960 | Polyketide stAR-related lipid transfer
cyclase/dehydrase and lipid | protein 7, mitochondrial
transport superfamily | isoform X2 and X1
protein

12 8 AT1G48150 | MADS-box  transcription | Agamous-like MADS-box
factor ~ family  protein | protein AGL61
(AGAMOUS-Like 74)

13 10 AT2G22850 | basic leucine-zipper 6 bZIP transcription factor 44

The next step was to test the strength of interaction between the PSTOL1 WT and TFs that
grew in Y2H library screening. 13 TFs were shortlisted for checking the strength of interaction
from screening based on the growth of the yeast on selections media. Here we checked the
activity of Histidine reporter gene. Background growth can be reduced by adding a small
amount of 3-Amino-1,2,4-trizole (3-AT) in SD/-LWH media. 3-AT is a competitive inhibitor
of the HIS3 enzyme, so increasing concentration of 3-AT will reduce the background growth.

3-AT is also used to fine-tune the stringency of the assay. Strength of positive interactions are
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usually determined by increasing concentration of 3-AT. The colonies from SD/-LWH were
dissolved into 10ul water and pipetted onto the plates containing SD/-LWH without 3-AT,
SD/-LWH+ 0.5mM, SD/-LWH+ 5mM and SD/-LWH+ 10mM. Figure 3.20 shows the
representative growth and strength of interaction of PSTOL1 WT with 13 TFs.

SD/-LWH without 3-AT SD/-LWH + 0.5mM 3-AT

1 2 3 4 5 6 1 2 3 4 5 6

SD/-LWH + 5mM 3-AT SD/-LWH + 10mM 3-AT

1 2 3 4 5 6 1 2 3 4 5 6
T 8 9 10 11 12 7 8 9 10 11 12
13 14 15 16 17 13 14 15 16 17

Figure 3.20: A representation of 13 transcription factors interacting with PSTOL1

through a yeast two hybrid experiment.

Positive interactions were confirmed on high stringency 3-AT plates. After mating process, the
positive colonies were dissolved in 10ul sterile water and pipetted out on plates with and
without 3-AT. In this experiment, three different 3-AT concentrations- 0.5mM, 5SmM and

10mM were used.
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Table 3.2 : Putative strong interactors of PSTOL1 confirmed on high stringency media

S.No Gene ID Gene description Homolog in rice genome

(Japonica)

1. | ATIG48150 | MADS-box transcription factor Agamous-like MADS-box

family protein (AGAMOUS-Like protein AGL61
74)
2. | AT1G25470 Cytokinin response factor 12 Ethylene response factor
ERF117
3. | AT1G29160 COGWHEELI Dof-type zinc finger protein
02

4. | AT5G54070 | Heat shock transcription factor A9 Heat stress transcription
factor A-2e

The Figure 3.20 shows the representative growth on increasing levels of 3-AT concentration.
We found that clones 8,14,15 and 17 showed stronger interaction than other clones at 10mM
3-AT concentration (Table 3.2). The increasing 3-AT concentration suppressed the interaction.
The probable reason could be that SmM and 10mM 3-AT concentrations were very high to
suppress the growth of weak interaction. Therefore, we decided that the next experiment will
be performed with 0.5mM, ImM and 2mM 3-AT concentration for final observation of strength
of interaction. However, it is important to confirm the yeast two hybrid screening results using
in vivo- technique because any positive result demonstrating that two proteins interacting or
have ability to interact does not certainly prove that these proteins will interact in vivo in plant

cells (Wong and Naumovski et al., 1997).
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3.8.2 Complex-Immunoprecipitation (Co-IP)

Another key technique used to study protein-protein interactions is Coimmunoprecipitation
which provides very necessary information whether the proteins in study interact in vivo. To

determine the targets of PSTOLI1 protein, we used co-immunoprecipitation technique.

SUMOylation is a reversible process and SUMO proteases are necessary to deSUMOylate
target proteins. From the Figure 3.8 A and 3.11 B, it was confirmed that PSTOL1 WT is
SUMOylated, we hypothesized that identifying a SUMO protease which deSUMOylates
PSTOLI1 will unravel any new role for the SUMO system machinery in regulating phosphate
homeostasis in plants. We have synthesized a few rice SUMO proteases in fusion with YFP as
a tag for subcellular localization of SUMO proteases. As Figure 3.13 showed PSTOL1 WT
and PSTOL1%¥R Jocalized in both cell membrane and nucleus, we checked the localization of
ULPs (Ubiquitin Like Proteases) using confocal microscopy and based on the localization of
ULPs, we decided to select ULPs which localize in both nucleus and cell membrane for

investigating their interaction with PSTOL1.
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OsOTS 3 OsOTS 4 OsOTS 5 OsOTS 6

0OsOTS 9 OsOTS 11 PSTOL1 WT

Figure 3.21: Localization of YFP-tagged ULPs in Nicotiana benthamiana leaves.

A.tumefaciens expressing P19 and YFP-tagged ULPs were diluted in 10mM MgCl, to O.D. 600 of 0.3
each. The infiltrated plants were allowed to grow for 3 days.The localization was analysed by Zeiss
LSM 880 confocal laser scanning microscope using a 60 x 1.4NA lens using laser excitation at 514 nm
and emission filters 524-580 nm.

OsOTS11 and OsOTS9 localized both in nuclei and cell membrane in N.benthamiana leaves
like PSTOL1 WT (Figure 3.21). Firstly, we selected OsOTS11 to check its interaction with
PSTOL1 WT. To investigate the interaction between OsOTS11 and PSTOL1 WT, both the
genes were cloned with different tags in Gateway destination vector. OsOTS11 was cloned in
destination vector pEG100 (this vector is without a fluorescent protein tag) since OsOTS11
was already tagged with YFP in the Entry vector. Whereas PSTOL1 was cloned in the

destination vector pEG201 consisting of an N-terminal HA tag.
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The transient expression data shows that HA-PSTOL1 and YFP-OsOTS11 in input lanes when
immunoblotted with aHA and aGFP respectively. The single band was observed in the IP
sample showed that OTS11 was expressed in all lanes and successfully immunoprecipitated
(Figure 3.22 A and B) while CO-IP data showed that there is no interaction between OsOTS11
and PSTOL1. However, further validation is required to confirm this result. Reverse pull down
is another way to further validate the result. Due to time constraints, interaction of PSTOLI

with other ULPs was not investigated.

HA-PSTOL1 WT
YFP-OsOTS11
GFP

A 100
72—

39

OsOTSI11

36

a8 IP:aGFP

IB:aHA

36—

28—

IB:aHA

Input IP

Figure 3.22: Investigating the interaction between YFP-tagged OsOTS11 and HA-tagged

PSTOLL1.

Western blotting shows a-GFP IP (immunoprecipitated with GFP beads) and a-HA IB of recombinant
0OsOTS11 and PSTOL1 WT protein to identify protein-protein interaction between these two proteins.
Band corresponding to OsOTS11 and PSTOLI1 can be seen in input lanes. OsOTS11 was successfully
immunoprecipitated with GFP beads (A.) and probed with aGFP. The corresponding immunoblot of
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aHA does not show any band corresponding to PSTOL1 (B.). 10ul of IP and 50yl of total protein extract
was loaded on gel.

3.9 Discussion

Proteins are subjected to various Post-Translational Modification (PTMs) which significantly
increase the functionality and diversity of the proteome, improving the ability of plants to
respond to abiotic or biotic stresses. As a result, plants can fine-tune responses, and studying

these responses is an important aspect of crop improvement efforts (Zhang and Zeng., 2020).

In recent years, it is well established that cross talk between different Post-Translational
Modifications will regulate protein activity and its fate (Khan et al., 2014). Sadanandom et al.,
2015 showed binding of phytochrome B to Phytochrome Interacting Factors (PIFs)
transcriptional regulators is intervene by conjugation of SUMO to phytochrome B whereas
Medzihradszky et al., 2013 demonstrated that phosphorylation of phytochrome B negatively
regulates the light signalling. Thus, both SUMOylation and phosphorylation regulate the light
induced signalling via different mechanisms. Similarly, SUMOylation of WRKY33 is
necessary to interact with Mitogen-Activated Protein Kinases (MAPKs) which results in
phosphorylation of WRKY33 and thus activation (Verma et al., 2020). Thus, emerging
evidence like above verify the concept that cross talk between different PTMs allow additional
layers of regulation and thus fine-tuning the responses to environmental cues (Zhang, Y and
Zeng, L., 2020). In this chapter, we investigated crosstalk between SUMOylation and
phosphorylation. In the current chapter, we demonstrated that SUMO sites (K20 and K225) in
PSTOL1 plays a vital role in regulating autophosphorylation and probably trans-
phosphorylation in vitro (Figure 3.9 and 3.10). The data likely suggests that SUMOylation is
the PTM regulating basal-level PSTOL1 kinase activity and, SUMOylation may plays a

regulatory role for selectivity of substrate by PSTOL1 kinase during normal growth conditions
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and stress conditions. Therefore, an interplay between phosphorylation and SUMOylation can
be associated with activation or repression of PSTOL1 kinase activity. A similar immunokinase
assay was set up using immunoprecipitated protein from N.benthamiana leaves. However,
phosphorylated and dephosphorylated forms of PSTOL1 WT protein were not seen when the
protein was subjected to Phos-tag analysis. In the future, determining the biological conditions
and optimizing the conditions under which PSTOL1 will autophosphorylate is important to
establish SUMO's role in PSTOL1 autophosphorylation activity.

This thesis showed for the first time that PSTOL1 protein localized in both nucleus and cell
membrane in N.benthamiana leaves. Use of appropriate cellular compartment markers would
allow full verification of the localization of PSTOLI1. Nevertheless, we observed that there is
no difference in localization of PSTOL1 WT and PSTOL1%*R protein. Thus, the data showed
that SUMOylation of PSTOL1 does not affect the localization of the protein in N. benthamiana.

Parallelly, we investigated the potential targets for PSTOL1 kinase since there are no known
targets of PSTOLI till this date. Exploring the targets of PSTOL1 is important because we
speculate that selectivity of substrate by this kinase might be affected by SUMOylation status
of PSTOLI. Therefore, we decided two approaches to ascertain the targets for PSTOL1-
Firstly, by screening yeast library for potential transcription factors. We have found 13
transcription factors potentially interacting with PSTOLI. Surprisingly, we found that many of
these transcription factors and their homologs in rice are not well characterized yet. Secondly,
we used Co-immunoprecipitation as a method to investigate the interaction between PSTOL1
and SUMO proteases. This work was started with N. benthamiana Agrobacterium transient
assays to ascertain a protein-protein interaction between PSTOLI and OsOTS 11. It was
established that these two proteins do not interact. Unfortunately, due to lack of time, the

interaction of PSTOL1 with other SUMO proteases could not be further explored.

In conclusion, the work done in this chapter suggests that mutating SUMO sites in PSTOL1
can abolish its SUMOylation and its autophosphorylation activity (in-vitro phosphorylation

assay). However, not much is known about how these two post-translational modifications
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interplay to regulate the PSTOL1 mechanism as no such targets are known of PSTOL1 yet till
now. Whilst there is still much work required to determine the targets of PSTOLI1, the initial
experiment of yeast two hybrid screening described in this thesis has identified potential targets
of PSTOL1. The next step will be to verify the interactions in-planta. The plasmid of potential
interactors of PSTOL1 will be isolated from yeast clones and subsequently subcloned into the
plant expression vector system to confirm the interaction by co-immunoprecipitation.
Parallelly, the interaction can also be verified by Bimolecular fluorescence complementation

(BiFC).
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Chapter 4

Characterization of OsPSTOL]1 gene in Arabidopsis using a transgenic approach

4.1 Introduction:

Inorganic phosphate (Pi) is a macroelement indispensable for plant growth and development
as it is an important element for nucleic acids, photosynthesis and respiration, ATP,
phosphorylated and dephosphorylated intermediates in various reactions and phospholipids
(Wang et al., 2021, Crombez et al., 2019). The plant can only take up phosphate from the soil
as inorganic phosphate, but it is usually complexed with metal ions such as iron or aluminium
or converted by microbial activity or form a water-insoluble compound or taken up by soil
matrices which makes it difficult for plants to absorb it (Wang et al., 2021, Crombez et al.,
2019). As a result, Pi fertilizers are also very ineffective because only 10%-25% of Pi from
fertilizers is taken up by plants and the rest of the phosphate is bound to iron or aluminium in
the soil. The high sorption tendency of phosphate to particles in the soil causes poor distribution
and low mobility of phosphate available to plants (Peret et al., 2014). The limitation of
phosphate greatly affects the crop yield in over 60% of the world’s fertile land. Therefore, a

profound grasp of the regulatory mechanisms of P signalling and sensing in plants is the first
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step for improving crop P use efficiency but there many information gaps in studying crops
exist even now. Hence, it is crucial to study molecular responses under Pi deficiency in
Arabidopsis because of its shorter generation time and limited requirement of growth facilities.
The knowledge acquired from studying molecular mechanisms in Arabidopsis can help in
resolving and explaining several research problems in economically important crops such as

rice.

Adaptive strategies of Arabidopsis thaliana to cope with Pi deficiency are well-documented in
the literature. The strategies can be roughly classified into three main categories: 1)
Developmental responses such as modulating primary root length, length/density of root hair
and lateral roots and crown root angle (in the case of crops). This adaptation of root system
architecture promotes a shallower root system which helps plants forage topsoil where
phosphate tends to be present in the soil. 2) Physiological responses include activation of Pi
transporters responsible for remobilization and translocation of Pi uptake, relocation of Pi from
source to sink and recovering Pi from phospholipids. 3) Biochemical responses involve higher

secretion of RNases, phosphatases, and organic acids (Gutiérrez-Alanis et al., 2018).

The above responses to low Pi are attributed to two separate signalling pathways in response
to Pi starvation. These pathways are known as local and systemic responses to Pi starvation.
Change in the external level of Pi initiates local responses in plants such as changes in the Root
System Architecture (RSA). Modulation of RSA involves inhibition of primary root length,
enhancement in the number and length of root hairs and lateral root density. If internal Pi levels
are low, then responses include the activation of a large set of genes involved in increased Pi
uptake and improved P use efficiency. These responses are known as systemic responses
(Gutiérrez-Alanis et al., 2018). Understanding fundamental molecular mechanisms
underpinning Pi starvation responses using fast-cycling Arabidopsis thaliana as a model plant,

will allow rapid translation of new findings in crop plants (Kramer et al., 2015)
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4.1.1 Local responses: Adaptations of RSA under low Pi

Low Pi inhibits primary root (PR) growth in Arabidopsis. This is because of reduced cell
elongation and cessation of cell division activity which ultimately results in the exhaustion of
root meristematic activity (Gutiérrez-Alanis et al., 2018, Péret, et al., 2014). Low Phosphate
root 1/2 (LPR1/2) protein co-localizes with Phosphate Deficiency Response 2 (PDR2) in the
endoplasmic reticulum (ER) of root tips to establish an inhibitory effect on primary root under
low Pi. Auxin signalling also plays a key role in the regulation of primary root growth in Pi
starvation (Péret et al., 2014 and Fang et al., 2009). Parallelly with PR growth retardation, low
Pi stimulates LR initiation through increased auxin sensitivity by enhancing the expression of
auxin receptor TIR1 in the pericycle cells (Ham Kook et al., 2018) which results in more lateral
root emergence and initiation (Péret et al., 2014). Moreover, it had been studied well that root
hair growth is influenced due to local changes in phosphorus regardless of the Pi status of the
plant. In response to low phosphorus concentration, root hair length and density are increased
logarithmically (Bates and Lynch et al., 1996). Previous reports showed that auxin and ethylene
signalling affects root hair development, however, some contradictory reports also exist.
According to Muday et al., 2012 and Rahman et al., 2002 auxin is required for root hair
elongation but there is also an indirect effect of ethylene on root hair elongation. Auxin
response mutants- axr2, axr 3 and aux! displayed reduced initiation of root hair. On the other
hand, ethylene response mutant ein2-/ mutant does not show any significant reduction in root
hair initiation. But double mutant aux/ ein2 shows a considerable decrease in root hair
initiation when compared to either single mutant. However, Masucci and Schiefelbein, 1996
showed that neither the ethylene response mutant nor the auxin response mutant shows any

effect on root hair initiation.

4.1.2 Systemic responses: Adaptation through phosphate utilization and mobilization

Hydrolases such as ribonucleases and acid phosphatases release inorganic phosphate (Pi) from
organic sources. Arabidopsis has 29 Purple acid phosphatases (PAPs) and releases Pi from
organic material either from internal reserves or into the soil, depending upon their localization
(Kavka et al., 2021). Under Pi starvation conditions, ribonucleases (RNases) also play an
important role in mobilizing Pi from RNA. For example, AtRNS1 and AtRNS2 are RNases
that are involved in the mobilization of Pi from intracellular or extracellular RNA sources under

low Pi, senescence or wounding conditions (Fang et al., 2009). Another adaption to low Pi is
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the release of organic acid (OAs) such as citric acid act as chelators species (Al*, Ca*? and

Fe*?) which are bound to Pi and facilitates its release into roots (Panchal et al., 2021).

4.1.3 Systemic responses: Adaptation through phosphate transport

Another approach by which plants improve performance in Pi starvation conditions is by
increasing the expression of high-affinity transporters (HATs). Arabidopsis encodes 19 PHT
genes and the genome of rice encodes 16 PHT genes which include HATs, low-affinity
transporters (LATs) and constitutively expressed transporters. PHTs are classified into five
different classes — PHT1, PHT2, PHT3, PHT4 and PHTS. In Arabidopsis, PHT1 is active
under low Pi, whereas the other four are active at high Pi concentrations (Prathap et al.,

2022).

4.1.4 Regulators of phosphate signalling are under tight regulation by post-translational

modification

Emerging studies on Phosphate starvation responses (PSR) showed the importance of PTMs
such as SUMOylation in regulating PSR. Miura et al., 2005 demonstrated that SUMO E3 ligase
(AtSIZ1) modulates root architecture under low Pi where siz/ displayed exaggerated Pi
starvation responses such as inhibition of length of the primary root, increase in lateral root and
root hair number, greater root/shoot ratio and increased anthocyanin accumulation although
intrinsic Pi level in WT and siz/ plants were similar. Various proteins involved in phosphate
starvation responses are SUMOylated by AtSIZ1 and this is the only SUMO ligase in
Arabidopsis involved in phosphate stress responses. AtPHR1, a master regulator to maintain
nutrient homeostasis in Arabidopsis plants, is a target of AtSIZ1 (Miura et al., 2005 and Sega
et al., 2019). Other targets of AtSIZ1 are AtLPR1 and AtLPR2 respectively which control
responses in root when external Pi changes. Miura et al., 2010 also showed the upregulation of
auxin-induced genes in the siz/ mutant. This could suggest a link between SUMO E3 ligase
and the auxin pathway. In 2018, Orosa et al. established that ARF7 is rapidly SUMOylated and
PHRI1 is a target of both ARF7 and ARF19. PHR]I expression decreased in mutants of ARF7
and ARF19 which was further validated by the phenotypic data of mutants. arf7, arf19 and
arf7arf19 showed hyperaccumulation of anthocyanin in shoots and defective Pi uptake in roots
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(Huang et al., 2018). These studies showed the emerging role of SUMOQylation in phosphate
signalling in Arabidopsis and perhaps in the future this knowledge can readily be transferred

to different crops.

We previously established that OsPSTOLI is SUMOylated in rice (Figure 5.8, Chapter 5) and
this is important for root development. Given the importance of PSTOL1 in rice we wanted to
ascertain its role in the model plant Arabidopsis and identify any conserved molecular
mechanisms, however, PSTOL1 is not present in the genome of Arabidopsis thaliana. The
objective of this chapter is to investigate whether PSTOLI1 can confer low Pi tolerance in
Arabidopsis like in rice. In this study, I overexpressed under the constitutive CaMV 35S
promoter both PSTOL1 and non-SUMOylatable version of PSTOL1 protein in Arabidopsis to
get more in-depth knowledge on the effect of PSTOLI1 in Pi-induced root system architecture
changes. This study may lead to more rapid identification of PSTOL1 substrates which can
pave the way to generating stress-resilient crops. To determine the role of SUMOylation of
PSTOLI1 in Arabidopsis, plant expression constructs of PSTOL1 WT and PSTOL1%XR were
made and transform in Arabidopsis Col-0 plants. These transgenic lines were then analysed for

Pi responses in high and low Pi.

4.2 Creation of Arabidopsis stable transformation constructs

In Arabidopsis, the gene or protein will be referred as PSTOLI WT /PSTOLI?)® and
PSTOL1WT/PSTOL12¥R in this chapter. The full-length PSTOLI WT/ PSTOLI’*R gene was
amplified using NEB Q5 polymerase. It was already cloned into the pDTOPO entry clone and
sequenced to confirm the sequence of PSTOL1 WT and SUMO site mutations in PSTOL12¥R,
The gene constructs (PSTOLI WT and PSTOLI?*'®) were sub-cloned upstream of YFP in the
gateway destination vector pPEARLYGATE 104 using Gateway LR clonase. The vector has an

enhanced CaMV 35S promoter to drive gene expression with an N-terminal YFP tag. These
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constructs were transformed into Agrobacterium strain GV3101 and positive colonies were

checked by two sets of primers - gene-specific (Figure 4.1 A) and vector-specific-gene-specific

fusion primers (Figure 4.1 B).

PSTOL1 WT PSTOLI1%KR

M 1 3 4 6 7 8

PSTOL1 WT/
PSTOL1%R

B. PSTOL1 WT PSTOL12KR

M 1 2 3 4 5 6 7 8 9

<—Fusion product

Figure 4.1: pEG104 PSTOLI WT and PSTOLI?®R constructs transformed into
Agrobacterium strain GV3101.

Image of DNA gel showing amplification of positive colonies from Agrobacterium. Two different sets
of primers were used to test positive colonies. (A.), shows PCR amplification of product size at 400bp
using gene-specific primers. (B.), The figure shows the amplification of products at 875bp using gene-

vector specific primers.
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The Agrobacterium construct was transformed into Arabidopsis plants using the floral dip
method (Clough and Bent 1998). Transformed plants (T1) were selected on soil with
Glufosinate (BASTA) treatment. Col-0 seeds were used on BASTA selection as a negative
control. The selected plants (Figure 4.2) were carefully picked out of the soil and transferred
into fresh soil with no selection and grown under long-day conditions. Around 60 transgenic
lines from PSTOLI WT construct and 20 transgenic lines from PSTOLI2K/R were obtained
after BASTA selection. Alongside these two constructs, the YFP vector alone was also dipped
which will act as a negative control for experimentation. The seeds were collected from each

individual plant separately.

PSTOL1 WT PSTOL 12K YFP vector control Col-0

Figure 4.2: Identification of transformed Arabidopsis lines generated using floral dip
protocol.

Seeds were harvested from a mother plant after floral dipping of each genotype and were put on soil
supplemented with BASTA and stratified at 4°C for 3 days. The seeds were then transferred to the
growth room after 3 days. Seeds of Col-0 were used as negative controls for selection. The BASTA
solution was replaced after 2-3 days to keep the soil moist. The figure shows the growth of plants after
20 days on BASTA selection. After 20 days, the seedlings were carefully transferred to the soil without
selection and were allowed to set seed.

T2 generation seeds were again selected on %2 MS plate supplemented with BASTA (20mg/ml)
to identify lines showing a Mendelian ratio of 3:1 or single copy insertions. Individual seedlings
were transferred to soil and seeds were collected from each individual plant for determining

homozygosity. The seeds were again selected on 2 MS plates with BASTA selection and lines
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showing 100% survival were used for further experiments. The presence of the transgene was
confirmed by PCR. Further, the primary selection of independent lines for checking transgene
expression and protein levels was based on their similar phenotype on BASTA plates at T2
generation. The next step was to confirm the expression levels of a minimum of 3 independent
transgenic lines — PSTOL1 WT 2-1, PSTOL1 6-8, PSTOL1 16-2, PSTOL1?¥R 4.1,
PSTOL12¥R 7-8 and PSTOL12¥R 8-1 by real-time qPCR. Total RNA was extracted from 10-
day old seedlings grown on 2 MS agar media and cDNA was synthesised. At least two
transgenic lines showing a similar level of expression per construct were further analysed

(Figure 4.3).
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Figure 4.3: Analysis of PSTOLI WT and PSTOLI*YR gene expression in homozygous
independent Arabidopsis transgenic lines analysed by Real-time PCR.

PSTOL1 WT/PSTOL1**® expression was analysed in 10 days old seedlings relative to actin as a
housekeeping gene. Total RNA was isolated from 10-day-old seedlings of all independent lines from
each genotype and cDNA was prepared from the RNA by reverse transcription. The cDNA was diluted
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in a 1:5 ratio and resulted in cDNA being used as a template for qRT-PCR Error bars representing SEM
of expression except PSTOL1?*® 8-1 because technical replicate values were close to each other.

Expression analysis from Figure 4.3 revealed that transgene expression in PSTOL1 16-2 and
PSTOL12¥R 4-1 were comparable. Similarly, mRNA levels in the other two transgenic lines -
PSTOL1 WT 6-8 and PSTOL1?*R 7-8 were similar. However, low level of non-specific
expression was seen in Col-0, which probably due to the low - specificity of primers or high

cDNA concentration in the sample.

Parallelly, to ensure the phenotype observed in the transgenic lines was due to the expression
of PSTOLI1 protein, the levels of proteins were analysed by western blotting (Figure 4.4).
PSTOL1 WT 6-8 and PSTOL1 WT 16-2 lines show a similar level of protein which can also
be confirmed by loading controls as shown in Figure 4.4. PSTOL1?®® 7-8 and PSTOL12KR
4-1 show much weaker protein expression than other transgenic lines even though the loading
control is similar. However, this may be due to the extraction technique. Total Protein was also
extracted from Col-0 seedlings as negative controls and YFP protein from isolated from YFP

transgenic lines seedlings was a positive control for immunoblot analysis by aGFP antibodies.
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Figure 4.4: Analysing the PSTOL1 WT and PSTOL1*¥R protein levels in overexpressing
PSTOL1 WT and PSTOL1?¥R transgenic lines.

Western blot analysis showing the protein levels in each independent line of 35S::PSTOL1 WT and
35:: PSTOL1*® . 10 days old Arabidopsis seedlings were used to extract total protein using 1x laemmli
sample buffer in 1:1 ratio and subjected to SDS-PAGE analysis. The proteins were transferred to the
PVDF membrane and immunoblotted using aGFP antibodies. The protein band of PSTOL1 kinase was
seen in both PSTOL1 WT and PSTOL1**® independent lines (shown by red arrow) but the band
corresponding to PSTOL1 kinase in absent from Col-0 and YFP control. Col-0 Arabidopsis seedlings
without PSTOL1 insertion (empty vector) were utilised as a negative control. 30ul of total protein was
loaded on SDS-PAGE.

Data from Figures 4.3 and 4.4 demonstrated that PSTOL1 WT 6-8, PSTOL1 WT 16-2,
PSTOL1%®R 4-1 and PSTOL1%*R 7-8 were chosen for further phenotypic analysis. The result

also suggests that mRNA levels will not always correlate with protein levels because overall
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protein levels in PSTOL12¥R 4-1 and PSTOL1?%R 7-8 transgenic lines are reduced. There
could be two plausible reasons: First, levels of protein in PSTOL1?*R 4-1 and PSTOL1?*R 7-
8 transgenic lines are low probably because of the extraction technique. Secondly, changes in

protein abundance could be due to post-translational regulation which cannot be seen at the

mRNA levels.

4.2 Localisation of N-terminal YFP tagged PSTOL1 WT and PSTOL1?¥R in

Arabidopsis seedling roots

Additionally, subcellular localisation of PSTOL1 was determined to ascertain whether SUMO
site mutation altered the localisation of PSTOL1 in Arabidopsis seedlings both in roots and
leaves. The localisation was observed using a fluorescence microscope Zeiss 880. 7-day-old
seedlings were grown on %2 MS media and root samples were carefully placed on a microscope
slide for imaging. Perfluoroperhydrophenanthrene (PP11) solution was used for mounting the
root sample on a microscope slide to improve the resolution of images. Expression of PSTOL1
WT 16-2, PSTOL12%R 7-8 and YFP were analysed in root tip, apical meristem and elongation

zone of transgenic lines.
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B. PSTOL12¥R 7.8
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Figure 4.5: Confocal images of 7-day-old transgenic 35S::YFP-PSTOL1 WT 16-2,
35S::YFP- PSTOL1?¥R7-8 and YFP vector.

N-terminal YFP tagged PSTOL1 WT 16-2, PSTOL1**® 7-8 and YFP vector control localised in the
nucleus and cell membrane when stably expressed in roots of Arabidopsis seedlings. The localization
was analysed by Zeiss LSM 880 confocal laser scanning microscope using a 60 x 1.4NA lens and using
laser excitation at 514 nm and emission filters 524-580 nm. A. PSTOL1 WT 16-2 B. PSTOL1?** 7-8
C. YFP vector control. 7-day old seedlings were mounted on microscope slides using PP11. Scale bar
= 10pm.

Localization of PSTOL1 WT 16-2, PSTOL1%*R 7-8 and YFP vector in the root tip and apical
meristem can be seen in both the nucleus and cell membrane or cytoplasm. However, we
observed a difference in the pattern of localization of PSTOL1 WT 16-2 and PSTOL12¥R 7-8

when compared to YFP vector control in the elongation zone. YFP alone can be seen in both
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the nucleus and cell membrane in cells of the elongation zone but there is a decrease in nuclear
localization of PSTOL1 WT and PSTOL1?®R  However, a ratiometric quantification of
fluorescence in the nuclear/cytoplasm or cell membrane will confirm this finding. Moreover,
change in cellular localization of PSTOL1 WT and PSTOL12¥R was checked in leaves of lines
overexpressing PSTOL1 WT/ PSTOL1%%R transgenic lines.

4.3 Localisation of N-terminal YFP tagged PSTOL1 WT 16-2 and PSTOL12¥R 7-8 in

Arabidopsis seedling leaves

YFP Brightfield Overlay

! PSTOL1 16-2 WT

PSTOL1 7-8KR

%" YEP vector control

Figure 4.6: N-terminal YFP tagged PSTOL1 WT, PSTOL12¥R and YFP vector control
localised in the nucleus of cells and cell membrane/cytoplasm when stably expressed in
leaves of Arabidopsis seedlings.

7-day old seedlings were mounted on microscope slides. Strong expression of both PSTOL1 WT and
PSTOL1%**® can be seen in the nucleus and cell membrane of the cells. The localization was analysed
by Zeiss LSM 880 confocal laser scanning microscope using a 60 x 1.4NA lens and using laser
excitation at 514 nm and emission filters 524-580 nm. Scale bar = 10um.
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Figure 4.6 showed no difference in the localisation of PSTOL1 WT and PSTOL1?*R in
Arabidopsis leaves. The expression of PSTOL1 WT and PSTOL1%*R was like vector control.
The reason there was no difference observed with vector control in expression of both PSTOL1
WT and PSTOLI1?*R in leaves and roots probably because PSTOL1 WT/PSTOL1?¥R
transgene expression is constitutively driven under CaMV 35S promoter. To exclude the
possibility that observed YFP-tagged PSTOL1 WT/PSTOL1?¥R localization pattern is not
because of YFP vector only, the protein from respective lines (PSTOL1 WT 16-2/ PSTOL1%KR
7-8) was immunoprecipitated and was checked using western blotting (Figure 4.7).
Immunoprecipitation assay confirmed YFP-tagged PSTOL1 WT/ PSTOLI12(R  protein
expression and therefore we can correlate those confocal images of PSTOL1 WT/
PSTOL12¥R, Although YFP-tagged PSTOL1 WT/PSTOL12¥R shows similar localization like
YFP vector control, however, western blot shows the band of YFP tagged PSTOLI1
WT/PSTOL1?*R and YFP vector alone at expected size which indirectly indicates that
confocal images of YFP alone and YFP-tagged PSTOL1 WT/ PSTOL12¥R can be seen because
respective proteins (Figure 4.5 and 4.6).

Parallelly we also analysed the SUMOylation status of YFP-PSTOL1 WT and YFP-
PSTOL1?®R in Arabidopsis transgenics lines. To begin with, the expression of
immunoprecipitated YFP-PSTOL1 WT and YFP- PSTOL1%¥R was analysed on SDS-PAGE
(Figure 4.7). The bands corresponding to YFP-PSTOL1 WT and YFP- PSTOL1?*®R was seen
at 64.4kDa size. Micro column used for immunoprecipitating YFP protein was unfortunately
clogged and due to high back pressure for elution there was not binding between protein and

aGFP beads and therefore expression of YFP only cannot be observed.

140



PSTOL1 WT 16-2 ; : ] +
PSTOL12K/R 7-8 - . 2 :

YFP vector control - + & _
Empty Vector i . - -

100 =

28

100=
72—
55—

Loading control _

YFP-PSTOL1IWT/
YFP- PSTOL1%R

Input
IB: aGFP

Figure 4.7: Immunoblot analysis showed the protein expression of YFP-PSTOL1 WT and

YFP- PSTOL1*¥R in Arabidopsis transgenic lines.

Immunoblot analysis of immunoprecipitation experiments of PSTOL1

immunoblot analysis anti-GFP antibody (IB: aGFP) to confirm
WT/PSTOL1?*® | RuBisCO was used as loading control.

Finally, we wanted to analyse the SUMOylation status of YFP-PSTOL1 WT and YFP-
PSTOL1%®R in Arabidopsis seedlings overexpressing PSTOL1 WT and PSTOL1?¥R protein
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WT, PSTOL1**® | YFP vector
control and Col-0 (negative control) was carried out with aGFP beads. 10-days old seedlings were
grown on 2 MS media and tissue was weighted and flash frozen in liquid N, Protein extract was
subjected to immunoprecipitation (IP: aGFP) with oGFP immunoaffinity beads followed by
the expression of PSTOLI1




respectively. Figure 4.8 shows SUMO conjugated YFP-PSTOL1 WT around 64.4kDa
(indicated by red arrow) while SUMO conjugated YFP- PSTOL1?*R was significantly
reduced. Since, the protein expression of YFP tagged PSTOL1 WT and PSTOL1%¥R was the
same when probed with anti-GFP antibodies in IP lane (Figure 4.7), we can confirm that
mutation of lysine to arginine significantly reduced the level of SUMOylation of PSTOL12¥®R
in Arabidopsis seedlings. However, SUMOylation status was not tested in other PSTOL1 WT

and PSTOL1%%R transgenic lines.

PSTOL1 WT 16-2 + . ’ -

PSTOL12kR 7.8 - + - -

YFP vector control - - - -
Empty Vector - - 5 aE

100==

- SUMO  conjugated
YFP-PSTOL1 WT/
YFP-PSTOL 12

36 - : .
-
2 Qe IB: aAntiSUMO

Figure 4.8: Immunoblot analysis showed mutation of the two Lysines to Arginines in

PSTOL1*¢R reduces SUMOylation in Arabidopsis seedlings.

Immunoblot analysis of immunoprecipitation experiments of PSTOL1 WT, PSTOL1*® | YFP and
Col-0 (negative control) was carried out with aGFP beads. AntiSUMO1 antibody was used to detect
SUMO conjugated protein (IB: aAntiSUMO). SUMO-conjugated PSTOL1 WT can be seen in the IP
lane of PSTOL1 WT while the reduced/abolished SUMOylation can be seen in the IP lane of

PSTOL1%*® | The red arrow indicates the SUMO conjugated YFP-PSTOL1 WT at an expected size of
64.4kDa.
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4.4 Standardizing the Phosphate treatment condition on Col-0 plants

Once the SUMOylation status of PSTOL1 was confirmed in Arabidopsis seedlings, our next
step was to analyse the phenotype of plants expressing PSTOL1 WT and PSTOL12*R under
different phosphate concentrations. From previous studies, it is apparent that primary root
growth is inhibited in low Pi. We chose primary root length as a major parameter for
standardizing the phenotyping of Arabidopsis plant responses to different concentrations of
phosphate. We performed a pilot experiment to examine the impact on Arabidopsis root growth
at high and low phosphate concentrations, which we can use as a basis to analyse PSTOLI1

Arabidopsis transgenics.

The strategy was to employ different phosphate concentrations as shown by Huang et al., 2018,
Bhosale et al., 2018, Miura et al., 2005 and Dong et al., 2017. A few studies also showed the
various strength of MS medium for their studies. For instance, Huang et al., 2018 studied the
phenotype of Arabidopsis root growth on full-strength MS while Dong et al., 2017 did the
phenotypic analysis on 2 MS media. Therefore, we decided to choose 2mM, 1.25mM,
0.625mM, 312uM, 12.5uM, 10uM, 3uM and no phosphate conditions to study the primary
root length on both /2 MS and full-strength MS medium.
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Figure 4.9: Quantification of root growth inhibition in Col-0 seedlings on various

phosphate concentrations (A.) With Full Strength (B.) With half strength.

Four-day-old seedlings of Col-0 were transferred to full strength MS and half strength MS and were
grown for additional 11 days before root lengths were measured. Data are averages + SEM (n = 21
each). One way ANOVA determined a statistical significance between Col-0 seedlings on 1.25mM and
3uM phosphate concentration. * Indicates a statistically significant difference (P < 0.05-0.0001)

From this experiment, it was determined that 1.25mM as high phosphate concentration and

3uM as low phosphate concentration based on root growth inhibition. These concentrations

were then used to analyse the difference between Col-0, PSTOL1 WT and PSTOL1%KR

Arabidopsis transgenics lines on full strength MS.
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4.5 Analysis of transgenic Arabidopsis plants overexpressing PSTOL1 WT and
PSTOL12KR

4.5.1 Characterization of PSTOL]1 in Arabidopsis plants response to phosphate

starvation

As described above, 1.25mM and 3uM were used as high and low phosphate concentration
respectively for analysing the impact of PSTOL1 WT and PSTOL1**R function in
Arabidopsis. Two independent lines of the PSTOL1 WT and PSTOL1?®R with similar
transcript (Figure 4.3) and protein levels (Figure 4.4) were analysed and chose for further
experimentation. Col-0, PSTOL1 WT 6-8, PSTOL1 WT 16-2, PSTOL1?*R 4-1, PSTOL1?¥R
7-8, and YFP only controls were germinated on 2 MS plates and grown under long day
conditions for 4 days. After 4 days of germination, the seedlings were transferred to MS plates
with high (1.25mM) and low (3uM) phosphate concentration respectively and were grown
under long day light conditions for 11 days (Figure 4.11). Under differing phosphate
treatments, primary root length, lateral root density, lateral root per plant and biomass of

seedlings were measured.
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Figure 4.10: Analysis of the morphology of wild-type and PSTOL1 transgenic lines under
high Pi (1.25mM) and low Pi 3uM).

Representative images of 11-day-old seedlings grown on high Pi (A.) and low Pi (B.) on vertically
oriented MS agar plates. Approximately 40-50 seedlings were transferred to MS media supplemented
with different phosphate concentration, 1.25mM (high phosphate) and 3uM (low phosphate) from 2
MS media after 4 days. Photographs were taken after 11 days to analyse the different parameters —
primary root length, lateral root density, lateral root per plant and fresh weight biomass. Col-0 and YFP
vector control were taken as negative controls. Scale bar = lcm.

To understand the effect of low Pi conditions, we examined primary root length, lateral root
density, lateral root per plant and fresh weight biomass of seedlings (Figure 4.11). The data
suggest that overexpression of PSTOL1 WT in Arabidopsis results in reduced sensitivity to Pi
deficiency by improving root growth compared to wild-type, Col-0 and PSTOL1?*R seedlings
(Figure 4.10).
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A. Primary root length

All transgenic lines showed a significant increase in primary root length when compared to
Col-0 seedlings in high phosphate concentration media (Figure 4.11 A). Under low Pi
conditions, we observed that Col-0 seedlings exhibited inhibition of primary root length which
is well-documented in the literature (Miura et al., 2005). This represents here that the
experimental setup works well. PSTOL1 WT expression improves primary root length

irrespective of Pi status, while we observed that more reduction in PSTOL12¥/R

overexpressing
transgenic lines under low Pi where the same pattern can be observed in Col-0. The percentage
of primary root growth inhibition was 21.2% observed in Co/-0 seedlings under low Pi when

compared to high Pi whereas primary root growth reduction in PSTOL 12K/R

seedlings was seen
between 22.7% - 29%. However, inhibition of primary root length under low Pi was not
observed compared to high Pi in overexpressing PSTOL1 WT transgenic lines and in fact these

transgenic lines displayed a 2.1% - 5.3% increase in primary root length in low Pi than high Pi.

B. Lateral root density and lateral root per plant

The lateral root density was calculated by dividing the lateral root number by the length of the
primary root length. This is an important step to consider while calculating because it is
necessary to normalize the treatment effect on the length of the primary root. The result (Figure
4.11 B and 4.12) showed that low Pi availability accelerated the formation of lateral roots in
PSTOL1 WT Arabidopsis transgenic lines. PSTOL1 WT probably acts partially irrespective of
Pi supply because we observed that there is no reduction in lateral root density. Conversely,

overexpressing PSTOL12K/R

seedlings exhibited a higher density of LR when compared to Col-
0 under high Pi but showed a decrease in lateral root density under low Pi as same trend was
observed in the wild-type Col-0 seedlings. The percentage decrease in lateral root density is
10-22% in PSTOL1?¥R seedlings while in Col-0 only a 3.5% decrease was observed (Figure

4.11 B).

On the other hand, lateral roots per plant were calculated and we observed an 8-9% decrease
in lateral root number in PSTOL1 WT transgenic lines whereas Col-0 seedlings exhibited a
22% reduction under low Pi. Interestingly, overexpressing PSTOL1?®R transgenic lines
showed considerable reduction ranging in lateral roots per plant from 12% to 35% under Pi-
starved conditions (Figure 4.11 C).
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C. Fresh weight biomass

We observed Pi starvation also affects the overall growth of the plant. The result indicates that
the fresh weight of PSTOL1 WT transgenic lines was slightly decreased ranging from 4% -
4.8%, whereas PSTOL12XR exhibited a reduction between 19.1% - 26.2% under Pi-starved
conditions. Meanwhile, the marked decrease (37.9%) in the overall growth of plants was seen

in Col-0 under -Pi conditions (Figure 4.11 D).
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Figure 4.11: Quantification of root length, lateral root density, lateral root per plant and
fresh weight biomass of Col-0, PSTOL1 16-2, PSTOL12¥R 4-1, PSTOL12K¥R 7-8, YFP

vector control on high (1.25mM) and low phosphate (3uM).

Four-day-old seedlings of different genotypes were transferred to MS with high (1.25mM) and low
phosphate (3uM) and grown for additional 11 days until primary root length, lateral root density, lateral
root per plant and fresh weight biomass were measured. (A.) Primary root length was measured after
11 days on MS media. (B.) and (C.) 11 days old seedlings were used to measure lateral root density and
lateral root per plant. (D.) The fresh biomass of 11 seedlings was measured after being grown on MS
media. Data was analysed relative to the growth of Col-0 on high and low phosphate. Data are averaged
+ SEM (n = 40-50). One-way ANOVA determined a statistical significance between the groups for
analysing primary root length and lateral root density. * Indicates a statistically significant difference
compared with wild-type subjected to low Pi treatment (Col-0) (P < 0.05-0.0001). Student t-test was
used to determine statistical significance between transgenic lines with Col-0 seedlings subjected to low
phosphate treatment. * Indicates a statistically significant difference (P =0.01).
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Figure 4.12: A representative white light images of all the genotypes grown under high
and low Pi.

A representative white light image of 11-day-old seedlings of different genotyped root grown high and
low Pi MS agar plates indicating lateral root development of Col-0, PSTOL1 WT, PSTOL1**® and
YFP vector control when grown on high (1.25mM) and low Pi (3uM). The white light images were
taken on a stereomicroscope with an integrated HD camera. Scale = 1cm.

4.5.2 Analysis of root gravitropism in overexpressing PSTOL1 WT and PSTOL1¥R
Arabidopsis seedlings

The limitation of phosphorus in soil is known to induce alterations in root system architecture.

Changes in RSA maximize nutrient uptake and therefore, this is an important parameter to
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study. Recently, studies on root growth angle (RGA) or root gravitropism showed that it is a
necessary parameter of RSA because shallower roots (larger RGAs) are known to improve
phosphate uptake from the topsoil (topsoil foraging). Root gravitropism is the orientation of
root growth towards gravity (Wang et a., 2018). Seeing the importance of root gravitropism in
low Pi conditions, we chose to analyse PSTOL1 WT and PSTOL1?*R Arabidopsis transgenic
lines on 2 MS for a gravitropic response on high and low Pi. The Col-0, PSTOL1 WT 6-8,
PSTOL1 WT 16-2, PSTOL1?*R 4.1, PSTOL1?*R 7-8, YFP only vector control seeds were
sterilized and using a sterile scalpel the seeds were transferred to 2 MS media with 1% sucrose.
The seeds were placed in a row and vernalized in the dark at 4°C for 3 days (Muller et al.,
2018). After vernalization, the plates were transferred to 22°C and plates were placed vertically.
Seedlings were grown vertically for 5-7 days on %2 MS plates and then turned at an angle of
90° for 24 hours. The photographs were taken after 24 hours to record the change in the angle
of root tips. The images were analysed to measure root bending by ImagelJ software. The root

bending angle was measured as shown in Figure 4.13 for every seedling.

Figure 4.13: Quantification of root gravitropic curvature using Image J software.

Figure 4.14 and 4.15 shows that after 24 hr of gravistimulation, 44.7% of Col-0 showed
bending between 90°-120° while PSTOL1 transgenic lines revealed a different pattern. 70%
PSTOL1 WT seedlings shows bending angle between 90°-120° while 81.25% PSTOL1?¥R
seedlings displayed faster response to gravity stimulus. We also observed that 10% of Col-0
seedlings showed a bending angle between 60°-90° while this pattern was also seen in
PSTOL12¥R geedlings (4%-11%). Interestingly, quantification in Figure 4.15 revealed that
this pattern was not seen in PSTOL1 WT transgenic seedlings. Further analysis also revealed
that there is a gradual decrease in the frequency of seedlings of PSTOL1?*R (8% - 13%) while
PSTOL1 WT (27% - 31%) and Col-0 (44.7%) showing a root angle between 120°-150°.

150



Unfortunately, due to the fewer number of seeds available for YFP vector control, the result
obtained may not be conclusive. Therefore, the experiment has to be repeated again with the

same number of seeds for all genotypes.

PSTOL1 WT 16-2 YFP vector control Initial orientation of seedlings

L.

Orientation of seedlings after
90° rotation

Figure 4.14: Representative image of comparison of root gravitropic response of 7-day-
old seedlings of Col-0, PSTOL1 WT, PSTOL1%¥R seedlings and YFP vector control.

Comparison of root gravitropic response of 7-day-old seedlings of Col-0, PSTOL1 WT PSTOL1*®
and YFP vector control seedlings. Sterilised seeds were transferred by a sterile scalpel to 2 MS plates
+ 1% sucrose. The seeds were stratified at 4°C in dark for 3 days and subsequently, plates were
transferred to light where seedlings were allowed to grow for 5-7 days before gravity stimulus. Plates
were turned by 90° and kept in the dark for 24hr. Root bending is shown here at 24hr rotation of
vertically grown seedlings. Scale bare = 1cm.
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Figure 4.15: Quantification of root gravitropic curvature of Col-0, PSTOL1 WT 6-8,
PSTOL1 WT 16-2, PSTOL12%¥R 4-1 and PSTOL12XR7-8,

Seeds were sterilised and transferred to > MS with a 1% sucrose plate. The seedlings were allowed to
grow for 5-7 days after vernalization and turned 90° for 24 hours. Root curvature was measured using
FUJI software.

4.6 Discussion

Plant fitness is improved through a change in RSA under Pi depletion. As a result, the plant
reduces root depth growth by cessation of primary root length in Arabidopsis(Crombez et al.,
2019). On the other hand, modulation in RSA also involves root branching such as increased
lateral root and root hairs densities which impacts the spatial configuration of the root system
to acquire low mobility Pi from the topsoil, a strategy referred to as ‘topsoil foraging” (Miura
et al., 2011). More lateral roots results in an increased number of root tips. Despite the smaller

surface of root tips, they account for approximately 20% of the total Pi uptake.

Here, in this chapter, the functional characterization of PSTOL1 WT and PSTOL1?*R was
further investigated by expressing the proteins in a heterologous system, Arabidopsis thaliana.
Transgenic lines overexpressing PSTOL1 WT, PSTOL1%®®R and YFP only vector control was
generated, and these lines were analysed for their response under high and low Pi. To begin
with, real-time analysis of PSTOLI WT and PSTOLI?*® gene expression was tested in atleast
3 independent transgenic lines and furthermore, PSTOL1 WT and PSTOL1%R protein
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expression was also analysed on western blot. The results from Figures 4.3 and 4.4 suggest
that PSTOL1 WT 6-8 and PSTOL1 WT 16-2 has similar protein levels when compared to
PSTOL1 WT 2-1. Further detailed analysis also showed that PSTOL1 WT 6-8 has more protein
then PSTOL1 WT 16-2 which shows a reasonable correlation with mRNA levels in Figure
4.3. Analysis of transgene expression also revealed that PSTOL1?%R 4-1 and PSTOL1%¥R 8-1
have comparable transcript levels but based on western blot analysis in Figure 4.4, the protein
levels are not the same. So, PSTOL1?®®R 4-1 and PSTOL12¥R 7-8 independent lines were
chosen based on western blot results for further experimental analysis. The next step was to
ascertain the SUMOylation status of PSTOL1 WT and the non-SUMOylated version of
PSTOLI (Figures 4.7 and 4.8). GFP antibody detection showed YFP-PSTOL1 WT and YFP-
PSTOL1?%R levels were similar in immunoprecipitated lanes (Figure 4.7). Further,
Arabidopsis SUMO1-specific antibodies displayed SUMO conjugation to YFP-PSTOL1 WT
whereas SUMO conjugation was reduced in YFP- PSTOL1?%R (Figure 4.8). A similar pattern
of SUMOylation of YFP-PSTOL1 WT and YFP- PSTOL12%R was observed in N.benthamiana
(Chapter 3, Figure 3.11). Therefore, the data from N.benthamiana substantiated our data in
Arabidopsis. Due to time constraints, the phosphate-dependent SUMOylation status of
PSTOL1 WT and PSTOL1?*R in Arabidopsis seedlings was not explored. Following the
analysis of SUMOylation status in transgenic lines, Col-0 seedlings were grown in different
phosphate concentrations and different strengths of MS media to standardize experimental
conditions for analysing the PSTOLI transgenic lines impact on plant growth in low Pi. We
compared primary root growth, lateral root density, lateral root number per plant and fresh
weight biomass of Col-0, PSTOL1 WT, PSTOL1%*® and YFP vector control transgenic lines
in high Pi and low Pi conditions. This Pi concentration-dependent analysis indicated that
PSTOL1 WT positively impacts overall plant growth under high and low Pi. We observed that
PSTOL1 WT transgenic lines under the 35S constitutive promoter displayed improved
performance than wild-type Col-0 plants in all four parameters we analysed in response to high
and low Pi. Overexpression of PSTOL1 in Arabidopsis showed enhanced root growth, more
lateral root density, lateral root number and fresh weight biomass than Col-0 plants which
provides strong evidence of PSTOLI1 acting irrespective of Pi supply which has been
substantiated by earlier reports in rice and wheat (Gamuyao et al., 2012 and Kettenburg et al.,
2022). However, our research aim was to decipher the role of SUMOylation in the mediating
response under low Pi by PSTOLI. The data (Figure 4.11) indicates that primary root length
was reduced in PSTOL1%¥R transgenic lines nearly to 22.7% - 29% and the percentage of

reduction was more than Col-0 and PSTOL1 WT lines suggesting that P starvation does limit
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plant growth considerably in PSTOL12%R transgenic lines. This phenotype observed in
PSTOL12¥R lines could probably be because of two reasons: either the formation of new cells
is reduced in root apical meristem or a significant reduction of cell expansion in the elongation
zone or a combination of both. Fresh weight biomass data also showed that there is an increase
in biomass of PSTOL1 WT transgenic lines compared to wild-type Col-0 plants under low Pi
which suggest that probably there could be increased cell division. But these phenomena might
be altered in PSTOL12R transgenic lines (Sanchez-Calderon et al., 2005), thereby suggesting
that SUMO might play a critical role in phosphorus deficiency. Another important parameter
we analysed was lateral root density and lateral root number per plant. Figure 4.11 B and C
indicate that there is no significant difference in lateral root density of PSTOL1 WT transgenic
lines grown under high and low Pi however PSTOL12*R transgenic lines showed a reduction
in lateral root formation (lateral root density and lateral root number) under low Pi. Previous
reports showed ARF7 and ARFI9 are important genes for lateral root initiation under Pi
starvation both in Arabidopsis. Cho et al., 2013 showed that phosphorylation of ARF7 and
ARF19 mediated by BIN2 (BRASSINOSTEROID INSENSITIVE 2) is an essential step to
initiate the lateral root organogenesis by increasing the transcription activity of LATERAL
ORGAN BOUNDARIES-DOMAIN16 (LBDI16) and LATERAL ORGAN BOUNDARIES-
DOMAIN29 (LBD29). We hypothesize that PSTOL1 being a kinase might be promoting auxin
signalling through phosphorylation of ARF7 and ARF19, thereby activating downstream
targets involved in lateral root organogenesis. Further, our yeast two-hybrid (Table 3.1, chapter
3) data suggest that cytokinin response factors and ethylene response factors can be possible
targets of PSTOLI. It is well documented in rice that ARFs regulate Pi starvation responses by
regulating cytokinin response factors (Shen et al., 2014). Therefore, another possible
hypothesis can be that PSTOL1 phosphorylates the ARFs and phosphorylated ARFs could
mediate responses to Pi starvation through cytokinin or ethylene signalling because Y2H
screening showed CRF12 and ERF15 as potential targets of PSTOL1. Our previous data from
Figure 3.9 (chapter 3) showed in-vitro that mutating SUMO sites would result in the loss of
both autophosphorylation and trans-phosphorylation activity of PSTOL?*R, Therefore,
PSTOL?¥R is probably not able to phosphorylate downstream targets important for mounting
a response under low Pi. Hence, SUMO sites may be important for selectively interacting with

substrates which are critical for phosphate starvation responses.

Another important aspect we decided to explore was to determine the role of PSTOLI1 in the

modulation of root angle. Data from Bai et al., 2013 confirmed that low Pi influence gravitropic
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root curvature. Wild-type Col-0 showed a reduction in gravitropic angle in response to low Pi.
They also showed altered lateral root angle in pgm-/ and pin3-1 mutants in response to high
and low Pi. Figures 4.11 and 4.12 showed that high expression of PSTOL1 WT in Arabidopsis
enhances overall root growth independent of Pi supply and change in RSA is an important
factor to improve Pi uptake. Therefore, we analysed the role of PSTOL1 WT and PSTOL1?¥R
growth angle of the primary root under normal conditions. Our data suggest that (Figures 4.11
and 4.12), PSTOL1%*R has reduced overall gravitropic curvature compared to PSTOL1 WT
under normal conditions. Further analysis also revealed that a greater proportion of roots of
PSTOL1 WT adopted an angle between 120° - 150° than PSTOL1%*R | This data indicates that
PSTOL1 WT probably favors a shallow root system which is an important factor for Pi uptake
from topsoil (Lynch and brown., 2001). On the other hand, some roots of PSTOL1?*® and
Col-0 adopt an angle between 60° - 90° and none of the PSTOL1 WT roots showed an angle
in this range. However, Arabidopsis has a tap root system so it is difficult to conclude how
these findings will play a role under P starvation. Therefore, the next step will be to analyse

the lateral root orientations under different phosphate statuses in Arabidopsis and rice.

Taken together, the data in this chapter indicates that SUMOylation of PSTOL1 is essential for

regulating phosphate starvation responses by altering root architecture.
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Chapter 5

Molecular Characterization of Phosphate tolerance of rice plants expressing modified
PSTOLI1 gene.

5.1 Introduction

Rice has always been an important staple crop and responsible for one-fifth of the calorie
supply globally. Therefore, rice is of great relevance to socioeconomic stability and global food
security (Pandey et al., 2010 and Zeigler and Barclay ., 2008). Environmental stresses such as
changes in temperature, alterations in water quality, contamination of soil by heavy metals, or
nutrient deficiency limit crop productivity. One of the critical issues to address here is the
phosphorus nutrition in the soil. Soil contains various forms of phosphate, including organic
phosphate and inorganic phosphate (Pi), while plants can only uptake inorganic phosphate (Pi),
but its absorption by plants is difficult because of easy chelation of Pi with cations- Ca, Fe and
Al or form organic molecules (Zhang et al., 2014, Hu and Chu ., 2011 and Wang et al., 2018).
The application of fertilizers is another way for sustaining crop productivity; however, it also
has limitations due to slow diffusion of Pi and its high chemical fixation. Moreover, the
increasing cost of fertilizers is a critical issue for poor farmers having limited resources to
survive. To overcome Pi limitation, plants have evolved adaptive responses such as
remobilization, acquisition and recycling of Pi to maintain homeostasis (Wu et al., 2013, Zhang
et al., 2014, Pariasca-Tanaka et al., 2014). Therefore, it is important to study and investigate
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the mechanisms for these adaptive responses and the application of this knowledge will help

to develop crops to improve P uptake and P use efficiency.

An important QTL was mapped known as Phosphate uptake 1 (Pupl) on chromosome 12 from
Kasalath, an aus-type rice variety. Pupl near-isogenic lines (NILs) were shown to improve
phosphorus uptake efficiency more than Nipponbare (Kumari et al., 2017). The Pup locus in
Kasalath was sequenced and it showed the presence of a nearly 90-kb transposon-rich insertion-
deletion (INDEL) region. When the sequence was aligned with the Nipponbare genome, the
entire region was absent from the genome of Nipponbare (Heuer et al., 2009). To understand
the function of Pupl, candidate genes from this locus were short-listed and the associated
transcript levels analysed under low Pi conditions. Further analysis of the qRT-PCR data
indicated a novel protein kinase was identified and was named phosphorus-starvation
tolerance 1 (PSTOLI). Expression of PSTOLI boosted grain yield by 60% under Pi-deficient
soil because overexpression of PSTOL1 in rice plants has a bigger root system to improve
uptake of Pi from the soil. Specifically, expression of PSTOL1 was confirmed in specific tissue
regions from where crown roots begin to emerge (Gamuayo et al., 2012). Nonetheless, the
knowledge of the mechanism regulating root architecture in low Pi by PSTOLI1 is still very
limited in rice. Investigation of changes in root architecture in crops can potentially improve
nutrient uptake and nutrient use efficiency. The manipulation of root architecture is termed the
“Second Green Revolution” because plants have evolved with a sophisticated mechanism to

explore resources from soil (Huang et al., 2018).

5.2 Physiological changes in roots in response to low Pi

Alteration of root architecture is one of the most important adaptions to low Pi by plants
because root architecture is extremely plastic in response to differences in phosphate
conditions. In rice, to improve Pi uptake and topsoil foraging, plants tend to make shallow root

systems, elongate primary root and increase root hair length and density (Pandey et al., 2021).
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5.2.1 PR response in rice under low Pi

Unlike Arabidopsis, in rice there is a less pronounced effect on PR in low Pi, probably because
their seeds have ample amounts of phosphate reserves. In Japonica varieties, PR growth is
increased in low Pi, though, data from some reports are contradictory because the difference in
experimental conditions and crop cultivators may attribute to differences in results. Not many
genes regulating PR development are identified to date. OsPHR2 (homolog of AtPHR1) is an
important transcription factor in the Pi starvation mechanism in rice. Overexpression of
OsPHR2 stimulates the increased number of roots and enhances root hair proliferation (Hu and
Chu., 2011). Another important gene, the OsMYB4P gene encoding an R2R3-type
MYELOBLASTOSIS (MYB) protein is induced in low Pi and overexpression of this gene will
enable plants to increase the length of PR. A closely related MYB transcription factor gene,
OsMYB2P-1 expression is induced in roots when seedlings were grown in Pi deficient media.
PR length was longer in overexpressing OsMYB2P-1 transgenic lines than in the wild-type.
Forward genetics has also identified a mutant, leaf tip necrosis (Itnl) which showed increased
Pi uptake and longer PR when plants are grown in a Pi-deficient medium. Another gene in rice
is known as NUTRITION AND ROOT GROWTH (NRR) and the knockdown of this gene results

in improved root growth in rice under low Pi (Huang and Zhang., 2020).

5.2.2 Effect of Pi on crown root formation and angle

Rice developed the strategy for topsoil foraging by enhancing crown root growth and
increasing angle to cope with Pi deficient conditions. Crown roots can branch by making more
lateral roots and increasing the proliferation of root hairs, thereby, increasing root surface area
and root number which is an important strategy for exploring topsoil to increase Pi uptake. Rice
MORPHOLOGY DETERMINANT (RMD) expression was negatively correlated with
phosphate availability. Expression of RMD is a crucial step for switching between shallow and
deep root systems under low- and high-phosphate conditions respectively. In high Pi or normal
conditions, RMD gene expression was downregulated resulting in the swift movement of
statoliths and enhancing the process of gravity-sensing, subsequently causing deep root
systems. On the other hand, RMD expression is induced in low Pi conditions, resulting in a
slow rate of sedimentation of statoliths and a gravity-sensing process, finally forming a shallow

root system (Huang and Zhang., 2020). Another well-known gene, DEEPER ROOTING 1
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(DROI) reduced drought stress to increase grain yield by making more vertical roots. Vertical
root distribution will improve water uptake in drought stress, while the drol was associated
with shallower rooting, thereby, plants are more susceptible to drought stress (Kitomi et al.,
2020). Studies on RMD and DROI showed that root gravitropic responses are adapted by
abiotic stress conditions. Previous reports on DEFECTIVE IN OUTER CELL LAYER
SPECIFICATION 1 (DOCSI) and LARGE ROOT ANGLE 1 encoding OsPIN2 are also
regulators for controlling gravitropic responses (Wang et al., 2018 and Bettembourg et al.,

2017).

5.2.3 Effect of Pi deficiency on lateral roots formation

Phosphate starvation in rice induces the formation of more lateral roots. OsI/PSI and OsIPS2
are two genes that play a crucial role in the initiation and development of lateral roots under
low Pi. Under Pi deficiency conditions, expression of these genes is strongly induced in roots,

thereby modulating RSA to increase the uptake of Pi (Pandey et al., 2014).

While manipulation of genes involved in the Pi starvation pathway may suggest a solution to
improve Pi acquisition and utilization, tracking and identifying genetic variation is also an

effective strategy for future crop improvement like Pup1.

5.3 Role of post-translational modification in regulating phosphate signalling in rice

Over the last 15 years, the study of PTMs has developed to identify the proteins in plants
involved in regulating in responses during abiotic or biotic stresses. In recent years,
SUMOylation is considered a versatile process involved in many abiotic and biotic stress
responses (Srivastava, et al., 2021). SUMOylation is dynamic in nature and plays a key role in
protein stability, localization and activity thereby, making it an important PTMs to investigate

its potential application in crop improvement (Prathap et al., 2022 and Clark et al., 2022).
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OsSIZ1, an E3 ligase in the SUMOylation pathway, responds to Pi deficiency by modifying
the protein that functions downstream of it. Wang et al., 2015 demonstrated that expression of
OsSIZ1 was seen in the root system, as well as in root tips, lateral roots and lateral root
primordia and regulate the root development. Moreover, the expression of OsSIZ1 regulates
the expression of PTs such as OsPT1, OsPT2, OsPT3, OsPT4, OsPT6 and OsPT$§ in both
positive and negative, which probably result in an increase in total P and Pi in both roots and
shoots when OsSIZI is mutated. Consistent with the findings about AtSIZ1 mediating
SUMOylation of AtPHR1 in Arabidopsis, two SUMOylation sites were found in OsPHR2 and
mRNA levels of OsPHR? is changed when OsSIZ1 was mutated under high Pi conditions. The
data suggest that OsPHR2 acts downstream of OsSIZ1, however, further validation is required.
Taken together, there is clear evidence of the key role of SUMOylation in controlling Pi

starvation responses in rice.

As mentioned earlier, overexpression of PSTOLI in phosphate intolerant modern varieties
remarkably increases grain yield in phosphorus-deficient soil. We want to determine if
SUMOylation plays a role in regulating the function of PSTOL1 in Pi homeostasis in rice. Our
in-silico studies show that PSTOLI has two SUMO sites. The lysine residues at the 20" and
225™ positions were identified as potential SUMO sites in PSTOL1. We hypothesize that
SUMO plays a role in regulating PSTOLI-dependent Pi response mechanisms and
hence regulates phosphorus starvation tolerance. We aim to mutate the two predicted SUMO
sites in rice PSTOLI (Figure 5.1 A and B) and investigate its effect on phosphorus starvation

tolerance in rice.
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Figure 5.1: Predicted SUMO sites were identified in PSTOL1 using in-silico analysis.

(A). The conserved kinase domain is highlighted in green. The serine/threonine kinase domain is
depicted in orange. The grey colour shows the ATP-binding domain and two SUMO sites are
highlighted in red. (B.) 3D structure of OsPSTOL1 WT and OsPSTOL1%*? depicting the location of
SUMO sites predicted with AlphaFold (Kindly donated by Kawinnat Sue-Ob). The conserved kinase
domain is highlighted in purple and pink respectively. The serine/threonine kinase domain is depicted
in blue. The green colour shows the ATP-binding domain, and two SUMO sites are highlighted in
yellow.

5.4 Generation of ProUBI::OsPSTOL1 WT and ProUBI:: OsPSTOL12¥R rjce
transformants (Kindly done by Dr. Cunjin Zhang)

The Coding Sequence (CDS) of OsPSTOL1 WT and SUMO sites mutated version,
OsPSTOL12¥R (generated using a site-directed mutagenesis approach) tagged with C-terminal
YFP was subcloned into the binary vector pIPKb002 under the maize ubiquitin promoter-
driven. The ubiquitin promoter managed to drive higher transgene expression in monocots than
the CaMV 35S promoter, which is known to be active in dicots plant tissues, however, its
activity is much lower in monocots (Cornejo et al., 1993 and Wilmink et al., 1995). Both

constructs were transformed in Agrobacterium tumefaciens strains EHA105 and then
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transformed into O.sativa cv Nipponbare (NB). To plants were screened for single-copy

insertion and 3:1 segregation ratio.

5.5 Screening of ProUBI::OsPSTOL]1 transformants

5.5.1 Analysis of the copy number in transgenic rice using real-time PCR

After transformation, analysis of transgenic plants is a crucial step for planning subsequent
experiments. Here, we have analysed the single-copy transformants by investigating the
genomic insertion of the transgene, also known as copy number. Copy number analysis refers
to analyses of the number of transgenes inserted per haploid genome (described in section 2.4.2
of material and methods) (Bubner and Baldwin., 2004). Ty transgenic plants are usually
hemizygous or heterozygous for transgene after transformation. Figures 5.2 A and B show 30
T plants of each genotype analysed for transgene copy number. Transgenic plants must be
characterized properly since multiple transgene insertions (copy number) lead to complex
events. Here we analysed copy number of transgenic lines by qPCR using the relative
quantification method that determines copy number of a transgene by comparing the transcript
level of a transgene (in this case hygromycin) to that of an endogenous reference gene (in this
case Sucrose-Phosphate synthase, SPS) with a determined copy number (Shepherd, C.T et al.,
2009, Xiujie, Z et al., 2019). The qRT-PCR analysis confirmed eight and nine independent
lines of UBIL::ProPSTOL1 WT and UBI::ProPSTOL1?*R transformants respectively (Figure
5.2). The independent lines were allowed to grow and set seeds in a 16/8 hours photoperiod

with approximately 70% relative humidity at 28°C.
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Figure 5.2: Copy number analysis of ProUBI::OsPSTOL1 transformants.

Pure genomic DNA was isolated from rice seedlings. Primers were designed to amplify the Hygromycin
gene (Hpt®) and Sucrose Phosphate Synthase (SPS) gene to determine the copy number. SIN COPY
HYG is a positive control of hygromycin resistance transgenic rice plants with single-copy gene
insertion. Nipponbare (NB-HY G) was taken as a negative control without the insertion of the transgene.
Transcript analysis was examined by qPCR. (A.) Analysis of ProUBI::PSTOL1 WT transformants. (B.)
Analysis of ProUBI::PSTOL1?*® transformants.
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The integration of transgene at a particular locus in the genome is considerably variable among
independent transformants and therefore, this factor has a profound effect on the stability and
level of transgene expression (Kohli, A et al., 2003 and Sanagala, R et al., 2017). Therefore,
we checked RNA expression using qPCR, protein expression level by western blotting and

seeds set to select independent lines for further analysis.

5.5.2 Quantitative determination of transgene expression by real-time PCR

Transcript levels of 7-8 independent lines from each genotype were confirmed by qRT-PCR.
Total RNA was isolated from 10-day-old rice seedlings grown on 2 MS plates supplemented
with hygromycin. A minimum of two independent lines showing similar expression levels and

seed sets from each genotype were further analysed (Figure 5.3).
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Figure 5.3: Analysis of OsPSTOLI transcript levels in YFP-OsPSTOL1 WT and YFP-
OsPSTOL1%%¥R rice transgenic lines.

Transcript analysis of OsPSTOLI in empty vector (Nipponbare seedlings), OsPSTOL1 WT and
OsPSTOL1**® rice transgenic lines. Total RNA was isolated from 10-day-old seedlings of all
independent lines from each genotype and cDNA was prepared from the RNA by reverse transcription.
The cDNA was diluted in a 1:5 ratio and resulted in cDNA being used as a template for gRT-PCR and
the expression was normalised by actin which was used as an internal control. Error bars represent
SEM.
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5.5.3 Determining the homozygosity of OsPSTOLI1 rice transgenic lines

Independent transgenic lines from each genotype were screened to identify homozygous lines.
25-35 seeds were placed on 2 MS media supplemented with hygromycin for demonstrating
homozygous gene insertion (Figure 5.4). The survival ratio between 92-100% confirmed at
least two homozygous independent single-copy lines of OsPSTOL1 WT and OsPSTOL1?¥R

for further analysis .

OsPSTOL1%%R 11-2 B OsPSTOL1KR 19-1

Figure 5.4: Using antibiotic selection to determine seedling zygosity.

25-35 sterilized seeds were placed on 2 MS media supplemented with 40pg/ml hygromycin. Seeds
were allowed to germinate in darkness at 28°C for 3 days. After 3 days, the seeds were transferred to
24 hours light at 28°C. The germination rate was observed after 5 days to determine a homozygous
transgenic line.

5.5.4 Analysis of YFP-OsPSTOL1 WT and YFP-OsPSTOL12¥R protein levels in
YFP-tagged OsPSTOLI1 rice transgenic lines

Furthermore, to ensure equal expression of protein levels in the selected transgenic lines, total
protein was extracted using I1x Laemmli sample buffer. Figure 5.5 shows the band
corresponding to YFP-OsPSTOL1 WT (line 17 and 18) and YFP-OsPSTOL1?¥R (line 11 and
19) (shown by red arrow). The protein level in the total protein extract is similar in all the
independent lines. But the breakdown of YFP-OsPSTOL1 was observed which may be due to

the extraction technique.
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Figure 5.5: Protein levels of YFP-OsPSTOL1 and YFP-OsPSTOL12%Rin overexpressing
YFP-tagged OsPSTOL1/0OsPSTOL12¥R independent rice transgenic lines.

» ’g

Western blot analysis showing the protein levels in each independent line of UBI::OsPSTOL1 WT (
line 17 and 18) and UBI::OsPSTOL1**® (line 19 and 11) rice transgenic lines. 14 days old rice seedlings
were used to extract total protein using 1x Laemmli sample buffer in a 1:1 ratio and subjected to SDS-
PAGE analysis. The proteins were transferred to the PVDF membrane and immunoblot using aGFP
antibodies. The protein band of PSTOL1 kinase was seen in both OsPSTOL1 WT and OsPSTOL1**®*
independent lines (shown by grey arrow) but the band corresponding to PSTOL1 kinase is absent from
empty vector and YFP control. Nipponbare rice plant without PSTOL1 insertion (empty vector) was
taken as a negative control. 30pl of total protein was loaded on SDS-PAGE.

5.5.5 Genotyping of UBI::OsPSTOL1 WT and UBIL::OsPSTOL1%KR

transformants

Before characterizing the transgenic lines in phosphate treatment, it is important to determine
the genotype of the independent transgenic lines using Cleaved Amplified Polymorphic
Sequences (CAPS) marker. CAPS is based on the very simple principle of 3 subsequent steps:

1. Specific primers are used for PCR to amplify gene of interest.

2. The amplified product is digested by restriction enzymes.

3. The digested product is separated on an agarose gel.
CAPS marker can show any mutation in gene sequence by digestion patterns of PCR because
of nucleotide polymorphism within each sample (Shavrukov, Y.N., 2016). Introducing
mutation of lysine to arginine give rise to the recognition site of the BglIl enzyme at the 675%
nucleotide position in the OsPSTOLI gene sequence. Thereby, the recognition site for the BglII

enzyme is absent from the OsPSTOLI WT gene sequence while it is present in the
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OsPSTOLI°®R sequence. Using gene-specific primers, the target region of DNA was amplified,
and the PCR product was gel purified. The purified product was digested with BglIl enzyme,
and the separation of the digested product was analysed on an agarose gel. Digestion of
amplicon/ plasmid with BglIl enzyme will result in a single band of size 247bp (shown by red
arrow) indicating the genotype of the plant as PSTOL1 WT. In contrast, the presence of the
exact recognition site for Bglll in amplicon will result in two fragments after digestion
corresponding to sizes 193bp (depicted by the blue arrow) and 54bp (shown by the white

1 2K/R

arrow). Two fragments after digestion directed that PSTOL was the genotype of the plant

(Figure 5.6).

S @ P OsPSTOLI  OsPSTOLR
Q WT plasmid plasmid

Figure 5.6: Genotyping of UBL::YFP-OsPSTOL1 WT and UBI::YFP-OsPSTOL1%KR

transformants.

Gene-specific primers were designed to amplify the target region in DNA (675™ nucleotide position in
gene sequence) by PCR and the subsequent PCR product was gel purified. The gel-purified PCR
product was digested with BglIl enzyme at 37°C overnight. The digested product was run on 1.5%
agarose gel for further analysis. The resulting fragment after digestion of PCR product amplified from
OsPSTOL1 WT plants will run as a single band (showed by red arrow) as it does not have a recognition
site for BglIl enzyme while digestion of PCR product amplified from OsPSTOL1%*® plants will result
in two fragments of 193bp and 54bp (depicted by blue and white arrow respectively).
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5.6 To confirm the SUMOylation status of YFP-OsPSTOL1 WT and YFP-

OsPSTOL12¥Rn rice transgenic lines

We wanted to investigate the SUMOylation status in rice transgenic lines overexpressing Y FP-
OsPSTOL1 WT and YFP-OsPSTOL1%*R, 10-12 seeds were put on ¥» MS media and were
germinated in 28°C for 3days. After 3 days, the seeds were transferred to 24 hours light at 28°C
and tissue was harvested after 10 days. Samples were ground up to fine powder in a pestle and
mortar with SUMO extraction buffer optimized for extracting protein from rice (described in
the material and method section 2.1.9). Figure 5.7 shows the result of the immunoblot
(IB:aGFP) where OsPSTOL1 WT and OsPSTOL1%**R tagged with YFP can be detected
(expected size of protein is 64.4kDa). YFP breakdown was observed from both YFP-
OsPSTOL1 WT and YFP-OsPSTOL12¥R protein in IP lanes, which can be due to extraction
issues. Moreover, YFP-OsPSTOL1 WT and YFP-OsPSTOL1?*R protein was observed in
input lanes. YFP control transgenic lines were used as a positive control for immunoblot
analysis with aGFP monoclonal antibodies, whereas an empty vector (Nipponbare seedlings)

was used as a negative control for the experiment.

We detected no significant difference in protein expression levels of YFP-OsPSTOL1 WT and
YFP-OsPSTOL1%¥R, Interestingly, we observed SUMO conjugated to YFP-OsPSTOL1 WT
in the OsPSTOLI IP lane in immunoblot with anti-GFP antibody (shown by an asterisk in
Figure 5.7). This conjugation was significantly reduced in YFP-OsPSTOL1?*R, However, it
is important to confirm this SUMO conjugation using an antiSUMO antibody which is

discussed below in detail.
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Figure 5.7: Immunoprecipitation of YFP tagged OsPSTOL1 WT and OsPSTOL1%¥R

protein from young rice transgenic seedlings overexpressing YFP-OsPSTOL1 WT and
YFP-PSTOL12KR,

Immunoblot analysis of immunoprecipitation experiment of OsPSTOL1 WT, OsPSTOL1**®, YFP and
empty vector was carried out with aGFP beads. Seeds of overexpressing transgenic lines of YFP-
OsPSTOL1 WT, YFP-OsPSTOL1**® YFP and Nipponbare were put on %> MS and were allowed to
germinate in dark at 28°C for 3 days. After 3 days, seeds were transferred to 24 hour light and tissue
was harvested after 10 days. Using SUMO extraction buffer, the supernatant obtained was incubated
with beads to immunoprecipitate (IP) the YFP-tagged proteins. The eluted protein was run on SDS-
PAGE and probed. Size (64.4kDa) corresponding to YFP-OsPSTOL1 WT, YFP-OsPSTOL1%*** and
YFP (27kDa) was observed after immunoblot analysis with aGFP monoclonal antibodies. No bands
were observed in the empty vector lane. 15ul of IP sample was loaded on the SDS-PAGE. Ponceau
stained RuBisCO is shown as a loading control for the experiment.

Immunoblot analysis in Figure 5.8 with aAntiSUMO antibodies confirmed that the band of
SUMO-tagged YFP-OsPSTOL1 WT (monoSUMOylation) whereas the band corresponding to
SUMO conjugated to YFP-OsPSTOL12¥R is absent from its lane which substantiate our result
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from Figure 5.7. Also, previous results from vivo and in-planta experiments (Figures 3.8 and
3.11 from Chapter 3, Figure 4.8 from Chapter 4) also validate these results. Non-specific
background from the antibody can be seen in the blot (shown by asterisks). These non-specific
bands are also present in YFP vector control therefore, these bands do not correspond to either
SUMO conjugates or PSTOLI protein. However, SUMOylation status was not tested in other
YFP-OsPSTOL1 WT and YFP-OsPSTOL 12KR transgenic lines.
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100==
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Figure 5.8: YFP-OsPSTOL1%¥R js probably not SUMOylated in overexpressing YFP-

OsPSTOL1%%R rice transgenic seedlings.

Western blot showing immunoblot analysis with aAntiSUMO antibodies of YFP-OsPSTOL1 WT,
YFP-OsPSTOL1?*®, YFP and Nipponbare seedlings. A band corresponding to YFP-OsPSTOL1 WT
can be seen in its IP lane, indicating SUMOylation of YFP-OsPSTOL1 WT. No corresponding band
can be seen in the IP lane of OsPSTOL1**®, indicating the successful removal of the SUMO sites. The
band at 55kDa can be in the lane of YFP-OsPSTOL1 WT, YFP-OsPSTOL1?*® and YFP which may be
due to cross-reactivity or background. No bands were seen in the lane of the empty vector. 80 pl of [P

sample was loaded on SDS-PAGE. The red arrow indicates the band corresponding to SUMOylated
form of YFP-OsPSTOL1 WT.

5.7 Subcellular localization of YFP-OsPSTOL1 WT and YFP-OsPSTOL12K/R in roots

of rice transgenic lines

The next aim was to test the in-planta function and ascertain if lysine to arginine mutation
affects the cellular localization of YFP-OsPSTOL1 WT and YFP-OsPSTOLI1%¥R, The

localization was investigated in the 5-7-day-old seedling roots of rice (Figure 5.9).
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Figure 5.9: Subcellular localization of YFP tagged OsPSTOL1 WT and OsPSTOL12KR
in roots of rice transgenic lines.
Representative images of YFP-tagged OsPSTOL1 WT and OsPSTOL1**® roots cells. Images were

obtained using a confocal laser scanning microscope with YFP excitation (514nm) and emission filters

(524-560nm). (a.) YFP-OsPSTOL1 WT (b.) YFP-OsPSTOL1?*® (c.) YFP control. Scale bar = 10pum

Both YFP-OsPSTOL1 WT and YFP-OsPSTOL12¥R have been implicated for the first time to
localize to the nucleus and cell membrane/cytoplasm in roots of rice, but some difference was
observed between the localization of YFP-OsPSTOL1 WT and YFP-OsPSTOL12¥R, Number
of cells corresponds to YFP-OsPSTOL1 WT localization in nucleus were fewer when
compared to YFP-OsPSTOL12¥R, The next step is to conduct a ratiometric quantification of
fluorescence in the nuclear/cell membrane or cytoplasm will further confirm these findings.
However, the use of cellular compartment markers will further validate the localisation of

PSTOLI and its non-SUMOylatable version.
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5.8 Characterization of YPF tagged UBI::OsPSTOL1 WT and UBI::OsPSTOL12KR

transgenic lines in high and low phosphate media

5.8.1 Standardization of experimental protocol

Deficiency symptoms of phosphorus in rice plants can be easily observable because plants are
stunted, have spindly and thin stems, and leaves are very erect, short, narrow and have a pale
green colour. Some reports also suggest that low Pi promotes PR growth, especially in Japonica
varieties, but the overall growth of the root is decreased, therefore only longer PR can be seen
(Péret et al., 2014). In low phosphate conditions, the uptake of +Fe is considerably promoted

which sometimes results in bronzing of the roots of rice plants (Yamauchi ., 1988).

Initial experiments were set up to evaluate the phenotype of Nipponbare under phosphate-
deficient and sufficient conditions. 100uM, 31uM and 3uM concentration of phosphate were
used as high (100uM or 31uM) and low phosphate concentration (3uM) respectively for
experimental set up. Nipponbare seeds were surface sterilized and transferred to 2 MS plates
without antibiotics. The seeds were germinated in dark for 3 days at 28°C and the seeds were
transferred to 24 hours of light for 1 day. Equal or similar germinated seeds were transferred
to Yoshida media with modified phosphate concentration (described in material and methods
table 2.9). The plants were raised in a 16/8 hour photoperiod with approximately 70% relative
humidity. The phenotype of Nipponbare plants was evaluated after 28 days.

Figure 5.10 and 5.11 (A and B) demonstrates the visible phosphorus deficiency in both roots
and shoots of Nipponbare plants when grown in P-deficient media for 28 days. Figure 5.10
(C) shows the quantification of root and shoot length which confirms that the change in root
and shoot length is significant. This proves that the experimental setup is working and can be

used in further experiments to analyse OsPSTOLI1 transgenic lines.
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Figure 5.10: Overall growth analysis of Nipponbare plants grown under different
phosphorus concentrations (100pM, 31pM and 3pM).

Nipponbare plants grown in P-deficient conditions showed visible symptoms such as stunted growth of
the plant, thin stems and pale green leaves of phosphorus deficiency. 3 biological replicates were set up
for final observation.
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Figure 5.11: Nipponbare growth behaviour in high and low Pi conditions.

The phenotype of 28-day-old hydroponically grown Nipponbare plants under different concentrations
of phosphate was recorded (NaH,POs). Nipponbare seeds were surface sterilised and put on 2 MS
without antibiotics. The seeds were germinated in dark for 3 days at 28°C and the seeds were transferred
to 24 hours light for 1 day. Seeds with similar germination rates were transferred to Yoshida media
modified for phosphate concentration - P-sufficient (100uM) and P-deficient (3uM). The phenotype
was observed after 28 days of treatment. (A.) Developmental response of root of Nipponbare in high Pi
and low Pi. (B.) Overall growth performance of Nipponbare plants under high and low Pi conditions.
(C.) Average of root length and shoot length where error bars represent + SEM of 3 biological replicates.
p value determined by t-test where “**” =p < (.05. Scale bar = 1cm.
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5.8.2 Characterization of YFP-OsPSTOL1 WT and YFP-OsPSTOL1*Rrice transgenic
lines in high Pi (100pM) and low Pi 3uM)

Gamuyao et al., 2012 demonstrated that overexpression of PSTOL1 will enhance root growth
and development when plants are grown in low-phosphorus soil, thereby improving the plant’s
ability to ‘mine’ phosphorus from soil. However, it is still unknown the molecular mechanism
of PSTOLI to regulate root growth. In this chapter, we investigated the role SUMOylation
PSTOL1 may play in regulating its function . Initially, two independent lines of each genotype
— OsPSTOL1 WT 17, OsPSTOL1 18, OsPSTOL1?*® 11 and OsPSTOL1%*® 19 along with
controls- empty vector (Nipponbare and YFP only) plants were analysed under high Pi
(100uM) and low Pi (3uM). These transgenic lines were chosen according to the availability
of seeds. We studied root and shoot dry weight, root and shoot length, total root surface area,

mean diameter of roots and total root length of plants grown in hydroponic media for 28 days.

In Figure 5.12, we demonstrated the overall effect of overexpression of OsPSTOLI
WT/OsPSTOL1%¥R in roots of Nipponbare plants when subjected to hydroponic culture
supplemented with 100uM and 3uM. Under high Pi, no visible difference was observed in
roots between empty vector (Nipponbare plants) and OsPSTOL1 overexpressing transgenic
lines (Figure 5.12 A). Under low Pi, a relative increase in root biomass was seen in OsPSTOL1
WT/OsPSTOL1%¥R transgenic lines when compared to plants lacking the protein kinase
(empty vector and YFP control) (Figure 5.12 B). This change in root phenotype was confirmed

by quantification of root biomass and other root traits which is described below in detail.
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Empty OsPSTOL1 WT OsPSTOL1 WT  OsPSTOL|2KR OsPSTOL12KR YFP
vecetor 17 18 11 19 vector

Empty OsPSTOL1 WT OsPSTOL1 WT OsPSTOLI12KR QsPSTOL12KR YFP
vector 17 18 11 19 vector

Figure 5.12: Effects of overexpression of OsPSTOL1 WT and OsPSTOL1*¢R on
tolerance to Pi deficiency.

Seeds of empty vector, OSPSTOL1 WT, OsPSTOL1?**® and YFP control were grown in modified
Yoshida media. Root Phenotype of 1-month-old rice plants grown under (A.) high Pi (100uM) and (B.)
low Pi (3uM). Two representative plants from each genotype were used for imaging. Scale bar = lcm.
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a. Root and shoot dry weight

Our data indicate that OsPSTOL1 WT/ OsPSTOL12¥R transgenic lines exhibited higher root
biomass irrespective of Pi regimes when compared to empty vector (Nipponbare) and YFP
control transgenic lines. Thereby, our data substantiate the previous result from Gamuyao et
al., 2012. However, we cannot observe any obvious difference in root biomass between
OsPSTOL1 WT and OsPSTOL1?*®R transgenic lines (Figure 5.13 B).

In contrast to root dry weight, we did not observe any significant difference in shoot dry weight
between OsPSTOL1 WT/ OsPSTOL12¥R transgenic lines and Nipponbare in high or low Pi.
(Figure 5.13 A). The root and shoot dry weight were collectively calculated for 5 seedlings

and therefore, there are no error bars for assessing this parameter.
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Figure 5.13: Shoot and root dry weight of overexpressing UBIL::YFP-OsPSTOL1 WT,
UBI::YFP-OsPSTOL1*¥R| YFP control transgenic lines with corresponding empty
vector (Nipponbare) under high Pi (100uM) and low Pi (3uM).

Seeds from each genotype were grown in Yoshida media with modified phosphorus concentrations, +P
(100uM) and -P (3uM) for 28 days. Data represents (A.) Shoot dry weight (B.) Root dry weight.
Statistical analysis was not conducted as this experiment was conducted once because of time
constraints. Error bars are not present because shoot and root dry weights were calculated collectively
for 5 seedlings per genotype.
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b. Shoot length and root length

Next, we analysed the root and shoot length using FIJI software. The data shown in Figure
5.14 (A) indicates that there is the least significant difference in shoot length irrespective of Pi
concentrations between genotypes. Data on shoot length directly coincides with shoot biomass
which exhibited no change in length and therefore no change in biomass. OsPSTOLI1
WT/OsPSTOL1%¥R might not significantly influence the developmental responses in shoots

compared to Nipponbare.

Primary root elongation is a major adaptive response in rice when grown in low Pi to forage
more Pi from the soil. Therefore, the primary root of the plant will be longer in low Pi when
compared to high Pi conditions. In Figure 5.14 (B) it is evident that the empty vector has longer
PR growth in low Pi, whereas OsPSTOL1 WT 17, OsPSTOL1?*®11, OsPSTOL1%¢R 19
transgenic lines exhibited shorter or similar PR growth in low Pi compared to high Pi. We
reason that overexpressing OsPSTOL1 WT/ OsPSTOL12¥R protein controls root architecture
probably by enhancing more root number by either producing more lateral roots or root hairs
and eventually inhibiting the primary root growth. Data analysis from root length does validate
our previous result from root dry weight (Figure 5.14 B ). However, we observed a discrepancy
between two independent lines of the OsPSTOL1 WT genotype. This difference can be
overcome by using other OsPSTOL1 WT independent lines.

Our main aim is to detect any phenotypic difference between OsPSTOL1 WT and
OsPSTOL12¥R transgenic lines, but from our data, we cannot observe notable differences
among both genotypes when subjected to phosphate treatment with respect to root and shoot

lengths.
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Figure 5.14: Shoot and root length of overexpressing UBIL::YFP-OsPSTOL1 WT,
UBI::YFP-OsPSTOL1*¥R| YFP control transgenic lines with corresponding empty
vector (Nipponbare) under high Pi (100uM) and low Pi (3uM).

Seeds from each genotype were grown in Yoshida media with modified phosphorus concentrations, +P
(100uM) and -P (3uM) for 28 days. Data represents (A.) Shoot length (B.) Root length. Error bars
represent + SEM of technical replicates. Statistical analysis was not conducted as this experiment was
conducted once because of time constraints. Number of plants in the study = 16

c. Total root length, Total root surface area and Mean diameter of roots

Enhanced total root length and total root surface area are adaptive responses of plants to
improve phosphorus exploration in topsoil. Therefore, quantification of plant root parameters
such as total root length, total root surface area, mean diameter and root length density are
important to understand plant physiology if a foreign DNA is introduced. Over the years,
algorithms have been developed to measure root parameters of crops. In our analysis, we used
open-source software, 1J rhizo for measuring root parameters (Figure 5.15). Gamuyao et al.,
2012 investigated total root surface area and total root length using WinRhizo. They showed

that both parameters were higher in overexpressing PSTOL1 transgenic lines under low Pi.
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Figure 5.15: Working of 1J_Rhizo.

1J_Rhizo is based on the Kimura approach for calculating root parameters. The Kimura method is built
on differentiating each pixel of the medial axis of the transformed image of the root according to
orthogonal and diagonal numbers.

Root images were scanned using IJ rhizo for three parameters- total surface area, total root
length and mean root diameter. Under low Pi conditions, PR growth in an empty vector
(Nipponbare) is longer (Figure 5.14 B), as a result, the surface area occupied by the root is
higher than in high Pi conditions. Unlike empty vector, transgenic lines showed a lower surface
area under low Pi indicating cessation of primary root length (Figure 5.16 A). Further analysis
of the total root length showed no change in the empty vector. Unlike empty vector, change in
total root length in overexpressing OsPSTOL1 transgenic lines is evident (Figure 5.16 B).
Figure 5.16 C showed that the mean diameter of roots in OsPSTOL1 WT transgenic lines is
the same in both high Pi and low Pi, signifying the function of OsPSTOL1 whereas SUMO
mutant version showed an overall less mean diameter of roots under low Pi. Figure A, B and
C demonstrated that a change in root architecture may promote the proliferation of lateral roots

and root hairs to increase nutrient assimilation.
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Figure 5.16: Analysis of surface area, total root length and mean diameter of roots of
overexpressing UBI::YFP-OsPSTOL1 WT, UBIL::YFP-OsPSTOL12¥R| YFP control
transgenic lines with corresponding empty vector (Nipponbare) under high Pi (100pM)
and low Pi 3uM).

Seeds from each genotype were grown in Yoshida media with modified phosphorus concentrations, +P
(100uM) and -P (3uM) for 28 days. Data represents (A.) Surface area (B.) Total root length (C.) The
mean diameter of roots. Error bars represent + SEM of technical replicates. Statistical analysis was not

conducted as this experiment was conducted once because of time constraints. Number of plants in the
study = 16

Although this experiment provided some preliminary data on the phenotype of YFP-
OsPSTOL1 WT/ YFP-OsPSTOL1?*R transgenic lines, in conclusion, we must conduct this

experiment more times for statistical robustness.

5.8.3 Characterization of YFP-OsPSTOL1 WT and YFP-OsPSTOL1*Rrice transgenic

lines in response to gravitropism stimuli

Modulation of root architecture to increase nutrient uptake efficiency is an important factor.
To explore more phosphate from the soil, root growth orientation is changed to form a

shallower root system. This root growth orientation is dynamically sustained with respect to
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gravity (Huang et al., 2018). We proposed that the expression of OsPSTOL1 might fine-tune
the root angle to form a shallower root system under low Pi.

Seeds were surface sterilised and germinated on the /2 MS media plates. The plates were kept
at 110° to ensure that roots remain in contact with the plate. For gravitropic stimulation, 5-day-
old seedlings were rotated at 90° and continued to grow for 24 hours. The curved angle was

measured using FIJI software (described in Figure 4.13 in chapter 4).

=3 90°-120°
= 120°-150°

OsPSTOL1 WT || OSPSTOL1 WT |F5pSTOLT WT || OsPSTOL1%® 0OsPSTOL12® || 0sPSTOL1%XR
NB 17-1 18-1 231 7-1 11-2 19-1 YEP vector

Figure 5.17: Quantification of root gravitropic curvature of empty vector, YFP-
OsPSTOL1 WT, YFP-OsPSTOL1*¥R and YFP control.

Seeds from each genotype were grown on 2 MS media and germinated. 5-day-old seedlings were
rotated on a horizontal axis for 24 hours. For evaluation of the root gravitropic responses under normal
conditions, root curvature was measured using FIJI software. The number of seeds used in this study
(n) =25.

Quantification in Figure 5.17 revealed that all the Nipponbare seedlings showed bending
angles between 90°-120°. But YFP-OsPSTOLI transgenic lines do reveal a different pattern.
About 16.6%-18.75% of YFP-OsPSTOL1?¥R transgenic lines showed a steeper root angle
between 60°-90° and while only 7.6%-9% of OsPSTOL1 WT seedlings showed a root bending
angle between 60°-90°. Detailed analysis also revealed that root bending between 90°-120° is
shown more by YFP-OsPSTOL1%%R (81%-83%) than YFP-OsPSTOL1 WT (69%-72%). On
the other hand, the root angle of YFP-OsPSTOL1 WT (18%-23%) exhibited a shallower angle
between 120°-150°. Interestingly, YFP-OsPSTOL1%*R seedlings do not display root angle
between 120°-150°.
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Initial orientation of seedlings

Orientation of seedlings after

OsPSTOL1 WT 18-1 90° rotation

YFP vector control

OsPSTOL1 WT 23-1 OsPSTOL1%R 19-1

OsPSTOL1 WT 17-1
OsPSTOL1%¥R 11-2

”

Empty vector (NB) OsPSTOL12KR 7-1

Figure 5.18: Representative image of comparison of root gravitropic response of 5-day-
old seedlings of empty vector, YFP-OsPSTOL1 WT, YFP-OsPSTOL12¥®R and YFP
control.

Seeds from each genotype were surface sterilised and put on 2 MS without antibiotics. The seeds were
germinated in dark for 3 days at 28°C and seeds were transferred to 24 hours of light for 1 day before
plates were turned by 90°. Root bending is shown here at the 24-hour rotation of vertically grown
seedlings. The number of seeds (n) = 15-25. Scale bar = 1cm

The OsPSTOL1%¥R responded more sharply to gravitropic stimuli than OsPSTOL1 WT
(Figures 5.17 and 5.18) and Nipponbare. We hypothesise that OsPSTOL1 WT protein might
help in making a shallower whole root system in normal conditions. But the experiment must
be repeated with an equal number of seeds from each genotype for conclusive results and

statistical difference. Moreover, it will be interesting to investigate the phenotype of

OsPSTOL1 WT and OsPSTOL1?*® under phosphorus-deficient media.

As described in section 5.8B, two independent lines of both PSTOL1 genotypes were showing

differences in the trend of parameters in the study. Therefore, for investigating the gravitropic

183



response in OsPSTOLI rice transgenic lines, I decided to choose another independent line
based on the availability of seeds along with the transgenic lines already used in the
experimental setup in section 5.8B. Two independent lines (OsPSTOL1 WT 17-1, OsPSTOL1
23-1, OsPSTOL1%¥R 7-1 and OsPSTOL12¥R 11-2) which show a similar trend to gravitropic
response will be used in further experiments. These transgenic lines will be further tested and
subjected to phosphate treatment for a better understanding of the important role played by

SUMO in conferring tolerance under low Pi.

5.9 Discussion

Little is known of the mechanism to enhance root growth under low Pi mediated by PSTOL1
kinase. In this chapter, we investigated the role of a small ubiquitin-like modifier (SUMO), a
posttranslational modification system, in fine-tuning root growth parameters regulated by
OsPSTOLI protein kinase. YFP-OsPSTOL1 WT and YFP-OsPSTOL1?*® independent rice
transgenic lines under maize ubiquitin promoter (UBI::YFP-OsPSTOL1 and UBI::YFP-
OsPSTOL12¥R) were generated (kindly done by Dr. Cunjin Zhang). qRT-PCR analysis was
done to confirm the single-copy insertion of transgene and subsequently, checked the transcript
level of the transgene to select two independent lines from each genotype for further analysis.
We also observed that transcript levels of OsPSTOLI WT are consistently low across all
independent lines. The possible reason can be epigenetic regulation of OsPSTOLI WT

expression because its insertion might have occurred in a repressive chromatin environment.

The next important step is to confirm the SUMOylation of YFP-OsPSTOL1 WT and YFP-
OsPSTOL12¥R in rice transgenic lines. It was confirmed that OsSPSTOL1 WT is SUMOylated
when protein was isolated from overexpressing OsPSTOL1 WT rice transgenic seedlings in
normal conditions while we observed that OsPSTOL1?*® protein was not SUMOylated
(Figure 5.7 and 5.8). To confirm the SUMOylation status of OsPSTOL12*R, other transgenic
lines of YFP-OsPSTOL12¥R will be tested in the future.

OsPSTOLI1 showed to three-fold increase in phosphate uptake by enhancing root surface area

when grown in low Pi soil. Orthologs of OsPSTOL1 identified in wheat, sorghum and maize
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also showed a strong association with total root length, root surface area and root biomass
which results in enhanced performance of plants under low Pi (Gamuyao et al., 2012, Abbas et
al., 2022, Hufnagel et al., 2014, Azevedo et al., 2015). Although, PSTOL1 function is well
established, the molecular mechanism mediating changes in root distribution by PSTOL1 is
still unknown. We have observed that overexpression of OsPSTOL1 WT/ OsPSTOL1?¥R
showed higher root dry weight than Nipponbare plants when grown under low Pi. These results
validated by previous reports from Gamuayo et al., 2012 where they showed the superior
performance of IR64 plants overexpressing PSTOL1 transgenic lines under low Pi was due to
increase root dry weight. In rice, primary root length is increased under Pi deficiency, but
overexpressing OsPSTOL1 WT/ OsPSTOL1?®R transgenic lines (except OsPSTOL1 WT 18)
showed some inhibition to primary root length (Figure 5.15 B). This indicates that PSTOLI
protein probably is investing energy in the proliferation of lateral root and root hairs for
maximum top-soil exploration for Pi under stress conditions. The result was further
substantiated by surface area, total root length and mean diameter. In phosphorus starvation
conditions, an increased number of roots and shallower root distribution are crucial adaptive
responses. The surface area of empty vector under low Pi is increased but overexpressing
OsPSTOL1 WT/ OsPSTOL12¥R transgenic lines showed the opposite effect which indicates
that OSPSTOL1 WT/ OsPSTOL1?*R protein kinase are functional. Total root length in empty
vector did not change under both P treatments unlike showed by Gamuyao et al., 2012 because
root or shoot traits can be different due to the genetic variation of rice plants used in the study.
The author demonstrated the superior performance of OsPSTOL1 in IR64 (Indica), while we
are characterizing the OsPSTOL1 in Nipponbare plants (Japonica). However, we observed that
total root length in transgenic lines was decreased which agrees with previous reports on the
response of rice roots in low Pi (Vejchasarn et al., 2016) where they showed a decreased length
of large lateral roots but increase root hair length and density in phosphate starvation
conditions. We demonstrated that total root length decreased in transgenic lines which can be
validated by a report from Vejchasarn et al., 2016. Further, we also calculated the mean
diameter of roots using 1J rhizo software. We see the difference in mean diameter between
controls and transgenic lines. Overexpressing OsPSTOL1 WT transgenic lines displayed
similar mean diameters irrespective of Pi regimes, but overexpressing OsPSTOL1?¥R
transgenic lines showed a decrease in mean diameter under low Pi. Further investigation
reveals that root diameter is generally reduced in response to low P1i, a process known as “root
etiolation” to minimize the metabolic cost and improve soil exploration. While OsPSTOL12¥®R

does show root etiolation, OsPSTOL1 WT exhibited no such difference in mean diameter.
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Overall, OsPSTOL1 WT will act better independent of Pi status as showed by Gamuyao et al.,
2012 without exhibiting root etiolation thereby conserving metabolic cost. Further, there was
no substantial difference observed in shoot dry weight and shoot length of transgenic lines
regardless of Pi regimes. Nevertheless, the experiment must be repeated because we realized
that both independent transgenics of OsPSTOL1 WT lines showed a difference in root length
of primary root and OsPSTOL12¥® 19 response to low Pi is like YFP control while analysing
surface area, root length and total root length. This difference can be observed due to the
position of integration of gene in the genome being a random event. Therefore, we planned to
use another independent line from each genotype based on similar transcript levels and the
availability of seeds. The overall trend within three transgenic lines from each genotype will

be analysed to determine conclusive results.

We observed a gravitropic response difference between OsPSTOL1 WT and Non-SUMO
versions of OsPSTOLI1. A shallower root system ensures more uptake of Pi from topsoil.
Therefore, the redistribution of roots is linked to a change in root angle (Fang et al., 2009). We
analysed the root angle of curvature of OsPSTOL1 WT/ OsPSTOL 12%R transgenic lines along
with controls (Figure 5.18). Phenotypic analysis of young seedlings of OsPSTOL1?¥R
responded sharply to gravity stimuli than OsPSTOL1 WT signifying a stronger gravitropic
response which is very similar to the response observed in rmd mutants under normal
conditions. According to Huang et al., 2018, »md mutants have a strong gravitropic response
but no significant difference was observed in the angle of roots under high and low Pi when
compared to control. Therefore, hypothesis can be that OsPSTOL1 WT will have a less
gravitropic response, hence making a shallower root system. However, future work would be
required to determine phosphate-dependent changes in the root angle of OsPSTOL1 WT/
OsPSTOL 1R transgenic lines.

The findings in this chapter might have opened a new direction to elucidate the mechanism and

downstream targets of PSTOL1. The knowledge of these findings can be beneficial to improve

phosphate uptake efficiency in rice crops.
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Chapter 6

Final discussion

6.1 Summary

The main objective of the thesis was to underline the importance of SUMOylation in phosphate
starvation signalling. Previous reports had inferred a connection between the role of
SUMOylation and phosphate starvation signalling (Datta et al., 2018). Here, the results
presented in all three chapters will give an overview of the role of a protein kinase, PSTOL1
under phosphorus deficiency and further how the non-SUMOylatable version of PSTOL1 will
affect overall phosphate signalling in plants. Thereby, establishing the necessity of
understanding SUMOylation when studying nutrient deficiency.
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6.2 Investigating the function of PSTOLI1 kinase using a biochemical assay

To begin with, the PSTOLI1 protein sequence was searched for possible SUMO binding sites
using our in-house bioinformatic tool, HyperSUMO (Neils, PhD thesis 2014). We found two
likely SUMO sites and we aimed to mutate these sites. The SUMOylated version of PSTOL1
and non-SUMOylatable version of PSTOL1 respectively (PSTOL1 WT and PSTOL12¥R)
proteins were tested for their SUMOylation status in E.coli. The gene sequence of PSTOLI
WT and PSTOL1%¥R were cloned in a pMAL vector (c5X) with N-terminal MBP tag and
proteins were expressed and purified. in-vitro reconstituted SUMOylation assay system
showed conjugation on SUMO moieties to PSTOL1 WT while conjugation was not seen in
PSTOL1%*R (Figure 3.8). However, the MBP tag also showed SUMO conjugation in in-vitro
reconstituted SUMOylation assays, therefore, the next step was to investigate PSTOLI1
SUMOylation status in-planta. PSTOL1 WT and PSTOL1?®R were subcloned in the plant
expression vector with N-terminal YFP tag and transiently expressed in N.benthamiana.
Immunoprecipitation of YFP-PSTOL1 WT and YFP-PSTOLI1*®R showed a significant
reduction in the conjugation of SUMO to YFP-PSTOL1%*R when compared to YFP-PSTOL1
WT (Figure 3.11).

The role of SUMOylation was further explored by investigating the cross-talk of SUMOylation
with other PTMs. Previous research from Sadanandom et al.,, 2015, Khan et al., 2014,
Medzihradszky et al., 2013 and Verma et al., 2020 has led us to hypothesize that SUMO may
provide a new facet to regulating phosphorylation activity. PSTOL1 being a protein kinase was
subjected to two different PTMs - SUMOylation and phosphorylation. Figures 3.9 and 3.10
showed that PSTOL1 WT was autophosphorylated and can also cross-phosphorylate a test
substrate while mutation of SUMO sites in PSTOL eliminated autophosphorylation and cross-
phosphorylation activity. Hence, SUMO is appeared to be essential for the full phosphorylation
activity of PSTOL1. We hypothesize that the interplay between SUMOylation and
phosphorylation may play important role in substrate selectivity by PSTOL1 during normal
and stress conditions. Therefore, this interaction may be linked with the repression or activation
of the genes regulated by PSTOL1 under phosphate starvation signalling. A similar
immunokinase assay was set up using proteins (YFP-PSTOL1 WT and YFP-PSTOL1%¥R)
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isolated from N.benthamiana where autophosphorylated activity was again investigated,
however, we could not observe the same trend (Figure 3.12). Optimizing the conditions such
as establishing the biological conditions or standardizing the buffer conditions for protein
isolation for Phos-tag analysis were not tested because of time constraints. Based on this data,
we confirmed that PSTOL1 is SUMOylated and that mutation of lysine to arginine produces a
significant decrease in SUMO conjugation in planta and in vitro. Further, SUMOylation also
has a fundamental role in regulating the phosphorylation activity of PSTOLI, therefore

highlighting the importance of SUMOylation in prioritizing molecular mechanisms.

This chapter also aims to identify potential targets because there are no established targets of
PSTOLI till this study. We chose two techniques — yeast two-hybrid and complex
immunoprecipitation (CO-IP). PSTOL1 localizes to the plasma membrane and nucleus in all
three systems — N.benthamiana leaves, roots and leaves of PSTOL1 Arabidopsis transgenic
lines and roots of OsPSTOLI rice transgenic lines. Therefore, PSTOL1 kinase may regulate
gene expression by targeting transcription factors to maintain nutrient homeostasis. Y2H
screening of the RR library (collection of 1200 Arabidopsis thaliana TFs) is a powerful
approach to detecting the interaction between two proteins. 13 TFs were identified as the
potential targets of PSTOL1 by Y2H screening, however, these transcription factors have to be
characterized for their function under phosphate homeostasis. Future work will include real-
time PCR analysis of these transcription factors in PSTOL1 Arabidopsis transgenic subjected
to phosphate treatment. Expression change of these transcription factors under phosphate
treatment will be analyzed and based on this data, probable candidate genes will be tested to
confirm the interactions in planta by CO-IP or BiFC. Interestingly, Y2H screening also
identified CRF12 and ERF15 which can be regulated by ARFs to initiate lateral root
organogenesis by activating the transcription activity of LBD16 and LBD29. The next step is
to phenotype crfl12 and erfl5 mutants under phosphate starvation conditions thereby
establishing the role of the hormonal pathway regulated by PSTOL1 under stress conditions.
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6.3 Functional characterization of PSTOL]1 in a heterologous system, Arabidopsis

6.3.1 Studying the role of SUMOylation in regulating PSTOL1 function under

phosphate starvation in Arabidopsis transgenic lines

The result from the transient expression of PSTOL1 WT/ PSTOLI1*®R in Nicotiana
benthamiana and in-vivo reconstituted SUMOylation assay has shown that PSTOL1 WT
undergoes modification by SUMO (Figure 3.8 and 3.11). Following these experiments,
SUMOylation of PSTOL1 WT/PSTOL1?¥R was also investigated in Arabidopsis transgenic
lines. The data from Figure 4.8 demonstrated that PSTOL1 WT is SUMOylated and that
mutation of lysine to arginine considerably abolishes the SUMOylation in PSTOL1?%®  Next,
to confirm that PSTOL1 kinase is indeed the subject of SUMOylation, Arabidopsis transgenic
plants expressing rice protein, PSTOL1 WT and PSTOL1%*R tagged with N-terminal YFP
under constitutive promoter, CaMV 35S - were subjected to high (1.25mM) and low (3uM) Pi
treatment. The growth of seedlings was monitored on high and low Pi for 11 days and responses
were noted. The Pi-dependent analysis revealed that Arabidopsis transgenic plants expressing
35S::PSTOL1 WT-YFP showed significant improvement in overall plant growth while
Arabidopsis transgenic plants expressing 35S::PSTOL1?*R-YFP showed the phenotype of
decrease in the number of lateral roots per cm (lateral root density) and lateral root per plant,
inhibition of primary root length and reduced fresh weight biomass. The data indicate that,
under low Pi conditions, root growth parameters are impaired in 35S::PSTOL1?YR-YFP
Arabidopsis transgenic plants and therefore, PSTOLI kinase positively regulates root growth
conferred by SUMOylation. Additionally, the content of free Pi will be analysed in roots and
shoots under high and low Pi to further validate PSTOL1 kinase function in phosphate

starvation conditions (Huang et al., 2018).

Furthermore, an analysis of PSTOLI1's role in regulating root angle will also highlight the
mechanism for how the expression of PSTOLI kinase improves root growth under low Pi in

Arabidopsis transgenic plants. Previous literature showed that nutrient limitation can induce
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changes to RSA. Our data also revealed that the non-SUMOylatable version of PSTOL1 shows
a faster alignment of the primary root after gravity stimulation whereas PSTOL1 WT exhibited
a defective gravity response which suggests that PSTOL1 WT might make a shallower root
system in normal conditions. The next step will include an analysis of the response to gravity

stimulation of PSTOL1 WT and PSTOL1?*R transgenic seedlings on high and low Pi medium.

Wang et al., 2015 showed PIN3 and PIN7 are involved in root gravitropism. Real-time analysis
of these genes will further indicate that auxin transport might contribute to the gravitropic
response in PSTOL1 Arabidopsis transgenic plants. Interestingly, PIN3 is regulated by ARF7.
So, PSTOL1 kinase probably phosphorylates ARF7 and in cooperation with auxin transporters
(PIN2, PIN3, PIN4 and PIN7) regulates responses to both phosphate starvation and gravity
stimulus. However, Arabidopsis being a dicot plant has a tap root system therefore it is also

important to understand the response of lateral root to gravitropic stimulus.

6.4 SUMO sites in PSTOLI1 are critical for regulatory influences on responses in

phosphate starvation

6.4.1 Mutation in lysine to arginine affects the SUMOylation status of OsPSTOL1?%% in

rice transgenic lines.

Chapter 5 detailed examination of the role of SUMOylation in regulating PSTOL1 function
under low external phosphate conditions in rice. To begin with, transgene expression analysis
by real-time PCR revealed that mRNA levels of OsPSTOLI WT in all over-expressing
OsPSTOL1 WT rice transgenic lines were low when compared to OsPSTOLI’*R gene
expression (Figure 5.3). The integration of genes in the genome is a random event, therefore,

epigenetic regulation might play an important role in regulating the expression of PSTOL]I.
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The next step was to ascertain the SUMOylation status of YFP-OsPSTOL1 WT and YFP-
OsPSTOL1%®R in rice transgenic lines. We observed from Figure 5.7 that YFP-
OsPSTOL12¥R and YFP-PSTOL1 WT protein expression levels are same, interestingly, we
also observed SUMO conjugated YFP-OsPSTOL1 WT on western blot probed with anti-GFP
antibody. Immunoblot analysis in Figure 5.8 with antiSUMO antibody confirmed the SUMO
conjugation of YFP-OsPSTOL1 WT while SUMO conjugation to YFP-OsPSTOL1%*R was
considerably reduced in rice transgenic lines. Due to time constraints, phosphate-dependent
SUMOylation of YFP-OsPSTOL1 WT and YFP- OsPSTOL12®® was not tested. Moreover,
the localization of YFP-OsPSTOL1 WT and YFP- OsPSTOL12¥R was observed first time in
the root of rice transgenic lines. Unlike the localization of PSTOL1 and PSTOL1%¥R in N.
benthamiana and Arabidopsis, we observed that both YFP-OsPSTOL1 WT and YFP-
OsPSTOL 1R Jocalized in the nucleus/cytoplasm or cell membrane. Cells showing nuclear
localization of YFP-OsPSTOL1 WT decreased and significant number of cells showed the
cytoplasm/cell membrane localization of YFP-OsPSTOL1 WT. On the other hand, we did not
observe a clear effect on ratio of nuclear/cytoplasm or cell membrane localization of YFP-
OsPSTOL1%KR- Srivastava et al., 2020 showed that on Brassinolide treatment localized BZR1-
WT transcription factor in the nucleus more than cytoplasm while there was no difference
observed for localization of the non-SUMOylatable version of BZR1. Therefore, ratiometric
quantification of nuclear/cytoplasm or cell membrane localization of YFP-OsPSTOL1 WT and

YFP- OsPSTOL1%¥R in rice roots under normal conditions will confirm these findings.

6.4.2 Phenotypic analysis of overexpressing YFP-OsPSTOL1 WT and YFP-

OsPSTOL12%R rice transgenic lines under high and low Pi

Gamuayo et al., 2012 showed that overexpression of PSTOL1 in IR64 (indica) rice plants tends
to have more P content due to higher root dry weight compared to null segregants. In rice,
usually, the adaptive responses under low Pi are enhanced primary root elongation, increase
root hair length and density and shallower root system (Pandey et al., 2021). Overexpression
of OsPSTOL1 WT/ OsPSTOL1%R in Nipponbare showed primary root length inhibition
which indirectly indicates that PSTOL1 kinase might be involved in the proliferation of lateral

root and root hairs to make shallower root system to increase top-soil foraging for Pi.
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Furthermore, analysis of the surface area, total root length and mean diameter were conducted
using 1J-rhizo software. Data analysis of the surface area of roots showed OsPSTOL1 WT/
OsPSTOL 1%** transgenic lines and Nipponbare (empty vector) showed contrasting phenotypes
which indicate that both OsPSTOL1 WT and OsPSTOL1%** kinases are functional. On the
other hand, there was no significant difference observed in total root length in empty vector
seedlings under high and low Pi unlike shown by Gamuyao et al., 2012 which is probably either
due to genetic variation between Indica and Japonica rice varieties or technical issues because
of software. But we observed that total root length decreased in transgenic lines under Pi-
deficient conditions. We speculate that overall root length including the length of lateral root
and root hairs is decreased to maximize the surface area for enhanced Pi acquisition. The mean
diameter of roots analysis showed that OsPSTOL12¢* transgenic lines displayed root etiolation
in low Pi while OsPSTOL1 WT transgenic lines have the same mean diameter in both
conditions. The next important experiment to set up is to measure the total P and Pi content in
plants subjected to high and low Pi treatment. Analysis of Pi content in transgenic plants and
controls will conclusively indicate that SUMO is a key component of P homeostasis. However,
we observed contradictory results between two independent lines of the same genotype while
analysing the root parameters. The experiment will have to be repeated with another

independent line from each genotype.

Furthermore, based on the gravitropic response of PSTOL1 Arabidopsis transgenic lines
analysed, we set up the same experiment to evaluate the gravitropic response of OsPSTOL1
rice transgenic lines. OsPSTOL1 WT transgenic lines showed a similar response to PSTOL1
WT Arabidopsis transgenic lines when a gravity stimulus is given while the same trend of
response was observed between OsPSTOL12¢® and OsPSTOL12¥R transgenic lines. The data
suggest that there can be a conserved mechanism between monocots and dicots in response to
gravity stimulus. Nonetheless, work must be done to validate these preliminary results obtained
from evaluating PSTOL1 and OsPSTOL1 transgenic lines. The real-time analysis of genes
such as auxin transporters PIN and using DR5-based auxin reporter to measure auxin
accumulation will further substantiate our phenotype data observed in Figures 4.14 and 5.19

(Bhosale et al., 2018 and Wang et al., 2015).

From Table 3.2 in Chapter 3, CRF12 was identified as a potential target of PSTOL1. So, we
checked its homolog in rice. We found that the homolog of Arabidopsis CRF12 is ERF117 in
rice. Huang et al., 2022 showed that ethylene is a key hormone that inhibits the elongation of
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the primary root and promotes radial expansion usually during soil compaction. We speculate
that ERF117 might promote radial expansion which would validate our result of the increase
in mean diameter shown in Figure 5.17 C and primary root elongation was inhibited as shown
in 5.15 B. Buer et al., 2006 showed that in Arabidopsis inhibition of root elongation and
gravitropic curvature was reduced upon treatment with the ethylene precursor 1-
aminocyclopropane carboxylic acid. We hypothesize that difference in gravitropic curvature
observed in both Arabidopsis and rice as shown in Figures 4.15 and 5.17 can be due to

regulation by ethylene.

Taken together, the same series of experiments conducted with PSTOL1 and OsPSTOLI1
transgenic lines and eventually phenotypic analysis indicated a conserved regulatory network,

nevertheless, components of this network are yet to be identified.

6.5 Concluding remarks

Taken together, to study the role of SUMO in the phosphate signalling pathway, the project
started using a bioinformatic approach (Nelis, PhD thesis 2014) to identify two potential
SUMO sites in the PSTOLI gene sequence. The research was conducted to unravel the
involvement of SUMOylation in regulating PSTOL1 function in phosphate homeostasis in rice
and the model plant, Arabidopsis thaliana using biochemical assay and phenotypic analysis.
The thesis also aims to provide additional experiments that are required to validate the
experimental results further. Moreover, integrative global approaches such as the whole
transcriptome and proteasome studies will help in deciphering the integration of other PTMs
along with SUMOylation in many signalling pathways as shown in this thesis. Given the
implications of SUMOylation shown in Arabidopsis and rice on plant growth under stress
conditions, further research in this area will be an important step to improve crop yield

especially economically important crops that are grown in less than perfect growing conditions.
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Appendix

Table A.1 Primer sequence used for cloning PSTOL1 WT and PSTOL12¥R jn ¢5X

vector and colony PCR.

The cloning primers used for cloning PSTOL1 WT and PSTOL1%*®in ¢5X vector where the

forward sequence has extra nucleotides flanking the restriction site, Sall restriction site and

start sequence of the gene while reverse primer has end sequence of the gene, Pstl restriction

site and extra nucleotide flanking the restriction site. pMAL vector-specific primers include

forward primer from MBP tag and reverse primer was homologous to rrnB T1 terminator.

Gene Name | Forward sequence Reverse sequence Expected
size (bp)

PSTOLI1 ACG CGT CGA CAT GGA | AAA CTG CAG TCA AAG | 975

TTA CAA GGATGACGAC | CCCTTT TGG TGG

pMAL GGT CGT CAG ACT GTC | TGT CCT ACT CAG GAG | 260

Vector GAT GAA GCC AGC GTT CAC

specific

primer
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Table A.2 Primers used for qPCR analysis of gene expression.

gPCR primers were used to check the PSTOL1 WT and PSTOL1*®R in both rice and
Arabidopsis transgenic lines. Actin primers were used to check actin expression to normalize
for changes in specific gene expression. Each primer contains a sequence homologous to a
portion of the gene, which was checked against the rice and Arabidopsis genome, to ensure it
would not bind to other nonspecific sequences of the genome. The primers were first tested on
standard PCR and analysed on an agarose gel by electrophoresis to ensure the amplification

product is of the expected size by designed primers.

Gene Forward sequence Reverse sequence Expecte

Name d size
(bp)

OsPSTO | CTG AGC TGGGAT AGA CTG | GGT 216

L1 TT GTTCCTCTTAGTCCGTT

PSTOL1 | TTT ATA AAG GTA GCC TGC | GGG TGT TAT CTC CTT GG | 246
C

OsActin | GACCCAGATCATGTTTGAGA | CAGTGTGGCTGACACCAT | 130

CCT CAC
AtActin CTTGCACCAAGCAGCATGA | CCGATCCAGACACTGTAC | 68
A TTCCTT

Table A.3 List of primers for genotyping the transgenic lines and colony PCR.

Genotyping primers are homologous to a portion binding either to fluorescent tag or SUMO
sites in a gene. Each primer was checked against rice or Arabidopsis to ensure there is no non-
specific binding within the genome. The colony PCR primer set includes one vector-specific
primer and one gene-specific primer. The forward primer is from the YFP tag, and the reverse

primer includes the gene sequence.
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Gene Name | Forward primer Reverse primer Expected
size (bp)
pEarlyGate | ACTTCAAGATCCGCCACAAC
104 YFP FP
pEarlyGate | CCACTGACGTAAGGGATGA
201 HAFP | CGC
OsOTS 1 GTGGTTCCAACGTGAAGAG | GGC TCG GTT GAC AAG | 209
G ACT TC
OsOTS 2 ACCATGGCCCGTTTCTTCTA | ACTCTCAGTTTGTGCCCA | 175
GA
OsOTS 3 TTTCATCCAAAGCAGCAGGG | CCCTTGTGCCAGAAACC | 151
TTC
OsOTS 4 TTTCATGGAAGCAGGAGGGT | TTGGCAGTCCTCTTCCGA | 188
AA
OsOTS 5 CTCGACGATTCCCACTTCCA | TCGTCGTGCCTAGGTTTA | 167
CcC
OsOTS 6 TAAAGGAGAGGGCGCAAAG | TCTCACACTCAACAAGC | 198
A CCA
OsOTS 7 ACACTGGTACCTAGCCGTTC | TGTGGGTGCTGATTCTCT | 160
GT
OsOTS 8 AGCGGGAAGAGAATGAGCA | GCTGGCTGAAATCTTCTC | 188
A CcC
OsOTS 9 ATGGACAGGCTGAGGATTC | CATCAGCTCGCTTTGGA | 176
A CAA
OsOTS 10 | CTGATGCTGAGATGCCACAC | CCGCCATCATCTTTCTGC | 219
AA
OsOTS 11 | CTCCATCCCCTACCTCCTCT | CGTTGGAGTTGTCGAGG | 176
A
OsOTS 12 | AGTGTGCGTTCAGGGGATAA | CCAGAACATGTATGGCG | 221

CAA
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PSTOLI | AGTTTTGTTGCCCCACGGGC | AGGGTCAGCTTGCCGTA | 322
CYFP GG
PSTOLI | CTGGCTACATTGCACCTGAA | CCAACGACAACCATCTT | 247
K225R CCT
PSTOLI | AAGGGCATCAAAGAATGCA | ATGAATTCCTCCCCATCA | 225
K20R C cC
BAR GAA GTC CAG CTG CCA GAA | AGT CGA CCG TGT ACG | 243
AC TCT CC

SPS AGAGATCGACGAAAA TTTTCGGGATGATCCGA

GCC
Hygromycin | ACTGTCGGGCGTACA GGTTTCCACTATCGG 85
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A.4 Plasmid maps
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A.4.3 Plasmid map of pMAL-c5X PSTOL1
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