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Abstract

An expanding global population is putting pressure on the world’s climate and global food supply
chain, with governments simultaneously restricting the use of nitrogen fertilisers. The implications for
food security has never been more urgent. Plants need to adapt to rapidly changing environments and

understanding how plants respond including levels of nitrogen and abiotic stresses is critical.

This thesis aimed to identify the effects of reduced nitrate assimilation on plants’ health and growth,
by utilising mutants deficient in nitrate reductase and observing their responses to abiotic stresses.
Initial investigations suggested gene redundancy for the nitrate reductases NIA1 and NIA2, indicating
their involvement in different stress responses. Regulation of their transcription factors also appears

to play a role in plant health and growth.

Secondly, how nitrate availability affects responses to abiotic stresses was explored. This was achieved
by utilising dynamic thermal imaging, salt and a range of nitrate reductase and stomatal mutants.
Studies showed that ABA induced stomatal closure is influenced by endogenous nitrate and remains

unaffected by exogenous nitrate application.

Thirdly, identify novel stomatal regulators, focusing on post-transcriptional modifications, specifically
kinases and phosphatases was explored. A literature review was undertaken to identify potential
candidates; 10 were chosen for further study. Phenotypic analysis was undertaken on two of the
identified candidates, using a range of techniques. The study showed that, potential stomatal

regulators PSKR2 and GCK1 were identified, but further analysis is required.

Overall, whilst initial data indicate the existence of complex interactions between multiple pathways,
signalling and developmental, determining the exact causes requires further investigation. This
research enhances understanding of plant responses to environmental stresses, has developed and
presented novel methods to study stress responses in whole crop plants, and provides new knowledge

that can be used to enhance crop resilience and help ensure global food security.
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Chapter 1 — Introduction

The world’s population is increasing and expected to reach just over 9 billion by 2050 (United Nations
and Population Division, 2022). This rising population simultaneously increases pressure on the global
food supply chain, whilst restricting the availability of arable farmland. If the challenge of increased
future food production is going to be met, then sustainable land use and improved breeding strategies
are critically important, and factors such as climate change and usage of fertilisers will need to be

addressed (Ray et al., 2013).

Climate change directly influences the global water cycle. Rising temperatures increase the amount of
water evaporation on a global scale, increasing drought and desertification in some areas of the world.
A warmer atmosphere holds more moisture resulting in increased precipitation, which can ultimately
lead to flooding. In areas of drought, this leads to an increase in heavy metal and salt concentrations,
which stresses affected plants by restricting available water and nutrients (such as nitrogen, potassium
and magnesium), and in turn impacts growth and desiccates plants. In flooded areas, plant roots
become hypoxic, restricting the available oxygen resulting in death (Ciriaco et al., 2010; Linkohr et al.,
2002; Khasanova, James and Drenovsky, 2013). Understanding the mechanisms that control plant
stress responses in these environments, is imperative to improve crop yield and plant survival in these
harsh conditions. This provides a long-term solution for increasing food demands (Sinclair and Rufty,
2012; Ray et al., 2013; Wheeler and von Braun, 2013; Misra et al., 2015). Plant growth and health is
also dependent on nitrogen, obtained largely from soils in the form of nitrogen fertilisers, application
of which has drastically increased in the last few decades. Due to both economical and more
importantly environmental reasons there is a need to reduce nitrogen fertiliser use. In 2007, there
was a recorded value of 110 million metric tons for global use. It has been estimated that by 2050 this
could reach 125 — 236 million metric tons. Although a large amount of fertiliser is applied to arable
land to aid in plant growth, only about 30 — 50 % of nitrogen is taken up by plants. The remainder
largely leading to environmental pollution, mainly via leaching whereby the nitrate enters water
systems (Savci, 2012; Rashmi et al., 2020). The added nitrogen causes algal blooms blue-green algae
(cyanobacteria) and increased plant growth leading to eutrophication® (Chislock et al., 2013). Nitrogen
fertilisers can also release ammonia which acts as a base for emissions of nitrous oxide which is a
potent greenhouse gas. Nitrous oxide has a significantly higher global warming potential (GWP) of 298

compared to carbon dioxide which has a GWP of 1. In 2021 it was estimated that 57 % of the total UK

! Eutrophication is the term used when nutrients (largely from field run off from fertiliser application) amass in
lakes or bodies of water. This results in increased growth of microorganisms, resulting in hypoxia (reduced
oxygen levels) in the water effectively killing fish and other life within the body of water.
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emissions of N,O were from agricultural soils (fertilisers) (National Atmospheric Emissions Inventory,

2024).
1.1 - Nitrogen

Nitrogen (N) is a key growth limiting resource for plants; nitrate (NOs’) and ammonium (NH4*) are the
two forms found in soil (Crawford, 1995; Sinclair and Rufty, 2012; Gruffman et al., 2014; Soltani et al.,
2014). Plants obtain N mainly in the form of NOs’, which is a highly soluble molecule and able to be
taken into plants via the transpiration stream, requiring nitrate transporters (NRTs) to cross
membranes to where nitrate is needed. The nitrate is assimilated to make amino acids, proteins and
chlorophyll. N is also used as a signalling molecule (mainly in the form of nitric oxide (NO)). Nitric oxide
is a highly versatile signalling molecule which functions through interactions with cellular targets via
reduction or oxidation (Lamattina et al., 2003; Delledonne, 2005; Palavan-Unsal and Arisan, 2009).
Nitric oxide requires a nitric oxide synthase (NOS) for NO to be incorporated into the plant for
signalling in particular during defence responses to stress, flowering and hormone signalling (Guo and
Crawford, 2005). NO also plays a role in root development, branching, pollen tube growth, stomatal
aperture changes, fruit maturation, cellulose biosynthesis and leaf senescence (Sanz et al., 2014; Sanz
et al., 2015; Signorelli and Considine, 2018). NO signalling is also used to control stomatal movements
(microscopic pores on a leaf’s surface, which control gas/water exchange) (Hetherington and
Woodward, 2003) and trigger stress responses in signalling pathways (such as abscisic acid (ABA) and
the N-end rule pathway) to protect the plant (Desikan et al., 2004; Bright et al., 2006a; Neill et al.,
2008).
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Figure 1.1 — The Nitrogen cycle for bacteria. Adapted from Shagun Khandelwal (2017), showing the routes by

which NOs” and ammonia enter the plants from both atmospheric N and NOs™ in the soil from fertilisers.

Endogenous NO is produced in mammalian cells due to their genome encoding nitric oxide synthase
(NOS) enzymes. There is no evidence of NOS homologues in plant genomes and unlike some bacteria
(in particular diazotrophs (Dixon and Kahn, 2004)), plants cannot fix N from atmospheric N, gas,
instead rely on assimilation of NOs™ into plants (Pike et al., 2002). Figure 1.1 demonstrates the routes
by which nitrogen can enter plants using bacterial nitrogen fixation. It is estimated that ~80 % of
nitrogen fixation in traditional agriculture is undertaken by diazotrophic bacteria involved in a
mutualistic relationship with Fabaceae (legumes) (Peoples et al., 1995). Other microorganisms, such
as Pseudomonas spp., Azospirillum spp. and Azotobacter spp. can also fix atmospheric N, if conditions

are optimal (Giller et al., 1997; Birgmann et al., 2004; Orr et al., 2011).
1.2 - Stomata

Stomata are microscopic pores on the epidermis of the leaves that enable gas exchange. They are
surrounded by two guard cells that open and close in response to both abiotic and biotic stimuli, such
as light, temperature, humidity, changes on CO,, phytohormones and presence of pathogens
(Bertolino et al., 2019). Changes in turgor pressure of the guard cells allow the opening and closure of
stomata. During light induced stomatal opening, blue light is detected by phototropins (PHOTSs)
present in guard cells. PHOTs then activate the MAPKKK BLUS1. Then MAPKKK BHP is then activated

by BLUS1 which leads to the activation of plasma membrane H*-ATPases. This activity then causes
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hyperpolarisation of the plasma membrane which in turn regulates the activity of ion channels. The
change in polarisation is followed by the influx K* ions followed by water and osmolytes like chloride,
nitrate, and malate to guard cells. The influx of water causes a change in turgor pressure leading to
stomatal opening (Sussmilch et al., 2019; Lawson and Matthews, 2020; Yang et al., 2020). Closing of
stomata triggered by darkness or other signals results from the opening of anion channels which
temporarily depolarise the plasma membrane and alter ion channel activity to allow the release of K*
ions and other osmolytes causing loss of water and cell turgor. Opening and closure of stomata affect
water use efficiency (WUE), which is a measure of the amount of carbon fixed per unit of water lost.
The maximum and minimum levels of carbon fixation and water loss are also affected by the size and
density of stomata and these traits are also affected by environmental signals to reduce water loss
and optimise WUE. In addition, stomata need to be properly spaced and patterned in the epidermal
surface. If there is not enough spacing between stomata, their performance may be suboptimal as
diffusion shells could overlap and decrease gas exchange efficiency, and adjacent cells may not be able
to supply sufficient water to achieve guard cell turgor change. Many plant species appear to operate
a one-cell spacing rule, whereby at least one epidermal cell is formed between two stomata. Mutant
studies in Arabidopsis have identified numerous genes that affect the signalling pathways which
regulate stomatal development and patterning. An early example was the Too Many Mouths (TMM)
gene, which encodes a membrane protein that inhibits the development of stomata adjacent to each
other (Nadeau and Sack, 2002). Mutations in the TMM gene can cause stomatal clustering. TMM
encodes a Leucine Rich Repeat Receptor Like Kinases (LRR-RLK), that acts as a co-receptor for ERECTA
and ERECTA-LIKE 1 and 2 receptor kinases to regulate stomatal development (Shpak et al., 2005).
Other gene products that regulate stomatal development and clustering, include several EPIDERMAL
PATTERNING FACTOR (EPF) signalling peptides. EPF mutants can have abnormally high or low stomatal
densities which can cause changes in the level of plant transpiration (Hunt et al., 2010). The
TMM/ERECTA family complexes act as receptors for peptide ligands that regulate stomatal spacing
(EPF1) and stomatal density (EPF2 inhibits entry to stomatal lineage whilst EPFL9/STOMAGEN
promotes this) (Hara et al., 2007; Hara et al., 2009; Hunt and Gray, 2009; Lee et al., 2012; Torii, 2012).
Stomatal development involves asymmetric division of stomatal precursor cells known as
meristemoids in immature leaves. This is promoted by the transcription factor SPEECHLESS (SPCH) and
the division plane orientated by BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE (BASL) (Franks
and Casson, 2014; Torii, 2015; Gong et al., 2021). Formation of stomata is controlled by the presence
of SPCH in meristemoids, followed by the activity of related basic helix loop helix proteins MUTE and
FAMA in Guard Mother Cells (GMCs) and immature guard cells. Changes in any of these can affect

stomatal formation (Zoulias et al., 2018; Zoulias et al., 2021). Environmental factors such as CO,



concentration, water availability and light intensity can all affect stomatal density. High CO; levels
reduce stomatal density by promoting epidermal cell formation and high light intensity promotes

stomatal formation (Casson and Gray, 2008; Casson and Hetherington, 2010).

There are two major morphologies of guard cells: Kidney-shaped guard cells are present in most
groups of land plants including eudicots, and elongated dumbbell-shaped guard cells are found in the
monocot grasses (Nunes et al., 2020). It is widely reported that stomata with dumbbell-shaped guard
cells have a rapid opening and closure response however, recent data has revealed that other species
including a fern can open stomata just as rapidly (Pichaco et al., 2024). It is believed that the faster
opening or closing of stomata could be advantageous under stress conditions to reduce unnecessary
water loss and improve WUE. Rapid opening is attributed to the fast transport of osmolytes between
guard cells and specialised subsidiary cells, representing a mechanical advantage to changes in
ambient conditions (Lawson and Vialet-Chabrand, 2019). Several studies have also suggested that
smaller stomata can close at a faster rate, potentially due to faster changes in osmolarity, affecting

turgor pressure (Nadeau et al., 2002; Raven, 2014).

Changes in stomatal aperture are achieved by complex molecular pathways, resulting in alterations in
ion concentration (MacRobbie, 1998) and these pathways are regulated by signalling molecules, such
as NO (see Figure 1.2) (Balmant et al., 2016). Biochemical changes also play a role, of particular interest
is guard cell starch metabolism, which releases sugars and increases osmotic potential. Within 30
minutes of exposure to blue light, the plasma membrane H*-ATPase activity leads to activation
downstream of B-AMYLASE1 (BAM1) and a-AMYLASE3 (AMY3) enzymes to degrade guard cell starches
to glucose and promote stomatal opening. The presence of NUCLEOTIDE TRANSPORTER (NTT) proteins
can import ATP into GC chloroplasts (GCCs) enabling starch degradation which in turn enables
stomatal opening and aids in plant growth (Horrer et al., 2016; Flutsch et al., 2020; Fliitsch and
Santelia, 2021; Lim et al., 2022).

Under abiotic and biotic stress conditions guard cell signalling pathways are often triggered promote
stress tolerance. For example, under drought stress stomata close in response to the stress-response
phytohormone ABA, to prevent water loss and dehydration. Drought tolerance responses can also
affect stomatal density and size in developing tissues to restrict future water loss (Doheny-Adams et
al., 2012; Hepworth et al., 2015). A number of ways of manipulating guard cell signalling pathways or
altering stomatal densities have been investigated with the aim of improving WUE (Kollist et al., 2014;
Franks et al., 2015). Kusumi et al. (2012) demonstrated that rice (Oryza sativa) growth is limited by
stomatal transpiration, indicating the importance of manipulating guard cell density and movement

to reduce water loss. The ability to produce a more rapid stomatal response, is also proposed to affect



plant WUE and survival, for example, rapid stomatal closure under drought conditions (Lawson and

Blatt, 2014).
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Figure 1.2 — A representation of the uptake of nitrogen ions into the plant. Nitrate is highly soluble and able to
be taken up via the transpiration stream, which is dependent on stomatal pores being open to allow gas

exchange and water vapour loss. A diagrammatic and actual representation of stomata are shown.
1.3 — Nitrate reductase

In some plant species, nitrogen is fixed from the atmosphere by bacteria in root nodules (as is the case
of legumes) or through a symbiotic relationship with nitrogen fixing bacteria with their root system.
These bacteria fix atmospheric nitrogen (N2) by converting it into ammonia (NH4*) which is absorbed
by the host plant. In plants without these advantages, the main way that nitrate is assimilated is via
nitrate or ammonia uptake by the roots followed by nitrate reductase activity inside the plant. NR uses
the reducing power of NAD(P)H to catalyse reduction of nitrate (NOs’) to nitrite (NO;") that can be used

in essential biosynthetic pathways (Desikan et al., 2002; Orr et al., 2011; Li et al., 2013).

Nitrogen is taken up into plant roots in two soluble forms — nitrate or ammonia. Nitrate is a highly
soluble molecule, which is absorbed from the soil into the root epidermis and cortical cells and
transported throughout the plant. This is via specialised proteins known as nitrate transporters (NRTs),
nitrate is also transported to the shoots in xylem tissues using the transpiration stream as a result of
evaporation at the stomata. In Arabidopsis, there are two main NRTs; NRT1 and NRT2. NRT1 is a low
affinity transporter which can be switched to high affinity when phosphorylated. NRT2 is a high affinity
transporter responsible for nitrate uptake when soil nitrate levels are low (Xu et al., 2024). Nitrate can

be stored in the vacuoles of root and leaf tissues when not required. Nitrate is assimilated into organic
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compounds such as amino acids and proteins via nitrate (NR) and nitrite (NiR) reductases, which
require energy and all steps of nitrogen uptake determine nitrogen use efficiency (Forde, 1999; Krapp
etal., 2014; Zhang et al., 2018a; Aluko et al., 2023). NH," is a larger molecule than nitrate and requires
more energy to be taken into the plant where NH." is relocated via ammonium transporters before
being assimilated. NOs”and NH4* are the main forms of N present in agricultural soils and are obtained
from synthetic fertilisers, the application of which is being reduced following government guidelines
(DEFRA, 2022). This is due to detrimental downstream ecological effects such as leaching leading to
eutrophication and overall impacting water quality, air quality, biodiversity, soil health and global
climate. Nonetheless, nitrogen compounds are critical for plant survival and the reduction of nitrate

by NR is a key step in nitrogen assimilation in plants.

Nitrate reductase forms part of a large protein complex with several other enzymes involved in
nitrogen metabolism. The molecular structure of the NR complex illustrated in Figure 1.3 helps to
demonstrate the mechanism by which nitrogen assimilation and metabolism occurs. In brief, a dimer
heme containing NR subunits catalyse the reduction of NOs" to NO3’, which can be used by the plants.
However, an associated nitrite reductase, NOFNIR, can catalyse the further reduction to NO (nitric

oxide) and an associated NO dioxygenase THB1 can act on NO to catalyse the re-formation of NOs5".
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Figure 1.3 — An updated model of NR enzymatic activities taken from (Chamizo-Ampudia et al., 2017), showing
its two subunits in green (making a dimer), each with 3 functional prosthetic groups: moco, Heme and FAD.
Moco (molybdenum cofactor) catalyses the reduction of NOs™ to NO2’, which is able to be taken up by plants.
This uses electrons from NAD(P)H to reduce FAD, Heme and Moco, the dashed lines show movement of
electrons. NOFNiR catalyses the production of NO from NO; by the reduction of NOs". The enzyme complex
catalyses both NO production and its oxidation to NOs™ by dioxygenase activity by the THB1, which uses electrons

from NR. Thus, the complex catalyses NO3" reduction and controls levels of NO.
1.4 — Nitric Oxide and Abscisic Acid

Many changes in the environmental conditions are sensed by the plants and some environmental
response pathways have been shown to be triggered by signalling cascades involving NO. NO signals
are involved in the regulation of plant growth as well as in the response to both biotic and abiotic
stresses. In plants, the activity of nitrate reductase, as a component of the NR complex described
above, is the major source of NO. Thus, NO which is a byproduct of nitrate metabolism appears to play
arolein linking plant nitrate status to stress responses. For example, several studies have implicated
NO as a signalling intermediate in the ABA signalling pathway that triggers stomatal closure (Zhao et

al.; Desikan et al., 2002; Bright et al., 2006b; WILSON et al., 2008).

Nitrate reductase is encoded by two genes in Arabidopsis. The NR double mutant nialnia2 is slow
growing and chlorotic, presumably because of its inability to properly assimilate nitrogen. This mutant
also has a reduced ability to produce NO. It is clear that in plants NR activity is a significant source of
NO. In animals however, NO is also produced by nitric oxide synthase enzymes but evidence for the

presence of this activity in plants is poor. In Arabidopsis Nitric Oxide-Associatedl (NOA1) was



previously believed to be involved in NO synthesis. More recent work indicates that it is not a nitric
oxide synthase, although other unknown routes to NO synthesis may exist in plants. Lozano-Juste and
Leon (2010) looked at the triple mutant nialnia2noal which produce significantly reduced levels of
NO, but some NO was still produced. ABA-induced NO synthesis was only partially reduced in
nialnia2noal, suggesting that there is another yet unidentified pathway involved. It should be noted
that these experiments used a nialnia2 double mutant made from crossed ecotype backgrounds and
lack a good control (as described later) which could have influenced the results observed. Most studies
show that when NO is applied a stomatal closure response is stimulated. However, Sakihama et al.

(2003) indicated that, when used at high concentrations, NO donors can cause stomatal opening.

Several signalling pathways interact in guard cells including ABA, ethylene and NO response pathways
(Chater et al., 2014). When these signals are applied separately, they induce stomatal closure. It has
been found that if ABA or NO are applied in the presence of ethylene, then stomatal closure is reduced
(Desikan et al., 2006). These signalling pathways all interact in order to cause a response, but there is
another route which uses NO to cause changes in stomatal aperture, known as the N-end rule

pathway.
1.5 — Post-translational modifications in nitrogen signalling and stomatal regulation

The N-end rule pathway was first proposed by Varshavsky et al. in 1986. It describes how the half-life
of each proteins dependent on the nature of its N-terminal amino acid residue and certain
destabilising residues cause the half-life to be decreased (Bachmair et al., 1986). The N-end rule
operates in all organisms including plants, mammals and bacteria, but the composition of the enzymes
responsible, substrates and modes of action involved can vary. The N-end rule pathway for targeted
proteolysis is highly conserved in eukaryotes and has been linked to many developmental processes.
Most importantly for this project, the N-end rule pathway has been shown to regulate the stomatal
closure response to ABA (Gibbs et al., 2014a; De Marchi et al., 2016; Mendiondo et al., 2016). The
closure of stomata is regulated by a complex signalling network that provides a robust response and
is now known to involve targeted proteolysis via the N-end rule pathway. The route by which proteins
with destabilising N-terminal amino acid residues are targeted for degradation involves the presence
of nitric oxide. The classic N-end rule pathway, also known as the arginine (Arg) branch, recognises
particular residues to be ubiquitinated (Graciet and Wellmer, 2010; Gibbs et al., 2016). Figure 1.4
shows a simplified version of the N-end rule pathway, which targets proteins starting with methionine
cysteine (MC) residues. The N-terminal methionine is cleaved from the peptide by methionine
aminopeptidase (MAP) leaving the destabilising cysteine (C) residue exposed, which is readily oxidised

by NO in the presence of oxygen. Oxidised C (C®) can then be arginylated by arginyltransferases (ATE)



resulting in RC*, which is then recognised by PROTEOLYSIS 6 (PRT6) and targeted for degradation via
the proteasome. PRT6 is a 224 kDa N-recognin that contains a ubiquitin ligase N-recognin (UBR) box.
A. thaliana prt6 mutants are impaired in degradation of N-end rule substrates; which are type 1
degrons (destabilising N-terminal residues). Type 1 degrons are basic residues which PRT6 recognises
and include: arginine (Arg), lysine (Lys) and histidine (His) (Garzdn et al., 2007). Group VIl ethylene
response factors (ERFVII) have been identified as substrates for this particular branch of the N-end
rule pathway (Gibbs et al., 2014b; Gibbs et al., 2015; Papdi et al., 2015). ERFVII's are plant-specific
transcriptional factors with conserved N-terminal domains (MC) which are dependent on NO and O
to be targeted for degradation via proteolysis. As discussed above, NO levels are regulated by NR
activity and thus nialnia2 mutants that lack NR are defective in the ability to target N-end rule

substrates for degradation and the ERFVII transcription factors are stabilised.

Proteolysis plays an important role in stomatal movements by regulating the levels of key proteins
involved in the control of stomatal aperture signalling pathways. In particular the modulation of the
ABA signalling pathway for stomatal closure under drought stress. The protein ABI5 (ABA Insensitive5)
is a transcription factor that promotes ABA responses, including the expression of genes involved in
stomatal closure. Group VII ERFs regulate NO/ABA crosstalk by promoting the expression of ABI5 and
ABA sensitivity. Proteolysis of ERFVIIs by the N-end rule pathway results in reduced ABI5 levels,
preventing excessive stomatal closure, allowing plants to respond to environmental conditions. Group
VIl ERFs are destabilised in the presence of NO via the N-end rule pathway and stabilised in the
absence. Through these mechanisms, proteolysis adjusts the guard cell’s protein composition,
enabling precise control over stomatal movements in response to environmental cues (Gibbs et al.,
2014b; Sanz et al., 2015; Vicente et al., 2017). This work showed that NO promotes stomatal opening,
in contrast to previous work by Desikan et al. using pharmacological agents that suggested that NO
promotes stomatal closure. Thus the role of NO in stomatal aperture control requires further

investigation.
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Figure 1.4 — Nitric oxide is required for degradation of MC proteins. A simplified version of the N-end rule
pathway for targeted protein degradation, adapted from Gibbs et al. (2014). Any alterations in NR activity could

affect degradation of the MC protein.

The N-end rule pathway is not the only route which affects protein stability and targets for
degradation. Recently, a new mechanism has emerged called sumoylation. Sumoylation is a post
translational modification. It is similar to the ubiquitination process in the N-end rule pathway, but it
adds small ubiquitin like modifiers (SUMOs), which affect protein stability, structure and localisation.
It is interesting to note that both NIA1 and NIA2 have potential sites for sumoylation and it has been
suggested that these could regulate NR stability and activity and therefore affect levels of NO,

resulting in a stomatal aperture response (Srivastava et al., 2016; Soo Park et al., 2011).
1.6 — Abiotic stresses

Plants have developed defence mechanisms in order to survive under certain conditions. Key
challenges in this changing world are abiotic stresses, which include: high salinity (due to rising sea

levels infiltrating water systems), drought and extreme temperatures.
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1.6.1 - Salinity

High soil salt content negatively affects plant growth and reproduction with more than 20 % of
cultivable land adversely affected (Hasanuzzaman and Fujita, 2022). Higher salt levels affect osmotic
pressures of cells and can cause wilting, chlorosis and depending on the stage of growth, stress applied
can affect root branching and growth (Negrdo et al.,, 2017; Hasanuzzaman and Fujita, 2022).
Ultimately, long exposure to these stresses causes plant death and even short-term exposure can
affect plant health and subsequent grain yield and quality. Biochemical processes as well as biomass
and morphology are affected. It has been suggested that salt and nitrogen are linked to each other
and that an increase in salt levels up to a toxic amount increases the activity of NR (Ullrich W.R., 2002;
Guo et al., 2017). Salt is involved in many biochemical pathways, the ones of greatest interest in this
study are those affecting stomatal aperture changes. NR activity indicates that stomatal closure

response is activated to reduce water loss.

1.6.2 — Drought

Rising temperatures are causing more widespread drought, which has effects on both water content
and nitrogen nutrition within plants and subsequent grain / seed. ABA signalling pathway is involved
in stomatal closure response due to drought to reduce water loss via evapotranspiration. Under
drought, plants synthesise and accumulate ABA, which is transported to the guard cells. ABA binds to
receptors in the guard cells, which initiates a signalling cascade that leads to the activation of protein
kinases and inhibition of phosphatases (an example being ABI1 (ABA Insensitive 1). This results in the
production of reactive oxygen species (ROS) and an increase in cytosolic calcium levels. The changes
activate anion channels, leading to efflux of anions, chloride, malate and potassium ions. The loss of
ions reduces the osmotic potential within the guard cells, which causes a loss of water and turgor
pressure, which leads to stomatal closure. The process conserves water by reducing transpiration,
helping plants to survive during periods of drought. Through these tightly regulated mechanisms, ABA
signalling ensures that stomatal movements are responsive to drought conditions, thus optimising
water use efficiency (Pei et al., 1997; Yoshida et al., 2006; Sirichandra et al., 2009; Cutler et al., 2010;
Kim et al., 2011). As well as drought, high temperatures can have a drought-like effect and depending

on the growth stage can affect fertility.
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1.7 — Overall aims and objectives

This thesis seeks to understand the link of nitrate availability and environmental stimuli on plant
responses and survivability. Mainly focusing on stomatal aperture changes and plant development.
Improving Nutrient Use Efficiency (NUE) and Water Use Efficiency (WUE), whilst no or limited
detrimental effect to yield, can help to address critical global challenges in food supply. It also seeks
to make a significant contribution to the fields of plant biology and plant biochemistry through
comprehensive investigations into a) nitrate assimilation, b) stomatal regulation and c) stress

responses in plants.
There are three overall aims of this thesis to:

1. Understand how plants respond to changes in their environment including abiotic stresses
and varying levels of nitrogen.

2. Explore the effect of salt stress on stomatal conductance, survivability and overall yield effects
in both Arabidopsis and rice.

3. Assess the effect of nitrogen status on seed germination and growth.
Specifically, to:

1. Seeif reducing nitrate assimilation impacts plant growth and health:
a. Utilising mutants in Arabidopsis deficient in NR to observe germination and growth
differences as well as stomatal aperture changes due to stress.
b. To see if adding exogenous nitrate can restore any potential loss of response from
reduced nitrate assimilation.
2. Develop methods to view whole plant fast systemic responses and effects on stomatal
aperture to abiotic stresses:
a. Utilising a range of techniques (including thermal imaging, chlorophyll fluorescence,
epidermal peel bioassays and media changes) and mutants in both Arabidopsis and

crops.
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Chapter 2 — Methods and materials

2.1 — Plant material

Arabidopsis thaliana ecotype Col-0 and mutant seeds (AT1G77760 (NIA1): (SALK_147807) and
(SALK_148487) (referred to as nial (1) and nial (2) in this report). AT1G37130 (NIA2): nia2-5,
SALK_088070 and SK_2486 (referred to as nia2 (1) and nia2 (2) in this report) were obtained from the
Nottingham Arabidopsis Stock Centre (NASC).

Additional A. thaliana (Arabidopsis) mutant seeds (AT5G02310 (PRT6)) prt6-1, (AT3G24800 (PRT1))
prtl1-1 and complement line (comp), NIA1SDM Line 1, NIA1SDM Line 2, nialnia2) were provided by

the University of Nottingham (Professor M. J. Holdsworth).

Arabidopsis Epidermal Patterning Factor (EPF) mutant lines (AT2G20875 (EPF1)) epf1-1, (AT1G34245
(EPF2)) epf2-1, epfl-1epf2-1, EPF20E, (AT4G12970 (EPFL9)) EPF9OE, Barley Golden Promise cultivar,
Rice Indian long grain Rice (IR-64) and EPF mutant lines OsEPFoeW and OsEPFoeS were provided by
the University of Sheffield (Professor J. E Gray).

2.2 — Growth conditions and media

Seeds were stratified (placed in the dark) in cold water for 72 hours at 4°C and subsequently
propagated for 6 weeks (in a growth chamber), until the rosettes were completely expanded, but
flowering had not commenced. Growth conditions were: 9 hours photoperiod, light intensity 180 umol
m? sec, temperature 20/16 °C (day/night), relative humidity 67 % and ambient CO, (400 ppm).
Mutants and their controls were grown simultaneously, using the same conditions, except for the
nialnia2 mutant, which was sterilised a week before the controls. Plants in 5 cm small pots on
Levington M3 compost and perlite (Sinclair (2.0—-5.0 mm)) in a 3:1 ratio, were watered every two days

with 200 to 400 ml of water per tray.

For experiments using nutrient media, sterile 0.5x Murashige & Skoog (MS) agar plates (2.2 g L't MS
salts, pH 5.8, 1 % (w/v) agar) was prepared. A. thaliana seeds were surface sterilised by soaking in 1
ml of 70 % ethanol (v/v) solution for 2 minutes, followed by 10 minutes in 1 ml of a 3 % bleach (v/v)
solution, containing 0.05 % Tween 20 and agitated throughout. Seeds were washed 5 times with sterile
deionised water, to remove the bleach solution and then spread onto the MS agar plates, sealed with
micropore tape and stratified in the dark at 4 °C for 72 hours (inverted to reduce damage from
condensation). Seeds were placed vertically and incubated as above for 1 week or 2 weeks (depending

on the mutant), to induce germination. Once germinated, seeds were transferred to either a) pots
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containing a 3:1 mix of levington M3 peat compost to perlite or b) new MS plates for further

experiments.

2.2.1 - Germination assay

0.5 X MS media with 0.8 % agar plates were made with the addition of 0, 1, 3, 5 or 10 uM ABA. Seeds
were surface sterilised with 1 ml of 70 % ethanol (v/v) solution. Seeds then were placed onto sterilised
filter paper and using sterilised toothpicks, in a flow cabinet, seeds were transferred onto plates. All
genotypes were contained on each plate. All genotypes were placed in a row across the top of the
plate in order (Col-0, nial (1), nial (2), nia2-5, nia2 (1), nia2 (2) and old nialnia2 (left to right)). This
horizontal pattern continued vertically throughout the plate. Plates were sealed with micropore tape
and then placed vertically into a sanyo vertical cabinet with short day conditions (9 hour photoperiod,
light intensity 180 umol m™ sec?, temperature 20/16 °C (day/night), relative humidity 67 % and

ambient CO; (400 ppm)). Plates were observed each day, images taken, and germinating seeds marked

as shown in Figure 2.1.

Figure 2.1 — Representative images of germination assay. A) Image of the initial germination assay set up. B)

Marked germinated seeds. C) An enlarged image of a germinating seed. D) A diagram of a germinated seed.

2.2.2 - Drought assay

Six weeks after germination, plants were randomised into four trays; 2 trays were left to drought
(watering was stopped), and the remaining 2 watered as normal (see Section 2.2). The weight of the
pots was recorded and monitored every other day throughout the experiment, to compare water loss
and infer biomass (through weight changes). Plants were incubated for 15 days as previously described
(see Section 2.2). Images were taken daily, using a thermal imaging camera (FLIR SC660) mounted on

atripod 1 m above the chamber floor, until plants showed signs of extreme drought (wilted and curled

15



up leaves). Plants were then hydrated and images taken for a further 3 days. Images were taken every
minute for 1 hour, commencing 2 hours after the start of the chamber’s photoperiod; allowing the
plants time to acclimatise to the lights. Analysis was performed using FLIR tools software (FLIR, USA)
and digital images were taken for comparison using a Nikon AF-S DX digital camera. Differences

between treatments were determined using a one-way ANOVA with multiple pairwise comparisons.

Figure 2.2 — FLIR SC660 thermal imaging camera set up and used to image A. thaliana. Camera was mounted
on a tripod 1 m above the chamber floor and the chamber temperature was equilibrated during imaging by

placing plants in a black tray, which was raised off the floor.

2.2.3 - Salt assay

Four days after germination (see Section 2.2), seedlings were transferred (under sterile conditions,
using forceps) to 100 mm square petri dishes containing 50 ml % MS agar (2.2 gL, pH 5.8, 1 % agar)
and one of four NaCl concentrations (0, 100, 125 or 150 mM). Thirty seedlings from each genotype,
were analysed per NaCl concentrations (see Section 2.1), except for the nialnia2 mutant. In total 780
of seedlings were analysed (120 seedlings from 3 genotypes, experiments (repeated twice) and 60

seedlings from nialnia2).
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The start point of each seedlings root tip was recorded, to analyse root growth and the seedlings
subsequently placed vertically in the growth cabinet and incubated for 7 days. Images of the plates
were then taken at the end of the experiment, using the NIKON AF-S DX digital camera (a ruler was
included for scale), analysis of growth was performed using FlJI distribution of image J software
(Schindelin, J. et al., 2012). Differences between treatments were determined using a one-way ANOVA

with multiple pairwise comparisons.

2.2.4 - Arabidopsis thaliana salt solution

A. thaliana salt (ATS) solution was prepared as follows: 5 mM KNOs, 2.5 mM KH;PO4, 2 mM MgSQ,, 2
mM Ca(NOs),, 70 UM H3BO4, 50 uM FeEDTA, 14 uM MnCl;, 10 uM NaCl, 1 uM ZnSOg,, 0.5 uM CuSOs,,
0.2 uM NaMoO,, 0.01 uM CoCl; in one litre of sterile water or 0.8 % (w/v) agar (plant cell culture
tested; Sigma, St. Louis) for plates, and filter sterilised. When using low NO3™ concentrations, the KNOs
and Ca(NOs), were replaced with the same concentration of KCl and CaCl; (Leyser and Furner, 1992;

Linkohr et al., 2002; Weigel, D., & Glazebrook, 2002).

2.2.5 — Nitrate assay

ATS media was prepared with agar plates with or without 7 mM NOs. Seedlings were germinated on
0.5 X MS, 0.8 % agar plates and transferred after seven days to ATS, 0.8 % plates with or without

nitrate.
2.3 - Callus production

Callus production was measured using the method detailed in (Ellis 1993). Six week old leaf material
was used for callus production and grown under long day conditions in Sanyo cabinets. 16 hour

photoperiod, 180 umol?s™, 400 ppm CO,, 24°C day / 22°C night and 60-67 % humidity.
2.4 - Extraction of genomic DNA

DNA was extracted using the Edward’s method (Edwards et al., 1991). Fresh leaf tissue (10 — 20 mg)
was collected in 1.5 ml microcentrifuge tubes and ground for 10 seconds, using a plastic pestle. Four
hundred pl of Edward’s extraction buffer (200 mM Tris-HCI (pH 8), 250 mM NacCl, 25 mM EDTA (pH
8.0), 0.5 % (v/v) SDS) was added to the sample, which was ground for a further 10 seconds and then
vortexed for 5 seconds. Samples were centrifuged for one minute at 14,000 x g and 300 pl of the
supernatant transferred into a fresh microcentrifuge tube. Three hundred pl of isopropanol was added
and mixed thoroughly (by pipetting) before incubating the samples at room temperature for two
minutes. Samples were then centrifuged for 5 minutes at 14,000 x g, the supernatant was decanted
and pellet left to air dry for 10-15 minutes, to remove the residual isopropanol. The DNA was then

resuspended in 50 pl of sterile de-ionised water and frozen at -20 °C.
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2.5 - Genotyping

To test whether plants were homozygous or segregating, specific primers were designed and PCRs
performed on each genotype. Isolated DNA was used as a template in 10 ul reactions, containing 0.5
ul template DNA, 1x MyTaq Red Mix (Bioline, UK), 0.25 pl of both the forward or reverse primers (10
UM concentration) (see Table 2.1) and the remaining volume made up with nuclease-free water. Each
set of PCR reactions also included positive controls (wild type DNA) and negative controls (nuclease-
free water). A standard PCR cycle was performed with changes in the annealing temperature,
extension time and cycle number, depending on the primer set and fragment length, specifically: 94
°C for 5 minutes initial denaturation; 25-30 cycles of denaturing at 94 °C for 30 seconds, annealing at
55-62 °C for 30 seconds and extension at 72 °C for 30 seconds; and a final extension of 72 °C for 5

minutes.

The genotyping for prt6-1 varied slightly, due to detecting a single base pair change, specifically: 98 °C
for 30 seconds initial denaturation; 30 cycles of denaturing at 98 °C for 20 seconds, annealing at 56 °C

for 30 seconds and extension at 72 °C for 2 minutes; and a final extension of 72 °C for 5 minutes.

Product size was then checked for all amplicons using gel electrophoresis. Eight pul of the PCR product
was then run on a 1 % (w/v) agarose gel with TAE buffer and 0.001 % of a 10 mg/ml ethidium bromide
(Sigma-Aldrich, UK) solution. Two pl of Hyperladder | (Bioline, UK) was run alongside the samples to

enable band size of fragments to be determined. Samples were run for 30 minutes at a 100 volts.

2.6 - qPCR

Mature leaf tissue was collected and ground under liquid nitrogen. RNA was extracted using and
RNeasy kit with DNase treatment (Qiagen) according to the manufacturer’s instructions. cDNA
synthesis was performed using Reverse Transcriptase Superscript (Thermo Fischer Scientific). RT-qPCR
was performed using QuantiNova SYBR green PCR kit (Qiagen). Reference genes Ubiquitin (UBC) and

Actin (ACT). Results were analysed using 2-Delta C; method.
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Table 2.1 - Primer sets and specific reaction conditions for the PCR performed for each genotype

61

Annealing Extension time
Genotype Primer Forward/Reverse tempoerature minutes : seconds
(°C)

prt6-1 5'— GGAGTTTTCTATGTCCAGTGAGAGTTT - 3' Forward (mutation specific) 56 02:00
prt6-1 5'— GTCTCCAATGACACGTTCACTTGTCT —-3' Reverse 56 02:00
prt6-1 5'— GGAGTTTTCTATGTCCAGTGAGAGTTT - 3' Forward (wild type) 56 02:00
NIA1SDM 5 — CAAATTCCGAAGCTTGGTGGTATCGGCCTGA ATACATAATCAAC -3’ Forward 67 01:00
NIA1SDM 5 — GTTGATTATGTATTCAGGCCGATACCACCA AGCTTCGGAATTTG — 3’ Reverse 67 01:00
nia2 (1) 5" —TACGACGACTCCTCAAGCGAC -3 Forward 61 01:00
nia2 (1) 5" — GGCTATAGATCCCGCATCGAC -3’ Reverse 61 01:00
nia2 (2) 5’ — CATCTACCGTGACCTCCACAC -3’ Forward 61 01:00
nia2 (2) 5" —TGGTACGTCTCACAGGGAAAC -3’ Reverse 61 01:00
nia2-5 5" — ACGGCGTGGTTCGTTCTTACA -3’ Forward 63 01:20
nia2-5 5" — ACCTTCTTCGTCGGCGAGTTC — 3’ Reverse 63 01:20
nial (1) 5’ — ACCAGCAATTGTTCATCATCC - 3’ Forward 58 00:40
nial (1) 5 — ATCGAGTCCTTCCTTCTCTCG -3’ Reverse 58 00:40
nial (2) 5 — CAGTAGTTCCAACTTTGTAGGACG -3’ Forward 58 00:40
nial (2) 5 — GGAAAGGTATTCCGTTAAGCG -3’ Reverse 58 00:40




2.7 - Stomatal impressions for density and index

Three mature (6 week old), fully expanded rosette leaves, from 3 different plants of each genotype
were taken for impressions (9 leaves total per genotype). The abaxial side of the leaves were placed
on top of high definition dental resin (Coltene Whaledent, Switzerland) and left to set. The leaf
material was then removed to reveal an impression, which was coated in a thin layer of clear nail
polish and was left to dry for ten minutes. The nail polish patches were then transferred onto a
microscope slide and the epidermal and stomatal cell numbers from 4 different areas counted on each
leaf, using a light microscope (Nikon LABOPHOT2, Japan) and images collected using a 40x
magnification objective, with an eyepiece grid (0.065 mm? area). The average stomatal density and
stomatal index? for each genotype were determined and converted to a 1 mm? area. Differences
between genotypes and treatments were determined using a one-way ANOVA with multiple pairwise

comparisons.

2.8 — Measurement of stomatal apertures

Epidermal strips were taken from fully expanded mature rosette leaves from the abaxial surface of six
week old A. thaliana plants. Three independent replicates of the experiment were performed on 3
sequential days. On each day epidermal strips were taken from 3 leaves per plant, 3 plants of wild
type and mutant, making n=9. The strips were then transferred into Petri dishes containing 10 ml of
opening buffer (10 mM 2-(N-Morpholino) ethanesulfonic acid sodium salt (MES), 50 mM KCl, pH 6.2
(using KOH to adjust pH)), which were illuminated by two light boxes (fluorescent bulbs), at an
intensity of 300 umol m? s*. To ensure aeration of the opening buffer, ambient air was bubbled
through, into the Petri dishes via manifold attached to air-tight rubber tubing and a syringe needle at
100 ml mint and incubated for one hour at room temperature. Flow rate was set separately for each
experiment to make sure that aeration provided adequate mixing of the opening buffer and did not
displace the epidermal peels. The opening buffer was then removed from the Petri dish, using a sterile
10 ml syringe and replaced with one of four treatments, either: a) opening buffer (control), b) 1 mM
abscisic acid (ABA) (dissolved in ethanol) (Sigma Aldrich, USA) in opening buffer, ¢) 5 mM ABA in
opening buffer or d) 100 mM S-Nitroso-N-acetylpenicillamine (SNAP) (Caymen Chemicals, USA) in

opening buffer. Samples were then aerated for a further for 2 hours before imaging.

2 Stomatal density is the amount of stomata within a region of 1 mm? and the stomatal index (see equation
below) is the ratio of epidermal cells to stomata within 1 mm?.

Stomatal index=Stomatal density(Stomatal density+Epidermal cell density)
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For imaging, epidermal peels were placed on a microscope slide (hydrated by their treatment solution)
and a cover slip placed on top. Images were taken immediately using an Olympus BX51 optical light
microscope and images collected using a 40x objective lens, with a camera mounted on the 10X
eyepiece to record images with the light intensity set to the lowest setting. A minimum of 40 stomata
were imaged for each treatment and analysed using the object J package on Image J. Four
measurements were taken for each stomata: pore width, pore length, complex width and complex
length. The experiment was repeated three days in a row, resulting in a total of 120 stomata imaged
per genotype. Data was expressed as um and aperture areas were calculated using the formula for an
ellipse (% (length) % (width)). Results were expressed as aperture mean + SE. Differences between

treatments were determined using a one-way ANOVA with multiple pairwise comparisons.

2.9 - Cloning

2.9.1 - Primer design

Specific primers to include 35S promoters and native promoters in order to be GFP tagged were

designed for NIA1 and NIA2.

To design the primers to be on a 35S promoter, the full-length coding sequence for NIA1 and NIA2
were downloaded from The Arabidopsis Information Resource (TAIR), NIA1 (AT1G77760.1) and NIA2
(AT1G37130.1). Internal restriction sites were checked using NEB cutter V2.0 (New England Bio lab,
UK) using the pMDC83 vector (Arabidopsis Biological Resource Center (ABRC), USA). Forward primers
were designed to be 20-30 bp in length. NIA1 forward primer had four AAAA bases then the pac/
restriction site of TTAATTAA and 20 bases from the start of the gene. For the reverse primer, the stop
codon and one additional base pair was removed and then the restriction site kpnl/ was added along
with four AAAA bases. NIA2 was designed in the same way and had a forward restriction site of pac/

and a reverse primer restriction site of kpnl.

To design the native promoter primers, the NIA1 sequence was found in TAIR and then blasted (using
National Center for Biotechnology Information (NCBI) database) against A. thaliana genomic DNA,
which results in a variety of sequences. The matched sequence gb|AC012193.6 was selected and the
reverse compliment strand was looked at, as the gene was in the opposite direction. Restriction sites
were checked using NEB cutter and compared to restriction sites present in the vector PMDC 107. Spel
(ACTAGT) was selected as a restriction enzyme for this experimental programme, because there is an
xbal restriction site on the vector. A primer was then designed using primer3 (Koressaar and Remm,
2007; Untergasser et al., 2012), to include the Spel restriction site on the forward primer. The reverse

primer was designed for the 35S promoter.
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For the NIA2 native promoter, the Bacterial artificial chromosome (BAC) result (56334) was used. The
restriction sites were checked as above, however there were none available. Therefore, the xbal
restriction site was used and a primer was designed using primer3, situated approximately 1 KB before
the start codon. Four AAAA bases were added, then the restriction site TCTAGA before the start of the

forward primer. The reverse primer was designed for the 35S promoter, as above.

2.9.2-PCR

Genomic DNA was extracted as above (see Section 2.3) and was quantified a Nanodrop
spectrophotometer (Thermo-Fisher, USA). The gene of interest was amplified out, using specific
primers with restriction sites, to enable ligation into vectors. KOD Hot start, high proofreading DNA
polymerase enzyme (Novagen, Germany) was used in 50 ul reactions containing: 100 ng template
DNA, 1 ul KOD polymerase, 1x ammonium reaction buffer, 25 mM MgSQy, 5 pl mixed dNTP (dATP,
dCTP, dGTP and dTTP), 0.3 uM of each a) NIAI(PMDC83) forward primer (5'-AAAATTAATTAAAT
GGCGACCTCCGTCGAT-3’) or NIA1(PMDC107) forward primer (5-GTCGCCGTGACACATTGATA-3’) and
NIA1 reverse primer (5’-AAAAGGTACCAAGATTAAGAGATCCTCCTT-3’) primers, or b) for NIA2(PMDC83)
forward primer (5-AAAATTAATTAAATGGCGGCCTCTGTAGATAA-3’) or NIA2(PMDC107) forward
primer (5 -AAAATCTAGAGTGCTGAATTGCCATTTGTG-3’) and NIA2 reverse primer (5-AAAAGGT
ACCAATATCAAGAAATCCTCCTT-3’). The remaining volume was made up with nuclease-free water. A
negative control (nuclease-free water) was performed with each set of PCR reactions prepared. The
NIA1 on the 35S promoter was amplified used the following conditions: 95 °C for 2 minutes initial
denaturation; 35 cycles of denaturing at 95 °C for 20 seconds, annealing at 60 °C for 15 seconds and
extension at 70 °C for 1 minute; and a final extension of 70 °C for 5 minutes. All remaining
amplifications used these conditions with the exception of NIA2 on 35S promoter, which had an
extension time of 1 minute. NIA1 on native promoter where the extension time was 1 minute 40
seconds and NIA2 on native promoter, which had an annealing temperature of 62 °C and an extension
time of 2 minutes and 5 seconds. Five pl of PCR product was added to 2 pul of orange loading dye and
3 ul of water and run on a 1 % (w/v) agarose gel for 30 minutes at 100 V and alongside Hyperladder |

(Bioline, UK) to confirm the product size.

2.9.3 — PCR product purification

NIA1 (on a native promoter) PCR product was purified using Monarch PCR and DNA clean up kit (New
England Biolab, UK), directly following the manufactures instructions. One pl of the purified product
was then used as a template to perform a second, 20 cycle PCR with KOD, as described above (see

Section 2.7.2), to improve band intensity.
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2.9.4 - Restriction enzyme digests

To prepare the samples for ligation reactions, two restriction enzyme digests were performed; one to
obtain the NIA1 gene of interest and one to prepare the PMDC 107 vector (Curtis vectors, TAIR, UK)
to insert the gene. Firstly, 10 ul of NIA1 PCR product was used as a templated in a 20 ul enzyme digest,
containing 0.5 ul of both enzymes Spel and Kpnl, along with 2 ul of 10x restriction buffer and 7 pl
nuclease free water. The mixture was gently homogenized via pipetting, incubated at 37 °Cfor 1 hour
in a water bath and the product purified as described above (see Section 2.7.3) and the concentration

of DNA determined using a Nanodrop spectrophotometer.

Secondly, 10 pl of PMDC 107 was used as a template in a 20 pl enzyme digest, containing 1 pl of both
enzymes Xbal and Kpnl, along with 2 ul of 10x restriction buffer and 6 ul of nuclease free water. The
mixture was gently homogenized via pipetting, incubated for 1 hour at 37 °C in a water bath. Four ul
of loading dye was then added to the reaction and the mixture run on a 1 % (w/v) agarose gel alongside
Hyperladder | (Bioline, UK). The product obtained was between 8-10 Kb (as expected), the band was

excised from the gel using a razor blade and 200 mg of the product gel purified (see Section 2.7.5).

2.9.5 - Gel purification

The excised band was placed in a 1.5 ml microcentrifuge tube and 800 pl of gel dissolving buffer
(Sigma) was added per 200 mg of gel. Sample were then incubated between 37 °C and 55 °C for 5-10
minutes and periodically vortexed until the gel was dissolved. The purification was then performed
using a Monarch PCR and DNA clean up kit (New England Biolab, UK) directly following the
manufactures instructions and the DNA concentration quantified using a Nanodrop

spectrophotometer.

2.9.6 — Ligation reactions

Ten ul ligation reactions were set up using a 3:1 molar ratio of gene of interest : vector. The reactions
contained: 1 pl of 10x ligation buffer (New England Biolabs), 0.5 pl of T4 DNA ligase, 3 pl of purified
PMDC 107 vector and 5.5 pl of pNIAI:NIA1. A positive and negative control were also prepared for

each set of reactions. Once mixed, the reaction was incubated at room temperature for 30 minutes.

2.9.7 — Transformation into E. coli

Twelve and a half pl of NEB 5-a competent E. coli high efficiency cells (New England Biolab, UK) were
thawed on ice. Once thawed, 0.5 pl of the ligation reaction was added to cells and gently mixed by
flicking the tube 4-5 times. Samples were incubated on ice for 10 minutes, heat shocked at 42 °C for
30 seconds and then incubated on ice for a further 5 minutes. One hundred pl of pre-warmed sterile

SOC media (20 g L™ tryptone, 5 g L' yeast extract, 4.8 g L' MgSQ4, 3.603 g L* dextrose, 0.5 g L™* NaCl
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and 0.186 g L'! KCl) was added to the tube (in a laminar flow hood) and the solution incubated at 37

°C for 1 hour in a shaking incubator.

Luria Bertani (LB) agar plates (10 g L™ tryptone, 5g L™ yeast extract, 10 g L't NaCl, 15 g L™t agar (pH 7.5))
containing 100 pg L kanamycin were prepared and pre-warmed to 37 °C. Fifty six and a half pl of the
liquid culture was then spread on to duplicate agar plates, allowed to dry (in a laminar flow hood) and

incubated overnight at 37 °C.

2.9.8 — Colony PCR

Colonies were picked, added to 100 ul of nuclease free water and incubated in a heat block at 100 °C
for 5 minutes to lyse the cells. One ul of the cell solution was then used as a template for a colony
PCR. Reaction conditions were undertaken as outlined in Section 2.4, using 0.25 ul of an insertion
specific forward primer (NIA1) (5'-GTCGCCGTGACACATTGATA-3’) and 0.25 pl of a plasmid specific
reverse primer (GFP) (5’-ATCCTGTTGACGAGGGTGTC-3’), however only 3.5 ul of nuclease free water
was used. The PCR cycle was: 94 °C for a 5 minute initial denaturation; 30 cycles of denaturing at 94
°C for 30 seconds, annealing at 58 °C for 30 seconds and extension at 72 °C for 1 minute and 30
seconds; and a final extension of 72 °C for 5 minutes. The PCR product was then run on a 1 % (w/v)
agarose gel, to confirm that the insertion had been successful. Once confirmed, the positive colony
was picked and incubated (shaking continuously) overnight in 5 ml of LB broth containing 5 ul of

kanamycin at 37 °C.

2.9.9 - Plasmid miniprep and purification

Three ml of the liquid culture was used to perform a plasmid miniprep, using a Monarch plasmid
miniprep kit (New England Biolab, UK) directly following the manufacturer’s instructions. The
remaining liquid culture was mixed with 80 % (v/v) glycerol solution and vortex gently for 30 seconds,

to produce 15% (v/v) glycerol stocks, which were stored at -80 °C.

2.9.10 - Sequencing

To ensure that the NIA1 gene was inserted into the PMDC107 vector in the correct orientation, 15 pl
of purified plasmid was sent to the Genewiz® Sanger sequencing service (Takeley Sanger Sequencing
Laboratory, UK) for sequencing. The sample was analysed using an Applied Biosystems 3730 DNA
analyser (Life Technologies Corporation, UK). Plasmid DNA was sequenced using the M13 reverse (5’-
CAGGAAACAGCTATGAC-3’) primer to check orientation. Sequencing data was analysed using Chromas
Lite (Technelysium Pty Ltd., Australia), converted into .FASTA file format and uploaded to NCBI

database to confirm that the NIA1 gene was inserted.
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2.9.11 - Transformation in Agrobacterium tumefaciens

Fifty ul of Agrobacterium tumefaciens competent cells (strain C58) were thawed on ice. Once thawed,
5 ul of purified plasmid DNA (between 1 and 5 pg per sample) (see Section 2.7.9) was added to the
cells and then incubated on ice for 5 minutes. Samples were then incubated in liquid nitrogen for 5
minutes, and subsequently incubated at 37 °C in a water bath for 5 minutes. Five hundred pl of pre-
warmed LB broth was added to each tube and placed on a shaking incubator at room temperature for
2 to 4 hours. LB agar plates containing 50 pug/ml kanamycin (introduced T-DNA vector resistance) and
50 pg/ml rifampicin (A. tumefaciens naturally resistant) were prepared and pre-warmed to 28 °C. After
incubation, cells were collected by briefly spinning the liquid culture at 7,000 x g for 15 seconds in a
microcentrifuge and 277 pl, spread onto duplicate LB agar plates, allowed to dry, in a laminar flow

hood and incubated for 2 days at 28°C.

A colony PCR was performed as described in Section 2.7.8, using the same specific primers to confirm
that the insertion had been successful. Once confirmed, the positive colony was picked and incubated
(shaking continuously) in 5 ml of LB broth containing 50 pg/ml of kanamycin and 50 pg/ml rifampicin
at 28 °C for 2 days. Glycerol stocks produced as previously described (see Section 2.7.9) and stored at

-80 °C, in preparation to transform plants via floral dip.

2.10 — Nitrate Reductase Enzyme Activity

0.2 g fresh tissue was flash frozen using liquid nitrogen and homogenised by grinding with a pestle
and mortar. One ml of extraction buffer (2 mM EDTA, 2 mM DDT, 1 % PVPP, in 10 ml of 100 mM HEPES,
pH 7.5) was added per 0.2 g of sample and centrifuged for 20 minutes at 20,000 x g at 4°C. During
centrifugation, 1 ml of reaction buffer (100 mM potassium nitrate, 10 mM cysteine, 2 mM NADH, 10
mM MgCl; or 2 mM EDTA, in 100mM HEPES, pH 7.5) was prepared per sample and decanted into 1.5
ml Eppendorf tubes. After centrifugation, 300 pl of the supernatant was transferred into the reaction
buffer, gently mixed then and incubated for 30 minutes at 30 °C (for colour development). After
incubation, 60 pul of 500 mM zinc acetate solution was added to stop the reaction. Samples were the
centrifuged at 2,000 rpm for 15 minutes. Sixty-seven pl of the sample supernatant was then
transferred into a 96-well plate and 67 pl of sulphanilamide solution (1 % in 1.5 M HCI solution) and
67 ul of NNEDA (0.02 % in 0.2 M HCI solution) were both added to the well (Jaworski, 1971). The

sample was incubated for 10 minutes at room temperature in the dark(A).
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A 25 ml stock solution of 10 mM NaNO; solution was produced and serially diluted to produce a 25 ml
0.029 mM NaNO; solution (S). One thousand pl 100 mM HEPES (pH 7.5) solution (B) was also prepared

and the following standard curve produced:

e B: 1000 pl HEPES 100 mM (pH 7.5) (B)

® C;:160 ulS+ 840 ul B> 0.0034 mg/ml
e (,:330ulS+670ul B - 0.0068 mg/ml
® (C5:500 plS+500ulB - 0.01035 mg/ml
® (C;:670ulS+330ulB->0.0137 mg/ml
e (Cs5:840ulS+160 pul B> 0.0179 mg/ml
® Ce:1000 ul S - 0.0207 mg/ml

Sixty-seven ul of the sample supernatant was then transferred into a 96-well plate and 67 pl of
sulphanilamide solution and 67 pul of NNEDA were both added to the well, in the same manner as the
samples. Samples and controls were read at 540 nm using a FLUOstar Omega microplate reader (BMG
Lab Tech, Germany). NO, accumulation was calculated in nmol NO,” mg protein® h'! using the data
obtain in the NR assay (A and B) and the total protein concentration calculated using the Bradford

method (C) (Bradford, 1976) (see Figure 2.3).
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Figure 2.3 — Diagram of Active and inactive NR.
2.11 - Dynamic thermal imaging

Experiments were set up as described in (Horak et al., 2019). The difference being for barley grown
(16 hour photoperiod, temperature 24 day / 20 night, light intensity 200 pmol2 s, 400ppm CO; and
60 — 67% relative humidity) with or without nitrate, barley (Golden Promise) seeds were surface
sterilised and then placed into sterile tubes wrapped in foil, containing sterilised cotton wool and
Hoagland’s nutrient solution adapted to have with or without 5 mM KNOs. Covered with parafilm until
germination occurred and then slits cut in the top to allow seedlings to grow, nutrient solution was

topped up periodically.
2.12 — Rice salt assay

Rice seeds (IR-64, osEPF10eW and osEPF1oeS) were germinated and seedlings frown for 7 days in a

petri dish with 15 mls water in a Sanyo growth cabinet with a 12 hour photoperiod, 200 pmol m2s?
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light intensity (PAR). Temperature 26 / 24 °C (Day / night), ambient CO, (400 ppm) and 60 — 67 %
relative humidity. Plates were checked every 2 — 3 days for fungus growth, 7 day old seedlings were
then transferred to 13D pots (0.881) (East Riding Horticulture, York, UK) containing soil consisting of
71 % Kettering Loam (Boughton, UK), 23.5 % Vitax John Innes No. 3 (Leicester, UK), 5 % silica sand and
0.5 % Osmocote Extract Standard 5 — 6 month slow release fertiliser (ICL, Ipswich, UK). Plants were
placed into trays in batches containing water and placed into Conviron controlled environment growth
cabinets (12 hour photoperiod, 30 °C day: 24 °C night, PAR 1000 umol™ s and 60 % relative humidity,
ambient (400 ppm) CO,. 13 day old seedlings were imaged and Fv/Fm measurements taken, all bar
batch 5 were transferred to 50 mM salt, batch 5 remained in water. Measurements (images and
Fv/Fm) were taken every 3 to 4 days, after one week of salt treatment batch 1 was returned to water,
after 2 weeks batch 2 was returned to water, after 3 weeks batch 3 was returned to water and after 4
weeks batch 4 was returned to water from salt treatment. Plants were grown and measurements

taken for a further 2 weeks. Tiller number was recorded and dry weight (Caine et al., 2019).
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Chapter 3 — The roles of nitrate reductase in plant growth and as a

source of nitric oxide in stomatal movements

3.1 - Introduction

Two important goals for crop improvement are Water Use Efficiency (WUE), to combat drought stress,
and Nitrogen Use Efficiency (NUE) to allow growth in soils with lower nitrogen availability. In
environments with limited nitrogen, plants with higher NUE can sustain better growth by optimising
nitrogen uptake, assimilation, and remobilisation processes. This involves various physiological and
biochemical adaptations, such as enhanced root architecture for better nitrogen acquisition,
increased activity of nitrogen transporters, and efficient use of nitrogen in metabolic processes.
Developing crop varieties with improved NUE is essential for sustainable agriculture, as it reduces the
need for synthetic nitrogen fertilisers, lowers production costs, and minimises environmental impacts
such as water pollution and greenhouse gas emissions. Genetic and biotechnological approaches,
alongside traditional breeding methods, are being employed to enhance NUE in crops like rice,
enabling them to thrive in nitrogen-deficient soils and contributing to food security in a resource-
constrained world (Moll, R. H., Kamprath, E. J., & Jackson, 1982; Hirel, B., Le Gouis, J., Ney, B., & Gallais,
2007; Fageria, N. K., Baligar, V. C., & Li, 2008; Pathak, R. R., & Lochab, 2010; Xu, G., Fan, X., & Miller,
2012; Hawkesford, 2014). Plants use nitrogen to support a number of growth-related processes, for
example, nitrogen is an essential component of chlorophyll, which captures energy from sunlight and
via photosynthesis, enables plant growth and subsequent yield, and is a building block for amino acids
and nucleic acids. Nitrate metabolism also generates signalling molecules related to stress responses.
Nitrogen can enter plant roots in two main forms: ammonia and nitrate. Both are present in most
fertilisers as ammonium nitrate. Urea is also a component of some fertilisers which through the action
of the ubiquitous enzyme urease hydrolyse, provides plants with ammonia (Bucher and Kossmann,
2007). Certain plants (in particular legumes) have a symbiotic relationship with bacteria, called

rhizobia, which inhabit small growths on roots called nodules and perform nitrogen fixation.

3.1.1 - Nitrate

Nitrate (NOs) is an important nutrient for plants due to its mobility in soil. Nitrates are most commonly
found in the soil in the form of fertilisers. The fertilisers contain both nitrate (NOs’) and ammonium
(NH4*) ions. Due to the mobility of nitrate and its relatively small molecular size (62.01 daltons), it can
be taken into the plant and transported via the transpiration stream. Nitrate transporters (NRTs,
described in Chapter 1) are used for the uptake and transportation of NO; within the plant. Different

forms of nitrogen have different purposes within the plant (ammonia and nitrate for amino acid and
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subsequent protein formation, NO used as a signalling molecule and nitrate for growth and chlorophyill
formation). NO, ammonium and nitrate are all crucial nitrogen-containing compounds involved in
plant processes, each with distinct roles in plant physiology, metabolism and signalling. The balance
between the three forms is important for optimal plant growth. Nitrate acts as a reservoir of nitrogen,
which is reduced to ammonium ions which is assimilated into amino acids and proteins. NO acts as a
regulator and is present in lower levels than nitrate but influences the efficiency of processes through
signalling pathways. In particular, during exposure to stress, NO levels increase in order to mitigate
the damage through signalling cascades, ammonium and nitrate availability influence the plant’s
ability to respond to the stress (Wang, Y., & Wu, 2013; Bloom, 2015). Both nitrate and ammonium are
assimilated into the plant to make amino acids, proteins and chlorophyll. If plants are nitrogen
deficient, growth, photosynthetic ability, appearance and subsequent grain and plant product quality
are affected. When plants lack vital nutrients, their ability to respond to external stresses, for example
drought, is affected. When plants start to struggle to obtain nitrogen, they can break down chlorophyill
to release nitrogen and use it where it is most urgently needed; less chlorophyll leads to decreased
photosynthetic ability and yellowing of leaves. Colour change can be due to other detrimental effects
(not only a lack of nitrogen), such as high salt toxicity (which causes chlorosis), or lacking nutrients
such as potassium (purple colour change). In older leaves, senescence also causes colour changes.
Nitrate, after it is taken up via the roots, is primarily stored in the vacuoles in root, stem and leaf cells.
Storage allows the plant to function when external nitrogen is low or in response to stress when there
is a high biochemical demand. Nitrate is also stored to remove it from the cytoplasm to prevent
toxicity. Nitrate stored in vacuoles also aids osmoregulation, maintaining osmotic balance within plant
cells, helping to aid in cell turgor regulation (Hawkesford, M. J., & De Kok, 2006; Lea, P. J., & Azevedo,
2006; Krapp, 2015). An abundance of nitrate in the shoot apical meristem (SAM) can trigger flowering,
conversely a decrease in nitrate availability can result in delayed flowering (Olas and Wahl, 2019).
Nitrogen (mainly in the form of nitric oxide (NO)) is also used as a signalling molecule in stomatal
aperture changes (Hetherington and Woodward, 2003). Stress responses are triggered via signalling
pathways (such as abscisic acid (ABA) and the N-end rule pathway) to protect the plant (Desikan et al.,
2004; Bright et al., 2006; Neill et al., 2008).

An example of a stress response is drought, where a plant may need to close its stomata to prevent
water loss. It has been suggested that WUE could be modified through the manipulation of guard cell

signalling pathways and stomatal density® (Kollist et al., 2014; Franks et al., 2015). In order for plants

3 The number of stomata in a given area on a leaf’s surface.
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to respond, nitrate has to be assimilated into the plant, which is facilitated by the enzyme nitrate

reductase (NR).

3.1.2 — Nitrate reductase (NR)

NR is a key enzyme in nitrate assimilation. It is the first enzyme of the nitrogen reduction pathway,
which ultimately leads to the production of ammonia used for amino acid formation (see Figure 1.3
for the NR structure). Nitrate is first reduced to nitrite (NO2’) and then using the nitric oxide forming
nitrite reductase (NOFNiR) subunit, nitrite is reduced to ammonium for assimilation into amino acids.
Nitrite is also reduced to nitric oxide in plants. NO acts as a signalling molecule and can be transported
to where it is required within the plant and is involved in various signalling pathways and stress
responses. NO can be converted to other nitrogenous compounds or participate in signalling pathways
before being removed or detoxified (Wendehenne et al., 2004; WILSON et al., 2008; Gupta et al.,
2011). In Arabidopsis, NR is encoded by two genes, NIAI and NIA2, which are homologues/isoforms.
NIA1 has a higher abundance / activity compared to NIA2. It has been suggested that the two different
forms are involved in different stress responses and that they are regulated independently to
assimilate nitrate, which is dependent on both stage and tissue type. (At the time of these experiments
little was known about single mutant lines providing a gap in knowledge; most work had been

performed on double mutant nialnia2) (Salmi et al.; Tocquin et al., 2003; Zhao et al., 2016).

NR mutants serve as one of the enzymes to produce NO (through it’'s NOFNIR subunit) and play a role
in the N-end rule pathway. They are used as an indicator for NO levels. Reduced NR activity lowers NO
production, resulting in slower responses to stress stimuli. Previous studies (Zhao et al., 2009; Zhao et
al., 2016) have focused on the nialnia2 double mutant. Growth observations from these studies
indicated that some plants were smaller, whilst others were larger and resembled spinach plants. A
literature review identified that the double mutant used in these studies was from a hybrid
background, which could have influenced the observed growth response. (Plants were a cross

between Col-0 and Ler. Control plants used were from the Col-0 strain. Ler, being a stomatal mutant).

3.1.3 — Nitric Oxide and N-end rule pathway

Post-translational modifications are important in both humans and plants, playing an important role
in cellular functions. The N-end rule pathway for targeted protein degradation has been well
documented as a part of the Ubiquitin-proteasome system (UPS). It relates to a proteins half life
depending on the N-terminal residue. This pathway for targeted proteolysis has been linked to many
developmental processes, most importantly for this project, the stomatal closure response, due to

abiotic stresses (Gibbs et al., 2014a; De Marchi et al., 2016; Mendiondo et al., 2016). In plants, there
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have been a group of Group VIl ethylene response factors (ERFVII) that have been identified as
substrates for this particular branch of the N-end rule pathway (Gibbs et al., 2014b; Gibbs et al., 2015;
Papdi et al., 2015). ERFVIl's are plant-specific transcriptional factors with conserved N-terminal
domains (MC) which are dependent on NO and O; to be targeted for degradation via proteolysis. NR
has been indicated by Gibbs et al. (2014b) to play a role in this pathway regarding the binding of ERFVII
transcription factors and subsequent stomatal responses, based on the stabilisation of these
transcription factors. NO is a signalling molecule in the N-end rule pathway for stomatal closure and

NR is a way of viewing response / action of NO.

3.1.4 - SUMOylation

In plants there are different forms of post translational modifications which can affect a proteins
activity and function SUMOylation is included in this. Small ubiquitin-like modifier (SUMO) proteins
modify other proteins function by binding and detaching covalently to them, this process is known as
SUMOylation. In most cases SUMOylation plays a negative role by repressing gene expression by

affecting the interaction with DNA and chromatin.

With regards to NO and nitrate, SUMOylation plays a crucial role in the regulation of plant responses
to these by modifying the activity and stability of key proteins involved in these pathways. This post-
translational modification helps plants to adapt to environmental changes and efficiently utilises
nitrogen resources. NO can influence the SUMOylation pathway modifying SUMO proteins or SUMO
conjugation enzymes, altering their activity and stability. An example being NO-mediated S-
nitrosylation of SUMO or SUMO ligases which can affect the SUMOylation of target proteins resulting
in modulation of their function. Under stress conditions (e.g., salt, drought, pathogens), NO levels
increase leading to changes in sumoylation patterns. The changes allow plants to adapt to the stress
by altering the stability, localisation and activity of key regulatory proteins involved in stress
responses. Nitrate uptake and assimilation involves several proteins whose activity is regulated by
post-translational modifications including SUMOylation. Activity of enzymes nitrate and nitrite
reductase can be affected. By modifying these enzymes, SUMOylation can fine-tune nitrate
assimilation processes, ensuring efficient nitrogen use and adaptation to varying nitrogen availability.
SUMOylation also plays a role in gene expression, particularly important for nitrate responsive genes,
allowing plants to react to environmental changes in nitrate availability to survive and function (Gibbs
et al., 2011b; Castro et al., 2012; Park, H. J., & Yun, 2013; Vosyka et al., 2020).SUMO sites can be
predicted using bioinformatics tools (SUMOplot, GPS-SUMO and SUMOsp are all examples) which look
for specific motifs in the protein sequence. In NIA1 there were three predicted sites, but one in

particular was identified as the most likely site. Park et al., (2011) indicated that in Arabidopsis, the
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lysine residue (K) in position 356 for NIA1 and K355 for NIA2 were the most likely predicted SUMO
sites. Holdsworth group at the University of Nottingham used site directed mutagenesis to change
K356 in NIA1 to an arginine (R) to disrupt SUMO site. This was expressed in Arabidopsis and lines
created and nitrate reductase activity assessed (Miller and Vierstra, 2011; Park, H. J., & Yun, 2013;

Elrouby, 2015).
3.2 - Aims and objectives

In this Chapter the overall aim was to identify the role of nitrate reductase in plant health, particularly
in relation to abiotic stress responses in plants and more specifically in guard cell movements, focusing

on the production of NO during nitrate assimilation.
Specifically to:

1. Investigate the impact of single mutant lines (nial and nia2) on plant growth and function:
e Examine the phenotypic differences between nial and nia2 single mutants, particularly
focusing on rosette leaf area, water loss and root architecture.
e Determine whether these phenotypic changes are directly related to disruptions in NR
activity.
2. Assess the effect of single mutant lines (nial and nia2) on plant physiology and stress responses:
e Analyse physiological changes, such as stomatal density, guard cell size and responses to
ABA. This is to determine how these mutations affect overall plant stress responses,
particularly drought tolerance.
3. Evaluate the ability of plants with reduced NR to survive under low nitrate conditions:
e Test whether single and double mutant lines (nial, nia2 and nialnia2) exhibit differential
growth, root architecture and survival under varying nitrate levels. To assess if reduced
NR activity enables plants to adapt to low nitrate environments.
4. Show the role of SUMOylation in NR related plant growth and stress adaptation:
e |nvestigate how disrupting SUMOylation of NIA1 affects NR enzyme activity, plant growth
and stress resilience, particularly under drought conditions. This includes examining how
changes in SUMOylation influence nitrate uptake and potentially distribution within the

plant.
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3.3 — Results

Previous studies have concentrated mainly on the nitrate reductase double mutant nialnia2, which
after research and initial experiments revealed that it was in a mixed ecotype background* (nial-2
from Columbia (Col-0) and nia2-5 from Landsberg erecta (Ler)) (Tocquin et al., 2003; Lozano-Juste and
Ledn, 2010; Zhao et al., 2016). When focusing on stomatal responses a crossed background will give
atypical results, especially as Ler® is a stomatal mutant. There has also been little characterisation of
the single nial or nia2, but it has been inferred that they are involved in responses to different
stresses. The first steps were to characterise the single mutant lines and to create a double mutant in

a Col-0 background.

The flow diagram shown in Figure 3.1 outlines the experimental analysis undertaken to assess the
impact of mutations in the N-end rule pathway and the role of NO in regulating stomatal movements

under abiotic stress conditions.

T-DNA insertion mutant lines were crossed to create double mutants (see Section 3.3.1 for results and
more information). In order to view expression patterns with and without stress, NIA1 and NIA2 genes
were isolated from Col-0 plants in order to tag the plants with GFP / RFP. However, whilst numerous

attempts were made to isolate the NI/A genes, sequencing confirmed that isolation was unsuccessful.

Experiments were also conducted on the single nial and nia2 mutants, whilst potential double mutant
(nialnia2) lines were propagated through generations. Limited literature is available on the
characteristics of single mutants. However, in recent years it has been suggested that they may play

distinct roles in various stress stimuli, notably salt stress (Rohilla and Yadav, 2019; Lee et al., 2021).

Method development was conducted to determine the optimal approach for testing both stress
responses and the characteristics of the individual nia mutants compared to the wild type (Col-0). The
plant’s survival capacity was investigated by altering or eliminating the production of NR. Results in
Section 3.3.4 showed that plants required both genes to be knocked out for a severe response to be

observed.

T-DNA mutants in both nial and nia2 were ordered and crossed. Seeds were collected resulting in 2
successful crosses. Plants were grown from these crosses and the seeds were collected and
germinated. Unfortunately, many did not germinate, and later generations were not found to be

double mutants.

4 A crossed background is when genes are taken from plants with different ecotypes which can have differences.
5 Ler is a stomatal mutant, the erecta causes an increase in stomatal abundance.
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Nitric oxide’s role in stress response under abiotic
stress conditions.

Nitrate reductase impacts nitric oxide levels,
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Single mutants
explored; double
mutants studied

across generations
for stress response.

Method development
undertaken.

Compared nia
mutants to wild type;
nitrate reductase
absence found to

impact survival.

nialnia2 literature review.

Double mutant
created.

Gene isolation was
carried out and visual
observations
conducted.

4 )

Sequencing
confirmed that
isolation was
unsuccessful.

\ )

T-DNA mutants
crossed, and siliques
collected resulting in

two successful

Crosses.

Grew plants up.

4 I

Seeds collected
propagated.
Remaining seeds
segregated and not
used for further
study.

" )

Key
Successful . Unsuccessful D

Figure 3.1 -Flow chart to show the workflow used to assess the impact of mutations in the N-end rule pathway
and the role of nitric oxide (NO) in regulating stomatal movements under abiotic stress conditions. In

particular NR which is important in the production of NO and response to stress.
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3.3.1 - Generation of double mutants (nialnia2)

Due to initial observations and a literature review, it was discovered that the double mutant nialnia2
(which had been used in previous work and supplied by Nottingham University) had been originally
generated by the crossing of two mutants in different Arabidopsis ecotype backgrounds. This made it
difficult to compare the double mutants to a relevant control. Having a mixed background could mean
that any phenotypic changes or observations may not be due to the gene of interest, but instead due
to the background. Therefore, a new double mutant was needed to allow for a proper control and
investigation of the genes of interest. In order to create a double mutant, a range of single T-DNA
insertion lines were ordered from the stock centre; two potential nial and three nia2 alleles were
obtained. Plants were grown and then traditional crossing performed. A representative image is

shown below (see Figure 3.2)

Developing silique
which will contain
potential double

mutant seed.

Figure 3.2 — A representative image of crossing method. Different coloured cotton was used to identify the
different combinations for later genotyping. The plant shown is the mother; anthers, petals and sepals are
removed making sure not to damage the stigma. Pollen from the male plant was used to pollinate the stigma.

Pollination can either be done by eye or under a microscope.

The male or female recipient parent assignment depended on which plants were ready first. Anthers
were removed to avoid self-fertilisation and stigmas cross pollinated. (see Figure 3.2). When siliques

were mature, and before seed dehiscence, siliques were harvested and left to dry in Eppendorf tubes.
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The siliques produced from crosses contained very few seeds. These were then germinated, plants
genotyped, and seeds collected. It was noticed that the nial mutants flowered slightly faster than the

nia2 mutants.

3.3.2 - Genotyping

Initially plants were genotyped using the male (father) specific primers, both wild type and mutant
specific to identify plants. Female (mother) specific primers were then deployed to check for
homozygous plants. Seeds from plants identified as homozygous mutant were collected. Figure 3.3
below shows an example result of genotyping. Leaf tissue was collected from homozygous plants and

used for callus induction.

-
weeweew . a 1§ ve 1 Gene specific primers

Results for father gene and insertion specific results.
The PCR for father specific to find plants homozygous
for the insertion was performed first. The plants
which were homozygous, the DNA was then used to

’ determine if any of those were homozygous for the

g 4 mother.

.- : - .
S-E0Z0T-C0NNE _SEbtie sress! Insertion specific primers

123456 12345 12345678910111213 Two plants have been identified and seed
‘ ‘ ‘ from these individuals are growing to bulk up

M1 M2 M3 Col-0 seed for experiments

Figure 3.3 — An example of a genotyping gel for second generation seeds. M1 — M3 and numbers refer to
individual plants and crosses between two T-DNA insertion parents compared to Col-0. The top line used gene
specific primers and the bottom used the gene specific reverse primer with the left border primer to specifically
amplify the insertion. The lines without a band in the top line but with a band in the bottom line are homozygous
for the insertion and successful at least for single mutant lines. 1 kb ladder. PCR product of gene specific primers

are approximately 500 bp in size. PCR product of insertion specific primers are approximately 300 bp in size.

3.3.3 - First generation confirmed double mutant plant material can be propagated via callus

induction

Sometimes mutants are difficult to generate or can be sterile (this is gene dependent). Callus
production can be used for newly generated double mutant plants for several reasons. It allows clonal
propagation, ensures genetic stability, which enables the mutations to be preserved across
generations. Callus tissue provides homogenous material for genetic and molecular analysis all under

controlled environments. This allows gene expression studies, metabolic pathways and responses to
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stress easier to examine. These advantages make callus production a powerful tool in plant
biotechnology and genetic research (Hansen and Wright, 1999; Thorpe, 2007; Ikeuchi et al., 2013;
Fehér, 2015). In order to make sure that any potential double mutant lines were not lost, callus
production was performed on vegetative material (Ellis, 1993). Experiments can still be conducted on
callus material as vegetative tissue and roots can be grown, but may not develop into whole plants.
Root specific induction media was deployed and changed once a week under sterile conditions. Callus
was grown from six week old leaf material, of confirmed double mutant plants, in petri dishes in
controlled Sanyo cabinets under long day (16 hr photoperiod) conditions. The callus was grown until
it reached a substantial size (at least 1 cm in diameter) and then some were transferred to shoot
specific media for further callus development and the rest stayed on root specific media. Although
callus production should lead to organ development both shoot and root depending on
phytohormones present and growth conditions, there are limitations. It was suggested by Sugimoto
and Meyerowitz (2013) that shoot regeneration depends on ecotype and under their conditions Col-
0 and Ler were less efficient compared to other ecotypes. Roots form readily, but it is harder to
produce shoots from leaf material. Unfortunately, due to unforeseen circumstances, the callus did not
survive. Figure 3.4 represents an image of the callus’ appearance. Underneath roots had started to
form as well as on another callus produced. The roots started to embed in the media, which made it

challenging to avoid transfer of previous media to fresh media.

Figure 3.4 — An example of the callus produced from first generation confirmed leaf material. Callus was 5 mm

in diameter. Underneath the callus roots had started to form penetrating the media.

3.3.4 — Characterisation of nial and nia2

Most published work originally focused on the double mutant line, with little or no characterisation
for the single lines. It has been suggested that NIA1 and NIA2 are involved in responses to different
stresses and that they have different activity levels. It may be that single mutants do not have a clear
phenotype and the double mutant does, as there may be gene redundancy, and possibly gene
complementation. Characterising the single mutants will better help to understand the double mutant
responses and the role of NR in plants and their responses to stress. Basic growth measurements will

help to show if there are any differences between the two genes and can also see how this compares
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to wild type (Col-0 in this experiment). Characterisation was mainly done via growth measurements

from seed, leaf and root.

Previous work has suggested that nialnia2 is hypersensitive to ABA and therefore it was expected that
the single mutant lines would also show hypersensitivity (Lozano-Juste and Ledn, 2010; Zhao et al.,
2016). NR is an important enzyme in the production of NO. NO is an important signalling molecule
which plays a role in many processes, including germination. Plants with less NR should have less NO
and therefore under higher ABA concentrations germination should be delayed. ABA is well known to
induce seed dormancy and NO has been shown to inhibit ABA signalling (Signorelli and Considine,
2018). The role of NO in germination is crucial, by breaking dormancy, modulating the balance
between gibberellins and abscisic acid, enhancing antioxidant defences, and regulating cell wall
modification and gene expression. NO acts as a signalling molecule, interacting with reactive oxygen
species and other compounds to facilitate the germination process (Bethke et al., 2007; Liu et al.,

2010; Arc et al., 2013).

Previous work has suggested that in the absence of NO generation, the transcription factor Abscisic
Acid Insensitive 5 (ABIS5) ensures that seeds stay in the dormant state by controlling the expression of
relevant genes. ABI5 expression in the double nialnia2 mutant line may be indirectly affected due to
alterations in nitric oxide (NO) production, which impacts the N-end rule pathway and the stability of
Group VII Ethylene Response Factors (ERFs). These ERFs are regulated by the N-end rule pathway,
which is sensitive to NO levels and can lead to proteolytic degradation of ERFs in the presence of NO.
Since Group VII ERFs play a role in various stress responses and hormonal signaling, including
interactions with the abscisic acid (ABA) pathway, changes in their stability can influence the
expression of ABI5. ABI5 is a crucial transcription factor in ABA signaling, particularly in regulating seed
germination and early seedling development under stress conditions. Therefore, the reduced NO
production in the nialnia2 mutant can lead to alterations in the N-end rule pathway, affecting Group
VII ERFs and subsequently impacting ABI5 expression and activity. (Lopez-Molina et al., 2001; Gibbs et
al., 2014b; Signorelli and Considine, 2018).

In Figure 3.5, when no exogenous ABA was applied, all genotypes germinated, and nialnia2 was the
slowest. As the concentration of exogenous ABA increased, the speed of germination decreased.
Viewing the graphs from left to right in Figure 3.5, as ABA concentration was increased it took longer
for seeds to germinate. At 5 uM ABA Col-0 and old nialnia2 (mixed background) both had slightly
slower germination rates than single mutants and this was more pronounced at 10 uM ABA. All single
nia mutants appeared to be less sensitive to ABA compared to Col-0 and nialnia2. After 8 days, at the

end of the experiment, there appeared to be no effect of increased ABA on the germination efficiency
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of both nial mutants and nia2 (2), as all seeds germinated. This germination assay was repeated twice
and showed similar results. NO and ethylene have both been shown to reduce seed dormancy,
allowing seed to germinate by inhibiting ABA signalling. In this experiment, the double mutant
nialnia2, which has little or no NO production (from previous studies by Gibbs et al., (2014)), had
reduced germination at higher ABA concentrations, and was more sensitive to ABA than Col-O0.
Because of problems with germination and growth, as well as the lack of a proper control (due to the
two crossed backgrounds), it was decided not to include nialnia2 in further experiments in this

Chapter.
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When expression of NIA1 was examined by RT-PCR in Figure 3.6 A, it appeared to be extremely low
for nial (1) and higher in nial (2), and at similar levels in the nia2 mutants. These results suggested
that for NIA1, only nial (1) allele was a gene KO line and nial (2) was not. Figure 3.6 A showed that
when NIA2 was potentially knocked out that expression of NIA1 was significantly increased. When
NIA2 gene expression of mutant lines was performed, nial (1) had increased expression compared to
Col-0 and nia2 mutant lines. The results suggested that there would potentially be no significant
impact on growth when a single gene was knocked out. Double mutant lines would most probably be
required for severe phenotypes to be observed due to potential redundancy. Results seen could be
influenced by the stage of leaf taken, but patterns seen could explain results further on in this report.
Figure 3.6 B shows the expression levels of NIA2 across the mutant alleles. NIA2 expression appeared
to be generally lower than for NIA1, and results showed that nia2 (2) had very low expression levels
and was most likely a KO. Reduced expression was also seen in nia2-5 which suggested a KD as
opposed to a KO line. nia2 (1) had similar expression levels to Col-0 is most likely not a nia2 KO or KD
line. Thus, any effects seen in subsequent experiments are most likely due to off target T-DNA
insertion effects. The literature suggests that NIA2 protein is the more abundant isoform and that it
has a higher activity than NIA1. This is in contrast to the relative gene expression shown in Figure 3.6
which indicated that NIA1 had the higher expression levels — although as different primer pairs were
used the reactions are not directly comparable, and transcript levels do not necessarily reflect protein

or enzyme activity levels.
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Figure 3.6 — Expression data for genes of interest NIA1 and NIA2 for single mutant lines compared to wild type
(Col-0) using quantitative RT-PCR analysis. A) is expression levels of NIA1 and B) is expression levels of NIA2,
normalised to Col-0. One Way ANOVA performed followed by post hoc Tukey test. Letters denoted significant
differences, P < 0.0001.
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Once seeds germinate and begin to grow there are other traits which affect the ability of the plant to
photosynthesise. One of these measures is the rosette leaf area of mature plants. The larger the leaf
area potentially the larger area for light absorption and a higher stomata number per leaf, and the
potential for more water loss from the larger surface area (Lawson and Blatt, 2014). Nitrate plays an
important role in plant growth and therefore plants with less NR, might be expected to have reduced
assimilation of nitrate with slower growth. This could cause effects not only on above ground parts
but also on root growth. NR is most highly expressed in root tissue (NIA1 had absolute gene expression
of 1433.75 compared to NIA2 which was lower at 674.98) and expressed in mature leaves (NIA1 had
absolute values of 898.98-1197.02, which was lower than NIA2 which was 3124.23-3306.07). The gene
expression values were taken from data displayed in the eFP browser available at arabidopsis.org.
These data also indicate that expression levels of both genes decrease in leaves after flowering and
that NIA2 gene expression is relatively higher in cotyledons and the hypocotyl compared to NIA1.
Nitrate is mainly obtained from fertilisers in the soil, in crops, which then can be transported to where
itis needed via NRTs. NO is a molecule which can easily be transported to where it is required. Figure
3.7 is the area estimation of rosette leaves using imagelJ of 6 week old plants. As can be seen, nial (1)
was significantly smaller than Col-0 but not significantly different to any of the other nia mutants

tested.
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Figure 3.7 — Rosette leaf area of 6 week post germination mature plants. Mean values plotted and error bars
were + SEM. One way ANOVA followed by post Hoc Tukey tests were performed, letters denoted significant

differences P < 0.05 (n = 18), samples which share a letter are not statistically different.
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As there was a difference in rosette leaf area, this can influence processes such as transpiration and
photosynthesis and affect responses to stresses such as drought. Smaller leaves in principle should
lose water slower under drought conditions than larger leaves due to the smaller surface area. Due to
nial (1) having a significantly lower rosette leaf area compared to Col-0, it was necessary to see if
there was a correlation with leaf size and water loss, therefore a water loss assay was performed,
which can infer a drought response. Also, of interest was nia2 (2) (confirmed KO line) which although
had a reduced rosette leaf area compared to Col-0 it was not statistically significantly different. In
Figure 3.8 three leaves of similar size from each plant were taken and placed into pre-weighed petri
dishes. The fresh weight loss assay was a crude way to perform a drought experiment. It was seen that
nial (1) lost water faster than the other genotypes in the first 9 hours and then levelled off. After 24
hours all mutant lines lost more water than Col-0 but there was no difference between the mutant
lines. As this result was different to the expected (single lines expected to lose water faster), stomatal

densities were viewed to determine if the higher water loss was due to a higher stomatal density.
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Figure 3.8 — There is a difference in cumulative fresh weight loss between genotypes. (A) The percentage of
cumulative fresh weight lost over a period of 12 hours. Mean values plotted and error bars + SEM, n = 10. (B)
Percentage of fresh weight lost after 24 hours. Error bars £ SEM, one way ANOVA followed by post hoc Tukey
tests performed. Letters denoted significant differences, P < 0.05 (n = 10). Samples which share a letter are not

statistically different.

Due to the result from the fresh weight loss assay, stomatal densities were investigated as a higher
stomatal density can result in a higher water loss. Figure 3.9 shows the stomatal densities from leaf 6

from 6 week old plants. There was no difference in stomatal densities or stomatal index between any

43



of the genotypes or between abaxial or adaxial sides of the leaf. Smaller leaves are sometimes
correlated with a higher stomatal density and smaller stomatal complex size. This did not appear to
be the case. The rosette leaf area difference in nial (1) was only slight and no difference was detected

in stomatal densities.
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Figure 3.9 — There was no difference in stomatal densities between Col-0 and nia mutant lines. Leaf 6
impression data from 6 week old leaves of Col-0 and nia mutants. Stomatal density (A) abaxial and (C) adaxial.
Stomatal index (B) abaxial and (D) adaxial. A one way ANOVA was performed. Letters denoted significant
differences. There was no significant differences between any genotype for stomatal density or index on either

abaxial or adaxial side (n = 40).

Along with stomatal densities, stomatal complex sizes have an impact on transpiration and therefore
water loss. Smaller stomata will have smaller pores and therefore lose less water than larger stomata.
They may also be able to close faster than larger stomata, which is a benefit under drought like
conditions. The transpiration stream is also important to pull nutrients up through the roots and stem

and be transported to where they are required. Figure 3.10 shows that there were differences in
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stomatal complex sizes, which may have an impact on results and may indicate an alteration in
development process, leading to slight complex size changes. The spread of data is wide and therefore
may not impact overall when plants are put under stress conditions and observations seen may be
due to control mechanisms as opposed to structure and size. Although nial (1) has smaller stomata,
which may be due to smaller rosette leaf area, the leaves lost water at a faster rate compared to the
other mutants, which suggests that the effect could be due to stomatal aperture. If stomata cannot

close as much, then they may lose more water than more closed stomata.
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Figure 3.10 — There are differences in stomatal complex sizes between Col-0 and nia mutant lines. Stomatal
complex size of Col-0 and nia mutants. Means plotted, error bars were + SEM. One way ANOVA followed by post
hoc Tukey tests performed. Letters denoted significant differences P < 0.0001 to P < 0.05 (n = 40). Samples which

share a letter are not statistically different.

Stomatal aperture and response to stress involves many signalling pathways and in particular stomatal
closure involves ABA as well as the N-end rule pathway involving NR. Reduced NR and therefore NO
could result in less closed stomata. Work by Zhao (et al., 2016) suggested that the potential of certain
genes in nia2nia2 are being downregulated, such as GORK (K* moves out of guard cells) and AKT2 (K*
moves into guard cells) with an upregulation of AKT1 (K* moves into cells). An increase in K* into cells
would cause a movement of water into cells increasing turgor pressure and therefore result in more
open stomata. Based on this, differences in a double mutant line would be expected, but due to the
potential redundancy of the genes the same might not be seen in single mutant lines. Figure 3.11
overall showed that there was a response to increased ABA concentration. Increasing ABA

concentration caused stomata to be more closed. In some experiments there appeared to be
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significant differences between the genotypes, but it was not reproducible between experiments and

therefore unlikely to be true and probably not the reason for the increased water loss.

A B Bl Col-o
. B oab
1004 B coln P B niaz-s
= ad 4 8,c
3 a0 3 L B i) _-l: — s ab Bl niaz i)
- = FI S |
g - B ool (2] i e
= F
4 B0 = bed o &0
: BT -
X falw E .t 40 -] d
;: I f I_- -
_ 20 - ; + £ 2o
o a
& &
o T T o T T
2 1 1c o 1 10
cencentration of ABA (L) concentration of ABA [pM)
C D
1co - 100+
— . colo o B colo
S ao- a 2 b S B nioi 1) S 2 B nisi(2)
N b P -
B 2 ab B = niaZ (3] g ab T 2 b ah o TR
¥ 904 n 89
= . =
E c &
O A l A a0+ l .
I - [ o] L
g 4 -
E > T £ = I'T ad®
& &
o T T T . T T
o 1 1C o 1 10

concentration of ala [Haa) concentration of ABA [ph)

Figure 3.11 — Epidermal peel bioassay for Col-0 and nia mutants under ABA concentrations. (A — D)
combinations of Col-0 and nia mutants used under application of increasing ABA concentrations (0, 1 and 10
uM) for epidermal peel bioassays. Standard box plot and whisker diagram, where boxes represent interquartile
range and whiskers were minimum and maximum values. Two-way ANOVA performed with Geisser —
Greenhouse correction followed by multiple comparison Tukey tests. Letters denoted significant differences.

Samples which share a letter are not statistically different. P < 0.05.

Plants have many control mechanisms to keep healthy and grow, which can falter when exposed to
stresses. Any stress which involves a loss in nitrogen can affect chlorophyll levels. Chlorophyll
fluorescence measurement can be used as an early indication of stress. Plants lacking in nitrogen tend
to have more yellow leaves and will not grow as large as healthy plants and will flower early as a
survival mechanism. The nitrate available will move to the sink tissues via NRTs and an increase at the

SAM can trigger flowering (Olas and Wahl, 2019). This was seen in old nialnia2 double mutants.
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When plants lack nitrogen, they can break down chlorophyll for nitrogen use elsewhere; this usually
results in chlorosis which is extreme stress. Chlorophyll fluorescence is not limited to nitrogen stress,
it is also used to measure responses to environmental stresses, which reduce plants’ ability to
metabolise normally. The measurements are a ratio of Fv/Fm (Variable fluorescence / maximum
fluorescence, a ratio representing the maximum potential quantum efficiency of Photosystem Il (PSll)
if all capable reaction centres are open in plants. This indicates the potential for photochemical energy
conversion in photosynthesis and commonly used as a measure of plant stress or health. (Sanchez-
Moreiras et al., 2020). Figure 3.12 showed the Fv/Fm measurements of plants grown under normal
conditions, to see the effect of NIA gene on chlorophyll fluorescence. Although visually the bars are
apart, there is no significant difference between most of the lines, in particular nial (1). There is
however, a significant difference between nia2 (2) and Col-0 suggesting that reduced NIA2 gene
expression affects nitrate content and subsequent chlorophyll content in nia2 mutant line. The result
corresponds to gene expression levels in mature leaves, NIA2 was substantially higher in mature

leaves compared to other tissues and NIA1.
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Figure 3.12 — Chlorophyll fluorescence values from 6-week-old leaves. 3 points per leaf were taken and
averages per plant used (n= 15). One way ANOVA followed by post hoc Tukey tests were performed. Letters

denoted significant differences, P < 0.05. Samples which share a letter were not statistically different.

3.3.5 - Methods for viewing responses to changes in nitrate levels

Most previous work utilising NOs involved root systems and aimed to determine if it is feasible to grow

plants on plates where nitrate levels could be controlled, and for how long it is feasible to grow them.
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Tests were performed ranging from low (0.1 nM, 0.1, 1 and 5 mM) normal (7 mM) and high (10, 50
and 100 mM) nitrate concentrations using Col-0 to begin with (If Col-0 does not survive, nia mutants
are unlikely to) (Linkohr et al., 2002). A more effective approach is to study single mutant lines to
establish optimal nitrate concentrations, ATS solution was chosen, which has been used in previous
studies (Dharmasiri et al., 2005; Terrile et al., 2012; Waldie and Leyser, 2018). To ascertain the best
way to view effects of nutrient deficiency and if plants lacking in NR can better survive compared to
Col-0, plate growth experiments were undertaken at various concentrations and the root growth for
Col-0 observed. From the plate work, concentrations to use for plant watering were determined. Initial
experiments were carried out on agar plates. The results showed that Col-0 seeds could germinate
well on concentrations of nitrate ranging from 10 nM to 100 mM. However, seedling growth
establishment was less successful at lower nitrate concentrations (see Figure 3.13). Lower nitrate
concentrations resulted in longer root growth, a higher number of root hairs and smaller cotyledons,
which were lighter in colour (Figure 3.13). This suggested that the plants were sacrificing shoot
development for root development, in an attempt to obtain higher levels of nitrate. Seedlings on
higher nitrate appeared healthier, with shorter root growth, less root hairs and green healthy

cotyledons.

Alongside these experiments, differing ways of growing plants on solid media with ATS solution were
tested. It was found that sand with terragreen in a mix of 3:1 was better for growing plants than a mix
of sand with vermiculite (3:1). Vermiculite caused the plants to become too waterlogged and stressed,

resulting in early bolting; 5 weeks after germination (see Figure 3.14).

Overall, observational (qualitative) results inferred that a robust method of growing plants had been
developed (whilst controlling nitrate concentrations). However, growth of mutant line was affected
and when tested, survivability was poor. Therefore, this methodology was not used further for these

mutant lines.
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Figure 3.13 — Germination of Col-0 seedlings on varying concentrations of nitrate. Images from one week after

germination, taken with Nikon AF-S DX digital camera. Scale bars represent 1 cm.

<)

Sand and terragreen M3 compost and Perlite Sand and vermiculite

Figure 3.14 — Growth of Col-0 on different solid media with nitrate. Col-0 plants imaged 5 weeks after being
germinated on plates and transferred to pots containing either, a) sand and terragreen (3:1 mix) fed with 7 mM
NOs™ ATS solution, b) M3 levington peat compost and perlite (3:1 mix) or c) sand and vermiculite (3:1 mix) fed

with 7 mM NOsz ATS solution. Scale bars represent 5 cm.

In order to get an initial idea on the differences between the mutant lines and Col-0 with and without
NOs seedlings were germinated on media containing nitrate and then were transferred to plates with
or without nitrate. Root length difference observed after 7 days. The results in Figure 3.15 showed

that root growth for plants without nitrate was not longer than with, which was unexpected.
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Figure 3.15 — There are variances in root length of plants grown with and without NOs. The graph represents
the difference in growth of seedling roots after 7 days exposure to media containing or omitting NOs after
germination and growth for 7 days on normal media. Individual points are shown and bars represent mean +
SEM. n =10 and letters denote significant differences. Samples which share a letter are not statistically different.

Two —way ANOVA was performed followed by post hoc Tukey tests.

Root growth is important for plant survival (nutrients are obtained from the soil and roots provide
anchorage). When looking at roots utilising media on plates, work can only be deployed for early
seedling growth due to growth space limitations including the size of the plates, a set amount of
nutrients and high humidity which affects growth. There have been lots of previous studies on nitrate
which involve looking at roots and in particular split plates between nitrate and ammonia or with and

without nitrate (Thirkell et al., 2016).

This investigation depended on larger more established plants (due to the need of controlling nutrient
levels), so a hydroponic system was developed (modified from (Conn et al., 2013)). Unfortunately for
Arabidopsis the nia mutants did not survive once transferred from the initial germination tub to the

larger growth tubs.

To compare nitrate response and expression levels, it was decided to perform a nitrate reductase
enzyme assay on mature leaf tissue and seedlings on the lines. The higher the activity of NR, the more
NO, would be produced overall (comparing active and inactive forms normalising to protein content)
. Figure 3.16 showed that nial (1) and nia2-5 have less activity compared to Col-0 and provided more
interesting mutants to study responses. There was still NO, accumulation in nialnia2 suggesting

another control mechanism.
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Figure 3.16 — Activity of NR is reduced in some lines compared to Col-0. Nitrate reductase enzyme assay. One-

way ANOVA performed followed by post hoc Tukey test. Letters denoted significant differences, P < 0.0001.

3.3.6 — Disrupting sumoylation in NIA1 enables plants to recover from short term drought

As sumoylation negatively regulates gene transcription, it was hypothesised that disrupting
sumoylation could cause gene overexpression. It was therefore of interest to investigate whether the
impact of overexpression compared to gene expression knockout or knockdown differed from wild
type (Col-0). Sumoylation is considered to be a diverse function, used in many ways to help control
seed dormancy, growth, flowering and responses to stress such as drought and salt. In Arabidopsis
there are many isoforms but only two have been shown to be conjugated onto target proteins upon

various types of stress (AtSUMO1 and AtSUMO?2) (Srivastava et al., 2016; Clark et al., 2022).

Potential SUMO sites were identified in NIA1 and NIA2. Park et al., (2011) indicated that although
there were more (3 for NIA1 and more for NIA2) potential sites of SUMO conjugation in Arabidopsis,
the lysine residue (amino acid code K) in position 356 for NIA1 and the lysine residue in position 353
for NIA2 were the most likely predicted sites (See Section 1.5). It was also revealed that K356 is not
present in some lower land plants. Based on this, a sumoylation defective mutant for NIA1 was
obtained which had been created by a targeted point mutation at the University of Nottingham. K356
was changed to an arginine (R). When more than one SUMO site was KO plants were not viable
(sterile). Only NIA1 was chosen for creation of a NIA1 sumoylation defective mutant (NIA1 SDM), partly
due to research and the literature indicating that NIA1 protein is involved in environmental stress
responses. It has been suggested that a balance between adaptation to stress and maintaining normal

growth balance is via NIA1. NIA2 protein is involved in the regulation of plant growth and maintaining
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the nitrogen source required for normal plant growth. To begin with it was prudent to see if there
were any initial phenotypic changes by disrupting a potential sumoylation site. Germination was
observed when growing plants with NIA1SDM lines germinating faster than Col-0. The potential
increase in NR could cause an increase in NO which would help to offset the effect of seed dormancy

by ABA.

Rosette leaf area is also a good indication of how healthy a plant is, larger leaves indicating more
resources for growth. Higher availability of nitrogen can allow more vegetative growth. Figure 3.17

showed that mutant lines were significantly larger than Col-0.
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Figure 3.17 — NIA1 SDM lines had a larger rosette leaf area than Col-0. Rosette leaf area of 6 week old plants
post germination. Rosette leaf area estimated using imagel) (Abramoff et al., 2004). n = 13 and error bars were
+ SEM, asterisks (* = P < 0.5 and ** = P < 0.05) denoted significant differences and ns was no significant

difference.

As rosette leaf area of mutant lines was slightly significantly larger than wild type (Col-0), it was
decided to perform a drought experiment. Intact whole plant was used rather than a detached leaf
fresh weight loss assay. The reason is that the plants had larger leaves and it was interesting to see
whether they drought faster or slower or if they could recover from exposure to short term drought.
The results suggested that NIAI might play an important role in response to drought, at least in
recovery (from thermal imaging observations). Plants were able to rehydrate and continue growing

after being rewatered unlike Col-0.
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It was decided to view the whole plants (as they were larger), over a period of 15 days drought and
then ascertain if they could recover after rewatering. Pots were weighed and thermal images taken of
both well-watered and droughted plants to see how the whole plant responded. Previous experiments
have studied responses via stomatal bioassays and detached leaves, which only show snapshots. It
was preferable to have a method that could not only view long term effects but also compare fast
systemic responses, which other methods were not as sensitive to. In this study, overall effect
including variations of nitrate were investigated. It is advantageous to study responses in whole plants
as overall they have better survival rates compared with detached leaves that are subject to wounding
responses, although the latter give insights into mechanisms and responses detached from the main

plant (see Figure 3.18).

A new method was developed in collaboration with Horak. H, Dunn. J and Fountain. L, more details
found in Chapter 4, and was published (papers in supplementary data ) (Horak et al., 2020; Hérak et
al., 2021).
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Figure 3.18 — Overall, no significant differences between lines and pot weights during drought. Two-way
ANOVA followed by post hoc Tukey tests performed. Significant differences denoted by different letters (a — b,

P<0.5and c—e, P<0.01). Fresh weight of pots measured (n = 8).

As NIA1 SDM lines appeared to be more drought resistant, and can recover from short term drought
easier than Col-0 (data observed via thermal imaging, not shown). It was decided to investigate
stomatal densities to see if there was a difference that could impact water loss. Although NIA1SDM
lines had larger plants, the pot weights across all three lines were similar suggesting that there might
be slightly higher water loss from larger plants which could be due to a) a higher stomatal density

(Figure 3.19) or b) larger stomatal complex sizes in the rosette leaf area (Figure 3.20).
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Figure 3.19 showed that there were differences between NIA1 SDM line 2 and the other lines for
abaxial stomatal density and stomatal index but no differences between lines for adaxial stomatal
density and stomatal index. As the phenotype was only observed in one line and not the other, it may

not be a true result. More independent lines would need to be tested to verify.
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Figure 3.19 — There are abaxial side differences in stomatal density with NIA1 SDM Line 2 compared to Line 1
and Col-0. Leaf 6 impression data from 6-week-old leaves of Col-0 and nia mutants. Stomatal density (A)
abaxial and (C) adaxial. Stomatal index (B) abaxial and (D) adaxial. A one-way ANOVA was performed. Letters
denoted significant differences. There were no significant differences between any genotype for stomatal

density or index on either abaxial or adaxial side (n = 40).

Rosette leaf area for NIA1 SDM mutant lines 1 and 2 was significantly larger than Col-0, but in terms
of drought there was no difference in pot weights. However, a difference was observed in recovery
from drought utilising thermal imaging (as a snapshot). This suggested that the mutant lines lost water

at the same rate as Col-0 even though the plants had a larger surface area. This was attributable to a
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significant difference in abaxial stomatal density for only one mutant line, which does not account for

drought phenotype.

The differences observed could have also been due to larger stomata (Figure 3.21). The results showed
that overall, there were no large significant differences in stomatal sizes, mutant line 2 was slightly

larger than Col-0.

*
‘ ns ns |
. 500
(5]
£
.
= O
L]
|
i
» 300—
b e
= —
[ E
£, a0
8 2
m
m -
= 100
(=]
’n
0 T T ]
o " y’
\.\
&~ \\{‘E Q\‘:‘E’
T T
oF o
3 S
?} ?ﬁ,
= o
Genotype

Figure 3.20 — Stomatal complex size has no large significant differences. Scatter plot of stomatal complex areas

from X 40 stomatal impressions. n = 30 and Line is at mean and error bars are + SEM.

Post translational modifications can affect expression levels and subsequent activity of in this case, NR
enzyme. To test whether sumoylation (which negatively affects proteins and enzyme activity states)
was affected or a higher activity of NR caused, a nitrate reductase enzyme assay was performed. The
results in Figure 3.21 showed that there was increased activity which was to be expected. When
sumoylation is defective it essentially causes an overexpression of the gene response, compared to

single nia lines (in particular nial (1) and nia 2-5) which had lower activity than Col-0 when KO or KD.
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Figure 3.21 — NIA1 sumoylation defective mutants have higher overall NR activity than Col-0. NR enzyme
activity from six week old mature leaves. One-way ANOVA performed followed by post hoc Tukey tests.

Significant differences indicated by asterixis P < 0.0001. n = 3.
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3.4 - Discussion

Overall, the two NR genes proved difficult to isolate and work with and the attempt to produce new
double mutants was ultimately unsuccessful. It was not possible to retain the double mutant genotype
into a second generation, but material could be kept alive via callus production. Nonetheless, another
group has recently successfully created a double mutant for nialnia2 in a Columbia (Col-0) background
(Tocquin et al., 2003; Lozano-Juste and Ledn, 2010; Zhao et al., 2016). Unfortunately, the attempts to
make promoter / protein fusions for NIA1 and NIA2 were also unsuccessful. It is not clear why NIA1
and NIA2 proved difficult to manipulate as the genes are not particularly large (1.8kb NIA1 and 1.9kb
NIA2 promoter regions) and different approaches were tried. Nonetheless, a number of new nial and
nia2 alleles were isolated and studied alongside the previously reported double and single mutant.
Although the gene products are well characterised in terms of roots and enzyme activity and

abundance, the single mutants have not been phenotypically characterised previously.

3.4.1 - Single mutations in NIA genes do produce phenotypes under certain conditions

An initial aims was to determine if single mutant lines (nial and nia2) would have an effect on plant
growth or function. The single mutants appeared to have a reduced sensitivity to the inhibitory effects
of ABA during germination, which was different from expected. Figure 3.5 did not give the expected
results, but there are many factors involved. The lack of ABA sensitivity in nialnia2 could be due to
factors such as the positioning of the T-DNA insertion or gene expression levels. Positioning can
determine if the gene of interest is completely disrupted creating a knockout (KO) line, partially
disrupted (knock-down (KD)) or not disrupted at all. To check if effects seen were potentially due to
T-DNA insertion positioning as opposed to the gene of interest, gene expression levels of mature
leaves were investigated. The mutant line nial (1) has a T-DNA insertion in the exon and the disruption
innial (2) is in the intron (which could be spliced out and therefore may not disrupt gene expression).
When multiple forms of a gene are present in plants, they can have different functions and provide a
failsafe by creating redundancy. When one gene is missing if the other gene present increases in
expression levels it may suggest redundancy (Nowak et al., 1997). Less availability of NO should
increase seed dormancy. The previously published double mutant nialnia2 did show a slower
germination rate, perhaps suggesting that when one gene is disrupted then the other gene
overcompensates for the loss by causing more NO availability and therefore produces an opposite
response. Potential redundancy was shown in Figure 3.6 of gene expression values. RT-PCR indicated
that one KO line was isolated for each gene and for NIA2 there was also a KD line. The discussion

focuses on results from these lines.
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3.4.1.1 - nial (1) has a smaller rosette leaf area and higher water loss but no difference in stomatal

density

The mutation in nial (1) disrupts an exon, unlike in nial (2) where an intron is disrupted which may
be expected to lead to a less severe phenotype. Indeed, only nial (1) showed a significant reduction
in rosette size, suggesting that NIA1 is associated with vegetative size. However as only one KO line
was investigated, it cannot be ruled out that any observed phenotype is due to a different mutation.
Studies with more independent lines or a complemented line would be needed to draw any strong
conclusions. The same potential KO mutant line nial (1) also lost water more readily. As stomata are
linked to ABA responses and water loss, it was decided to look for stomatal phenotypes. The stomatal
experiments showed that there was no difference in stomatal density, but nial (1) had a reduced
guard cell complex size but no difference in pavement cell density, suggesting that the complex size
may be related to the smaller rosette leaf area (and therefore slightly smaller leaves). The reduced
plant and guard cell size do not appear to provide a simple explanation for the enhanced water loss
phenotype. There has been recent evidence to suggest that plants that exhibit drought tolerance, have
lower NR gene expression, indicating that decreased NR activity could improve drought tolerance (Liu
et al., 2022). Genes implicated in stomatal responses, such as GORK and AKT1 have also been shown
to be down regulated and upregulated respectively in the nialnia2 double mutant. However, the

expression of these genes was not investigated in the nial (1) mutant in this study.

NIA1 was more highly expressed in plants compared to NIA2 and NIA1 had a higher NR activity. This
suggested that NIA1 could be more involved in plant responses than NIA2, depending on responses.
Indicating, NIA2 may be redundant. This result differed from published data on NIA1 and NIA2 (Yu et
al., 1998; Vazquez et al., 2019).

3.4.2 — No difference was observed in stomatal responses to ABA

Direct pore aperture measurements taken from epidermal peel bioassays investigated the stomatal
aperture response to ABA. Some differences were seen in the mutants at some ABA concentrations,
but these were not consistent between experiments, and it appeared unlikely that there was a major
effect on guard cell ABA signalling. The NR genes are not highly expressed in guard cells. Stomatal
analyses suggested that water loss was unlikely due to defective stomata and could therefore be
related to mesophyll layer or the cuticle or a decreased number of trichomes. Leaves can also lose

water through hydathodes, which are usually found at leaf edges.
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3.4.3 — Plants with reduced NR can survive on media with less nitrate

Roots are essential for obtaining water and nutrients from the soil and for anchorage but they must
adapt to environmental conditions such as drought, flooding, salinity or heavy metal toxicity which all
cause stress responses in plants (Hirt and Shinozaki, 2004; Vazquez et al., 2019). The roots are the first
point of contact for many stresses; and may activate signalling pathways throughout the plant (in
particular ABA responses) (Kollist et al., 2014; Muhammad Aslam et al., 2022). The length and intensity
of the exposure to stress will also affect the response and subsequently plant health and growth.
Stomatal apertures close in response to several different stresses, stopping the transpiration stream,
reducing the uptake of toxins and reducing water loss. If stressful conditions persist, plants still need
to be able to function and therefore adapt. Root architecture is a good indication of plant health and
soil conditions. Nutrients present can affect root architecture and subsequent plant health or stability,
for example under low nitrate conditions plant roots have more branching compared to higher nitrate

levels.

In this study, measurements of root length with and without nitrate provided interesting results. It
was expected that roots on media without nitrate would be longer. However, plants on media without
nitrate in this study had low root growth and no significant differences were observed between
genotypes. However, when grown with nitrate in the medium, there was a significant difference
observed for nia2 (2) which produced a longer root. The result is in line with published studies
performed using d N to investigate root vs shoot differences; NIA1 had an increase of nitrogen
assimilation in roots and NIA2 had an increase in leaves. This corresponds to what was seen in the
nia2 (2) mutant line; when NIA2 was knocked out it resulted in higher expression of NIA1 which
enabled more assimilation of nitrate in roots (Kalcsits and Guy, 2013). It is also known that the NIA1
gene has a 3’ flanking sequence that is required for nitrate inducible transcription of NIA1, whereas
NIA2 expression is not nitrate inducible (Konishi and Yanagisawa, 2011). However, in the experiment
here plate grown seedlings could only be grown for short periods of time. Results shown were for 14
day old seedlings and therefore plants may not have been large enough for differences in root growth
to be seen (but expression levels from eFP browser suggest high expression in hypocotyl and seedling

roots).

3.4.4 - Removal of NIA genes reduces levels of NR enzyme activity

With NR enzyme assay, there may be differences in activity for the double mutant as it has been shown
that when nialnia2 is KO, nitrogen metabolism genes Glu and GIn are upregulated (Zhao et al., 2016).

There is also conflicting evidence that NOS and NOA are involved as alternative pathways resulting in
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activity still made possible by the formation of NO,. NR also contains a THB1 subunit which may still

be active and can result in NO present turned into NO,.

3.4.5 - Disrupting SUMOylation of NIA1 impacts growth

When regulation of transcription is altered, allowing more to occur, there is a potential build-up of
NIA1L. Although this depends on protein turnover. Results in this chapter have shown that the potential
increased transcription impacts growth and response to stress (in this Chapter drought, in Chapter 4
salt will be tested). Plants can grow larger, faster and recover from short term drought easier than
Col-0 (observations, data not shown). Plants also had increased NR enzyme activity, as these results
were observed in two independent lines, it is more likely to be a true result, however, more
independent lines and replications would be needed to confirm this (Soo Park et al., 2011; Castro, P.
H., Tavares, R. M., Bejarano, E. R., & Azevedo, 2012; Park, H. J., & Yun, 2013). If there is higher NR
enzyme activity, which can lead to increased growth and survivability/ recovery from drought, there
could be the potential for increase nitrate uptake from the soil. Increased uptake could reduce amount
of nitrogen fertiliser in fields lost, potentially reducing damaging environmental effects. There were
abaxial but not adaxial stomatal density differences. It has been shown that there are different
regulatory pathways linked to abaxial and adaxial stomatal densities, such as CO; signalling and ABA.
There was a study of mutants which had differing densities for abaxial and adaxial leaf surfaces (Lake
et al., 2002). Stress can have a large effect on a plant growth and flowering. If stress occurs during the
developmental stage, stomata formation can also be affected, and results seen from those

experiments may be due to environmental factors as opposed to the gene of interest.
3.5 — Future work

Future research should build on the findings of this study by exploring several key areas related to the
roles of NIA1 and NIA2 in plant growth, stress responses, and nitrate metabolism. One promising
direction is to conduct phenotypic analyses on the newly published double nialnia2 mutant and
compare these results to the phenotypes observed in the single mutant lines isolated here. This
comparison could provide valuable insights into the potential redundancies and interactions between
the NIA1 and NIA2 genes, helping to clarify their respective roles in plant physiology. This would
involve identifying more single mutant lines to study, especially for NIA1, given the interesting
phenotypic differences observed in the KO nial (1) mutant line. Investigating a second allele of NIA1
could help confirm whether the observed changes in growth and water loss are indeed related to NR
function or are due to another mutation. This approach would strengthen the understanding of how

NIA1 specifically contributes to these phenotypes (Seligman et al., 2008; Tang et al., 2022).
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It would be good to examine changes in NR enzyme activity in the single mutant lines under multiple
stress conditions to view how plants react in order survive under the interactions. This could provide
new insights into the regulatory mechanisms which influence NR activity and its role the plants ability

to adapt to changing environments (Liu et al., 2022).

An important area of future work involves exploring the role of SUMOylation in NIA genes. The
disruption of SUMOylation in this study showed potential effects on plant growth, but it remains
unclear which other cellular or physiological processes might be influenced. Further investigation into
these pathways could involve manipulating more potential SUMOylation sites to assess its broader
impact on plant stress responses and development (Miller and Vierstra, 2011; Soo Park et al., 2011;

Castro, P. H., Tavares, R. M., Bejarano, E. R., & Azevedo, 2012).

Therefore, a significant focus for future research should be on the NIA1SDM lines, which exhibited
increased NR enzyme activity, larger plant size and could recover from short term drought. These lines
provide an opportunity to study how enhanced NR activity affects overall plant physiology. One
approach would be to use radio isotope labelled N, to determine how much nitrate is taken up in the
mutant lines compared to Col-0. This could help to determine if increased enzyme activity correlates
with a higher nitrate uptake from the soil. This could potentially reduce the amount of fertiliser
application and consequently the amount leached into the environment. Labelled N can also be used
to track where the absorbed is stored, in roots or shoots, which could reveal if whole plant is involved

in the observed phenotypic differences (Thirkell et al., 2016).

Finally, it would also be interesting to view the growth of these plants with varying levels of nitrate to
see how low and high nitrate affect growth, enzyme activity and uptake. This research could help to
identify optimal conditions for improving plant growth and NUE, with potential applications in

agriculture to enhance crop performance and sustainability.
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Chapter 4 — Detecting and assessing plant physiological responses to

abiotic stress and or nitrate application

4.1 - Introduction

Abiotic stresses have consistently posed significant challenges for plants, but recent changes in
climate, and forecast future changes in climate, are particularly concerning. IPCC reports detail climate
changes such as temperature rises and areas of increased flooding. Rising sea levels leading to higher
salinity and flooding are forecast, as are increasingly severe droughts (IPCC, 2023). The stages of when
stresses occur, and for how long, can determine if plants can withstand their environment and survive
or not (Zhang et al., 2020). If large quantities of our vital crops are ruined, or their growth stunted, the
corresponding lower vyields could lead to food shortages, particularly as populations continue to

increase.

Stomatal regulation of gaseous exchanges is critical for stress responsiveness, with stomatal numbers
influenced by environmental conditions and often controlled by Epidermal patterning factors (EPFs)
(Hepworth et al., 2015; Hepworth et al., 2016; Bertolino et al., 2019) and aperture largely by ABA (also
mediated by NO, derived from nitrate). Both potassium and chloride ions are important for stomatal
opening as they enter the guard cell cytoplasm and vacuole, which drives turgor pressure by changing
the osmotic gradient. This results in water entering guard cells, causing them to swell and the stomatal
pore to increase in size. The interaction is also affected by blue light signalling (Dietrich and Hedrich,
1998). In grasses, stomata are dumbbell shaped and have subsidiary cells compared to Arabidopsis,
which have kidney shaped cells (Hepworth et al.,, 2015; Bertolino et al.,, 2022). Despite these
morphological differences, it has been shown that the EPF family of genes is highly conserved and that
grasses have a similar developmental pathway. This made EPFs a good choice for observing responses
in crops as well as how they compared to Arabidopsis. Nitrate accumulation also influenced by nitrate
transporters which can subsequently affect stomatal apertures (Guo et al.,, 2003). Nitrate
accumulation can affect stomatal apertures through several mechanisms such as: regulation of
hormones in particular ABA, and cytokinins (higher nitrate availability can led to increased cytokinin
levels which promotes stomatal closure). The production of NO, signalling molecules, ion balance and
osmotic pressure (nitrate transporters can affect the ionic balance and osmotic pressure within guard
cells, the change in nitrate levels can alter the osmotic gradient causing influx or efflux of water
affecting stomatal aperture). Finally, NRT1.1 acts as both a sensor for nitrate levels as well as a
transporter of nitrate, regulating responses using hormonal and environmental cues (Wilkinson and

Davies, 2002; Guo et al., 2003; Desikan et al., 2006). It would be expected that different stomatal
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numbers and apertures lead to different evaporative demand and nutrient uptake (potentially also
altering salt uptake, and thus salt tolerance) (Hepworth et al., 2016; Zhao et al., 2021; Bertolino et al.,
2022; Liu et al., 2022; Caine et al., 2023). Recent studies have indicated that in rice, there is a histone
modification which can regulate stomatal responses positively by altering gene expression patterns,
to enable them to be more drought and salt tolerant (Zhao et al., 2021). Drought and salt tolerance
are linked with stomatal aperture changes; when stomata are less open, less water is lost through
transpiration, and less salt is passively taken up via the transpiration stream (Zhao et al., 2021). It is
therefore important to analyse how stomatal traits affect nitrate responses, and how nitrate and N-
end rule pathway status (analysed via respective mutants) influence stomatal responses. There have
also been recent links in rice looking at nitrate responsive genes (e.g. OsNRT1.1, OsNRT2.1, OsNIA1,
OsNIA2, OsNIR1) which can affect responses to stress as well as affect traits such as tillering and
stomatal density (Medrano et al., 2015; Fan et al., 2016; Zhou et al., 2020; Kumari et al., 2021; Mandal
et al., 2022).

Historical methods to view stomatal responses to ABA have used isolated leaf fragments of epidermal
peels placed in ABA containing solution, with air and with or without CO; (Mcainsh et al., 1991; Kuhn
et al., 2006; Uraji et al., 2012; Yamamoto et al., 2015; Medeiros et al., 2018). Other methods include
chlorophyll fluorescence, gas exchange analysis of ABA petiole fed detached leaves, gravimetry and
thermal imaging. These methods have generally involved detached leaves or single leaves as opposed
to whole plant responses (Meyer and Genty; Rasehke, 1975; Biintgen et al., 2011; Shatil-Cohen et al.,
2011; Pantin et al., 2013a; Pantin et al., 2013b; Viger et al., 2013; M<£uller et al., 2017; Schafer et al.,
2018; Toldsepp et al., 2018). Gas exchange analysis was performed using a custom-built system to
look at the effects of ABA spraying on whole plants, which is described in Chapter 5 (Merilo et al.,
2013; Horak et al., 2017).

Nitric oxide (NO) has been linked to many processes such as: seed germination, photomorphogenesis,
shoot and leaf development, stomatal closure, leaf senescence, pathogen response and submergence
response(Holman et al., 2009; Graciet and Wellmer, 2010; Gibbs et al., 2011a; Licausi et al., 2011;
Gibbs et al., 2014b; Gibbs et al., 2014a; Holdsworth et al., 2015; Xu et al., 2015; De Marchi et al., 2016).
It has been suggested that NIA1 and NIA2 (which encode NR) are involved in stress responses. NIA1
has been linked to cold tolerance responses (Zhao et al., 2009). It was shown that in decreased
temperatures there was upregulation of NIA1 gene expression and NO production in Col-0 (Zhao et
al., 2009). It was also inferred using expression patterns in eFP browser and experiments performed
in the literature, that levels of NIA1 were higher than NIA2 in the guard cells and that NIA2 was not
involved in the stress response (Bright et al., 2006b; Neill et al., 2007; Zhao et al., 2009). Previous

studies on salt stress indicated that NIA2, rather than NIA1, plays a significant role in the stress
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response. In crops with elevated sensitivity to nitrate uptake and subsequent reduction, this sensitivity
was associated with improved growth under stress conditions (Flores et al., 2004; Debouba et al.,
2007). If there is less nitrate available, there will be reduced NR enzyme activity, leading to decreased
nitrate assimilation and potentially less available NO for signalling responses. NO is produced as a
minor by-product of nitrate assimilation (Wang et al.; Crawford, 1995; Neill et al., 2003; Wang et al.,
2010). The nia mutants have proved to be temperamental (germination problems in later generations
and difficult to isolate) leading to the selection of some other mutants in these experiments for
comparison. In particular, mutants in PRT1 (part of the N-end rule pathway involved in protein
degradation before the introduction of NO, where nitrate reductase regulation comes in) and EPF
(Stomatal density mutants) can help to establish links between drought tolerance and nitrate
availability and responses. PRT1 mutants should exhibit similar responses to reduced NR activity due
to their role in the N-end rule pathway (Rockel et al.; Hara et al., 2009; Dissmeyer and Schnittger,

2011).

Factors that influence stomatal closure responses play a crucial role in a plant’s ability to respond to
abiotic stresses, such as drought or high salinity. The N-end rule pathway, which was discovered by
Varshavsky et al. in 1986 (discussed in detail in Chapter 1), is integral to this process, as it regulates
the stability of proteins involved in nitric oxide (NO) production and signalling. NO is a key mediator
of stomatal closure, and its levels are controlled by nitrate reductase, whose activity is influenced by
the N-end rule pathway. Therefore, this pathway indirectly affects stomatal responses by modulating

NO levels and other stress-related signalling molecules (Gibbs et al., 2014a).
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4.2 - Aims and objectives

The overall aim was to develop and optimise methods for observing and understanding plant
responses to abiotic stresses, particularly in relation to nitrate interactions and stomatal density, with

the ultimate aim of applying these findings to improve crop resilience.
To achieve this aim, the following was undertaken:

1. Literature review:

e  Conduct a comprehensive review of existing methods previously used to observe both

local and fast systemic responses to abiotic stresses over time.
2. Method development:

e Evaluate and compare various techniques for monitoring whole plant responses to abiotic
stress, focusing on efficacy of ABA signalling and its interaction with nitrate as key
indicators.

3. Validate using model organisms:

e Utilise both Arabidopsis and barley as model organisms to validate the novel method for

assessing rapid systemic responses to abiotic stress.
4. Nitrate interaction:

e |nvestigate the role of exogenous nitrate in enhancing ABA signalling responses and

overall plant resilience under stress conditions.
5. Analysis of mutants:

e Apply the developed method to mutants related to the N-end rule pathway, particularly
those with reduced NR enzyme activity, to assess their impact on plant responses to
abiotic stresses.

6. Pilot study on stomatal density mutants:

e Conduct a pilot study using Arabidopsis grown on plates, to assess the relationship
between stomatal density and salt tolerance, providing insights into potential
mechanisms of stress adaptation.

7. Whole plant studies on rice:

e Perform studies on rice to validate the findings from Arabidopsis, to examine the potential

benefits of decreased stomatal density in improving salt tolerance in crop plants.
8. Integrated analysis:

e Utilise the results of previous experiments to inform and refine the investigation into the

relationship between stomatal density and salt tolerance, with a view to its applications

in crop plant improvement.
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4.3 — Results

4.3.1 - Dynamic thermal imaging aids in the detection of responses to stress in Arabidopsis

To develop a new method for assessing abiotic stress responsiveness, Arabidopsis and crops
(specifically barley, wheat and rice) were studied to see if fast systemic responses could be captured.
These responses were compared to directly observed stomatal responses and detached leaf analysis.
The method for viewing fast systemic responses on whole plants and comparison to detached leaves
was developed in collaboration and our results published, papers in supplementary data (Horak et al.,
2020; Horak et al., 2021). ABA is involved in stomatal closure response, which would be the plant’s
response to drought to reduce their water loss (Park et al., 2010). The effect of closing stomata would
be an increase in temperature over time, which can be viewed using thermal imaging. The earlier a
temperature increase is detected, the faster a response / closure of stomata. Whole plant gas
exchange measurements were less efficient and had lower potential throughput compared to dynamic
thermal imaging. Therefore, concentrations of ABA (0, 1, 5, and 10 uM) were trialled (by spraying
whole plants and observing temperature changes using thermal imaging) to determine if the
responses corresponded with data from detached leaves and to observe if fast systemic responses

could be detected (Jones, 1999; Lefebvre et al., 2002).

By assessing (using dynamic thermal imaging) Arabidopsis Col-0, Figure 4.1 shows a concentration-
dependent response to ABA (0, 1, 5, and 10 uM) sprayed onto plants. Specifically, 5 uM and 10 uM
ABA treatments resulted in similar temperature increases, with 10 UM causing a slightly higher, but
not significantly different, temperature rise. These images and results were published in Horak et al.
(2019), and Figure 4.1 provides representative images and data. The 10 uM ABA treatment led to the
largest temperature change when comparing the images taken 1 hour after treatment and the 1 hour
subtracted image. However, analysing the change in leaf temperature from before to 1 hour after
treatment revealed no significant difference between the 5 uM and 10 uM ABA treatments (Jones,

1999; Bahrun et al., 2002; Lefebvre et al., 2002).
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Figure 4.1 — ABA induces a concentration-dependent increase in leaf temperature. (a) Representative thermal
images of Col-0 before and after 1 hour of treatment with either a control solution (mock (0.012% Silwet L-77,
0.05% ethanol) or different concentrations of ABA. The subtracted image showing the temperature change in
°C. (b) Leaf temperature change over time before and after ABA application. Mean is plotted and error bars are
+ SEM. (c) Change in leaf temperature from before treatment compared to 1 hour after treatment. Bars plotted
are means + SEM error bars. Dots represent individual points. One-way ANOVA was performed with Tukey HSD
post hoc test and letters represent significant differences. (b) and (c) data was pooled from 3 independent

batches. n=9.

Differences between young and mature leaves were also investigated (results in supplementary data)
and it was observed that in mature leaves there was a significantly higher change in temperature after
treatment compared to young leaves. Mature Arabidopsis plants were used for the following
experiments and leaf temperatures were taken from mature leaves. Due to the results, concentrations
of 0, 1 and 5 uM ABA were selected for spraying Arabidopsis. The presence of fast systemic responses
were also investigated by locally applying ABA to individual leaves and temperature changes observed
in both treated and systemic leaves (results shown in supplementary data). Treated leaves had a

response whereas systemic leaves did not appear to have any response (stomatal closure and increase
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in temperature). The ABA spraying method and dynamic thermal imaging were used to assess the

whole plant response.

The nia mutants posed several challenges, such as, inconsistent germinated and increased
susceptibility to pests. Additionally, gene isolation for promoter fusions was unsuccessful and
observed traits were also not reproducible, viewed once and then did not occur again. Therefore,
other n-end rule pathway mutants, prt6-1 and prt1-1 were selected for further analysis. In the N-end
rule pathway (also known as N-degron pathway), the E3 ligases PRT1 and PRT6 are upstream of NO
(Figure 1.4), using mutants prt1-1 or prt6-1 should reduce the requirement for NO (Potuschak et al.,
1998; Holman et al., 2009; Mendiondo et al., 2016). Published results indicate that PRT1 influences
the immune response in Arabidopsis (Till et al., 2019). Although drought experiments and stomatal
bioassays were performed on prt6-1, but the data contradicted published work and previous
experiments (Garzon et al., 2007; Holman et al., 2009). Therefore, it was decided to use prtl-1 as a

comparison.

Using a wildtype plant as a control to assess a mutant line, can highlight how a given gene ordinarily
contributes to plant form and physiology. By also using complementation of the gene in the mutant
line, it is possible to more confidently determine if observed differences (between wildtype and
mutant) are due to the mutation rather than an artefact. It was hypothesised that as PRT1 is involved
in the stomatal closure response, the mutant line (prt1-1) would be less sensitive to ABA, have more

open stomata and therefore display a lower temperature.

Seeds provided by the Holdsworth group at the University of Nottingham were grown under normal
conditions in growth cabinets until 6 weeks post germination. Plants were imaged in batches of 12,
left to acclimatise and then sprayed with either a mock solution (0.012% Silwet, 0.05% ethanol), 1 UM
ABA or 5 uM ABA solution. Images of plants were taken every five minutes. Figure 4.2 shows
representative images of the plants both digitally and thermally before, during, and after treatment

with ABA.

The results in Figure 4.3 showed that under 1 uM ABA spraying, all genotypes reduce their
temperature after being sprayed. After 30 minutes Col-0 had a higher leaf temperature than both
prt1-1 and its complement line. Under 5 uM ABA, there appeared to be no difference under mock
treatment for any of the samples, but when ABA was applied, after the initial dip in temperature due
to spraying, all samples increased in temperature. There were no significant differences (P > 0.05)
between any genotype under 5 uM ABA, but there were significant differences under 1 uM ABA. The
temperature differences in 1 uM ABA treatments, after 30 minutes post application were highlighted

in Figure 4.3C and the bottom right panel of Figure 4.2. Before application, all genotypes were steady
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in temperature and relatively similar (top left thermal, Figure 4.2), but after application, ABA treated
leaves are lighter in colour (thermal image) with a higher temperature suggesting more closed stomata

(bottom right thermal, Figure 4.2).

A

Complement

line
prtl-1
wild
type
Mock 1uM ABA
5 minutes before treatment (reference point) ABA applied (Zero time point)

Mock 1uM ABA Mock 1pM ABA
15 minutes after ABA application 30 minutes after ABA application

D —

Mock 1uM ABA Mock 1uM ABA

Figure 4.2 — ABA causes prt1-1 to have reduced stomatal conductance. A) Representative plant images of Col-
0 (wild type), prt1-1 and its complement line. Digital image followed by thermal images B) 5 minutes before
treatment, C) before treatment (zero time point), which was used as the refence point and when 1 uM ABA was
applied. Then change in temperature thermal images for D) 15 and E) 30 minutes post application. The

temperature scale bars range from 17 to 25.4 °C.
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Figure 4.3 — prt1 is less sensitive to 5 LM ABA compared to Col-0. A and B are time course experiments, ABA
was applied at time point 0. A) Application of 1 uM ABA or mock solution and B) Application of 5 uM ABA or
mock solution. Images taken every 5 minutes. Bars represent mean + SEM, n = 6. Data pooled from 3 consecutive
days of thermal imaging. Images taken every 5 minutes. C (1 uM) and D (5 uM) are change in temperature 30
minutes post application compared to before treatment. Bars represent the mean and error bars are + SEM.

One way ANOVA followed by post hoc Tukey tests resulted in significant differences denoted by letters.

Treatments that share a letter are not significantly different.
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4.3.2 - Responses to application of exogenous nitrate and ABA can be viewed using dynamic

thermal imaging

The overarching aim of this section of research, has been to view differential nitrate application
responses in crops, so to potentially reduce their future dependency on nitrate fertilisers, whilst not
harming vyield or plant health. To achieve this aim, two experiments were undertaken. Firstly, the
efficiency of utilising thermal imaging on crop plants was trialled on the young barley (Hordeum
vulgare) cultivar Golden Promise. Secondly, ABA induced stomatal closure in barley was assessed for
its impact on drought phenotyping, similar to the experiments demonstrated above in Arabidopsis.
These studies are relevant because stomatal behaviour significantly influences nitrate uptake and
utilisation. Efficient stomatal closure can affect the transpiration stream, thereby influencing nitrate
transport and assimilation in plants (Wilkinson and Davies, 2002; Bista et al., 2018). Barley is a robust,
annual grass crop, which is largely grown in the UK, along with wheat (Triticum aestivum). Although
grass stomata are morphologically different from Arabidopsis, they still respond to certain stimuli,
including ABA for stomatal closure. It has been implied, that in cereals such as barley and wheat,
nitrate is required for SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1) anion channel activation, as well
as fast and efficient ABA responses (Schafer et al., 2018). Figure 4.4 shows the results for Golden
Promise treated with and without KNOs, and with and without ABA. From graph (a), both ABA and
ABA with nitrate, caused significant leaf temperature increases, whereas the addition of just KNOs did
not cause such a high temperature increase. Actual values and changes in temperature are shown in
(b) and (c). The results did not show the fast systemic responses indicated by Schéafer (et al., 2018),
under these experimental conditions. To determine if the temperature response was cultivar based,
the cultivar Barke was used as a control (data published and shown in appendix). Barke showed similar
results to Golden Promise. Approximately one hour after treatment, leaves treated with both nitrate
and ABA had a slightly higher temperature compared to leaves treated with just ABA. However, this
difference was not significant. Additionally, leaves treated with just 5 mM KNOs did not show a

significant temperature difference compared to the control mock treatment (data shown in appendix).
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Figure 4.4 — ABA induces exogenous nitrate independent stomatal closure in barley. (a) Representative thermal
images of ABA response in barley. Three points were sampled per plant on leaf 2, demonstrated by the white
circles. (b) Golden Promise and its leaf temperature response to + 5 uM ABA, £+ 5 mM KNOs or mock (0.012%
Silwet, 0.05% ethanol) (c) Temperature changes 1 hour after treatment. In (b) and (c) mean values are plotted +
SEM, n = 9. (c) Dots represent individual data points, one-way ANOVA with Tukey HSD post hoc test, letters

denoted significant differences.

This system used intact plants, whereas previous studies used detached leaves and the transpiration
stream to apply ABA (Meyer and Genty; Rasehke, 1975; Bintgen et al., 2011; Pantin et al., 2013b;
Schéfer et al., 2018). Detached leaves can survive for up to a day in water and nutrient solutions using
the transpiration stream to maintain turgor pressure and prevent wilting (Yarwood, 1946). Use of solid
media and the application of specific growth hormones that promote both root and shoot growth

were also trialled in Chapter 3 (Callus production) (Ellis, 1993; Sugimoto and Meyerowitz, 2013).
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However, sterile conditions for this type of growth were not feasible for these experiments due to the

potential upscaling.

To compare results, detached leaves were also used to detect changes in leaf temperature. Higher
leaf temperatures indicate more closed stomata and reduced transpiration. When using detached
leaves it must be considered that they have been cut from the main plant, which can cause wounding
responses and also affect signalling pathways. However, as all leaves were handled similarly, these

wounding responses should be consistent across treatments.

Barke barley was grown, and leaves were detached and placed in solutions containing ABA, nitrate,
ABA with nitrate or a control solution and left to incubate. An hour after treatment, results were
similar to those shown in Figure 4.3. Leaves treated with just nitrate did not exhibit significant changes
in temperature, indicating no effect on the transpiration stream and stomatal aperture. However,
treatments with ABA and ABA with nitrate did affect leaf temperature, with ABA alone resulting in a
slightly higher temperature. These results are shown in Figure 4.4 (results are from published paper

in appendix).

Results suggest that barley for ABA-induced stomatal closure had no requirement for exogenous
nitrate. This was due proposed to be due to endogenous levels of nitrate present in the barley. To
determine if plants starting with or without nitrate are then affected by application of ABA and nitrate,
barley was germinated with and without 5 mM KNOs. Nitrate is one of the main sources for NO
production via NR. Hoaglands solution was chosen as the preferred nutrient solution as it has been
well used in research with regards to crops and nitrate, as well as ammonia treatment (Hoagland and
Arnon, 1950). Nitrate can easily be substituted out, in this case potassium chloride replaced potassium
nitrate to avoid a drop in potassium. Once the seedlings had germinated, either with or without
nitrate, a second leaf was detached and placed into Eppendorf tubes containing Hoaglands solution.
The leaves were left to acclimatise in this solution. Leaves were then transferred into new tubes
containing the nutrient solution with or without ABA and nitrate. The drop in temperature in the

graphs in Figures 4.5 A and B indicated when solution was changed.

The results were similar to published but with a smaller difference in temperature compared to
published data (Schafer et al 2018, Horak et al 2020). After treated with ABA (with or without nitrate),
the leaf temperatures increase to a higher temperature than the mock or nitrate alone. Due to the
spread of data resulting in large error bars it is difficult to determine significant differences. Seeds
germinated with or without nitrate did not influence the plant’s ability to respond more to ABA under
the influence of exogenous nitrate. The drop towards the end of the graphs was due to the door being

opened, affecting the ambient temperature.
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solution with nitrate (A) or without nitrate (B) for 3 weeks. Graphs showed the response of leaf temperature to sheath fed with 5 uM ABA with or without nitrate. Mean

points plotted and bars were + SEM, n = 6.



4.3.3 - Effect of increased salt concentrations on seedling root growth

Increased salination is a growing problem due to rising sea levels. Sea water has entered river systems
and during periods of flooding, can enter fields. An amount of salt is needed for normal plant
development, but too much can lead to detrimental effects. Salt enters the plant via its roots. High
levels of salt cause stunted growth and depending on length of exposure, as well as growth stage of

exposure (Hepworth et al., 2015; Hepworth et al., 2016; Caine et al., 2023).

To further investigate the role of nitrate and NR activity in plant stress responses, a salt tolerance
assay was performed using agar plates. This assay aimed to provide a snapshot of how NR activity,
influenced by nitrate treatments, affects the plant's ability to withstand salt stress. This builds on the
previous experiments that examined NR's role in stomatal responses and temperature changes under
various conditions, including nitrate and ABA treatments. The salt tolerance assay complements our
earlier findings by exploring how nitrate availability and NR activity contribute to the plant's overall
stress tolerance, particularly under salt stress conditions. The results show the root length growth
after 7 days on media containing 0-, 100-, 125- or 150-mM salt (Sodium chloride (NaCl) was used). As
there had been an inference that NIA (Tang et al., 2022) and in particular NIA1 may be linked with salt
tolerance responses, the nia mutant lines were looked at first. Unfortunately, due to germination and
some infection problems, nia2 (1) was omitted from the results. In Figure 4.6, the graphs show
responses to increasing concentrations of salt. Different concentrations were tried to ascertain the
optimal concentrations. The trend from the graphs shows that initially as salt concentration increases,
root length increases slightly and then as the concentrations increase higher, the levels become
detrimental and root length growth decreases. Under the 125 and 150 mM salt chlorosis was also seen
on all plants after 7 days. The graphs also show that nia2 mutant lines seem to be slightly more
affected by salt compared to nial and Col-0, especially nia2 (2). There are significant differences from

25 mM salt onwards for nia2 (2) compared to Col-0 and nial (1).

76



>
[ox]
(@]

6 ns ns ns ns ns 6 a a a a b 6 ab a bc ac b
E £ £ o
(1]
: =; . ° ° E ® .. ° £ :' Wt oo i
= ® '.I’. £ 2 ) L < 2 °® L]
E 17 o%® o *e2° .:. H N .~ %’ L P 3 4 (4 ﬁ :'.
E T C - FEHS LT B
= =
S| 33¢° g 3§00 2 | % 0 e % e =X
82 e S0 o 3 29 e oo O 529 eggee o8 .
P o . ° 3 o:. 2 == 3 * 3:‘ °
° o o [_J : s ® . 5 °
- [ ] ° ° o Py o® o
[ 1 ° °
0 T T T T T 0 T T T T T 0 T T T T T
& N '\,Q'\ ¢ ¢® o® N > 3 oCJ ’LO\ & N »Q'\ &% ’L\’L\
4 S & & & < @ &® A o & R 0 & R
D Genotype E Genotype F Genotype
6] a a ac bc bc 6 6
a a ac be b
5 $0° %, M 5 5 a a a ac be
I= ® [ 1"} c (=
£ - o® £
e .| < 4 (] £ 44
E WO, e S ee o . £ .
2 ® ﬂ‘ g .8.. o 00y - o .
&0 ® 4 . &0 Se L 0 >
s ® %g— £ ti‘ oe?® S oo ¢
504 T 0 € Fe Fol % & | g e
s 27 s . 52 eg, & = 5 2 &
- 0e® = ° -
I ® ° b g 3 oo e oo .'.: % 2 ." L * ’
n: 4 L [d . 3 o [ [ , =
« o ° ‘3
0 T T 7 ? T Y T T T - f 0 .|. ="
A R Y RN ) SR Y A N N RO R VN )
¢ & S ¢ ¢ o S SR & @
Genotype Genotype Genotype
G
6_
£
o
£
= -
oé' 4
o
Iy a a ac ac bc
£ ¢
- o® ® e
3 5.“‘ & *ar
= o

Genotype

Figure 4.6 — There are slight differences between nia mutants under increasing salt concentrations. A-G
represent increasing salt concentrations: 0, 25, 50, 75, 100, 125 and 150 mM salt. A-G show pooled data for root
growth length after 7 days, post transfer to salt plates. n = 24 with individual points plotted. Bars represent mean
+ SEM. A one-way ANOVA on each graph was performed and B-E post hoc Tukey tests, letters denoted significant

differences. Root growth lengths that share a letter are not significantly different.

After looking at mutants with decreased expression, responses of NIA1 sumoylation defective
mutants, which potentially (needs confirming) had increased gene expression were observed. The
results are shown in Figure 4.7. Under 100 and 125 mM salt there are significant differences, the two
mutant lines have significantly longer roots compared to Col-0. Under no added salt and 150 mM there
are no significant differences between the genotypes, and all had reduced growth. Samples under

high salt also had chlorosis.
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Figure 4.7 — Under certain salt concentrations NIA1 SDM lines have significantly longer roots than Col-0. Box
and whisker diagram showing the root length growth of seedlings after 7 days post transfer to media plates
containing salt. Middle line shows median, and whiskers show spread of the data. One way ANOVA was
performed followed by a post-hoc Tukey test. Letters denoted significant differences. Root lengths that share a

letter are not significantly different. n = 24.

Arabidopsis epf mutants, which have homologues in crop plants, were selected for experimentation
because the ultimate goal is to enhance NUE and WUE in crops. Interactions between stresses and
certain traits, such as flowering and root length were observed to see if they could aid in survivability
or stresses. Ultimately aiming to enhance both NUE and WUE. Mutants were selected based on
availability: these were EPFs (epidermal patterning factors). EPFs are small cysteine — rich peptides,
which are important in signalling pathways. In particular, they control how many stomata develop and
ensure that the one cell spacing® rule is upheld (Mohamed et al., 2023). The EPF and EPF like (EPFL)
genes have also been linked to other developmental pathways, other than epidermal cell patterning,
such as lateral shoot organ patterning, root architecture and inflorescence architecture (Bemis et al.,
2013; Han and Torii, 2016; Tameshige et al., 2017; Torii, 2021) . EPFL9 has also been linked to a nitrate
starvation response (Hamiditabar Z 2022). Therefore, these mutants were used to see if the amount
of stomata present affects the plant’s ability to survive on media containing increasing amounts of

salt.

Images were taken on day O of transfer, 2 and 7 days post transfer. The results showed that as the

concentration of salt increases, the overall root length growth decreases. The data spread is variable,

6 One cell spacing refers to the separation of developing stomatal cells by one pavement cell.
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as indicated by the individual data points and no significant differences between any of the mutant

lines and wild type were observed. Results shown in Figure 4.8.
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Figure 4.8 — Increasing salt concentration decreases root growth. Individual points were plotted and data was
pooled from plates. Error bars, points at the mean and + SEM. One Way ANOVA was performed and no significant

differences were observed (p >0.05). n = 24,

4.3.4 — Reducing stomatal density in rice promotes increased salt tolerance

To allow experimentation on crop plants, salt watering of rice (Oryza sativa) plants with differences in
EPF1 expression was conducted. Rice was chosen as resources were available that had different levels
of EPF1 over-expression with a weak (OsEPFloeW) and strong phenotype (OsEPF1oeS). When the
gene is overexpressed, it leads to a reduction in stomatal density, OsEPF1oeW had a 58 % reduction
and OsEPF1oeS had an 88 % reduction compared to IR-64 control (Bertolino et al., 2019; Caine et al.,
2023). It was hypothesised that a greater stomatal reduction (OsEPF1oeS) would result in less salt
uptake and therefore such plants would be able to withstand salt stress for longer than control plants
(or weak phenotype OsEPFloeW plants). A pilot experiment (performed by Caine R and Sloane J) was

performed. It was suggested that there were differences between the EPF1 mutant lines compared to
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the wild type. A variety of salt concentrations were trialled. Twenty mM NaCl was determined to be
the best concentration for experimentation. It was suggested that OsEPF1oe plants have the potential
to be able to tolerate salt stress for longer time periods, when compared to IR-64. Fv/Fm readings
confirmed that IR-64 showed signs of stress earlier than OsEPFloe lines. It was also noted that, as
hypothesised, salt treated plants used less water than well-watered plants. Figure 4.7 shows the
summary of results obtained from the pilot experiment; graphs provided by Sloane J and Caine R. It
was shown that, salt concentrations increase, both water lost and dry weight decrease. Results from
the 10 mM salt treatment are between 0 mM and 20 mM in terms of response but has a variable
response when water loss is compared to plant biomass. Therefore, under these experimental
conditions, two distinct groups are observed: 1) the 20 mM salt treatment, which had less water loss
and lower plant biomass, and 2) the well-watered treatment, which had higher water loss and higher

plant biomass.
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Figure 4.9 — Pilot experiment assessing salt tolerance in rice with reduced stomatal density. (a) Cumulative
water loss over 7 days of control (IR-64), OsEPFloeW and OsEPFloeS treated with 0, 10 or 20 mM NaCl
treatment. (b) Total water loss. (c) Dry weight. (d) Cumulative water loss regressed against dry biomass. (e)
Water loss per unit biomass. (f) Water-use efficiency. n = 6. Salt treatment decreases water loss and dry weight.

Summary data from pilot experiment provided by Caine, R and Sloan, J.

Due to these results, it was decided that, to analyse the differences between the mutant lines, a more
severe stress would be needed, to see if they could survive the salt stress. Plants were grown in
batches and 13 day old seedlings were transferred to 50 mM salt water for 1-4 weeks and then
returned to water. Figures 4.10, 4.11 and 4.12 represent the results of Fv / Fm measurements for the

tip, middle and base of plants. This was done so that severe stress could be quantified at the base of
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plants once apical leaves had died due to high salt uptake. In treatments, of 2, 3 or 4 weeks exposure
to 50 mM salt OsEPFloe lines have higher chlorophyll fluorescence (inferred using OPSII
measurements) compared to wild type. Four weeks of salt treatment shows a large drop in chlorophyll
fluorescence IR-64 and OsEPF1oeS, but less for OsEPF1oeW. All values start considerably lower than
the expected values of 0.79 — 0.84 for healthy plants, then all drop considerably after 4 weeks of salt

treatment.
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Figure 4.10 — Prolonged exposure to salt causes a reduction in chlorophyll fluorescence in the tip of the leaf.

OPSII measurements for the leaf tip. A) One week in 50 mM salt. B) Two weeks in 50 mM salt. C) Three weeks

in 50 mM salt. D) Four weeks in 50 mM salt. A) to D) After salt treatment plants returned to water. E) Plants

grown under well-watered conditions. Vertical dotted lines represent time period under salt treatment. Mean

values were plotted and error bars were £+ SEM. n = 8.
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In Figure 4.11, the middle of the plant at the sheath apex, the results are slightly different to those at
the tip. IR-64 has a higher starting fluorescence, which it maintains under 1 and 2 weeks of salt
treatment. After 3 weeks there are differences starting to show, with OsEPFloeW not being as
affected compared to OsEPF1oeS and IR-64. After 4 weeks of salt treatment all lines are affected, but

OsEPFloeW has a higher chlorophyll fluorescence compared to the other 2 lines.
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Figure 4.11 — Prolonged exposure to salt causes a reduction in chlorophyll fluorescence on the upper portion

of the tiller sheath. ®PSII measurements for the leaf tip. A) One week in 50 mM salt. B) Two weeks in 50 mM

salt. C) Three weeks in 50 mM salt. D) Four weeks in 50 mM salt., A) to D) After salt treatment plants returned

to water. E) Plants grown under well-watered conditions. Vertical dotted lines represent time period under salt

treatment. Mean values were plotted and error bars were + SEM. n = 8.

Tiller base measurements in Figure 4.12 showed that there was very little difference between the

genotypes after 1 or 2 weeks of salt treatment, with Fv / Fm values still being reasonably high. Under

3 weeks of salt treatment all genotypes decreased, with both mutant lines having slightly higher

fluorescence values compared to IR-64. Under 4 weeks of salt treatment, fluorescence values for all



genotypes decreased, but there was a larger difference for OsEPF1oeW compared to IR-64 and

OsEPF1oeS. The weak phenotype had a higher value towards the end of the experiment and started

to increase again, whereas IR-64 and OsEPF1oeS both were still declining in their values. Figure 4.13

shows representative images of rice seedlings under experimental conditions.
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Figure 4.12 — Prolonged exposure to salt causes a reduction in chlorophyll fluorescence in the base of the leaf.

OPSIlI measurements for the leaf tip. A) One week in 50 mM salt. B) Two weeks in 50 mM salt. C) Three weeks

in 50 mM salt. D) Four weeks in 50 mM salt. A) to D) After salt treatment plants returned to water. E) Plants

grown under well-watered conditions. Vertical dotted lines represent time period under salt treatment. Mean

values were plotted and error bars were £+ SEM. n = 8.



e ]

IR64 OsEPFoeW OsEPRgeS IR64 OstEPFoeW OsEPFoeS

IR64 OsEPFoeW OsEPFoeS OsEPFoeW OsEPFoeS \S

OsEPFoeW OsEPFoeS

Figure 4.13 — Representative images of rice seedlings subjected to salt stress. Seedlings are 34 days old and
have spent between 1 to 4 weeks in 50 mM salt solution. A) One week in 50 mM salt. B) Two weeks in 50 mM
salt. C) Three weeks in 50 mM salt. D) Four weeks in 50 mM salt. Seedlings labelled with a white label are IR-64,

green are OsEPFoeW and blue OsEPFoeS. Scale bars are 10 cm.

4.3.5 - The longer plants are exposed to high salt concentrations, the more the impact on growth

and performance

Plants were returned to well-watered conditions after the salt treatment had finished and recovery
and survivability were observed. All plants survived and produced tillers. When plants are stressed,
early flowering and production of tillers can result in order for plants to survive. If there is reduced
nutrient availability, then less tillers are produced. Stress causes normal growth development to stop

and therefore fewer new leaves will be produced, and nutrients diverted to where they are most
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needed. This can lead to colour changes in leaves and in some cases senescence. Once the experiment
was completed, the number of tillers were counted for all genotypes and treatments and the dry

weight was also measured.

Figure 4.14 showed the number of tillers produced for each genotype under increasing length of

exposure to salt treatment. There were no significant differences between genotypes or treatments

for number of tillers produced.
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Figure 4.14 — Overall there is no significant difference in tiller number after salt treatment. Box and whisker
diagram where median is plotted. Whiskers are minimum and maximum values. Two-way ANOVA was

performed using Geisser-Greenhouse correction. No significant differences were found. n = 8.

Once the plants had stopped growing, the above ground material was collected, weighed and then
left to dry. The dry weights are shown in Figure 4.15. There is a general trend that as time exposed to
50 mM salt increases, dry weight decreases. Initially under well-watered OsEPF1oeW has a slightly
higher weight compared to the other two genotypes. Under 1 and 2 weeks of salt, OsEPFloeS and

OsEPFloeW both have slightly higher dry weights compared to IR-64.
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Figure 4.15 — As length exposure to salt treatment increases, dry weight decreases for all genotypes. Box and
whisker plot, where line is the media and whiskers are minimum and maximum values. Two-way ANOVA was

performed using Geisser-Greenhouse correction followed by post hoc Tukey tests. Letters denote significance.
n=_8.
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4.4 — Discussion

4.4.1 - Dynamic thermal imaging can view responses in whole plants

The purpose of the dynamic thermal imaging experiments was to observe how intact plants respond
to the application of ABA. ABA was selected as a test mechanism for thermal properties because
increasing levels of ABA cause stomatal closure, which reduces transpiration and consequently results

in higher leaf temperatures.

Examining detached leaves can induce wounding responses and using epidermal peels, can also cause
guard cells to be dead or unresponsive (Konstantis et al., 2022). Therefore, dynamic thermal imaging
of whole plants, as well as localised ABA application provides a more accurate representation of the

plant’s response (Horak et al., 2020; Horak et al., 2021).

Localised thermal imaging can be important when investigating stresses such as wounding or bacterial
infection and their effects on adjacent leaves. These observations can assist in identifying potential
gene signalling pathways. Results in this chapter were published in Horak et al., (2020; 2021) and the

confirmed method was then used for prt1 mutant line.

4.4.2 — prt1-1is less sensitive to ABA signalling

PRT1 has been linked with the ABA signalling pathway, but there are conflicting results (experiments
performed and literature) regarding sensitivity to ABA, particularly in relation to stomatal responses.
There has been considerable work on PRT6, but less on PRT1, especially regarding stomatal

movements (Holman et al., 2009; Zhang et al., 2018b).

ABA regulates various signalling pathways, including Ca* signalling, which plays a crucial role in plant
responses to environmental stimuli. Specifically, ABA influences Ca** signalling pathways and any
impairment in Ca%* signalling can alter overall plant physiology. If Ca% signalling is compromised, plants
may exhibit reduced sensitivity to ABA, resulting in less stomatal closure and consequently higher
transpiration rates and cooler leaf temperatures (De Silva et al., 1985; Kim et al., 2011; Brandt et al.,

2016).

Ca?*ions act as secondary messengers in ABA signalling. The binding of ABA to its receptors triggers a
cascade of intracellular events, including the release of Ca?* from internal stores or the influx of Ca?*
from the external environment. This increase in intracellular Ca®* concentration activates various
protein kinases and other signalling molecules that mediate ABA's effects, such as stomatal closure.
Impairments in this signalling pathway can disrupt these processes, leading to reduced stomatal

responsiveness and altered water balance (Webb et al., 2001; Li et al., 2018; Wang et al., 2020).
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Recent studies have provided new insights into the role of Ca?* in ABA signalling, highlighting its
importance in regulating stomatal movement and overall plant water management. For example,
research has shown that specific Ca** sensors and signalling components are crucial for optimal ABA
responses (Chater et al., 2014; Manik et al., 2015). These findings suggest, that prt1-1’s reduced
sensitivity to ABA could be linked to disruptions in Ca?* signalling pathways, impacting its ability to

close stomata effectively and maintain water homeostasis.

Interestingly, the experiments in this chapter revealed an unexpected result: there appeared to be
less of a response under 5 uM ABA compared to 1 UM when ABA was applied through spraying. It was
hypothesised that a higher ABA concentrations would result in a larger effect. From Hdérak (et al.,
2020), Col-0 stomata should close earlier under 5 uM ABA, leading to higher leaf temperatures.
However, the starting temperature for samples treated with 5 UM ABA was significantly higher than
for the samples treated with 1 uM, which may have influenced the observed temperature differences

(Movahedi et al., 2021).

4.4.3 - Barley germinated with or without nitrate does not effect ABA signalling

Follow-up work from the published material confirmed that there was no requirement for exogenous
nitrate to improve ABA responsiveness. Leaf temperature measurements of plants grown with or
without nitrate produced similar results (Figure 4.5). Previous studies had suggested that nitrate
transporters play a role in guard cell movements and signalling, implying that higher nitrate availability
potentially enhances guard cells reactivity. However, this study found no significant differences in ABA

responses regardless of nitrate presence.

Nitrate transporters and their influence on guard cell behaviour have had conflicting views. NO, a
byproduct of nitrate metabolism, is known to aid in both stomatal closure and opening, adding
complexity to the relationship between nitrate and ABA signalling. Nitrate levels can significantly
influence the presence and activity of transcription factors in plants. As a crucial nutrient and signalling
molecule, nitrate activates specific signalling pathways that regulate the expression and function of
transcription factors which in turn modulate the expression of genes involved in nitrate uptake,
assimilation, and metabolism. This regulatory mechanism enables plants to adjust their physiological
processes to optimize nitrogen use and adapting to varying nitrate availability in their environment

(Konishi and Yanagisawa, 2013; Medici and Krouk, 2014; Canales et al., 2017).

Work also indicated a decrease in nitrogen assimilation under drought stress, which could affect NO
production and subsequently influence ABA signalling and stomatal responses (Guo et al., 2003; Han
et al., 2022). This finding suggests that environmental factors such as drought stress might have a

more significant impact on ABA responsiveness than the availability of nitrate alone.
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4.4.4 - Plate grown seedlings on increasing salt concentrations stunts root growth

There is evidence suggesting that NIA2, plays a more significant role in the response to salt stress
response as compared to N/A1 (Flores et al., 2004; Debouba et al., 2007; Debouba et al., 2013). In this
study, the results indicated that mutant line nia2 (2) was more impacted by the addition of salt
compared to the other genotypes. However, the large variability within the data suggests that this
may not represent a true phenotype and further replication with independent mutant alleles would

be required to confirm or refute findings.

Differences were observed in NIA1SDM mutant lines compared to Col-0 under 100 and 125 mM salt.
At 150 mM, the salt levels were too high for all genotypes, leading to growth inhibition. There have
been links to suggest that nitrate uptake under salt stress is decreased, but ammonium can
accumulate within the roots (Debouba et al., 2007). Interestingly sumoylation defective mutants
might tolerate slightly more salt due to increased nitrate production and uptake. This is consistent
with findings in rice, where SUMO is a critical regulator for salt stress responses. In Arabidopsis, SUMO
is known to regulate NIA, which is essential for nitrate assimilation (Soo Park et al., 2011; Srivastava
et al., 2016). NIA2 has been linked to a salt stress response but has no predicted sumoylation sites.
This might suggest that removing sumoylation enables plants to assimilate more nitrate, improving

salt tolerance and enabling plants to grow roots deeper to find areas of less toxicity.

Finally, the EPF mutants did not respond as expected based on published data (Hepworth et al., 2015),
there were no significant differences between the genotypes. This contrasts with previous findings
that suggest EPF genes play a role in regulating stomatal density and, in turn, stress responses. One
possible explanation is that the seedlings were too small or immature to exhibit distinct root
phenotypes. Young plants may not have fully developed the mechanisms necessary to show
noticeable differences in response to salt stress, particularly in their root systems. High humidity levels
in plate growth environments also play a role in reduced responses and can affect development and
responses(Casson and Gray, 2008; Hara et al., 2009; Doheny-Adams et al., 2012; Hughes et al., 2017,
Caine et al., 2023).

The results suggest that the phenotypic differences associated with EPF mutations might be more
pronounced in the aerial parts of the plant rather than the roots. EPF proteins primarily regulate
stomatal patterning on the leaf surface, suggesting that root responses may be lower than the impact
on WUE and transpiration. There could also be other mechanisms which mitigate the effects of salt
stress on root growth, particularly in young developing seedlings. The findings suggest a potentially

more complex role for EPF genes in responses to salt stress, which could potentially involve
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interactions between root and shoot systems but requires further investigations (Hepworth et al.,

2016; Caine et al., 2023).

Overall, while the data suggests a role for NIA2 in salt stress response, the variability and unexpected
results, particularly with the EPF mutants, infers the complexity of salt stress responses in plants and

further research is needed to fully understand the underlying mechanisms.

4.4.5 — nia2 is slightly more susceptible to salt than nia1

During salt assays on plates, as salt concentrations increased, root length growth decreased, which
was expected. Plants require a certain level of salt to survive and for various functions, but excessive
salt becomes detrimental, leading to reduced growth, chlorosis and eventually death. Results from
these assays showed that nia2 mutants were more impacted by salt treatment than nial mutants and
Col-0. In particular, nia2 (2) which had significantly reduced root growth compared to Col-0 under
nearly all salt treatments. This observation fits with the literature which suggests that NIA2 might be
more crucial in managing salt, however, the high humidity environments of the plats grown seedlings
might impact growth and therefore results (Hirt and Shinozaki, 2004; Kolbert et al., 2010; Negrao et
al., 2017; Liu et al., 2023).

Interestingly, previous results in Chapter 3 (Figure 3.6) indicated no significant differences between
stomatal densities or aperture changes (in response to ABA) between the genotypes. This suggests
that the observed differences seen in salt stress response are not likely to be related to stomatal
movements / function. The variability in response, a strong effect was observed in only one of the nia2
mutant lines, indicating that the response could be due to an artefact caused by the positional effects
of the T-DNA insertion. To determine if there is a genuine phenotype, more lines would need to be
tested, as well as to use mature plants and salt watering. CRISPR Cas 9 technology could also be used
to specifically target and investigate the regions altered in the nia2 mutants, which would provide

deeper insights into gene function (Bertolino et al., 2019; Dellero, 2020).

These results were unexpected given that in previous studies (Guo et al., 2017; Tang et al., 2022) it
was suggested that NIA1 was involved in salt stress responses and is important for responses to
stresses in general. However, NIA2 is more abundant and has a higher activity in plants than NIA1,
suggesting that general plant health and growth are more linked to NIA2 than NIA1l. No firm
conclusions can be drawn, as significant differences were found in only one mutant line, but it is an

interesting observation (Wilkinson and Crawford, 1991; Debouba et al., 2013; Le et al., 2023).
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4.4.6 — NIA1 SDM lines are more salt tolerant than Col-0

The results for root growth of NIA1 SDM lines under increasing salt concentrations showed that the
mutant lines were more salt tolerant than Col-0 under 100 and 125 mM salt. However, at 150 mM
salt, all genotypes were affected, which is expected as 150 mM is a very high salt concentration and
typically detrimental to plant health. The enhanced salt tolerance in NIA1 SDM lines may be linked to
alterations in sumoylation, a post-translational modification known to negatively affect the regulation
of proteins and gene expression. NIA1 has been identified in having 3 potential sumoylation sites and
in these mutants the predicted main site was knocked out by an amino acid change, potentially leading
to the overexpression of NIA1 and improved stress responses (Soo Park et al., 2011; Costa-Broseta et

al., 2021).

Interestingly, mature plants had slightly larger rosette leaf areas compared to Col-0. However, at
seedling stage this was not a large difference and therefore suggesting minimal impacts on root
growth results. One line, NIA1 SDM line 2, had significantly lower abaxial stomatal density compared
to Col-0 and NIA1 SDM line 1, but no significant differences on the adaxial side. These differences are
unlikely to account for the responses observed, especially as NIA1 SDM line 1 has a slightly longer root

growth compared to the other 2 genotypes (LU et al., 1993; Lake et al., 2002).

To confirm that NIA1 is involved in a salt response, NIA1 overexpression lines could be used. It would
also be interesting to view mature plants and salt watering. Unfortunately, plants do no survive well
on sand and terragreen. Hydroponics would be a better method, as the interaction between salt and
nitrate could also be investigated and viewed. A hydroponics system was set up and trialled with Col-
0, nia mutant lines and EPF mutant lines, unfortunately under the conditions none of the plants
survived and therefore that method for Arabidopsis was abandoned (Ullrich W.R., 2002; Tocquin et
al., 2003; Conn et al., 2013).

4.4.7 - Duration of salt watering on rice affects its chlorophyll fluorescence

The experiment examining the effects of salt watering on rice revealed that leaf tips did not recover
from salt stress, which was expected, as leaf tips are the first parts to senesce and lose nutrients. The
leaf tips had started to turn yellow and in some cases brown by the end of the experiment, which
corresponded to the decrease in chlorophyll fluorescence values. This reduction in chlorophyll content
indicates a decrease in photosynthesis, resulting in lower chlorophyll fluorescence readings. The
results from all parts of the leaves suggested that OsEPF1oeW was slightly more salt tolerant than
OsEPF1oeS, which was slightly more tolerant than IR-64. Treatment of two weeks in salt treatment
biomass data suggest that extreme reduction of stomatal density is beneficial up to a point and then

after that point it can be detrimental. This is different from what was expected. Typically, reduced
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stomatal density would result in less water lost and therefore less salt being taken into the plant roots
via the transpiration stream. However, when there was an 88 % reduction in stomatal density,
although WUE improved and the plants were visibly no different from IR-64, the plants were more
affected by salt, when compared to the weaker phenotype, resulting in a 58 % reduction for leaf base

after 1 or 2 weeks in salt treatment (Hepworth et al., 2015; Hepworth et al., 2016).

The small size of the seedlings used in this experiment may have affected the accuracy of chlorophyll
fluorescence measurements. The fluorpen used to measure fluorescence requires full coverage of the
measurement hole, and in some cases, the small leaves may not have completely covered this area,
leading to variability in the data (observed in Figures 4.8 —4.10). Increasing the number of replicates
and repeating the experiment with more mature plants could help reduce this variability and provide

more reliable results (Chaves et al., 2009; Medrano et al., 2015).

Furthermore, the method of salt application may have caused variability, as larger, healthier plants
may have taken up water and thus salt faster than their smaller, less healthy counterparts. Therefore,
there is the potential that the healthier plants were exposed to a higher salt concentration. To see if
this occurred, future experiments could utilise sacrificial plants, to view the initial salt concentrations
and observe how this changed over the course of the experiment (Medrano et al., 2015; Negrao et al.,

2017).

The comparison between rice and Arabidopsis in terms of chlorophyll fluorescence highlighted that
rice plants generally exhibited lower fluorescence values, suggesting lower photosynthetic efficiency
and overall health in rice under similar conditions. This observation could be linked to differences in
species-specific responses to salt stress, as well as variations in experimental conditions, such as pot
size and environmental controls. The smaller pot size used in this study may have constrained root
growth, leading to stress and reduced vegetative growth, which could further complicate the

interpretation of the results (Munns and Tester, 2008; Chaves et al., 2009).

Finally, the experimental setup, including the need to open growth chambers for data collection and
the effects of fan-induced airflow, likely contributed to the observed variability. Plants closer to the
fans would potentially lose more water through their stomata compared to those further away, due
to increased wind speed. Regularly changing plant positions within the chamber was an attempt to
mitigate these effects, but the variability observed in chlorophyll fluorescence data suggests that
these factors still influenced the results. Chlorophyll fluorescence measurements are a snapshot of
plant health and measurements were taken from one leaf. Using IRGA equipment such as a LiCor, can
allow the photosynthesis of one leaf to be viewed. However, with whole plant gas exchange, analysing

the plant as a whole, in relation to photosynthesis would be interesting, as it would mitigate some of
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the variances from leaf positioning. However, due to the number of plants in this experiment the LiCor
was not a viable option (Munns and Tester, 2008; Ashraf and Harris, 2013; Medrano et al., 2015). As
aresult, the findings from this study are preliminary, and further research using more refined methods

and larger-scale experiments is needed to draw more definitive conclusions.

4.4.8 — Tiller number is not affected by length of salt treatment but dry weight is

Tiller number was counted with no differences found. Yield was not counted, as dry weight was

required.
4.5 — Future work

In future studies for PRT1 it would be advantageous to expand and refine the experimental approach
to develop a greater understanding of its role in ABA signalling and stomatal regulation. First,
incorporating more than one independent mutant line which would help to confirm the mild
phenotype observed and to rule out any inference of potential artefacts or positional effects of T-DNA
insertions. Increasing the number of replicates in experiments would help to reduce effects of
variability and increase confidence in statistical differences. This is especially important in complex
pathways like ABA signalling, where subtle phenotypic differences are hard to detect. To better
understand the dose dependent effects of ABA, future experiments should include lower
concentrations of ABA, for example 0.5 and 1 uM. The lower concentrations could reveal more
pronounced phenotypic differences which may not be present at higher concentrations. In order to
gain more of a developmental insight, more long term studies under various environmental
conditions, such as drought or osmotic stress would be able to provide insights into PRT1’s role in

stress responses (MacRobbie, 1998; Bright et al., 2006b; Till et al., 2019).

The EPF mutants, did not show the expected phenotypic differences under salt stress. Further
experiments are therefore needed to clarify their role in salt stress responses. Focusing on more
mature plants in future studies could help determine whether the lack of root phenotypes observed
in seedlings was due to their developmental stage. Mature plants might exhibit more distinct
differences in root and shoot responses to salt stress, offering clearer insights into the role of EPF
genes. Adding more detailed measurements of transpiration rates, stomatal density and WUE in both
roots and shoots is important, especially as EPF mutations may only have effects on aerial tissue.
Hydroponics for investigating salt stress could help to minimise variability and provide a more
controlled and uniform salt treatment and easier to observe root growth changes under the stress

(Doheny-Adams et al., 2012; Franks et al., 2015; Hepworth et al., 2015).
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With regards to chlorophyll fluorescence measurements in rice under salt stress, using older larger
leaves could mitigate the full leaf coverage problems during data collection. Increased sample size and
replication number would also help to improve reliability of findings. Huge differences between
genotypes were not observed, extending the exposure to salt and using larger pots or a hydroponic
growth system could help to mitigate some of the variability. These experiments would help to provide
more detailed insights into the roles of PRT1 and EPF mutants in plant stress responses, in particular

on chlorophyll fluorescence (Sanchez-Moreiras et al., 2020).
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Chapter 5 — Identification of novel stomatal regulators

5.1 — Introduction

Changes in stomatal aperture in response to both environmental and endogenous signals, control
plant water loss through transpiration and thus affect drought tolerance. Many previous studies,
particularly those using Arabidopsis mutants, have identified components of the complex signalling
pathways which regulate this system, such as the guard cell-expressed cytoplasmic serine-threonine
kinases OST1 (Open Stomata 1) and HT1 (High Leaf Temperature 1), which are required for ABA- and
CO,-induced stomatal closure (Chater et al., 2015a; Tian et al., 2015; Horak et al., 2016; Ma and Bai,
2021). The ostl and htl mutants were both identified by thermal screens from their cool and hot
phenotypes respectively, suggesting impaired control of leaf water loss (Lefebvre et al., 2002). HT1
protein kinase was identified by a microarray expression analysis of Arabidopsis guard cells (Leonhardt
et al., 2004). Despite many mutants being characterised, there are still important gaps in the guard
cell signalling network to be filled. As kinases (Ks) and phosphatases (Ps) play key roles in almost all
signal transduction pathways it is likely that there are additional phosphoregulatory components to
be identified. As discussed in the introduction and nitrate chapters, the N-end rule pathway, and the
post-translational modification of nitrate reductase via sumoylation are both examples of signalling
cascades that involve the activity of Ks and Ps. In plant genomes, protein kinases constitute one of the
largest gene families’. Activity of target proteins are regulated by these enzymes which catalyse the
reversible phosphorylation of specific amino acids (serine, threonine and tyrosine). There are different
classifications of both Ks and Ps. There are nine main groups used in mammalian, plants and fungi,
and Ks are put into these groups based on their catalytic domain® which is comprised of 250-300 amino
acid residues (Champion et al., 2004; Lehti-Shiu and Shiu, 2012; Zulawski et al., 2014). These groups

are:

1. Protein Kinase A, G and C (AGC);

2. Receptor-Like Kinase (RLK) (there are also Leucine Rich Repeat RLKs (LRR-RLK)),
Calmodulin/Calcium regulated Kinase (CAMK);

CMGC group (named after cyclin-dependent kinases (CDKs);

Mitogen-Activated Protein Kinases (MAPKs);

Glycogen Synthase Kinases (GAK) and CDK-like kinases);

o v o w

Homologs of the yeast STE genes (STE);

’In Arabidopsis thaliana protein kinases account for about 4% of genes encoded. Genes encoding kinases are
known as the Arabidopsis kinome (Champion et al., 2004; Zulawski et al., 2014).
8 Catalytic domain is the region of an enzyme which interacts with its substrate causing an enzymatic reaction.
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7. Casein/Cell Kinase 1 (CK1);
8. Tyrosine Kinase-Like (TKL);
9. Two general groups called Plant-specific and Others (Lehti-Shiu and Shiu, 2012; Romero-

Hernandez and Martinez, 2022).

Protein phosphatases have two major classifications: protein tyrosine and serine — threonine

phosphatases.
5.2 - Background

Specifically, in the light-induced stomatal opening signalling pathway there is a gap in our
understanding between blue light perception and H* ATPase phosphorylation; the direct activators of
which are unclear (Hérak, 2021). Several components of this pathway have been identified: BLUE
LIGHT SIGNALLING 1 (BLUS1), BLUE LIGHT-DEPENDENT H*ATPASE PHOSPHORYLATION (BHP), type 1
protein phosphatase (PP1) and its regulatory subunit PRSL1 (Inoue and Kinoshita, 2017a). It is known
that phototropins phosphorylate BLUS1 which leads to the activation of H* ATPase, (see Figure 5.1),
although the direct activators of H* ATPase are not clear. There are further gaps in our understanding
in the red light induced stomatal opening pathway, in particular those which do not respond to a
change in Ci°. With regards to the CO,-induced stomatal signalling pathway, several CO, / bicarbonate
receptors have been suggested and recent work indicates that the HT1-MPK12 complex acts as a
receptor for CO; signalling (Takahashi et al., 2022; Yeh et al., 2023). Previous studies and research
have identified several components involved in stomatal regulation in response to different stimuli.
These signalling pathways regulate stomatal development and aperture size in response to both
environmental cues and internal signals. For plants to compete successfully in a changing
environment, they are required to be efficient at sensing and reacting to these signals. In particular
for WUE? and hence survival under conditions such as drought, stomata need to close in order to
reduce the water loss through transpiration. The interacting guard cell pathways that regulate these

aperture responses form a signalling network as illustrated (see Figures 5.1 and 5.2).

5.2.1 — Stomatal opening signalling network

The core guard cell ABA-signalling pathway is well studied. ABA is perceived by fourteen START-family
receptors in Arabidopsis named the PYR/PYL/RCAR proteins (Yue et al., 2009; Park et al., 2010). In the
absence of ABA, stomata are open. This is due to the activation of the central guard cell anion efflux

channel SLAC1 by its activating kinases, OST1. Also, various calcium-dependent kinases are suppressed

9 Ci is the concentration of intercellular CO2 used in estimating photosynthetic rates in plants.
10 Water Use Efficiency.
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by protein phosphatases of class 2C (PP2Cs, ABI1, ABI2 and PP2CA) that dephosphorylate SLAC1 and
its activating kinases (Negi et al., 2008; Vahisalu et al., 2008; Geiger et al., 2009; Lee et al., 2009b;
Umezawa et al., 2009; Vlad et al., 2009; Geiger et al., 2010; Vahisalu et al., 2010; Brandt et al., 2012;
Ye et al,, 2013; Tobias et al., 2014; Brandt et al., 2015). Upon ABA binding, the receptor binds to a
PP2C, releasing the SLAC1-activating kinases from inhibition and allowing them to activate and

phosphorylate SLAC1 to trigger stomatal closure (Geiger et al., 2009; Lee et al., 2009a; Vahisalu et al.,
2010; Brandt et al., 2012; Ye et al., 2013; Brandt et al., 2015) Fujii et al 2009). This core ABA signalling

pathway is also involved in stomatal closure in response to elevated CO; levels, darkness and low air

humidity, although the extent of its importance has been debated (Figure 5.1) (Merilo et al., 2013;

Chater et al., 2015b; Dittrich et al., 2019).
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Figure 5.1 — Opening in response to environmental stimuli. Blue light is detected by Phototropins (PHOT1 and

PHOT2), which transmit a signal to BLUS1 kinase, a key step in stomatal opening. ATPase is then activated,
protons are expelled from the membrane leading to potassium and anion influx causing stomatal opening.
Phosphatase PP1 and its regulatory subunit PRSL1 are also required for blue light activation of ATPase. Low CO,
inhibits the phosphorylation of CBC1 and CBC2 by HT1, which inhibits the phosphorylation of SLAC1, leading to
suppression of stomatal closure. Less is known about the red light signalling pathway, but it is linked to low CO,

signalling, which also involves MPK4, MPK12 and PATROL. Solid black lines indicate known interactions, dashed

lines and question marks indicate unknown mechanisms with possible multiple steps.
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5.2.2 - Stomata closing signalling network

Elevated CO; levels also trigger SLAC1 activation through a recently identified alternative pathway that
is specific to CO; and not involved in ABA-induced stomatal closure (Horak et al., 2016; Jakobson et
al., 2016; Sierla et al., 2018). In this pathway, CO; is converted to bicarbonate (HCOs') in cells with the
aid of B-carbonic anhydrases CA1, CA4 and CA7 (Hu et al., 2010, 2015). Bicarbonate triggers the
activation of mitogen-activated protein kinases MPK12 and MPK4 by currently unknown mechanisms.
This leads to the suppression of the activity of the key negative regulator of CO; signalling, the HT1
kinase (Hashimoto et al., 2006; Horak et al., 2016; Jakobson et al., 2016). HT1, which at ambient CO,
levels suppresses SLAC1 activation by the OST1 and by LRR-RLK GUARD CELL HYDROGEN PEROXIDE-
RESISTANT 1 (GHR1) proteins, is inhibited by MPKs 12 and 4 at elevated CO; levels. This leads to SLAC1

activation and stomatal closure (Figure 5.2) (Tian et al., 2015; Horak et al., 2016; Sierla et al., 2018).
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Figure 5.2 — Closing in response to environmental stimuli. Molecular mechanism of stomatal aperture closure
in response to abiotic stimuli. Environmental stimuli (low air humidity, darkness and elevated CO,) are detected,
leading to higher ABA levels in cells. ABA binds to its receptor to form a complex, which inhibits the PP2C’s. The
inhibition allows calcium dependent (CPK’s) and calcium independent (for example OST1 SLAC1-activating
kinases to phosphorylate and activate SLAC1 anion channels), which leads to channel activation, anion efflux
and stomatal closure. CO, is converted to bicarbonate (HCOs") by B-carbonic anhydrases CA1 and CA4. When
CO: levels are high, this activates mitogen-activated protein kinases (MPK4 and MPK12), which inhibit the
activity of HT1 kinase. SLAC1 can then be activated by phosphorylation by OST1 and through GHR1. Solid black
lines indicate known interactions, dashed lines indicate unknown mechanisms and grey are supressed
interactions in the presence of ABA or CO> (Xie et al., 2006; Hu et al., 2010; Bauer et al., 2013; Tian et al., 2015;
Horak et al., 2016; Jakobson et al., 2016; Pantin and Blatt, 2018; Sierla et al., 2018).
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5.3 — Aims and Objectives

The experiments described in this Chapter aim to identify novel guard cell abiotic stress regulators.
Systematic analysis of plants deficient in specific predicted kinase or phosphatase gene products,
known to be preferentially expressed in guard cells was initiated. The signalling components identified

have potential utility as targets in crop breeding programmes for drought tolerance.
Aims:

1. To ascertain if PSKR2 and GCK1 are expressed in guard cells.
2. To determine whether pskr2 and gckl mutants affect stomatal movement under abiotic

stress conditions.
Objectives:

1. Identify potential guard cell abiotic stress regulators:

e Screen microarray data to identify novel gene candidates involved in guard cell
regulation under abiotic stress conditions.

2. Analyse the effect of guard cell regulators on stomatal conductance:

e Investigate whether the identified guard cell regulators affect stomatal conductance
in response to various abiotic stresses, such as drought and high CO; levels.

3. Link responses to specific abiotic stress pathways:

e Determine if the observed responses in stomatal conductance are linked to specific

abiotic stress pathways, indicating a potential mechanistic link.
4. Examine stomatal density, index and size:

e Assessif theidentified guard cell regulators alter stomatal density, index or size, which

could contribute to the overall regulation of stomatal function.
5. Compare epidermal peel bioassays with whole plant responses:

e Compare the responses observed in epidermal peel bioassays with those observed in
whole plant responses to validate the relevance of the findings in a more physiological
context.

6. Investigate germination sensitivity to ABA:

e Analyse germination sensitivity to ABA in pskr2 and gckl compared to Col-0 to

determine if these genes play a role in early developmental stages under stress

conditions.
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5.4 — Methods

5.4.1 - Plant growth

5.4.1.1 - Seedling growth for identifying homozygous lines

Seeds stratified for 72 hours on compost in trays covered with cloches were transferred to a growth
chamber with a 9-hour photoperiod 200 pmol m?2 s, 23 /19 °C day /night temperatures. Once
seedlings had germinated to 4 to 5 true leaves, leaves were taken for genotypic analysis. Plants
identified as homozygous were then transferred to individual pots in 3:1 M3 compost : perlite. Seeds

harvested from these plants were used in subsequent experiments.
5.4.1.2 - Plants for whole plant gas exchange analysis

Seeds were stratified in cold water at 4-10 °C for 72 hours before transfer to plastic tubs (10 x 10 cm)
filled with 2:1 peat : Vermiculite mix and covered with a glass slide with a central hole. Seeds were
planted through the hole and tubs were placed into a growth chamber with a 10-hour photoperiod,
light 250 pmol m2 s, 23 /19 °C day /night temperatures and 60 / 80 % day/night relative humidity.
Petri dishes were placed over the seeds initially to keep humidity high and protect seedlings (see
Figure 5.3). Three batches of plants were grown in a staggered experiment. Plants were analysed when

they were 25-32 days old.
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Figure 5.3 — Representative images of pots and initial set up for plant growth. A) Representation of the pot and
glass slide in which seedlings were grown in. B) Contains both seedling and soil under experimental conditions.

White plastic pots are 10 x 10 x 6 cm.
5.4.2 — Genotyping (conditions and primers)
5.4.2.1 — DNA extraction for identifying homozygous lines

Edward’s buffer was used for genomic DNA extraction as described in methods Chapter 2 (see Section
2.3). PCR reaction conditions were the same as shown in Table 2.1 with exception of the primers (see

Table 5.1).
5.4.2.2 - Genotyping for gas exchange analysis

Homozygous plants had already been identified and isolated using the genotyping method in the
methods section and specific primers detailed in Table 5.1. Seed from these plants was collected and
used in the experiments described in this Chapter. In each experiment plant genotypes were verified.
Isolated DNA from leaf tissue was used as template in 20.2 pl reactions containing, 2 ul template DNA,
10 ul nuclease-free water, 2 pl Solis Biodyne reaction buffer B (10X), 2 ul 25 mM Magnesium Chloride,
2 pl of 2 MM DNTPs, 1 ul of 10 uM forward primer, 1 pl of 10 uM reverse primer and 0.2 ul FIREPol

DNA polymerase (Solis Biodyne, solisbiodyne.com).

Each set of PCR reactions also included positive controls (in this case (Col-0) DNA) and negative
controls (nuclease-free water). A standard PCR cycle consisted of denaturation at 95 °C for 3 minutes
followed by 35 cycles of denaturing at 95 °C for 15 seconds, annealing at 53 °C for 20 seconds and

extension at 72 °C for 90 seconds, and a final extension of 72 °C for 7 minutes.
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5.4.2.3 - Primers

Table 5.1 — Primer sequences and product sizes for genotyping top 10 kinase T-DNA lines ordered. Highlighted in yellow are the two genes taken forward for experiments

in this chapter. At1g11340 was currently unnamed and will be referred to as Guard Cell Kinase 1 (GCK1) for this Chapter.

AGI code Gene name T-DNA Line NASC no (Forward) primer (Reverse) primer wT Z::;:Iuct Mutar;;g;‘oduct

N52568

At4g24480 SALK_025685 5 CTCCACTTGTGGACTTTCAGG TGAAACCTACTGATCCATGCC 1092 554-854
N87722

At4g24480 SAIL_835_E09 ) TTAAATAGGATGGCACGATGC GATTCGGCTAGGACGGTTAAC 1003 491-791
N61466

At1g60630 SALK_114666 6 AGATTCCTAGCTCGTTGCTCC CGTGAGACAGGACTCGAAGTC 1110 568-868
N61607

Atl1g11410 SALK_116075 5 GTTTTGCTCCTCTGTATCCCC TCATCAGTTTGATTGCAGTCG 1217 576-876
N65850

At1g56140 SALK_005808C 1 AATGATACAGGTAATCCCCCG GCCAGTGTTCTCGACTCAAAC 1039 439-739
N66156

At4g23190 At-RLK3 SALK 013983C 0 TTTCATCCATCTGGTAGACGC CCCACTGTTATTGCCATCTTG 1138 486-786
N66575

At5g43020 SALK_035437C 9 ACCTCCTGCTCTCTTCACCTC CACTCTCTTGTTCTATCGCCG 1113 440-740
N67505

At1g11340 GCK1 SALK_050988C 7 ACAAGAACCATGGTGAACGAG ATAAACAGGTCCGAAACCACC 1077 437-737
N68239

At1g11300 EGM1 SALK_058300C 6 TATGTTCCAACGACCCTTCTG GATCGGTACAATATTGGCAGG 958 445-745
N68634

At1g56130 SALK _074874C ) TCCGCTCCAATTTATGATCAG AATCTTGCATCC GGAGG 1182 594-894
N80000

At5g53890 AtPSKR2 SALK_024464 GAGAACTTGTTGGAGCTCACG GGGATGTGAGCGTTTAG 1112 474-774
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5.4.3 — Whole plant gas exchange analysis

Twenty-four hours before whole plant gas exchange analysis, the hole surrounding the plant, on the

glass slide was sealed using a Vaseline mix (100 g Vaseline, 5 g Beeswax and 5 g Parafilm).

After the 24-hour period had elapsed, plants were imaged (see Figure 5.4) and the area of the leaf
rosette was estimated as shown by the dotted line in A. The digital image was then compared to a 3
cm scale for area estimation (Abramoff et al., 2004). The estimated areas were then input into an

Infrared Gas Analyser (IRGA) software before calibration and data collection began.

CO; level
controls
for
chambers

Figure 5.4 — Representative images of A) plants used for gas exchange analysis and of images used for leaf area
estimation. Scale bar: 3 cm. B) The eight-chamber IRGA used to monitor the effect of ABA application. Height
between lights and plants: 20 cm. C) A top-down view of plants whilst impact of stress, including ABA and high

or low COz, application was being monitored in the IRGA.
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The set up for the whole plant gas analysis was as described in Horak (et al 2017), using a custom built
eight-chamber, temperature controlled IRGA. Experiments to monitor the effect of ABA application
and changes in CO; concentration were performed on the analogous device mentioned. Plants were
measured in batches of 8 at constant 150 umol m™ s? light, 24-25°C air temperature, 400 ppm CO,
and ~70% RH. Measurements were taken sequentially every minute for each chamber (30 seconds

reference and 30 seconds plant measurement).
5.4.3.1 — Response to high CO,

Plants were placed into the first 4 chambers, checking to ensure that they were all sealed and no gas
leakages apparent, by using the control switch on top, when it was switched to check, it sent gas into
the chamber. If there were no leakages then a plastic pellet moved up, if there were leakages the
plastic pellet did not move (see Figure 5.4 C). Confident that the chambers were sealed, the switch
was then returned to 0 before measuring the setting for experiments. Plants were acclimatised at 400
ppm CO; (equivalent to ambient using a gas cylinder), for at least 20 minutes until stomatal
conductance had stabilised. The concentration of CO, was then increased to 800 ppm and
measurements were taken every 4 minutes for an hour. Plants were then left to reacclimatise at

ambient CO,.
5.4.3.2 — Response to low CO,

The experimental set up was similar to above except low CO, experiments were performed after high
CO; experiments (midday to afternoon). CO; levels were changed from (ambient) 400 ppm to 100 ppm
(using a gas cylinder). The removal of CO, was carried out using a potassium hydroxide (KOH) pump.
Plants were monitored for an hour with measurements for each chamber taken every minute

sequentially in low CO..
5.4.3.3 — Response to ABA

ABA experiments were performed on same set of plants as the above experiments but after they had
received other treatments. After the acclimation period to CO; levels 400 ppm, 24-25 °C air
temperature and approximately 70 % RH plants were removed from the chamber individually in order
of chamber number. Plants were sprayed with 0.42 + 0.04 pl cm? ABA (Sigma,
https://www.sigmaaldrich.com; 5 uM ABA, 0.012 % Silwet L77 (De Sangosse,

http://www.desangosse.com), 0.025 % ethanol) (mock was without ABA). Plants were then placed

back into the chambers and seal checked. Droplets were allowed to dry before gas exchange

monitoring commenced. Once sprayed, plants were measured for an hour every minute sequentially.
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5.4.3.4 — Response to Red/Blue light and Darkness

The experiment was set up as described in (Hosotani et al., 2021). Plants were measured in batches
of 7 with one chamber blank as a reference and control. Plants were first acclimatised to 400 ppm
CO,, 24-25 °C and approximately 70 % RH. 300 umol m2s? (640 nm) red light was used to begin with
for acclimatisation, plants were left for 30 minutes to acclimatise then recalibrated using the blank
chamber. Measurements were taken for 30 minutes and then exposed to 10 umol m2 s (450 nm)
blue light. Measurements continued for 2 hours after the blue light treatment. Plants were then put
into darkness for one hour. Measurements were taken sequentially every 30 seconds for each

chamber, which differs slightly to the data collection for ABA, High and Low CO,.

5.4.4 — Leaf epidermal impressions for stomatal density and stomatal index measurements

On completion of the experiments, leaf 6 was identified and used for both abaxial and adaxial
impressions (leaf was sliced in half down the mid vein), dental resin (Zhermack Oranwash L (Orange)

(https://www.zhermack.com/en/) and Coltene speedex light body (Blue) (http://nam.coltene.com))

was then applied and left to set into an impression of the epidermal surface. Clear nail varnish was
applied to the set impression after leaf removal and mounted on a glass slide. Z-stack images captured
at X20 magnification on a Brunel n300-M microscope equipped with a prior ES10ZE Focus Controller
and Moticam 5 camera. Image) was used for stomata and epidermal cell counting with statistical

analysis performed using GraphPad Prism (Zoulias et al., 2021)

5.4.5 — Fresh weight loss assay

The three largest leaves of similar size from each plant were excised and placed in pre weighed Petri
dishes. Once excised the leaves were weighed immediately and were re-weighed every 30 minutes
for 8 hours at room temperature and humidity (23-27 °C and 20-30 % respectively)(Higher

temperature and lower relative air humidity than expected, but outside of my control).
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5.5 — Results

5.5.1 — Identification of putative guard cell expressed kinase and phosphatase genes

In order to identify possible guard cell kinases (Ks) and phosphatases (Ps) for study, a survey of prior
publications was carried out to identify a gene list of potential Ks and Ps. Available microarray data
sets (from literature as had access compared to RNA-seq data) were then queried to check if
respective genes were guard cell enriched. 780 potentially interesting Ks and 67 Ps were identified,
however this list may not be fully comprehensive (Leonhardt et al., 2004; Jammes et al., 2009; Hachez
et al,, 2011). Relative expression levels for these selected genes were obtained using the eFP browser
by applying the guard cell enrichment setting, with values of mean (expression levels) and standard
deviation extracted for guard cell enriched tissue (epidermal peels) and whole leaves treated with and
without ABA (Pandey et al., 2010). Experiments identified genes that expressed at a high level in guard
cells, and more frequently, that were preferentially expressed in guard cells relative to other leaf cells.
See Figures 5.6 and 5.7 for two examples of the genes chosen for further investigation. Similarly,
relative guard cell and mesophyll cell expression levels were examined in the eFP browser using data
from an experiment comparing stomatal development mutants (Yang et al., 2008). Finally, guard cell
and meristemoid expression levels were examined utilising the values obtained in (Adrian et al., 2015)
using mature guard cells and epidermis leaves. (See Supplementary data 3 for the expression levels
for all genes (Ks and Ps) including whole leaf, mesophyll cell and meristemoid.) Some genes of interest
were not represented on the Affymetrix microarray chip used to create the database. Therefore, these
genes were omitted from potential candidates. Ratios were then calculated to determine guard cell
enrichment, thresholds set and candidates ranked in order of highest value to lowest enrichment using
values (from Pandey which was the most informative study) for guard cell enrichment, and the one
with the highest number of replications for both biological samples and technical reps)!!. Threshold 1
was for 10-fold or greater level of guard cell relative expression compared to whole leaf expression
level, and threshold 2 was for 4-fold enrichment and above. The magnitude of gene expression levels
was then examined to determine their suitability for investigation, and thresholds of higher than 1000
and higher than 500 were set (arbitrary expression levels as described on eFP browser). Table 5.2
shows the 77 genes out of a potential 780 kinases which met the thresholds, both PSKR2 and GCK1*2
met threshold 1. PSKR2 and GCK1 had both 22-fold higher expression levels in GC enriched compared
to whole leaf tissue. Genes that had potentially high expression and enrichment in guard cells, and

that had T-DNA insertion mutant lines available were selected for further study (highlighted in blue in

1 In these experiments a sample number of 3 was used.
12 At1g11340 currently unnamed on TAIR which from this point on will be called Guard Cell Kinase 1 (GCK1) for
identification purposes.
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Table 5.2). Those genes which were already well-characterised elsewhere were not selected for

further investigation, for example HT1.

Literature search

780 genes identified checked
against 22 k Affymetrix CHIP.
Expression data filtered by
thresholds

55 ten-fold and 22 four-fold 1 ten-fold and 3 four-fold
kinase genes selected phosphatase genes selected

Top 10 available seed lines

Phosphatases not studied further
ordered

2 homozygous lines identified
(GCK1 and PSKR2)

Stomatal phenotyping
experiments performed

Figure 5.5 — Workflow chart used to identify potential guard cell expressed kinase and phosphatase genes for

experimental analysis.
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Table 5.2 — Expression data for selected subset of kinase genes preferentially expressed in guard cells. 77 kinase genes which met thresholds 1 (red shaded cells) and 2

(yellow shaded cells) using expression data from eFP browser and experiments according to Pandey et al. (2010). The 10 blue shaded AGI codes are the 10 lines seed was

obtained for and initial genotyping experiments performed on and the two genes in bold (GCK1 and PSKR2) were taken forward for experiments.

Epidermal peel (GC) | Whole leaf | ABA treated GC | ABA treated whole leaf ABA treated GC fold
AGI Gene name | expression expression expression expression GC fold enrichment | enrichment
At1G62400 | HT1 2861.95 20.07 2080.19 2.84
AT1G05100 | MAPKKK18 141.75 1.05 2690.58 239.11
AT3G25250 | AGC2 553.45 5.82 458.72 7.72
AT5g37450 43.83 0.94 4.41 1.62
At4G18950 | BHP 5551.37 156.11 5792.7 271.25
At4G24480 510.26 16.04 646.49 13.18
Atl1g11410 507.49 16.8 272.43 7.45
AT5g06740 | LecRK-S.5 18.97 0.64 13.8 0.48
At1g60630 229.28 8.74 34.31 4.21
At1g11340 GCK1 424.49 19.05 17.99 2.37
AT5853890 | AtPSKR2 1082.06 49.21 332.45 8.05
At1g70530 | CRK3 2267.22 129.7 1863.94 38.15
/AT5g0728
0 EMS1 178.78 11.42 59.07 4.69
At1g78530 85.7 5.98 81 8.58
At1g11300 | EGM1 51.73 3.68 32.01 1.56
AT2G34650 | ABR 177.05 12.61 224.59 2.36
AT4G14480 | BLUS1 299.35 23.01 43.13 5.53
AT2G30040 | MAPKKK14 587.01 51.11 1071.69 120.55
AT4g35030 75.93 6.78 71.01 6.73
Atl1g74490 11.87 1.15 16.58 6.39
At2g33580 | AtLYK5S 468.88 45.71 349.16 43.91
AT3g01840 | LYK2 40.75 4.01 21.81 8.13
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Epidermal peel (GC) | Whole leaf | ABA treated GC | ABA treated whole leaf ABA treated GC fold

AGI Gene name | expression expression expression expression GC fold enrichment | enrichment
AT4g02410 | AtLPK1 1015.47 101.94 1000.83 85.02 9.96

AT3g59420 | ACR4 49.46 5.17 9.64 0.39 9.57

At1g78940 15.36 1.61 30.47 1.2 9.54

AT3g53810 | LecRK-1V.2 628.43 69.64 401.72 50.8 9.02

At1g56140 1754.65 205.08 736.35 49.23 8.56

At1g56130 1754.65 205.08 736.35 49.23 8.56

At1g56120 1754.65 205.08 736.35 49.23 8.56

At1g56140 1754.65 205.08 736.35 49.23 8.56

AT5g25930 | HSL3 1291.24 151.18 1191.79 75.34 8.54

AT59g18610 | PBL27 12.73 1.5 5.31 0.89 8.49 5.97
AT4g39110 | BUPS1 10.02 1.2 8.35 3.02 8.35 2.76
AT5g43020 108.58 13.77 22.72 4.64 7.89 4.90
AT5g59270 | LecRK-Il.2 3.86 0.52 6.07 0.93 7.42 6.53
AT4g23190 | At-RLK3 865.2 117.53 751.87 38.5 7.36 _I
At3G24715 | HCR1 59.62 8.11 51.43 10.81 7.35 4.76
AT5g47850 | CCR4 36.45 5.18 30.07 5.53 7.04 5.44
AT5g01950 771.62 111.66 271.79 20.6 6.91

AT5g51270 5.17 0.75 1.85 2.64 6.89 0.70
At5G50000 843.35 123.42 128.03 36.78 6.83 3.48
At1g70740 205.25 30.14 230.8 20.38 6.81

AT1G70430 30.02 4.48 19.22 1.6 6.70

At1g16150 | WAKL4 45.87 7.06 94.02 4.14 6.50

At5g57610 384.61 60.12 1099.24 69.7 6.40

At1g19090 | CRK1 4.13 0.66 4.33 2.35 6.26

At2g28930 | APK1B 1261.63 209.82 736.38 31.38 6.01

AT5g58540 60.84 10.44 25.18 4.02 5.83

AT4g23180 | CRK10 1193.19 205.48 917.92 85.02 5.81
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Epidermal peel (GC) | Whole leaf | ABA treated GC | ABA treated whole leaf ABA treated GC fold

AGI Gene name | expression expression expression expression GC fold enrichment | enrichment
At3G46930 | Raf43 338.37 58.32 290.77 47.03 5.80 6.18
At1g17230 433.54 74.76 128.11 13.08 5.80 9.79
At1g61460 6.83 1.23 5.56 3.58 5.55 1.55
AT4g32300 | SD2-5 675.09 124.65 433.76 54.75 5.42 7.92
At1g06840 426.32 79.65 233.81 20.52 5.35

At2g02800 | APK2B 1709.04 319.41 1334.33 105.94 5.35

AT3g09010 296.38 55.88 353.16 33.54 5.30

At4G08500 | ARAKIN 460.26 87.04 372.73 80.18 5.29 4.65
At2g19130 520.94 101.22 314.78 63.54 5.15 4.95
At5G40540 330.5 64.36 487.52 119.92 5.14 4.07
AT5g65240 151.34 29.95 330.44 9.47 5.05 _I
AT5g46080 130.2 26.03 138.48 88.69 5.00 1.56
AT3g20530 4.72 0.97 2.43 3.92 4.87 0.62
At1g07570 | APK1 1215.93 254.23 478.41 149.07 4.78 3.21
At1g07870 145.48 30.63 1271.95 55.55 4.75 _I
AT4g31100 2.27 0.48 2.05 3.46 4.73 0.59
At1g48480 RKL1 161.57 35.04 59.55 42 4.61 1.42
AT5g61560 569.55 126.21 481.07 46.18 4.51 _I
At1g79620 3.82 0.85 3.69 1.17 4.49 3.15
At2g48010 | RKF3 592.33 133.06 440.93 106.3 4.45 4.15
AT5G55090 | MAPKKK15 12.22 2.81 71.77 19.63 4.35 3.66
At1g09440 54.02 12.92 12.53 2.74 4.18 4.57
At1g77280 81.88 19.91 712.02 16.34 4.11 ‘
At1g15530 | LecRK-S.1 7 1.71 1.96 3.38 4.09 0.58
At2g02220 | AtPSKR1 564.52 138.95 373.17 29.97 4.06 ‘
AT4g28350 LecRK-VII.2 321.31 79.4 225.07 59 4.05 3.81
At1g50610 | PRKS 2.75 0.68 3 0.64 4.04 4.69




STT

Epidermal peel (GC) | Whole leaf | ABA treated GC | ABA treated whole leaf ABA treated GC fold
AGI Gene name | expression expression expression expression GC fold enrichment | enrichment
AT1G79640 77.46 19.34 53.82 7.55 4.01 7.13




A table of 847 potential guard cell expressed protein kinase (780) and phosphatase (67) genes was
assembled. The 77 most highly guard cell expressed kinases (according to Pandey et al. (2010) dataset)
are shown in Table 5.2. Candidate knock-out mutants in 10 of these genes were identified (based on
high differential expression data and had not been thoroughly studied/ well known and were available
to order as a T-DNA line) from available collections and ordered from stock centres (unfortunately
only 1 allele from each gene was obtained. Of these, several lines did not germinate and on PCR
screening several did not appear to contain a T-DNA insert. As a result of these preliminary
experiments two mutant lines (pskr2 and gckl) were selected for further study. Whole plant IRGA
experiments were carried out to determine whether there was a defect in guard cell function. The

workflow chart to select the two genes is shown in Figure 5.5.

Phytosulfokines have been linked with regulating growth in Arabidopsis as well as promoting cell
proliferation and are involved in responses to wounding and protein phosphorylation. Phytosylfokine-
Alpha receptor 2 (PSKR2) encodes a leucine-rich repeat receptor kinase (LRR-RK), which is involved in
the perception of the sulphated peptide hormone Phytosylfokine (PSK) (see Figure 5.6). PSKR2 has
serine/threonine (Ser/Thr) protein kinase activity (Amano et al., 2007; Ladwig et al., 2015). There has
been little research to date into PSKR2. More is known about PSKR1 which has been linked to root
elongation in Arabidopsis. It has been determined that the homologous receptor PSKR2 plays a

redundant role in root growth compared to PSKR1 (Amano et al., 2007; Kutschmar et al., 2009).
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Expression level SD
Guard cell enriched without ABA 1082.06 25.2
Whole leaf tissue without ABA 49.21 3.25
Guard cell enriched with 50 uM ABA 332.45 22.86
Whole leaf tissue with 50 uM ABA 8.05 2.21

Figure 5.6 — AtPSKR2 expression values for guard cell enriched and whole leaf samples. Wild type (Col-0) plants
had whole leaf tissue and epidermal peels which were treated with cellulase, then treated with either (high) 50
UM ABA or Ethanol (mock) for 3 hours and RNA extracted from these samples (Images and data taken from
Arabidopsis eFP browser, accessed 10/1/22). Table of values extracted from images (Expression levels and
standard deviation (SD)). The colour represents the expression level within the guard cell tissue, the darker the

colour the more highly expressed.

Recent studies have indicated that PSK can maintain growth and delay leaf senescence under drought
conditions. It has been suggested that it can also affect the transpiration stream by mediating stomatal
closure, preventing water loss via a pathway involving reactive oxygen species (personal
communication H. Horak). All of these are good indications that PSKR2 has the potential to be involved
in regulation of stomatal movement. However, there are multiple PSKR genes, and there may be some

redundancy within the family.

GCK1 also has a Ser/Thr protein kinase domain (see Figure 5.7). It is potentially involved in the
recognition of pollen as it is an S-receptor like kinase (Leonhardt et al., 2004; Mondal et al., 2021). At

present the gene has not been assayed for PK activity.
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Expression level SD
Guard cell without ABA 424.49 61.05
Leaf tissue without ABA 19.05 6.42
Guard cell with 50 uM ABA 17.99 7.22
Leaf tissue with 50 uM ABA 2.37 0.51

Figure 5.7 — GCK1 expression values for guard cell enriched and whole leaf samples. Wild type (Col-0) plants
had whole leaf tissue and epidermal peels which were treated with cellulase, then treated with either 50 pM
ABA or Ethanol (mock) for 3 hours and RNA extracted from these samples (Images and data taken from
Arabidopsis eFP browser, accessed 10/1/22). A table of values was extracted from images (Expression levels and
standard deviation (SD)). The colour represents the expression level within the guard cell tissue, the darker the

colour the more highly expressed.

5.5.2 — Identification of homozygous lines

To initially identify homozygous for insertion mutants and to check that plants used in subsequent
experiments were mutant lines containing the T-DNA insertion, genotyping was performed. Figure 5.8
is an example of a genotyping gel for pskr2 plants to identify if they contain the T-DNA insertion (band
in a) but not in b)) or if they contain no T-DNA insertion (band in a) but not in b)). If bands are present

in both, samples are heterozygous and segregating for the insertion.
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Figure 5.8 — Confirmation of mutant lines. An example of a genotyping gel. Gel a) is with primers designed to
amplify a fragment of the PSKR2 gene. Lanes 1 and 18 are 1kB DNA ladder, lanes 2 to 11 contain PCR
amplification from genomic DNA (gDNA) from 10 pskr2 sample plants, lanes 12 to 16 Col-0 gDNA as a positive
control and lane 17 contains water as a negative control. 1112 base pair (bp) amplicon is highlighted in samples
12 to 16. Gel b) is using insertion specific primers for PSKR2, with the same lane layout as gel a). A474 to 774 bp
amplicon is highlighted in samples 2 to 11. All plants tested were homozygous for the insertion and 5 Col-0

plants.

5.5.3 — Growth analysis and phenotypic observations for gck1 and pskr2

Germination assays can assess seed viability and rates determine and indicate continuous plant
production. Signalling pathways are interlinked and to determine the impact of the genes on the plants
as a whole and the effect of ABA, seed germination was observed. ABA promotes seed dormancy, in
Table 5.2, gene expression decreased, under the presence of ABA (Rodriguez-Gacio et al., 2009).
Figure 5.9 A shows the effect of increasing ABA concentration on seed germination. Both pskr2 and
gckl are affected by high levels of ABA application, pskr2 more than gckl. B was the end point data
for 3, 5 and 10 uM ABA. Under 0, 1 and 3 uM ABA after 8 days post sterilisation and plating there is a
100 % germination from 40 seeds for all genotypes (see Figure 5.9). At 5 uM this is reduced for both
mutant lines, gck1 to 75 % and pskr2 to 50 % germination. This is reduced by a further 25 % for both
at 10 uM ABA and Col-0 was reduced to 75 % germination. The germination assay was repeated two
more times and produced similar results. Gene expression on eFP browser showed that both GCK1
and PSKR2 had relatively high gene expression in the seed coat and early germination stages. PSKR2
(13.76 to 41.40) was higher than GCK1 (5.37 to 11.43). Seed dormancy enhanced by ABA application

was affected in mutants, when genes were knocked out or down, they have a hypersensitivity to ABA.
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In more mature plants there are other factors which can affect a plant’s stomatal conductance. These
include: rosette leaf area (see Figure 5.10), stomatal density (see Figure 5.12) and stomatal complex

size (see Figure 5.13).
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Rosette leaf area of 6 weeks post germination mature plants was measured (see Figure 5.10). The
gck1 plants by eye looked slightly smaller than pskr2 and Col-0. Overall mean does look slightly smaller
for gck1 but is not significantly different from Col-0 and pskr2. Any effects seen under gas exchange is

unlikely to be due to rosette leaf area.
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Figure 5.10 — Rosette leaf area. One way ANOVA was performed. Data is mean £ SEM and ns is not significant

(n=15).

There are different approaches to view water loss. Most involve long or short-term drought and whole
plant analysis. For screening purposes, a high through-put approach was adopted; fresh weight loss
of excised leaf material over time (drying at ambient conditions) was used as a proxy for water loss.
The faster the leaves dried out, the higher the cumulative percentage water loss. Figure 5.11 shows
that there was an initial sharp loss of water in the first 30 minutes for all lines, followed by continual
loss at a lower rate. Overall gckl lost water at the fastest rate, followed by pskr2 and finally Col-O0.

After 150 minutes the 3 genotypes visually start to separate, small error bars are present.
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Figure 5.11 — gck1 loses the highest amount of water compared to pskr2 and Col-0. Cumulative percentage
weight loss from detached leaves. Points are mean and error bars are + SE (present, just very small). (n=15-17).

gck loses significantly more weight (water vapour) than pskr2 and Col-0.

5.5.4 — There is a significant difference in stomatal density between gckl and both pskr2 and Col-0

on abaxial leaf surface and no difference in stomatal size

To assess if knocking out GCK1 or PSKR2 had any impact on stomatal development, stomatal density
was measured in Col-0 and mutants gck1 and pskr2 grown under identical conditions (see Figure 5.12).
The abaxial stomatal density of gck1 plants was significantly lower than pskr2 and Col-0. There was no
significant difference between any of the genotypes for adaxial stomatal density. The ratio between
stomatal density and epidermal pavement cell density is denoted by stomatal index. In abaxial
stomatal index, both gckl and pskr2 have a significantly higher ratio than Col-0. They have more
epidermal pavement cells than stomata. In adaxial stomatal index there is no significant difference

between the three genotypes.
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Figure 5.12 — There are slight differences in abaxial stomatal densities. Leaf 6 epidermal impression data. A and
C are stomatal density for abaxial and adaxial (respectively) side of the leaf, B and D are stomatal index for
abaxial and adaxial side of the leaf (respectively). One way ANOVA followed by post hoc Tukey tests were
performed. Significant difference is denoted by an asterix, one asterix is p<0.05 and two asterixis p<0.01 and ns

is not significant. (n = 10).

Stomatal size can also have an effect on stomatal responses; smaller stomata can potentially close
faster and a smaller stomatal pore results in less area from which to lose water. Plants were grown
under normal growth conditions and impressions were taken from leaves and imaged at X 40
magnification to obtain stomatal complex size. Figure 5.13 shows the spread of data for 40 stomatal
complexes. There is no significant difference between any of the three genotypes. There is a spread
of data of 200 um?. Smaller stomata would lose water slower than larger stomata as the stomatal pore

area would be smaller resulting in less area to lose water from. However, from Figure 5.13 and

124



analysing complex areas from epidermal peel bioassays, there is no significant difference in sizes

between the three genotypes.
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Figure 5.13 — Stomatal complex size. One way ANOVA was performed. Individual points were plotted and lines

are mean * SEM, ns is not significant (n=40).

5.5.5 — PSKR2 and GCK1 are potential targets for novel stomatal regulation under whole plant gas

exchange analysis

IRGA was performed on verified homozygous mutant lines of pskr2 and gckl1. The conditions tested
by IRGA were responses to high CO, (800 ppm) (see Figure 5.14), low CO (100 ppm) (see Figure 5.16),
ABA (5 uM) (Figure 5.18) and red/blue light and darkness (see Figure 5.17). To see if a particular stress
caused a response in whole plants, they were acclimatised to ambient conditions before treatment
began. For 3 batches of plants grown under the same conditions with staggered growth, the data were

pooled for analysis.
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Figure 5.14 — Time course of stomatal conductance during exposure to 400 ppm and then to 800 ppm CO2. (A) Mean change in stomatal conductance (the absolute steady

state levels) and (B) shows the relative (normalised) values (normalised to starting conductance). Error bars are + SEM (n = 15-17).



IRGA showed that after exposure to high CO,, stomatal conductance fell rapidly in the first 10 minutes
followed by a further, shallower drop until it started to level off in all plant genotypes. The starting

conductance for gckl was lower than pskr2 and Col-0, for absolute values (see Figures 5.6 and 5.7).

When the same data for the high CO, experiment (see Figure 5.14 B) were normalised to the starting
level of conductance, the trend remained the same as seen for the actual values. The results showed
that all genotypes reduced stomatal conductance at a similar rate. This indicated that gckl had
constitutively lower stomatal conductance, but their guard cells remained responsive to a high CO;

signal.

The starting conductance levels were under 400 ppm CO; before levels were changed to 800 ppm
were specifically compared. The pre-treatment stomatal conductance of gckl is significantly lower
than both pskr2 and Col-0. This can be seen in Figure 5.15, where there was no significant difference
between pskr2 and Col-0 mutants. The steady state stomatal conductance was measured for all

treatments and gckl was consistently significantly different to both pskr2 and Col-0.
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Figure 5.15 — Steady state stomatal conductance at 400 ppm CO>. Mean stomatal conductance over a 20 minute
period after acclimatisation with readings every 4 minutes. One way ANOVA with unequal variance followed by
post hoc Tukey tests were performed. Error bars are £ SEM and significant difference is denoted by 3 asterixis
p<0.001 (n = 15-17). There is a significant difference between gckl and both pskr2 and Col-0. There was no

significant difference between pskr2 and Col-0.

Under ambient CO, levels (400 ppm) the steady state stomatal conductance of gck1 was again lower
than pskr2 and Col-0 and there was a significant difference between the values (p<0.05). Figure 5.16,

when the CO, concentration was lowered to 100 ppm the stomatal conductance increased in all
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genotypes, first quite sharply then gradually starts to level off. The conductance levels of gckl
remained lower than Col-0 and pskr2 throughout the time course but the differences were not

significant.
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to 400 ppm CO2and then 100 ppm. (B) relative (normalised) values for same data set. Error bars are + SEM (n = 15-17).



The gas exchange data was normalised (see Figure 5.16 B) to equalise the mean values at the start of
the experiment. This revealed that pskr2 conductance rose more slowly than Col-0 on exposure to sub
ambient CO; and did not reach the same maximal level within the 60 minute exposure period.
Although visually different, due to the spread of data not significantly different. gckl mutant gas

exchange kinetics were again similar to Col-0.

Studies have shown that there are differences in stomatal conductance based on the wavelength of
light used. The addition of blue light on top of red light in particular can increase photosynthesis and
therefore will exhibit higher stomatal conductance measurements (Matrosova et al., 2015; Inoue and
Kinoshita, 2017b; Horak, 2021; Hosotani et al., 2021). Red light has also been linked to responses
stomatal responses. There are different forms of red light (red (640 nm) and far red (730 nm)) each
with varying effects on plant growth and health. Plants require both red and blue light for optimal
photosynthetic ability. Under darkness stomatal conductance should reduce due to no light hitting
PSII creating energy for photosynthesis and plants detecting no light resulting in night time response
(Pridgeon and Hetherington, 2021). Under light stomata are open, transpiration occurs and stomatal
conductance increases. During the photoperiod for the plant, photosynthetic levels change. At the
start of daylight, plants are in the early stages of photosynthesis. During this period, the levels of
photosynthetic pigments such as chlorophyll are initially low as the plant transitions from the night
phase to the day phase. As sunlight increases, plants begin to activate their photosynthetic machinery,
gradually increasing the production of energy-rich compounds like glucose. The levels then reach a
steady state for most of the day, fluctuating depending on light source available (which is less of a
problem under controlled environments compared to natural variation). Towards the end of the
photoperiod, photosynthetic rates start to decrease as plants start to transition into night time (little

or no photosynthesis and more closed stomata).
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Figure 5.17 — Time course of stomatal conductance during exposure to varying lights. (A) Mean change in stomatal conductance on exposure to red light, followed by the
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(normalisation is at point 0). Error bars are £ SEM (n = 15-17).



Figure 5.17 shows stomatal conductance of plants measured during exposure to red light, followed by
the addition of blue light for 2 hours and finally darkness for 1 hour (all at 400 ppm CO3). Under red
light all stomatal conductance values were steady with no significant differences between the three
genotypes for steady state conductance. When blue light was added all 3 genotypes increased their
stomatal conductance and then levelled off. On the introduction of darkness there was a steep decline
in conductance to begin with and then it levelled off towards the end consistent with resting night

time conductance levels.

Figure 5.17 B shows IRGA analysis during red/blue/darkness treatment to compare stomatal opening
and closing response. Data was normalised to gs at the start of the experiment (point O after
acclimatisation under red light). The normalised data shows that stomatal conductance increased
rapidly after blue light was added and it decreased when plants were exposed to darkness. There were
no significant differences in the magnitude of stomatal conductances between the pskr2 and gckl
mutants and their background control, although pskr2 maintained consistently higher stomatal
conductance during the dark period. Pre-treatment stomatal conductance variance, as compared with
both high and low CO, graphs, gck1 appears to have a lower starting stomatal conductance which was
significantly different compared to pskr2 but there were no significant differences between Col-0 and

either mutant.

In this experiment the leaves were sprayed with a solution containing ABA to investigate the
magnitude and speed of the stomatal response in the mutants and also to investigate how quickly

plants recover from the stress.
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Before ABA treatment gckl stomatal conductance levels were significantly lower than Col-0 and pskr2
(p<0.001). Conductance levels for all three genotypes drop after ABA application, pskr2 does not drop

as much as the others and starts to recover earlier under absolute values (Figure 5.18 A).

Normalised data in Figure 5.18 B followed the same pattern as the actual. To investigate whether the
magnitude of the ABA response was affected in the mutants, the data was normalised to pre-ABA
application values. It also appears that both mutant lines have a weaker response to ABA in
comparison to wild type (Col-0) conductance and dropped on ABA application. This may be because
gckl stomatal conductance had already reached a minimum value. pskr2 may not be able to close as

much.

5.5.6 — The role of GCK1 and PSKR2 in stomatal responses and plant physiology

To investigate stomatal responses to abiotic stresses, epidermal peel bioassays were performed. The
effect of increasing ABA concentration on stomatal pore area is shown (see Figure 5.19 (A)). As
concentration of ABA increases, stomatal pore aperture decreases for all genotypes with no significant
differences seen between the genotypes. End point effects are seen via bioassay, not fast systemic

responses.

Under low CO; in Figure 5.19 B there is no difference between the 3 genotypes under ambient or low
CO,, but the low CO; response is seen. As CO; is decreased, stomatal aperture area increases allowing

more gas exchange and as shown in Figure 5.16, higher stomatal conductance.

Bioassay data were pooled from 3 consecutive days, 40 stomata per genotype and treatment were
measured per day. Plants grown under the same growth conditions. The whole experiment was

repeated again and showed similar results.
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Figure 5.19 — Epidermal peel bioassays on mutant lines and Col-0. (A) Application of increasing concentrations
of ABA (0, 1, 5 and 10 uM). (B) Application of either ambient 500 ppm) or low CO». Standard box plot and
whisker diagram, where boxes represent interquartile range and whiskers were minimum and maximum values.
Two way ANOVA was performed with Geisser — Greenhouse correction followed by multiple comparison Tukey
tests for (A). Letters above diagrams represent significant differences (P < 0.001 between ABA treatments P <
0.05 c and d under ABA treatment) (n = 120). Two — way ANOVA was performed (B) followed by post Hoc Tukey
tests. Letters above diagrams denote significant differences, between treatment P < 0.001 and between

genotype P < 0.05 (n = 120).
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Bioassays are a snapshot and end point after exposure to a stimulus. Fast systemic responses to ABA
were observed using IRGA, as shown in Figure 5.18. The ABA response for all genotypes is presented
in Figure 5.19 A. Additionally, fast systemic responses to ABA were observed using dynamic thermal
imaging, as illustrated in Figure 5.20. After the initial drop in temperature due to spraying, the ABA
treated plants increased in leaf temperature followed by a second dip then a sharp increase in
temperature until it started to level off about 30 minutes after treatment (approximately 90 minutes
on the graph). Col-0 has a higher temperature compared to gckl and pskr2 but overall no significant
difference. Under mock treatment pskr2 is higher and gckl is lower than Col-0, which inferred that
pskr2 stomatal pores were slightly more closed and gckl were slightly more open. Under ABA, gckl

and pskr2 were lower than Col-0, stomata not as closed.
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5.6 — Discussion

This Chapter aims to identify potential novel stomatal regulators and to analyse them to determine if
they were linked to a particular abiotic stress using a range of phenotypic experiments (see Section

5.3).

5.6.1 — Growth analysis reveals differences between gckl and pskr2 compared to Col-0

ABA signalling promotes seed dormancy (Rodriguez-Gacio et al., 2009; Sanz et al., 2015). Germination
assays performed under increasing concentrations of ABA revealed that as ABA concentration
increased, germination rate decreases for all genotypes. With both mutants, gckl and pskr2,
germination rates were reduced more, suggesting a hypersensitivity to ABA with pskr2 being more
sensitive than gckl. Under 5 uM ABA there is a 25 % decrease between seeds germinated from Col-0
and gckl1 and a 50 % decrease between Col-0 and pskr2. Using the eFP browser, it was revealed that
both GCK1 and PSKR2 are expressed in the seed coat. The expression was higher for PSKR2 (ranged
92.93 —41.40 for absolute expression values) compared to GCK1 (ranged from 32.09 to 13.78) which

correlates to the differences seen.

If rosette leaf area is low, then a) there is less area from which to lose water and b) potentially a lower
stomatal number or density resulting in less area for gas exchange and therefore a lower stomatal
conductance. Under drought conditions, stomata close to reduce water loss, if they cannot close as
much or are slower at closing, plants will lose water faster. Water loss can be viewed as a proxy by

fresh weight loss (see Figure 5.11). The faster the mass decreases, the faster plants lose water.

Phenotypically, overall although gckl plants looked slightly smaller by eye and the overall mean was
lower than pskr2 and Col-0, there was no significant differences in rosette leaf area. The fresh weight
loss assay revealed that both mutants can lose water more readily than the control (Col-0) which
suggested a difference in stomatal density or stomatal size (Lawson and Blatt, 2014). It could also be
linked to stomatal pore size and opening. There was a significant difference in stomatal density for
gckl compared to both pskr2 and Col-0 for the abaxial side of the leaf, but no difference between
mutants and Col-0 for the adaxial side of the leaf. This suggested that there may be independent
regulation of stomatal density on abaxial and adaxial sides of the leaf (Lake et al., 2002). PSKR1 has
many studies regarding roots and has been linked to growth responses. Mutant lines (in particular
pskr1-2 and pskri-3) have been shown to have shorter roots and de-etiolated hypocotyls (Kutschmar
et al., 2009; Hartmann et al., 2013; Ladwig et al., 2015). As PSKR2 is linked to PSKR1 it was thought
that similar results would be observed. That was not seen in rosette leaf areas. For the stomatal index

of abaxial leaves the mutants had a higher ratio indicating that they had more epidermal pavement
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cells compared to stomata and to Col-0. Again, this is not seen for the adaxial side of the leaf, where
Col-0 has a higher ratio in adaxial than in abaxial, which is expected. Generally, less stomata are on
the adaxial side of the leaf in Arabidopsis due to more shading and higher humidity on the lower leaf
surface (LU et al., 1993; Goh et al., 1995; Willmer and Fricker, 1996). It is only a small effect and due
to one T-DNA line, other lines would need to be studied to see whether it is an actual effect or if it is

due to a background mutation. A larger sample size would also be beneficial.

5.6.2 — PSKR2 and GCK1 are potential targets for novel stomatal regulation under whole plant gas

exchange analysis

Based on the whole plant gas exchange experiments, the gckl mutant line appears to have reduced
stomatal conductance in the light or at low CO; levels. This suggests that gckl may have a regulatory
mechanism that limits gas exchange under these conditions, possibly to conserve water or to optimise
photosynthetic efficiency. Moreover, gck1 can further reduce stomatal conductance to minimal levels
in darkness, or when exposed to elevated CO; levels, or ABA. This behaviour indicates a strong
regulatory response to environmental and hormonal signals, which might be an adaptive mechanism
to prevent water loss during unfavourable conditions such as high CO; or drought stress, indicated by
the presence of ABA (Hetherington and Woodward, 2003; Nilson and Assmann, 2007; Chaves et al.,
2009; Kollist et al., 2014; Lawson and Matthews, 2020). The findings suggest that either a) it has fewer
stomata (slightly fewer on abaxial but not adaxial side of the leaf compared to Col-0 and pskr2), b) it
has smaller stomata (there was no significant differences in stomatal complex size (see Figure 5.13),
or c) that the stomatal pore cannot open to the same extent (epidermal peel bioassay data reveals
that they can under 0 uM ABA and low CO,). Combined with the fresh weight loss assay data, where
gckl loses water more readily than pskr2 and Col-0, it suggests that the lower stomatal conductance
explanation may be more complicated and that factors beyond stomatal function and development

might be involved.

In the gas exchange experiments, gckl consistently exhibited lower stomatal conductance compared
to Col-0 and pskr2 across all conditions tested. This difference in conductance is interesting, especially
since the rosette leaf area is not significantly different across the genotypes (despite physically looking
smaller). This suggests that the overall size and potential photosynthetic capacity of the leaves were
comparable. Additionally, the changes in stomatal density were not large enough to account for the
observed differences in conductance, indicating that other factors must be influencing the stomatal

behaviour in gckl.
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Several studies have shown that stomatal conductance is not solely dependent on stomatal density
but also on the functionality and regulation of the stomata. For example, Lawson and Matthews (2020)
highlighted that stomatal conductance is governed by complex signalling pathways involving
environmental and endogenous signals, including light, CO2 concentration and hormonal regulation
by abscisic acid (ABA). Kollist et al. (2019) also discussed the role of ion channels and guard cell
metabolism in regulating stomatal aperture, which could be altered in gckl, leading to reduced

conductance despite similar stomatal density.

In conclusion, the lower stomatal conductance observed in gck1 under all conditions likely results from
intrinsic differences in stomatal regulation mechanisms rather than differences in leaf area or stomatal
density. Further investigation into the molecular and physiological pathways affecting stomatal
behaviour in gckl could provide deeper insights into the specific factors contributing to its reduced
conductance. There may be a background mutation or something beyond stomatal function and
development involved. More independent T-DNA lines would need to be investigated in order to draw

any firmer conclusions.

PSKR1 has been identified as being involved in the regulation of a plant’s defence responses and its
response to wounding, as well as contributing to mature leaf cell longevity. This suggests that PSKR1
and potentially its homolog PSKR2, may be involved downstream of the ion channel pump control (see
Figure 5.1) in guard cells, resulting in a broader influence on stomatal aperture dynamics (Loivamaki

et al., 2010; Mosher et al., 2012; Hasanuzzaman and Fujita, 2022).

PSKs are small peptide hormones that play critical roles in many plant processes, including growth,
development and stress responses. PSKR1, a receptor for PSKs, has been indicated to be involved in
signalling pathways that regulate these physiological responses. Hartmann et al., (2013) demonstrated
that PSKR1 is integral to a plant’s ability to respond and defend against pathogens. It was also indicated
that the plant’s response to wounding further highlighted its role in adaptation to stress. Igarashi et
al., (2012) also found that PSK signalling delays senescence in Arabidopsis leaves, which implied that

PSKR1 can influence cellular processes involved in cell viability under certain conditions.

The suggested roles indicate that PSKR1 and potentially PSKR2 impact stomatal conductance indirectly
through its regulatory effects on ion channels in guard cells. lon channels are essential for controlling
the movement of ions like potassium and chloride, which are crucial for stomatal opening and closing
(Schroeder et al., 2001). By altering ion channel activity, PSKR1 could affect the turgor pressure in

guard cells, leading to changes in stomatal aperture.
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Recent studies suggested that peptide hormone signaling, including PSKs, might intersect with abscisic
acid (ABA) signaling, a major regulator of stomatal closure during drought stress. This intersection
could provide a mechanism for PSKR1 to influence stomatal responses under various environmental

conditions.

In conclusion, PSKR1, and potentially PSKR2, are likely to play significant roles in the broader regulation
of stomatal aperture changes through their downstream effects on ion channel activity and
interaction with other hormonal pathways. Further research into these mechanisms could provide

deeper insights into how plants integrate multiple signals to fine-tune their stomatal responses.

5.6.3 — The roles of GCK1 and PSKR2 in stomatal function and plant physiology

The ABA epidermal peel bioassay to investigate stomatal aperture changes was performed on Col-0,
gckl and pskr2. Results indicated that stomata in all lines were open in 0 and 1 uM ABA. As expected,
stomatal pores were relatively closed under 5 uM and even more closed under 10 uM consistent with
a typical ABA response, which was corroborated by the thermal imaging data (Lefebvre et al., 2002;

Cutler et al., 2010).

The ABA response is present in all lines; however, differences emerge during the initial response
phase. Under bioassay conditions, the overall ABA response was observed but not the rapid systemic
responses. Rapid systemic signals, which travel within seconds to minutes after stress application, are
critical for triggering defence responses, including stomatal aperture changes. These fast responses

which were detectable via IRGA were not observed in the bioassay (Choi et al., 2016).

This suggests that, while the mutant lines can exhibit stomatal opening and closing similar to Col-0,
and impairment may be due to the fast systemic signalling rather than the guard cells ability to move.

The guard cells in pskr2 and gck1 can open and close, indicating that their movement is not restricted.

In the low CO; bioassay, stomata were observed to be more open under low CO; conditions compared
to ambient CO,. This response correlates with the expected physiological response where stomata

open to maximise CO, uptake when its availability is limited (Lawson and Blatt, 2014).

The thermal imaging experiment, which involved the application of ABA, initially showed results
consistent with the IRGA experiment. At ABA application, leaf temperatures dropped, with mutant
plants displaying a higher initial leaf temperature drop compared to Col-0. This suggests that the
mutants are less sensitive to ABA and may not be able to shut as quickly as Col-0. Towards the end of
the thermal imaging experiment, both the mock treated and ABA treated samples began to reach
similar temperatures. This return to a higher temperature indicates more closed stomatal pores,

corresponding with the IRGA data where, under normalisation, Col-0 has a lower stomatal
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conductance compared to both mutants after ABA application (Lefebvre et al., 2002; Cutler et al.,

2010).

These observations suggest that the ABA signalling pathway for stomatal closure has been slightly
disrupted and mutants are less sensitive to ABA which is opposite to the germination assay where
seeds appeared to be hypersensitive to ABA application. This indicates that different control
mechanisms are involved in these responses, which may not be limited to stomatal development and
function but extend to more complex interactions within the plant (Cutler et al., 2010; Chater et al.,
2015a). Both bioassays and thermal imaging have their limitations, which include the number of plants

tested, daylength and ambient temperature fluctuations which could influence the results.

5.7 — Future work

In this Chapter, one mutant line for GCK1 and PSKR2 was analysed. Confirmation of phenotypes
observed in independent knock-down or knock-out lines is required. The generation of RNAi or
CRISPR-CAS9 mutants or identifying further independent T-DNA insertion lines is needed to achieve
this (Bortesi and Fischer, 2015).

Ideally, more lines from the list of identified genes need to be investigated to determine if more are
potential stomatal regulators. High-throughput screening of these lines, using techniques such as
thermal imaging and IRGA, could help to identify these key genetic components in stress response
pathways (Lefebvre et al., 2002; Hartmann et al., 2013). Additional growth and development analysis
experiments should be performed to assess how these genes influence overall plant growth and
morphology. These include phenotyping under various environmental conditions, such as nutrient
availability, abiotic and biotic stresses, which can provide insights into the broader functional roles of
GCK1 and PSKR2. The interaction between growth regulation and stress response can reveal how

these genes contribute to plant adaptability and survival (Igarashi et al., 2012).

The current experiments provided a snapshot of the physiological responses at specific time points.
To gain a more comprehensive understanding, it is important to conduct prolonged exposure
experiments, such as extended drought or salt stress treatments. These experiments can reveal the
dynamic changes in stomatal behaviour and overall plant physiology over time, offering clues about

the long-term roles of GCK1 and PSKR2 in stress resilience (Chater et al., 2015b).

Ultimately, expanding the scope of experiments and validating the findings across multiple lines and
conditions will provide deeper insights into the function of GCK1 and PSKR2. This will help to identify

their roles not only in stomatal regulation but also in broader aspects of plant growth and stress
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responses. Understanding these pathways can contribute to the development of crops with improved

resilience to environmental changes.
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Chapter 6 — General discussion

A growing population, climate change and a need to reduce nitrogen fertiliser usage are global
challenges that drive the research presented in this thesis. Nitrogen is a vital nutrient for plants,
essential for many physiological processes. In many modern farming systems crops primarily obtain
nitrogen through the application of nitrogen containing fertilisers, most typically in the form of nitrate
or ammonia. However, there are some nitrogen cycles naturally between the atmosphere, soils and
plants, such as legumes host nitrogen fixing bacteria in their root nodules and processes driven by
bacteria and fungi. For example, most plants have a symbiotic relationship with rhizobia in the soil

(Savci, 2012; Sinclair and Rufty, 2012; Li et al., 2017).

This thesis focused on nitrate, examining its uptake and assimilation into plants, as well as its role in
stress responses, particularly in relation to stomatal behaviour. The research aimed to elucidate the
influence of nitrate availability and environmental stimuli on seed germination and stomatal

behaviour (Rohilla and Yadav, 2019; Tang et al., 2022).
6.1 - Summary of findings

6.1.1 - Chapter 3

In Chapter 3, the hypothesis centred on understanding how nitrate reductase activity, specifically in
the Arabidopsis nial and nia2 single mutant knockout/knockdown lines, influences plant growth and
stress responses. The experiments revealed that mutations in NIA1 and NIA2 which encode the two
plant nitrate reductase isoforms, impacted plant growth, with noticeable differences in seed
germination and sensitivity to ABA (Figures 3.5, 3.7 and 3.8). Contrary to expectations, the single
mutants exhibited less inhibition by ABA during germination compared to wild type (Col-0) controls,
whereas the double nialnia2 mutant showed increased sensitivity. This surprising outcome suggests
that in the single mutants, there may be a compensatory mechanism where the remaining functional
NR enzyme, or other pathways, exhibit higher activity or perhaps where unknown alterations in ABA
signalling pathways, potentially caused by the T-DNA insertion, affect other genes (Wilkinson and
Crawford, 1993; Desikan et al., 2002; Zhao et al., 2016; Zhang et al., 2018b; Olas and Wahl, 2019).

Further analysis revealed that NIA1 contains predicted SUMOylation sites, with the main predicted
site being altered in the mutant lines. SUMOylation, a post-translational modification, is known to
affect gene transcription and translation of many other proteins. The study found that disrupting the
main predicted NIA1 SUMOylation site, led to enhanced plant growth, with plants growing faster and
becoming larger than the Col-0 control. Despite no significant differences in stomatal complex sizes

(Figure 3.20) or density (Figure 3.19), these plants displayed increased NR enzyme activity (Figure 3.21)
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and better recovery from drought conditions. This suggests that SUMOylation significantly influences
NR protein stability or activity and consequently, plant growth. However, it is possible that other
transcription factors or regulatory mechanisms are contributing to these observed effects (Kim, et al.,

2011; Soo Park et al., 2011; Elrouby, 2015; Costa-Broseta et al., 2021).

To further investigate the role of NR and its regulatory role in plant physiology, more experimental
work would need to be performed. One interesting approach would be to use stable-isotope-labelled
nitrogen (**N) to measure nitrate uptake levels in the mutant lines compared to control, of particular
interest is the SUMOylation mutants. This would help to determine if the potentially increased NR
activity in the SUMOylation NIA1 mutant or the NIA1 single knockout (Figure 3.21) correlates to a
higher nitrate uptake and reduced nitrogen wastage, providing valuable insights for improving
agricultural efficiency. Additionally, protein level analysis using western blotting and mass
spectrometry could confirm if the enhanced NR enzyme activity observed in the mutant lines is due
to higher protein abundance or other regulatory mechanisms, such as changes in SUMOylation

affecting NIA1 expression (Sechley et al., 1991; Putz et al., 2011; Yu et al., 2019).

It would also be interesting to investigate the ABA signalling pathway in nial and nia2 mutants to see
if altered seed germination and stress responses are linked to disruptions in these pathways.
Transcriptomic analyses and targeted mutagenesis could help pinpoint specific genetic changes
contributing to these phenotypes. Additionally, a comprehensive phenotypic analysis of plants with
disrupted NIA1 sumoylation would provide a deeper understanding of how this post-translational
modification influences growth traits, stress resilience, and overall plant development. Together,
these experiments could address unanswered questions and pave the way for strategies to enhance
crop growth and stress tolerance, with important implications for sustainable agriculture (Holman et
al., 2009; Rodriguez-Gacio et al., 2009; Soo Park et al., 2011; Signorelli and Considine, 2018; Zhang et
al., 2018b; Costa-Broseta et al., 2021).

In conclusion, while NR is critical, redundancy exists, where one NIA can be compensated for by
another. Previous studies have shown that when both are missing growth is significantly impacted.
Interestingly, this study found that plants can exhibit improved growth when gene regulation
potentially by SUMOylation is affected, although this may be influenced by a variety of other factors
(Wilkinson and Crawford, 1991).
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6.1.2 — Chapter 4

The research in this chapter aimed to develop methods (utilising dynamic thermal imaging) to observe
whole plant responses to abiotic stress, with a focus on nitrate availability and stomatal behaviour.
Initial experiments using Arabidopsis mutants and barley helped to develop a technique to monitor
fast systemic responses to stress. Although exogenous nitrate did not enhance ABA-induced stomatal
closure, the importance of endogenous nitrate for stomatal responses was highlighted (Figures 4.4
and 4.5) (Horak et al., 2020). This finding aligns with the literature that emphasises the complex role
of nitrate in plant stress responses (Guo et al., 2017; Tang et al., 2022). However, more work is needed
to confirm the mild phenotypes observed in the N-end rule pathway mutant (prt1-1), where PRT1 is
upstream of NR in the protein degradation pathway, particularly by utilising more independent lines
and lower ABA concentrations (Potuschak et al., 1998; Wilkinson and Davies, 2002; Stary et al., 2003;
Zhao et al., 2009; Till et al., 2019).

Studies on Arabidopsis mutants, including nia and NIA1SDM lines, provided insights into the role of
NR under salt stress conditions. The NIA1SDM lines demonstrated enhanced root growth (Figure 4.7)
under moderate salt conditions, suggesting a role for NR in promoting root adaptation to stress. The
variability observed in the nia2 mutant response raised questions about this phenotype, which
requires further validation with additional mutant lines. These findings add to the current
understanding of the role of NR in plants, which has so far predominantly focused on NIA1's
involvement in stress responses (Guo et al., 2017; Tang et al., 2022). Additionally, several Arabidopsis
EPF mutants, which have altered stomatal densities, did not show significant differences in salt
tolerance (Figure 4.8), contrary to expectations based on previous studies that highlighted EPF's role
in stomatal regulation (Hepworth et al., 2015). This suggests that the impact of stomatal density on
salt tolerance may be more context-dependent, varying with plant developmental stage and

environmental conditions (Dow et al., 2014).

Studies with rice EPF mutants under prolonged salt stress also showed only minor improvements in
recovery, after stress imposition with no significant effects on growth or tiller number (Figures 4.10,
4.11, 4.12 and 4.14), challenging the initial hypothesis that reduced stomatal density would enhance
salt tolerance in crops. Pot size and growth conditions might have influenced these outcomes,
indicating the need for alternative experimental setups, such as hydroponics, to control
environmental factors and nutrient availability better. Although hydroponic systems were not
successfully optimised for Arabidopsis, their successful application in barley demonstrates its potential
for future studies on larger crops (Conn et al., 2013; Hepworth et al., 2015; HUANG et al., 2021; Caine
et al., 2023).
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6.1.3 — Chapter 5

In this chapter, the hypothesis focused on identifying novel guard cell abiotic stress regulators,
particularly kinases and phosphatases, given the role of post-translational modifications in stomatal
responses suggested by results from Chapters 3 and 4. Using a combination of a literature search,
microarray data analysis and the eFP browser, several potential candidate Arabidopsis genes highly
expressed in guard cells were identified. From the top 10 candidate genes, PSKR2 and GCK1 putative
kinases emerged as promising due to the availability of mutant lines and their expression profiles

(pskr2 and gck1) (Kaufmann et al., 2021).

Phenotypic characterisation revealed that seed germination in both mutants was more sensitive to
increasing levels of ABA (Figure 5.9). Additionally, detached leaves from these mutants lost water
faster compared to Col-0 and slight but significant differences in abaxial stomatal index were observed
(Figure 5.11 and Figure 5.12). However, stomatal density and stomatal complex size or leaf area
remained consistent across the lines. This suggests a hypersensitivity to ABA in mutant lines, which
may be growth stage dependent, which would help to explain the fast water loss (Leonhardt et al.,

2004; Rodriguez-Gacio et al., 2009).

To assess whole plant stomatal responses, gas exchange analysis was utilised (using a custom built gas
exchange system), looking at a range of abiotic stresses. Differences in stomatal conductance were
observed for gckl under light (Figure 5.17) or at low CO; (Figure 5.16) conditions, but again no
significant differences were found in stomatal density or stomatal complex sizes. Stomatal aperture
movement was also not impaired in epidermal strip bioassay experiments (Figure 5.19), indicating that
the guard cell function is intact. However, gckl exhibited a higher rate of water loss than pskr2 and
Col-0, which suggests that the explanation may be more complicated and may be due to

developmental factors as well as stomatal movements in intact plants (Horak et al., 2017).

To draw any conclusions, more independent mutant lines need to be tested, to ensure that the
observed results seen were not due to background mutations. With the systems used, there are also
limitations in terms of: a) number of plants, b) daylength and c) ambient temperature fluctuations.

Some of these issues could be resolved using controlled environment chambers.

In conclusion, GCK1 and PSKR2 are potential regulators of stomatal responses, particularly in relation
to ABA sensitivity and water loss. However, their roles may be more important in whole plants than
in isolated epidermis. It is possible that PSKR2, in particular, may be involved downstream of the ion
channel pump control for stomatal closure. Further analysis, including more precise molecular studies
is required to validate these findings and provide further information to confirm the mechanisms

underlying their involvement in stomatal responses to environmental stresses (Chater et al., 2014).
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6.2 — Future work

The work outlined in this thesis increases the current knowledge about the influence of nitrate
availability and environmental stimuli on seed germination and stomatal behaviour. Our
understanding of stomatal regulation and nitrogen assimilation is also enhanced. However, further
work needs to be undertaken before these areas are fully understood. The following section includes
recommendations, improvements and suggestions for future investigation on the influence of nitrate

availability and environmental stimuli on seed germination and stomatal behaviour.

One of the key findings of this thesis is the high degree of redundancy observed between the two
Arabidopsis NIA genes. When one gene is disrupted, the other compensates, enabling the plant to
maintain its function. This suggests that NIA genes play an important role in nitrate assimilation and
exploring additional independent mutant lines could provide deeper insights into this redundancy.
Developing an experimental system, which enables both shoots and roots to be observed under
varying nitrate concentrations could further elucidate the spatial dynamics of nitrate assimilation

(Santos-Filho et al., 2014; Tang et al., 2022).

Another significant area of focus is the identification of potential stomatal regulators, PSKR2 and
GCK1. The thermal imaging screening techniques developed here could be used to explore this further,
together with prolonged stress exposure to plants. This could help to identify additional potential
stomatal regulators, providing further information function and phenotype. The Arabidopsis stomatal
regulatory genes OST1 and HT1 were both identified by temperature changes using thermal imaging
(Lefebvre et al., 2002; Hashimoto-Sugimoto et al., 2016; Horak et al., 2016). The generation of RNAI
lines, CRISPR-Cas9 mutants or the identification of further independent T-DNA lines would aid the
confirmatory process for the roles of the PSKR2 and GCK1 genes in stomatal behaviour (Jammes et al.,

2009; Bortesi and Fischer, 2015).

To build on these findings, future research could incorporate growth and development-based
experiments to assess the impact of any stomatal regulatory genes, providing information into their
broader function. PSKR2 and GCK1 would be good candidates for these experiments and more
detailed molecular experiments need to be performed, including transcript abundance.
Understanding their role in plant growth and stress responses could provide critical insights into how

plants adapt to environmental changes (lgarashi et al., 2012; Hartmann et al., 2013).

Some experiments were time limited, which was a limitation of this work. Undertaking further
prolonged studies into long-term drought or salt stress has the potential to offer greater insight into

plant stress responses over time. These studies would be especially relevant given the increasing
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frequency and intensity of abiotic stresses due to climate change (Ciriaco et al.; Hirt and Shinozaki,

2004; IPCC, 2023).

Undertaking experiments on both Arabidopsis and crop plants, where they are subjected to multiple
stresses simultaneously, would provide a deeper and more environmentally relevant understanding
on plant adaptation mechanisms under changing environmental conditions. Techniques developed in
this study such as dynamic thermal imaging and hydroponics could be used in these investigations to
provide comprehensive insights into plant responses (Tocquin et al., 2003; Horak et al., 2017; Horak
etal., 2019; Horak et al., 2020). Utilising hydroponic systems to evaluate the impact of abiotic stresses
on crop plants would significantly enhance our understanding of nitrate assimilation and its broader
impact on plant growth and development. This approach would be particularly valuable in efforts to

improve crop resilience and sustainability (Saux et al., 1987; Conn et al., 2013; Tang et al., 2022).

In conclusion, these recommendations, improvements and suggestions would help to contribute to
our understanding of plant nutrient use and responses to abiotic stresses, environmental stimuli and

ultimately enhance crop resilience and help to ensure global food security.
6.3 — Concluding remarks

The world’s population is increasing and the climate is becoming less stable, pressuring the global food
supply chain and restricting the availability of arable farmland. If the huge challenge of increased
future food production is going to be met, then sustainable land use and improved crop breeding
strategies are critically important. Overall, the research conducted in this thesis helps to address these
critical global challenges and makes a significant contribution to the fields of plant biology and plant
biochemistry through comprehensive investigations into a) nitrate assimilation, b) stomatal regulation

and c) stress responses in plants (IPCC, 2023).
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