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[bookmark: _Hlk139270082]Abstract
As climate change intensifies, there is a growing demand for crops that require less water and can withstand the increasing frequency and intensity of droughts. One possible solution involves engineering the number of stomata that develop on the leaf epidermis to limit plant water loss. By manipulating the expression of the Epidermal Patterning Factor (EPF) gene family, which regulate stomatal development, water-use-efficiency and drought resistance has been improved in several C3 species. However, this is often accompanied by a reduction in photosynthetic carbon assimilation since stomata also facilitate the uptake of CO2. If we are to achieve global food security, it is paramount that improvements in crop resilience do not come at a cost to grain yield. Using several Arabidopsis thaliana and Oryzae sativa L. (rice) EPF mutants with a range of stomatal densities (SD), this work revealed that a significant negative relationship exists between stomatal conductance and photorespiration. When assessed under low photorespiratory conditions, mutants with fewer stomata no longer displayed significantly reduced carbon assimilation rates. This suggests that the photosynthetic penalty incurred by reducing stomatal density in C3 species can partly be explaining by their enhanced rates of Rubisco oxygenation. Furthermore, this work found that low-SD mutants had increased photoprotection under normal conditions, and the responses of these mechanisms to drought stress were explored. The remainder of this thesis focussed on manipulating SD in Zea mays L. (maize); a crop species that utilises C4 photosynthesis and thus circumvents photorespiration. Three ZmEPFL9 paralogous genes were first identified, with one found to be the primary positive regulator of maize stomatal development. Using CRISPR/Cas9, gene-edited maize plants were generated with around 60% fewer stomata, by editing ZmEPFL9-1a, which led to a significant reduction in stomatal conductance and water consumption under well-watered conditions. These plants were able to conserve more soil water when water was restricted, allowing at least one additional day of gas exchange. Unlike the C3 EPF mutants analysed, most low-SD maize lines had similar photosynthetic rates to control plants under saturating light and showed no increase in photorespiration or deleterious impact on yield. Together, this work suggests that stomatal engineering may be a viable option for improving drought resistance in maize, without compromising on carbon fixation.
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[bookmark: _Toc131628537]1.1	Emerging yield gap
The United Nation’s Sustainable Development Goal 2 (SDG2) ‘Zero Hunger’ aims to eradicate global food insecurity by 2030 (United Nations General Assembly, 2015). To achieve this, all people must have reliable access to nutritious and affordable food in sufficient quantities, enabling them to meet their dietary needs for an active and healthy life (FAO, 1996). However, in the most recent report on The State of Food Security and Nutrition in the World, an estimated 702-828 million people suffered from acute hunger in 2021, equating to 8.9-10.5% of the world population (FAO et al., 2022). In fact, the global percentage of severely undernourished people has been gradually rising since 2014 and spiked recently due to the onset of the SARS-CoV-2 pandemic. Further increases are expected due to the ongoing conflicts that are causing grain and fertiliser prices to inflate (FAO et al., 2022). These recent events have greatly setback efforts to achieve SDG2 and have highlighted the fragility of our global food supply chains. Indeed, over the past half a century, it has largely been a failure in the distribution and access, rather than production, of food that has been responsible for food insecurity (Ishangulyyev et al., 2019). Since the “Green Revolution” in the 1960s, global cereal production has grown at a faster rate than the population (Wik et al., 2008), producing a surplus of calories, thanks to advances in genetic and agronomic practices.  However, a yield gap is now beginning to emerge. Crop yields will need to increase by 51 to 60% by 2050 to meet the ever-growing demand for food (van Dijk et al., 2021), driven by our rapid population growth and dietary shifts towards greater meat and dairy consumption (Delgado, 2003). Based on their current rates of yield growth, the production of wheat, rice, maize, and soybean, which together provide two thirds of the world’s calories, will fall short of their future requirements (Figure 1.1.) (Long et al., 2015; Ray et al., 2013). With a lack of new suitable land for agricultural expansion, productivity per hectare of cropland will need to be improved further if we are to meet future demands. 
[image: Chart
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Figure 1.1. Global yield projections of four major crops. The observed global yields of maize, rice, wheat, and soybean from 1961-2008 (closed circles) and their projected yields up to 2050 (solid lines). The dashed lines represent the yield improvements required if we are to meet the global food demands by 2050, starting from 2008. Figure reproduced from Ray et al. (2013).


The ground-breaking yield increases of the 1960s and 70s were achieved largely through the development of crop germplasm with improved genetic yield potential (Yp); defined as the maximum yield of a given cultivar, when grown in an environment to which it is adapted, where abiotic and biotic stresses are absent (Evans and Fischer, 1999). This was coupled with the intensification of agriculture, including the widespread use of irrigation and synthetic fertilisers and pesticides, which provided the optimal conditions for the higher Yp to be realised (Evans, 1997). In its simplest terms, Yp is the product of the total solar radiation received over the growing season by a given unit area (Q), along with the efficiencies by which the crop intercepts the radiation (εi), converts that captured energy into biomass (εc) and partitions that biomass into harvestable organs (εp, also referred to as harvest index):
Yp = Q  εi  εc εp
The selection of semi-dwarfed phenotypes greatly improved both harvest index and lodging resistance and was predominantly responsible for the marked Yp increases during the Green Revolution. Today, the harvest index of our modern crop cultivars stands at around 0.6, leaving little room for improvement without compromising the structural integrity of the plant (Evans, 1993; Hay, 1995). Similarly, εi is also very close to its biological limit at ~0.8-0.9, due to improvements in the size, architecture, and developmental speed of crop canopies (Beadle and Long, 1985). However, εc, which is primarily determined by photosynthesis, remains well below its theoretical maximum, and thus remains the main target for improving Yp (Long et al., 2006).

1.2	Oxygenic photosynthesis
The fundamental process of photosynthesis converts light energy into chemical energy, storing it in the form of organic carbon macromolecules, which are used to sustain almost all life on Earth. In plants, photosynthesis takes place within the chloroplast organelles, and can be divided into two stages: the “light reactions” and “dark reactions”. The light reactions occur in the thylakoid membranes and involve the absorption of light and subsequent splitting of water into oxygen, protons and electrons, which are then transported across the membrane. The dark reactions, however, occur in the stroma and refer to the downstream carbon fixation reactions, which ‘consume’ the products of the light reactions to reduce CO2 into carbohydrates (Johnson, 2016). 
1.2.1	Light reactions
Photons are absorbed primarily by chlorophyll, as well as other pigment molecules, found in the light-harvesting complexes (LHC) that are associated with one of two photosystems. This results in the excitation of an electron on the pigment molecule and the transfer of this captured energy towards the core of the associated photosystem. The subsequent light reactions are presented graphically in Figure 1.2. Starting with the reactions occurring in photosystem II (PSII): incoming excitation energy promotes P680, a specialised chlorophyll pair residing in PSII’s reaction centre, to a higher energy state, which causes the rapid reduction of a nearby pheophytin molecule. The charge separation is quickly stabilised by transferring the excited electron to a tightly bound plastoquinone (PQ) molecule called QA, where it enters the electron transport chain (ETC). The newly oxidised P680 (P680+) is a strong oxidising agent, and splits water to recover its lost electron, releasing protons (H+) and molecular oxygen into the lumen in the process. QA doubly reduce a weakly bound PQ molecule called QB, forming plastoquinol (PQH2), which acquires the protons from the stroma. PQH2 then leaves PSII and diffuses through the thylakoid membrane to the cytochrome b6f complex, where both protons are deposited into the lumen, and one electron is passed to plastocyanin (PC), a mobile electron carrier. The second electron from PQH2 is used to protonate PQ molecules from the PQ pool in a process known as the Q-cycle, which translocates additional stromal protons. Together, this leads to a net build-up of protons in the lumen, which subsequently diffuse back along the proton gradient to the stroma, passing through the transmembrane ATP synthase. This drives the phosphorylation of adenosine diphosphate (ADP) and generates adenosine triphosphate (ATP): an important source of chemical energy.
Meanwhile, light energy excites the special chlorophyll pair, P700, within PSI’s reaction centre, resulting in a charge separation and the transfer of an electron across the thylakoid membrane to ferredoxin (Fd) via a series of other intermediate electron carriers. The soluble Fd protein carries the electron to the stromal enzyme ferredoxin-NADP reductase (FNR), which catalyses the final redox reaction, where nicotinamide adenine dinucleotide phosphate (NADP+) is reduced to NADPH: an important source of reducing power. To complete the “Z scheme” of light-driven linear electron transfer (LET), reduced PC diffuses through the lumen and binds with PSI, donating its electron to the newly oxidised P700+ (Figure 1.2).
The products of the light reactions are consumed by the dark reactions in a ratio of 1.5 ATP to 1 NADPH. However, LET alone is thought to only supply a ratio of 1.28:1. To make up this shortfall in ATP, stromal electrons can be returned from Fd back to the cytochrome b6f complex, where they are utilised by the Q-cycle. This pathway is known as cyclic electron transfer (CET) and promotes the production of ATP, by increasing the proton gradient, but not NADPH. Plants can therefore adjust the rates of LET and CET to meet their metabolic needs.
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Figure 1.2. The photosynthetic electron transport chain. Diagram illustrating the light-driven transfer of electrons (solid lines) and protons (H+; dashed lines) across the thylakoid membrane, which culminates in the production of reducing power and chemical energy needed for photosynthesis. The absorption of photons by chlorophyll within photosystem II (depicted by green structure) causes the excitation of an electron and the splitting of a water molecule, which releases a proton and molecular oxygen into the lumen. The excited electron is quickly transferred to a bound plastoquinone (PQ) molecule, which is used to reduce a molecule from the PQ pool into plastoquinol (PQH2) using protons from the stroma. PQH2 transports two electrons to cytochrome b6f (magenta structure), where it releases its protons into the lumen. Cyt b6f passes one electron to plastocyanin (cyan structure), which carries it to photosystem I (red structure). Here, the electron is further excited by absorbed radiant energy, and transferred to ferredoxin (yellow structure), before finally reaching ferredoxin-NADP+ reductase (pale pink structure), where it is used to generate NADPH (nicotinamide adenine dinucleotide phosphate). Meanwhile, the second electron from PQH2 is used by the Q cycle, which translocates additional protons from the stroma. During the light reactions, the accumulation of lumenal protons creates a proton gradient across the thylakoid membrane. As a result, protons diffuse back through ATP synthase (orange structure), generating ATP (adenosine triphosphate). Figure reproduced from Johnson (2016).





1.2.2	Photoprotective mechanisms
Too much excitation energy can be dangerous to the plant. Under high light intensities, the CBB cycle often cannot consume the NADPH produced by the light reactions fast enough. This results in a backlog of untransferred electrons that can cause chlorophyll triplet states to form within the photosystems, which readily react with oxygen. In PSII, when the PQ pool is over-reduced and unable to accept further electrons (known as PSII acceptor-side limitation), singlet oxygen is produced. In PSI, when the stromal electron acceptors are over-reduced (known as PSI acceptor-side limitation), superoxide radicals are produced. These harmful reactive oxygen species (ROS) can damage the photosystems through protein degradation, enzyme inactivation and membrane injuries from lipid peroxidation (Cruz de Carvalho, 2008). This leads to a drop in photosynthetic efficiency (known as photoinhibition), and will ultimately require the damaged photosystems to be replaced, taking both time and energy (Chaux et al., 2015).
Under normal conditions, CET is believed to function at a constant rate to make up the ATP shortfall, required for carbon fixation. However, when the plant is exposed to high light, CET is upregulated and plays a crucial role in protecting the photosynthetic machinery from excess excitation pressure (Chaux et al., 2015). By diverting electrons from PSI back to the PQ pool, CET results in the accumulation of protons in the lumen, generating a pH gradient (ΔpH) across the thylakoid membrane. In turn, the ΔpH triggers two photoprotective mechanisms: non-photochemical quenching (NPQ) and photosynthetic control, which protect PSII and PSI from photoinhibition, respectively. 
NPQ refers to a collection of processes and involves the thermal dissipation of excess absorbed energy, before it can enter the ETC. Energy-dependent quenching (qE) is the major component of NPQ and occurs within the LHC of PSII (LHCII), where it rapidly responds to light stress (Külheim et al., 2002). The acidification of the lumen triggers qE by activating the enzyme violaxanthin de-epoxidase, which catalyses the conversion of the pigments violaxanthin to zeaxanthin. This causes conformational changes in the LHCII proteins, facilitating energy dissipation as heat. Simultaneously, the protonation of the PSII-associated subunit S (PsbS) protein effector increases the energy dissipation capacity of LHCII. As a result, qE helps prevent the excited P680 from reacting with oxygen, thus protecting PSII from photodamage (Ruban, 2016).
Photosynthetic control refers to the down-regulation of electron flow through cytochrome b6f, which limits the reduction of the PC pool. This in turn reduces the electron donation to PSI (known as PSI donor side limitation), protecting PSI from oxidative damage. The change in lumen pH is believed to inhibit the extraction of protons from PQH2, slowing down the Q-cycle and triggering photosynthetic control (Malone et al., 2021). Consequentially, this reduces the capacity of the PQ pool to accept electrons, increasing the likelihood of PSII photoinhibition.
Several processes, which involve oxygen photoreduction downstream from PSI, provide further photoprotection to the plant by mopping up excess stromal reductant. These processes include photorespiration (discussed below), the Mehler reaction (Miyake, 2010) and chlororespiration (Nawrocki et al., 2019).
1.2.3	Dark reactions
The dark reactions involve the conversion of atmospheric CO2 into carbohydrates, followed by the regeneration of the starting substrate to allow for future carbon fixation. This cyclic process is also known as the Calvin-Benson-Bassham (CBB) cycle, and is illustrated in Figure 1.3. The enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) catalyses the first step of the CBB cycle by carboxylating the 5-carbon substrate ribulose 1,5-bisphosphate (RuBP) using a molecule of CO2, which quickly splits into two 3-carbon molecules of 3-phosphoglycerate (3-PGA). Each 3-PGA is then converted into 1,3-bisphosphoglycerate (BPGA) using the chemical energy released by hydrolysing ATP. This is followed by the conversion of BPGA into glyceraldehyde 3-phosphate (G3P) using the reducing power from NADPH. G3P is the primary product of photosynthesis and provides the building blocks for life; the simple 3-carbon sugar is used for the synthesis of amino acids, glucose, starch and other polysaccharides, which underpin many essential metabolic processes. Photosynthetic rate therefore dictates plant growth and development, and ultimately, crop yields (Zelitch, 1982).
	For every six molecule of G3P produced, one is released for its use in plant metabolism, whereas, the remaining five are needed to regenerate RuBP via a series of enzymatic reactions, using further ATP (Figure 1.3). The dark reactions consume the products of the light reactions, and in turn regenerate NADP+, ADP and inorganic phosphate (Pi), highlighting the mutual dependency of the two photosynthetic processes. Furthermore, the activity of several CBB cycle enzymes is regulated by the chloroplast’s thioredoxin system, which is first activated by the light reactions (Nikkanen and Rintamäki, 2019).




Figure 1.3. The Calvin-Benson-Bassham cycle and photorespiratory pathway. Diagram outlining the two competing processes of photosynthesis (shaded in light green), and photorespiration (shaded in red), which result from Rubisco catalysing the reaction of RuBP (ribulose 1,5-bisphosphate) with either CO2 or O2, respectively. RuBP carboxylation is the first step of the Calvin-Benson-Bassham (CBB) cycle and results in the production of two 3-PGA (3-phosphoglycerate) molecules, which are each reduced into BPGA (1,3-bisphosphoglycerate) and then G3P (glyceraldehyde 3-phosphate), consuming ATP and NADPH. One sixth of the G3P molecules produced are used in plant metabolism, with the remainder used to regenerate RuBP, via a series of enzymatic reactions, consuming further ATP. The intermediate sugar molecules involved in this regeneration step include: DHAP (dihydroxyacetone phosphate); FBP (fructose 1,6-bisphosphate); F6P (fructose 6-phosphate); X5P (xylulose 5-phosphate); E4P (erythrose 4-phosphate); SBP (sedoheptulose 1,7-bisphosphate); S7P (sedoheptulose 7-phosphate); R5P (ribose 5-phosphate) and Ru5P (ribulose 5-phoshate). The CBB cycle occurs entirely within the chloroplast. RuBP oxygenation, however, results in the production of one 3-PGA and one 2-PG (2-phosphoglycolate) molecule. 2-PG is rapidly converted into the toxic molecule, glycolate, which is converted back into 3-PGA via the photorespiratory pathway, where it can then re-enter the CBB cycle (dashed line). Photorespiration spans multiple organelle types (chloroplast, peroxisome and mitochondria) and requires additional ATP and reducing equivalents. Photorespiration also releases hydrogen peroxide, CO2, NH3 and THF (tetrahydrofolate)-C1 units in the process. 
1.2.4	Photorespiration
Rubisco, the key enzyme responsible for fixing CO2 in photosynthetic organisms, can also catalyse the reaction of RuBP with O2 instead; the two competing reactions are shown in Figure 1.3. Occurring in the chloroplast stroma, the oxygenation of 5-carbon RuBP produces one molecule of 3-carbon 3-PGA, which can enter the CBB cycle, and one molecule of 2-carbon 2-phosphoglycolate (2-PG), which cannot. 2-PG is dephosphorylated into glycolate; a toxic compound that inhibits several CBB cycle enzymes (Flügel et al., 2017), and therefore needs to be metabolised quickly via the photorespiration pathway. Photorespiration occurs across multiple organelles and is able to convert two molecules of glycolate into one molecule of 3-PGA, recovering 75% of the carbon (Berry et al., 1978). However, the remaining 25% is released as CO2, giving the pathway its name. Photorespiration also costs an additional 1 mol ATP and 0.5 mol reducing equivalents to detoxify each glycolate molecule. As such, photorespiration has long been thought of as a wasteful process. In plants, RuBP oxygenation represents one in four of Rubisco’s reactions and is therefore the second highest metabolic flux behind photosynthetic carbon fixation, resulting in significant CO2 losses (Sharkey, 1988).
The photorespiration pathway begins by transporting glycolate out of the chloroplast and into the peroxisome, where it reacts with O2 and is converted into glyoxylate (Figure 1.3). This produces hydrogen peroxide as a by-product, which needs to be broken down by catalase into water and oxygen. Next, glyoxylate is transaminated to form glycine, using an amino group from either glutamate or alanine. Glycine is exported to the mitochondria, where it is decarboxylated and deaminated, releasing CO2 and ammonia (NH3) and generates NADH reductant in the process. This step also catalyses the conversion of tetrahydrofolate (THF) to CH2-THF, which then reacts with another glycine molecule to produce serine. Serine is transported back into the peroxisome and converted into hydropyruvate, which is subsequently converted into glycerate, consuming NADH reductant. Finally, glycerate is imported into the chloroplast, where it is phosphorylated using ATP to produce 3-PGA, which can then re-enter the CBB cycle (Eisenhut et al., 2019). The NH3 released during photorespiration is efficiently recycled in the chloroplast, where it is used to replace glutamate’s deaminated amino group, but requires additional ATP and ferredoxin reductant. 
Although often described as wasteful, photorespiration is essential for all oxygenic phototrophs, as demonstrated by experiments that have disrupted the pathway in plants, which resulted in stunted growth or lethal phenotypes (Timm and Bauwe, 2013). Photorespiration supplies key metabolites for several important plant processes. For example, photorespiration is closely coupled to plant nitrogen metabolism, through the reassimilation of released NH3, but also the de novo assimilation of newly absorbed nitrate (Bloom, 2015; Busch et al., 2018). The photorespiration pathway is also the major source of serine, which is a precursor for many other amino acids (Ros et al., 2014), such as cysteine, providing an additional link with sulphur metabolism (Abadie and Tcherkez, 2019). Due to photorespiration, CH2-THF accumulates in the mitochondria, providing the main supply of activated 1-carbon units (Li et al., 2003), which provide the methyl groups needed for the synthesis of nucleic acids, proteins, phospholipids, and secondary metabolites, such as lignin (Hanson and Roje, 2001). Furthermore, photorespiration can help protect plants from high light stress, by consuming excess stromal reductants that would otherwise damage the delicate photosystems (Huang et al., 2015).
1.2.5	Rubisco biochemistry
Rubisco is a dual-substrate enzyme, with a hexadecameric structure consisting of 8 large and 8 small subunits. Rubisco’s catalytic site is located at the interface of two large subunits, and must first be activated by an activator CO2 molecule, which carbamylates a lysine residue and allows the binding of Mg2+ and subsequently RuBP (Stec, 2012). Then, CO2 and O2 antagonistically compete for the binding site, culminating in the reactions of RuBP carboxylation or RuBP oxygenation. Rubisco is an inherently slow enzyme, catalysing only around 1-10 reactions per second (Bathellier et al., 2018), which is the reason why Rubisco constitutes around 30-50% of soluble leaf protein (Galmés et al., 2014) and is likely the most abundant protein on the planet (Ellis, 1979).
Since today’s atmospheric concentration of O2 is around 500 times greater than that of CO2, photosynthesis is reliant on Rubisco having a much higher relative specificity for CO2 over O2. This is termed the specificity factor (Sc/o) and is related to the enzyme’s kinetic parameters: Sc/o is the ratio of the catalytic efficiencies of Rubisco’s carboxylation reaction (kcat CO2/KC) to its oxygenation reaction (kcat O2/KO), where kcat refers to the catalytic turnover rate per active site, and KC and KO are the Michaelis-Menten constants for CO2 and O2, respectively (Parry et al., 1989). Rubisco is roughly 2000 times more specific to CO2, however, since both gases have high molecular similarity and bind to the same region, it is unclear the reason behind this. It has been proposed that Rubisco is able to discriminate between the two substrates because CO2 molecules have an approximate 15-fold higher quadrupole moment compared with O2 molecules, resulting in a stronger interaction with the electrostatic field present across the active site (Stec, 2012). Despite this, photorespiration still poses a significant limitation on carbon gain, and ultimately, crop yields (Moore et al., 2021; Sage and Kubien, 2007).
Rates of carboxylation and oxygenation are also governed by ambient atmospheric conditions. Although the rates of both reactions increase with rising temperatures (Galmés et al., 2016), Rubisco oxygenase activity, and therefore photorespiration, is comparatively favoured. This is due to a decline in Sc/o and a greater reduction in the solubility of CO2 relative to O2 at higher temperatures (Brooks and Farquhar, 1985; Ku and Edwards, 1977). Fluxes through the two competing reactions are also affected by the concentration of CO2 and O2 at Rubisco’s active site (Flamholz et al., 2019). For example, photorespiration can rise dramatically during drought stress when plants close their stomata and have limited CO2 uptake (Lawlor and Fock, 1977; Sharkey, 1988). Consequently, mechanisms that concentrate carbon at the site of Rubisco have evolved numerous times in hot and arid environments, which promote particularly high rates of photorespiration (Lundgren and Christin, 2017). In the same vein, photorespiration has recently become a popular bioengineering target for improving crop productivity and resilience (Cavanagh et al., 2022; South et al., 2019). 
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1.3	Crop production in a changing climate
Climate change presents an additional challenge, on top of those outlined in section 1.1, in achieving SDG2. Since the mid-18th century, copious amounts of anthropogenic greenhouse gas (GHG) emissions have been released into our atmosphere, predominantly caused by burning fossil fuels, such as coal and oil. Atmospheric CO2 concentration (Ca) has been growing at an unprecedented rate and surpassed 420 parts per million (ppm) in May 2022; the highest that Ca has been for more than three million years (Martínez-Botí et al., 2015). Together with methane and nitrous oxide, the rapid accumulation of these heat-trapping molecules have already caused a 1.15°C increase in the Earth’s mean surface temperature above the pre-industrial (1850-1900) average. Further global warming is expected, but to what extent will depend on our future GHG emissions. The Intergovernmental Panel on Climate Change (IPCC)’s most recent assessment (Shukla et al., 2022) revealed that in all scenarios, except the most conservative, mean global warming will exceed 1.5°C by the end of the century, thus failing to meet the 2015 Paris Climate Agreement goal. If emissions are not curbed at all (scenario SSP6-8.5), it has been projected that the Earth will warm by 4.4°C on average by 2100, with the greatest level of warming occurring at higher latitudes and altitudes (Figure 1.4a) (Shukla et al., 2022). Furthermore, the warming climate is causing the hydrological cycle to accelerate, through increased evapotranspiration and precipitation (Pratap and Markonis, 2022). However, predicted precipitation patterns are even more spatially and temporally variable than temperature change, with some areas of the world expected to become much drier and others much wetter (Figure 1.4b). Total column soil moisture changes will likely follow a similar pattern but will be intensified in certain areas, due to temperature-related increases in evaporative demand (Figure 1.4c).
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Figure 1.4. Simulated climatic changes show spatiotemporal variation under future global warming. Mean annual changes in (a) surface temperature (°C), (b) precipitation (%) and (c) total column soil moisture (standard deviation) predicted under 4°C global warming (within scenario SSP6-8.5, where CO2 emissions are not reduced). Figure adapted from Shukla et al. (2022).



















The combination of climatic changes described above are likely to impact agricultural productivity differently around the world, depending on both the location and crop species in question. For example, it has been predicted that even under the most pessimistic emissions scenario, wheat yields may in fact improve (Figure 1.5a) (Jägermeyr et al., 2021). Particularly at more Northern latitudes, elevated temperatures may extend the growing season and geographical range of certain crops (Holmer, 2008) and improve the kinetics of their photosynthetic enzymes (Moore et al., 2021). Furthermore, C3 crops such as wheat are likely to benefit from a “CO2 fertilisation” effect, whereby the rising Ca increases the amount of substrate available for RuBP carboxylation (Ben Mariem et al., 2021). The subsequently higher ratio of CO2 to O2 within the leaf may also reduce photorespiratory carbon losses. Indeed, several field studies utilising Free Air CO2 Enrichment (FACE) have demonstrated that increasing Ca can improve C3 crop photosynthesis and yields, although responses often depend on the duration of treatment, the plant’s acclimation response and sink strength, and other factors that can limit photosynthesis (reviewed in Ainsworth and Long (2021)).
However, in regions where average temperatures, particularly during the night time (Peng et al., 2004), are currently close to the optimum for agriculture, then any further increase may exceed the critical limit for plant development and reproduction, resulting in significant crop losses (Hasanuzzaman et al., 2013; Shrestha et al., 2022). In Figure 1.5a, wheat yields are predicted to decline in areas closer to the equator, particularly if combined with low soil moisture (compare to Figure 1.4c). Additionally, the reduction of photorespiration by increased Ca in C3 crops may be counteracted by global warming, which favours RuBP oxygenation (Badger and Andrews, 1974).
Unlike wheat, the agricultural productivity of maize is expected to decline in almost all areas of the world under severe global warming (Figure 1.5b) (Jägermeyr et al., 2021). Maize uses an alternative type of photosynthesis known as C4, which utilises a carbon concentrating mechanism (CCM) that shuttles CO2 from the mesophyll into the bundle sheath cells, where Rubisco is located (von Caemmerer and Furbank, 2003) (covered in more detail in Chapter 5). By producing a high CO2 environment at the site of carboxylation, Rubisco’s oxygenase activity is reduced (Mallmann et al., 2014). As such, maize yields are unlikely to benefit from “CO2 fertilisation” as much. Furthermore, C4 crop species are generally considered to be more water-use-efficient than C3 crops (Ghannoum et al., 2011), and thus are often grown in warmer and drier regions (Edwards and Still, 2008). As a result, they will likely be affected by temperature and precipitation changes to a greater extent. 
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Figure 1.5. Projected changes in crop yields under future climatic conditions. Annual mean percentage changes in the yields of wheat (top panel) and maize (bottom panel), predicted for 2100 under 4°C global warming. Figure reproduced from Jägermeyr et al. (2021).

As demonstrated by Jägermeyr et al. (2021), predicting how global food production will be impacted by climate change is extremely complex, and worryingly, many models struggle to capture the devastating effects that abnormal weather conditions can have on agriculture (Mansfield et al., 2020). Climate change is predicted to increase both the frequency and intensity of extreme climatic events occurring around the world, including droughts, heatwaves, flooding, storms, tropical cyclones, and wildfires (Shukla et al., 2022). Additionally, the geographical distribution and likelihood of outbreak for many agricultural pests and pathogens is also expected to increase with climate change (Chaloner et al., 2021; Skendžić et al., 2021). Each of these events pose a significant risk to future crop production, and often multiple abiotic and biotic stresses can occur at the same time, making it particularly challenging for agriculture to adapt and prepare for the future.
[bookmark: _Toc131628539]1.4	Impact of drought stress on plant physiology, biochemistry, and yield
Drought stress has been identified as one of the biggest threats to global food security (Orimoloye, 2022). Since water is required for many vital plant processes, even a small decline in soil moisture can lead to several physiological and biochemical changes that can hamper plant growth and development, and ultimately productivity. In 2022, an estimated 14% of global rain-fed cropland was affected by moderate to severe drought stress, equating to a loss of $6 billion (De Clercq et al., 2022). As freshwater availability dwindles in many important agricultural regions, it will become increasingly difficult to provide sufficient irrigation. In these drying regions, agricultural droughts are predicted to be 2.4 times more likely to occur under 2°C of warming and significantly more severe (Shukla et al., 2022). Thus, economic drought losses are expected to increase drastically by the end of the century (Naumann et al., 2021). The occurrence of drought has been posited as one of the reasons for the widespread stagnation of crop yields in Europe (Moore and Lobell, 2015), contrary to the more optimistic projections seen in Figure 1.5a, and will increasingly constrain our ability to enhance Yp.
The flow of water through a plant is controlled predominantly by the rate of transpiration (E) (Chavarria et al. (2012). Roots and root hairs absorb water from the soil that is in direct contact with them. This depletes the water potential surrounding the root and draws water from the soil column towards the plant. Once absorbed, water travels up through the plant via a network of xylem vessels and eventually exits into the atmosphere through stomatal pores, which are found on the epidermis of leaves and other aerial organs that are otherwise coated in a hydrophobic waxy cuticle. Collectively, this is known as the transpiration stream, and facilitates the uptake of mineral nutrients from the soil and their translocation to the shoots (Tanner and Beevers, 2001), as well as enabling evaporative plant cooling (Nobel and Nobel, 1999). Water will naturally move along a gradient from the wet leaf interior to the drier bulk air surrounding the plant, however, stomata provide an important source of resistance (termed rs) that controls plant water loss (Figure 1.6) (Buckley, 2005). When stomata are open, water vapour diffuses from the sub-stomatal cavity airspaces, out of the pore and across a thin boundary layer of still air (which provides a second, but smaller, source of resistance, termed rbl), before it reaches the atmosphere (Taiz and Zeiger, 2010) (Figure 1.6). A reduction in soil moisture availability is first perceived by the roots, which respond by producing the plant signalling hormone abscisic acid (ABA), causing the stomata to close (Bharath et al., 2021). This results in a reduction in stomatal conductance (gs; the inverse of rs), which refers to the rate of gas diffusion through the pore, and limits the amount of water lost from the leaf. Plants have a range of other physiological responses to drought, including enhanced investment in root growth to search for water (Kou et al., 2022), and leaf rolling, a phenomenon commonly found in grasses that reduces the leaf surface area and thus transpiration (Kadioglu et al., 2012).
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Figure 1.6. Diagram of leaf gaseous exchange pathways. CO2 moves into the leaf along a concentration gradient, diffusing from the atmosphere, into the intercellular airspaces of the leaf, before diffusing into the chloroplast. The CO2 concentration at each of these points is respectively denoted Ca, Ci and Cc. Along this pathway, CO2 diffusion encounters several points of resistance; these include boundary layer (rbl), stomatal (rs) and mesophyll (rm) resistance. rm encompasses the individual resistances from the intercellular airspaces (rias), cell wall and plasma membrane (rwp) and chloroplast envelope (rch). Conversely, water vapour shares the same pathway, but in reverse. H2O diffuses from the high water vapour concentration of the internal airspaces (Wi), through the stomata, to the lower water vapour concentration of the external atmosphere (Wa), encountering rs and rbl on the way. Figure adapted from Harrison et al. (2020).

Whilst stomatal closure is an effective strategy to limit plant water loss, there is one major caveat: stomatal pores also facilitate the entry of CO2 into the leaf, which is required for photosynthesis. Atmospheric CO2 uses the same, but reversed, pathway as water vapour to reach the sub-stomatal cavities, again encountering rbl and rs (Figure 1.6). From here, CO2 must then diffuse through the intercellular airspaces and across the mesophyll cell wall, plasma membrane, cytosol and chloroplast envelope, before it finally reaches the stroma, where it can be fixed by Rubisco. Each component imposes additional diffusional resistance, and is collectively termed mesophyll resistance, rm (Figure 1.6). Stomatal closure, and the consequential drop in gs, restricts the diffusion of CO2 into the leaf interior, lowering the CO2 concentrations in the intercellular air spaces (Ci) and chloroplast (Cc). Drought stress can also alter various leaf anatomical traits, which can lead to a reduction in mesophyll conductance (gm; the inverse of rm): the rate at which CO2 diffuses through the mesophyll (Cano et al., 2013; Ouyang et al., 2017). This in turn will restrict Cc further, reducing substrate availability for carboxylation. As a result, diffusional limitations (both stomatal and mesophyll) are believed to be the primary cause of reduced photosynthetic carbon assimilation (A) seen under mild to moderate drought stress (Chaves et al., 2009).
As discussed in section 1.2.2, during periods of water scarcity, the amount of reducing power produced by the ETC can often exceed the amount utilised by the CBB cycle, which can lead to the formation of harmful ROS (Pinheiro and Chaves, 2011). Under these conditions, plants typically increase CET and NPQ, along with their ROS scavenging antioxidant defence (Das and Roychoudhury, 2014). However, despite these photoprotective mechanisms, oxidative bursts can cause photoinhibition, disrupt the photosystems’ repair mechanisms, and impair ATP synthase (and thus ATP synthesis) (Noctor et al., 2016). These drought-induced stomatal limitations severely impact A and may result in irreversible damages if water is withheld for too long. Furthermore, photorespiration is enhanced due to stomatal closure, which can lead to additional carbon losses, although RuBP oxygenation does provide an important alternative electron sink. These effects are summarised in Figure 1.7.
As soil moisture depletes, plants take up less water which causes their leaf tissue water potential to decline (Bannister, 1986). To counteract this, cells increase the production of osmolytes, such as proline (Serraj and Sinclair, 2002). However, under prolonged or severe drought stress, photosynthetic metabolism can be affected by these changes (Figure 1.7). For example, Rubisco’s activity often declines due to the increased abundance of inhibitors and the diminished activity of Rubisco activase, a molecular chaperone that is responsible for removing inhibitors from Rubisco’s active site (Lawlor and Tezara, 2009; Parry et al., 2002). The regeneration of RuBP molecules is also impaired by the inactivation of other important photosynthetic enzymes, combined with the diminished ATP production in the chloroplast. These biochemical limitations, whilst generally estimated to be smaller than the diffusional limitations (Galmés et al., 2007), will likely become more significant as drought progresses.
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Description automatically generated]Figure 1.7. Possible mechanisms driving the impacts of drought stress on plant photosynthesis, growth, and yield. Orange indicates the effect of drought stress, whereas green indicates the plant’s protective drought response. ↑ = increase,
↓ = decrease.

Water deficiency substantially reduces the photosynthetic capacity of a plant, and consequently, its production of G3P and downstream photoassimilates. Although soluble sugar concentrations sometimes accumulate after initial exposure to drought, aiding in osmotic adjustments and protection against oxidative stress (Blum, 2017), sucrose and starch levels soon deplete as drought intensifies, due to the lack of G3P substrate and enzyme impairments (Du et al., 2020). Changes in the sugar pools of photosynthetic source leaves modulate the partitioning of assimilates at the whole plant level, with most translocated to the roots to enhance water uptake, at the expense of the above ground tissues (Rich and Watt, 2013). Furthermore, leaf expansion is rapidly slowed, due to restrictions in cell division and cell elongation (Nelissen et al., 2018), which rely on a supply of assimilates and cellular turgor pressure, respectively (Rucker et al., 1995). Together, this leads to the inhibition of plant growth and biomass accumulation; a major symptom of water deficit (summarised in Figure 1.7). Eventually, through loss of proper cellular function, cell death can occur. Older leaves often undergo premature leaf senescence, allowing the plant to remobilise their assimilates to other parts of the plant (Frei et al., 2022).
The impact of drought on grain yield, which is ultimately the sum of photosynthetic carbon gain throughout the growing season (Long et al., 2006b), depends on several factors; for example, the duration and severity of the stress, but perhaps most importantly, the plant growth stage in which the drought occurs. Drought incurred during the vegetative period will usually result in a reduction in the total leaf area and height of the plant (Seleiman et al., 2021), due to inhibition of new growth and early leaf senescence. Upon rehydration, photosynthetic capacity will be limited by the reduced total intercepted radiation and possibly unrepaired photosynthetic machinery, which in turn will restrict plant development and crop Yp (Chaves et al., 2009). However, the flowering period is particularly sensitive to drought stress, and even short periods of water deficit can lead to significant crop losses (Fahad et al., 2017; Yang et al., 2019). Symptoms often include shorter reproductive stages, reduced pollen viability, aborted flowers and seeds, impaired grain filling, and even full sterility (Dietz et al., 2021). Overall, this leads to the production of fewer and smaller grains, which is predominantly caused by the decreased provision and partitioning of assimilates to the reproductive organs. The ability of these sink tissues to effectively utilise assimilates is also limited during drought (Hageman and Van Volkenburgh, 2021). Finally, if water stress occurs early in the growing season, there will likely be poor germination and seedling establishment (Guzzon et al., 2017). In addition to a plant’s ability to avoid or withstand periods of water scarcity, photosynthetic recovery following rehydration is essential to prevent dramatic declines in crop yields. This process first involves reinstating leaf water status and stomatal opening (Hayano-Kanashiro et al., 2009), followed by the synthesis of photosynthetic proteins de novo (Kirschbaum, 1988). However, the extent of recovery will depend on the intensity and duration of the drought, and ultimately, if not re-watered in time, drought-induced carbon starvation and/or hydraulic failure can result in plant mortality. 
Most modern crops have been selectively bred for their high yields under optimal conditions, with access to ample water and nutrients, and as such, can be particularly susceptible to drought stress. Domestication restricts a crop’s genetic repertoire and often results in the loss of drought tolerant traits that were once present in their progenitors (Budak et al., 2013). To achieve global food security, there is a pressing urgency to develop new “climate ready” crops that will be able to better withstand the increased occurrence of severe droughts predicted (Shukla et al., 2022). Since stomata play a central role in regulating transpiration, engineering the number of pores that develop on leaves has been identified as a promising solution to enhance water-use-efficiency and drought resistance in major cereal crops.
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1.5	Stomata: the gateways to the environment
As discussed above, stomata serve as the main interface between the plant and environment by regulating the exchange of gases, specifically the loss of water vapour and O2, and the uptake of CO2 (Figure 1.6). Each stomate consists of a pair of specialised guard cells (GC), which surround the pore. In response to a plethora of environmental stimuli, plants adjust their stomatal apertures by regulating the reversible swelling and shrinking of the GCs (Andrés et al., 2014; Franks and Farquhar, 2007; Kollist et al., 2014). Specifically, stomatal opening occurs in response to increasing light intensity, temperature and VPD, and decreasing Ca. These signals result in an increase in the osmotic potential of the GCs through the uptake and/or intracellular generation of solutes, which subsequently drives an influx of water (Figure 1.8). As turgor pressure increases, the swollen GCs bend apart, widening the pore. Conversely, stomatal closure is triggered by decreasing soil moisture, light intensity and vapour pressure deficit (VPD), increasing Ca, and the presence of some foliar pathogens (Driesen et al., 2020). These signals cause an efflux of solutes followed by water from the GCs, reducing their cell volume and turgidity (Figure 1.8). In turn, these changes in stomatal aperture alter the rate of stomatal conductance (gs). Osmoregulation of the GCs is a highly dynamic process, and is regulated by several plant signalling pathways, which often converge or counteract each other. This allows the plant to simultaneously respond to multiple external and internal signals and fine-tune its gas exchange to optimise A, E, and internal temperatures (Zeiger et al., 1987).
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Figure 1.8. Osmoregulation of the guard cells control stomatal aperture responses. 
(a) During stomatal opening, H+-ATPase pumps H+ out of the GCs, which hyperpolarises the plasma membrane (PM), and leads to the activation of inward-rectifying potassium ion (K+) channels and an influx of K+ ions. This is followed by transporter mediated uptake of chloride (Cl-) and nitrate (NO3-) ions into the GCs from neighbouring cells, the accumulation of malate2- via starch breakdown within the GC, and the import or synthesis of other sugars. This increase in the GC solute concentration lowers the water potential and drives water uptake into the GCs via aquaporins. As turgor pressure and cell volume increases, the GC pair separate, which widens the pore. (b) During stomatal closure, inhibition of H+-ATPase activity results in PM depolarisation and the activation of outward K+ channels and slow/rapid-type anion channels, which leads to an efflux of K+, Cl-, NO3- and malate2-. Malate2- can also be converted back to starch via glucogenesis. Additionally, calcium ions (Ca2+) are imported into the GC cytosol via channels situated in the PM and vacuole tonoplast. Together, this results in an increase in GC water potential, which drives water out and causes the GCs to deflate and the pore to narrow. Figure reproduced from Daszkowska-Golec and Szarejko (2013).




In addition to these reversible aperture changes, plants can also alter the number and size of stomata that develop on the epidermis of new leaves (Casson and Gray, 2008). These anatomical traits determine the maximum theoretical stomatal conductance of a leaf (gsmax), assuming that all stomata are open fully (Franks and Beerling, 2009; Dow, Bergmann and Berry, 2014; Franks et al., 2015). Unless subjected to extreme environmental permutations, plants generally do not operate close to their gsmax. Instead, operating gs and turgor pressure usually remain within a range that provides optimal control over their aperture responses, which is around 20% of their maximum capacity (Dow et al., 2014; Franks et al., 2012). If environmental conditions cause the operating gs to shift away from its optimal range over a consistent period, the plant may respond by adjusting the gsmax of developing leaves through alterations in stomatal density (SD) and stomatal size (SS). These changes in stomatal development allow for the longer-term optimisation of a plant’s gas exchange capacity to suit the prevailing conditions. In general, plants will increase their SD and gsmax in response to high light or low Ca to ensure that Cc does not limit A when there is either an increased supply of ATP and NADPH, or a reduced concentration gradient between Ca and Ci (Schoch, Zinsou and Sibi, 1980; Lake et al., 2001; Casson et al., 2009; Franks and Beerling, 2009). However, when stomatal limitations on photosynthesis are low, such as under low light or high Ca, plants will generally decrease SD and gsmax to conserve more water, whilst still maintaining the same A (Woodward, 1987). Though, these stomatal development responses appear to be species specific, as there have been many exceptions reported, and will be dependent on the combinations of environmental stimuli experienced (Haworth et al., 2013; Lake et al., 2001; Malone et al., 1993; Schoch et al., 1980; Thomas et al., 2004; Woodward, 1987).
An inverse relationship generally exists between SD and SS, whereby an increase in SD is accompanied by a decrease in SS, and vice versa. Whilst not universal, this phenomenon has been well documented across a wide range of species, both in extant plants and throughout the fossil record (Dilcher, 2000; Doheny-Adams et al., 2012; Franks et al., 2012; Franks and Beerling, 2009; McElwain and Chaloner, 1995; Ohsumi et al., 2007). For example, during the Palaeozoic era when Ca was low, many plant species, particularly Angiosperms, displayed increased numbers of smaller stomata. This negative correlation is believed to exist to maximise gsmax for enhanced photosynthetic capacity, whilst minimising the fraction of leaf epidermis that is allocated to stomata (de Boer et al., 2016, 2012; McElwain and Chaloner, 1995), which can be energetically costly to both develop (Raven, 2014) and operate (Zeiger, Farquhar and Cowan, 1987; Haworth et al., 2018) compared to normal epidermal cells. Furthermore, stomatal movements and gas fluxes are also impaired when stomata develop adjacent to each other (reviewed by Harrison et al. (2020)). Therefore, the relationship and developmental plasticity of SD and SS is believed to have contributed to the evolutionary success of the Angiosperms, facilitating both short-term responses and long-term adaptations to changing conditions (de Boer et al., 2016, 2012). 
The magnitude and speed of a plant’s stomatal aperture response can also be altered by changes in stomatal development. Dow and Bergmann (2014) show that increasing gsmax increases operational gs as expected, but also extends the optimal aperture range. Also, smaller stomata have been reported to accelerate stomatal responses, due to an increase in the GC membrane surface area to volume ratio, which facilitates faster turgor changes (Hetherington and Woodward, 2003; Drake, Froend and Franks, 2013). Improvements in stomatal kinetics can promote increased A, particularly under fluctuating environmental conditions (Drake et al., 2013; Lawson and Blatt, 2014; McAusland et al., 2016).
Importantly, to ensure effective gas exchange, plants must also coordinate the development of their stomatal pores and mesophyll tissues, to facilitate the continual passage of gases. Mesophyll anatomy, together with the density and patterning of stomata, determine the maximum potential CO2 flux through the leaf. Mesophyll conductance (gm) is largely affected by the surface area of cells exposed to intercellular airspaces, which is determined by the size, shape and arrangement of mesophyll cells and total leaf porosity (Lehmeier et al., 2017; Lundgren and Fleming, 2020). Several other factors also influence gm, such as cell wall thickness and porosity, carbonic anhydrase activity, permeability of plasma and chloroplast membranes and the positioning of chloroplasts (Evans, 2021). Increases in mesophyll conductance (gm) can enhance Cc without increasing E, since CO2 and water vapour only share the same diffusion pathway between the atmosphere and the sub-stomatal cavities (Figure 1.6). Therefore, the ratio of gs to gm can be optimised to increase photosynthetic rates and reduce plant water loss.
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The morphology and patterning of stomatal complexes differs markedly between the two major flowering plant groups (Nunes et al., 2020; Rudall et al., 2013; Rudall and Knowles, 2013; Stebbins and Shah, 1960). In eudicots, stomata are formed by a pair of kidney-shaped GCs and are found distributed irregularly across the epidermis, with mixed orientation (Figure 1.9) (Pillitteri and Dong, 2013; Zoulias et al., 2018). In contrast, stomatal complexes in monocotyledon (grass) species are formed by a pair of dumbbell-shaped GCs that are flanked by a pair of subsidiary cells (SCs), which offer enhanced stomatal aperture control (Franks and Farquhar, 2007; Raissig et al., 2017). Grass stomata develop evenly in pre-defined longitudinal cell rows (files), which are typically adjacent to leaf veins (Figure 1.10) (Bertolino et al., 2019; Hepworth et al., 2018; Nunes et al., 2020).
The genetic mechanisms that control SS are still largely unknown, however, there have been considerable advances in our understanding of the molecular pathways that control SD and patterning. Stomatal development is brought about by a series of cell divisions and differentiation steps, which are tightly regulated by a “genetic toolbox” that was first identified in the eudicot Arabidopsis thaliana (Zhao and Sack, 1999). In fact, most of our knowledge on how stomata form and function stems from research conducted on Arabidopsis, which is considered a genetic model species. In Arabidopsis, three core basic helix-loop-helix (bHLH) transcription factors (TFs), named SPEECHLESS (SPCH), MUTE and FAMA, act sequentially to regulate the major cell fate transitions that lead to stomatal formation (Figure 1.9) (MacAlister et al., 2007). In short, AtSPCH acts first to assign stomatal lineage fate to protodermal cells on a developing leaf, where they take on meristemoid mother cell (MMC) identity and undergo an asymmetric entry division to form a meristemoid cell (MC). AtSPCH also drives further MC spacing and amplifying divisions. AtMUTE then terminates MC divisions and promotes their differentiation into guard mother cells (GMCs) (Pillitteri et al., 2007). Finally, AtFAMA facilitates the symmetric division of the GMCs to form a pair of GCs and their subsequent maturation (Ohashi-Ito and Bergmann, 2006). To function properly, each of these TFs require heterodimerisation with one of the SCREAM bHLH TFs (SCRM1 or SCRM2) (Kanaoka et al., 2008). On the developing leaves of eudicot species, stomatal development is initiated in irregularly dispersed epidermal cells, leading to an epidermis that is scattered with cells at different stages within the stomatal lineage (Figure 1.9).
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Figure 1.9. Stomatal development in Arabidopsis. (a) The epidermis of a developing Arabidopsis leaf features dispersed cells at different stages of the stomatal lineage, with irregular orientation. (b) In Arabidopsis, stomatal development is initiated within a protodermal cell that is assigned into the stomatal lineage and differentiates into a meristemoid mother cell (MMC). The MMC will undergo an initial asymmetric entry division, to create a smaller meristemoid cell (MC) and a larger stomatal lineage ground cell (SLGC; a stomatal lineage cell that has not yet been assigned the fate of developing into a guard cell). The MC possesses stem cell-like properties and at this point may perform several rounds of asymmetric cellular divisions, amplifying the number of SLGCs that surround the MC (de Marcos et al., 2017). The MC differentiates into a guard mother cell (GMC), and finally, the GMC divides symmetrically to produce a pair of kidney-shaped GCs that form the stomatal pore. Concurrently, SLGCs either exit the stomatal lineage or undergo a further asymmetric spacing division to produce a new satellite MC that will itself transition into an additional stoma, spaced by a pavement cell (Zhao and Sack, 1999). Any protodermal cells that are not assigned stomatal lineage fate will develop into normal pavement cells. Figure reproduced from Zoulias et al. (2018).
Given the importance of cereal crops for global agriculture, it is crucial that we also understand how stomata develop in the grasses. Fortunately, recent studies in rice (Oryza sativa), maize (Zea mays) and Brachypodium distachyon have begun to shed light on the genetic pathways that regulate differentiation of monocot stomatal complexes (Liu et al., 2009; Raissig et al., 2016, 2017; Wu et al., 2019; Yin et al., 2017a). Although grasses and eudicots present different stomatal morphology and patterning, the core genetic module is fundamentally similar between both groups, albeit “alternatively wired” in the grasses (Raissig et al., 2016). Functional orthologues of SPCH, MUTE and FAMA can also be found in grass species (Qu et al., 2017), with a duplication of SPCH (Chen et al., 2017). Whilst they have generally been found to regulate similar stomatal cell-fate transitions, some divergence in their functions have been observed (Liu et al., 2009; Raissig et al., 2017).
Unlike eudicots, grass stomatal development occurs along a strong spatiotemporal gradient, with stomatal differentiation steps progressing from the base towards the tip of the leaf, as cells are moved upwards during leaf expansion (Figure 1.10) (McKown and Bergmann, 2020). Since grass stomata develop in specific epidermal cell files, these must first be determined. Pairs of SHORTROOT and SCARECROW TFs are believed to regulate the positioning of stomatal files close to the leaf vasculature in rice (Kamiya et al., 2003; Schuler et al., 2018). Following this, the stomatal lineage is initiated through asymmetric divisions of protodermal cells via the action of the two SPCH paralogues, particularly that of SPCH2 (Raissig et al., 2016; Wu et al., 2019). GMC differentiation is then promoted by MUTE, which has a second role in the grasses: to enter neighbouring subsidiary mother cells (SMCs) and promote a longitudinal entry division which establishes them as SCs. This is facilitated by the mobile properties of the MUTE protein, which allows it to move between cells via plasmodesmata (Raissig et al., 2017; Wang et al., 2019). Next, the GMC divides symmetrically to produce two nascent GCs, possibly regulated by FOUR LIPS (Wu et al., 2019), which expand and mature along with the SCs to form the final mature stomatal complex, facilitated by FAMA (Liu et al., 2009). These cell-fate transitions also require the activity of SCRM1 and SCRM2 orthologues, although they have been reported to act at different stages to each other (Raissig et al., 2016). 
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Figure 1.10. Stomatal development in the grasses. First, epidermal cell files that will go on to produce stomata are determined, and within these, protodermal cells begin to proliferate (in grey). Protodermal cells then undergo a single asymmetric entry division, which creates a smaller GMC (in green) and a larger pavement cell. Unlike Arabidopsis, grasses do not form an MMC or MC first, nor do they undergo any amplifying divisions (Serna, 2011). The GMC continues to enlarge, and the two cells neighbouring it then asymmetrically divide to produce a pair of flanking subsidiary mother cells (SMCs) (in blue), which continue to increase in size. Following a final symmetrical division of the GMC and extensive cell elongation, the mature stomatal complex is formed; a pair of dumbbell-shaped GCs flanked by two subsidiary cells (SCs). Figure reproduced from Buckley, Caine and Gray (2020).
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1.7	Epidermal Patterning Factors 
Despite the differences in stomatal distribution between eudicots and grasses, both plant groups generally abide by a patterning mechanism known as the “one cell spacing rule”, which prevents stomata from forming adjacent to one another. Stomatal clustering has been found to impair GC movements due to increased competition for ions and mechanical backpressure from neighbouring cells (Edwards et al., 1976; Kim et al., 2010; Papanatsiou et al., 2016). Additionally, the overlapping gas diffusion shells of the pores can reduce the efficiency of gas exchange (Lehmann and Or, 2015). Therefore, it is essential that the cell-fate transitions are tightly regulated to ensure that stomatal complexes are properly spaced, optimising their functionality. 
In Arabidopsis, the cysteine-rich secreted signalling peptides belonging to the EPIDERMAL PATTERNING FACTOR (EPF) family are responsible for mediating intercellular signals and regulating stomatal patterning (Zoulias et al., 2018). Two negatively acting peptides, AtEPF1 and AtEPF2, restrict the formation of stomata by performing distinct but overlapping roles. AtEPF2 acts earlier on to prevent the first asymmetric division that produces an MC, and also promotes the formation of epidermal pavement cells (Hara et al., 2009; Hunt and Gray, 2009a). Whereas AtEPF1 is involved in orienting cell divisions and inhibiting the transition from MC to GMC (Hara et al., 2007; Qi et al., 2017). At the plasma membrane, these peptide signals are perceived by a receptor complex, which comprises members of the ERECTA family of receptor-like kinases, along with the receptor-like protein TOO MANY MOUTHS (TMM) (Lin et al., 2017; Nadeau and Sack, 2002; Shpak et al., 2005). Receptor binding then activates an intracellular mitogen-activated protein kinase (MAPK) signalling cascade, which culminates in the phosphorylation and destabilisation of AtSPCH, thus controlling the entry and progression of the stomatal lineage (Lampard et al., 2008; Meng et al., 2015). Furthermore, within the EPF family, there is also a positive regulator of stomatal development. AtEPF-like 9 (AtEPFL9), also known as STOMAGEN, is secreted from the mesophyll cells and competes antagonistically for the same receptor complex, thus preventing the inhibitory activities of AtEPF1 and AtEPF2 (Hunt et al., 2010; Lee et al., 2015; Sugano et al., 2010). Together, this complex regulatory network provides a high level of developmental plasticity that allows plants to modulate their SD and patterning in response to environmental and endogenous signals (Casson and Gray, 2008).
By genetically manipulating these three peptides, a collection of Arabidopsis EPF mutants has been produced with stomatal densities ranging from 20-325% of “wild type” numbers (Doheny-Adams et al., 2012; Hunt et al., 2010; Hunt and Gray, 2009b). In these studies, authors show that plants lacking AtEPF1 exhibited higher SD but also more frequent stomatal pairs, suggesting that AtEPF1 is the key to upholding the one cell spacing rule. Stomatal clustering was generally not seen in plants that lacked AtEPF2, which instead showed an increase in both SD and total epidermal cells, due to the additional arrested stomatal lineage cells. Both phenotypes were present in the double mutant lacking both genes, as well as in plants with increased AtEPFL9 expression, suggesting additive peptide functions. Conversely, plants with very low SD densities were produced via the ectopic over-expression of AtEPF1 or AtEPF2, and moderately low SD plants produced by knocking down levels of AtEPFL9. Looking across the Arabidopsis mutant collection, a strong negative correlation between SD and SS can be seen (Doheny-Adams et al., 2012). 
As with the bHLH TFs, the EPF/L family members and their receptor components are highly conserved across monocots (Hepworth et al., 2018; Liu et al., 2009). Sequence analyses have revealed two genes with high homology to both AtEPF1 and AtEPF2 in all grass species studied, except for hexaploidy wheat (Triticum aestivum), which has several copies (Hepworth et al., 2018). However, the same authors reported that instead of one EPFL9 gene, grasses generally have two. Following on from the success in Arabidopsis, manipulations in EPF gene expression has led to significant changes in the stomatal densities of several C3 cereal crops (Caine et al., 2019; Dunn et al., 2019; Hughes et al., 2017; Mohammed et al., 2019; Yin et al., 2017). These genetic studies show that the grass EPF1/EPF2 orthologues also negatively regulate stomatal development by modulating the transcriptional activity of SPCH, but how and when this regulation takes place is yet to be fully understood. In rice, wheat and barley (Hordeum vulgare), the constitutive over-expression of their native EPF1 significantly reduced SD but increased the number of arrested GMCs, suggesting that the monocot EPF1 peptide may inhibit stomatal lineage entry and regulate GMC fate, portraying functional attributes of both AtEPF1 and AtEPF2 (Caine et al., 2019; Dunn et al., 2019; Hughes et al., 2017). Authors also observed that sub-stomatal cavities did not form beneath arrested GMCs in these grass EPF1-OE lines, reducing total mesophyll porosity (Caine et al., 2019; Hughes et al., 2017; Lundgren et al., 2019; Sloan et al., 2022). This demonstrates that the development of stomata and the underlying mesophyll layer is tightly co-ordinated.
Moreover, the roles of the two EPFL9 paralogues in monocots have also been debated. In rice, OsEPFL9-1 was confirmed to positively regulate stomatal development, with significant reductions in SD (~90%) found in plants lacking the gene (Yin et al., 2017). Additionally, over-expression of OsEPFL9-1 in rice resulted in moderate increases in SD but little to no stomatal clustering (Bertolino et al., 2022; Mohammed et al., 2019), unlike the phenotype of AtEPFL9-OE (Hunt et al., 2010). Since monocot stomatal development is ultimately limited by the number of stomatal files that form, it appears to be much harder to achieve the same SD increases in cereal crops, as those seen in Arabidopsis. A recent study reported that rice plants lacking a functional OsEPFL9-2 (referred to as OsEPFL10 by authors), resulted in only a moderate decrease in SD (~25%), suggesting some level of functional divergence between the two EPFL9 paralogues (Karavolias et al., 2023). Manipulating SD in the grasses has revealed that the inverse relationship between SD and SS can sometimes be broken, however, this appears to be species and cultivar specific (for example, Mohammed et al. (2019) vs Caine et al. (2019)). This suggests that the response of SS to changes in SD may be regulated differently between monocots and eudicots.
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1.8	Stomatal engineering for improved drought resistance
Given the necessity to future-proof agriculture, stomatal engineering is of considerable interest, as it may provide increased resistance against drought and other abiotic and biotic stresses. A suite of mutants with greatly altered stomatal densities now exists across a wide range of species and has provided researchers with an invaluable toolkit to assess how changing SD, and thus gsmax, can influence plant physiology without needing to manipulate the growth environment (reviewed in Harrison et al. (2020)). Indeed, gas exchange analysis on Arabidopsis AtEPF2-OE plants with 80% fewer stomata demonstrated a significant reduction in gs and E, and an improvement in intrinsic water-use-efficiency (WUEi; estimated by A/gs) (Franks et al., 2015; Hepworth et al., 2015). Likewise, similar alterations in gas exchange have been achieved in the equivalent transgenic lines of several high-yielding C3 crops: barley HvEPF1-OE (Hughes et al., 2017), rice OsEPF1-OE (Caine et al., 2019; Mohammed et al., 2019), and wheat TaEPF1-OE (Dunn et al., 2019). Several of these studies also reported that when water was restricted, low-SD plants conserved more water in the soil and maintained their gs, evaporative cooling and PSII activity near well-watered levels for longer, in comparison to their wild-type counterparts (Hepworth et al., 2015; Hughes et al., 2017; Caine et al., 2019). Whilst this wasn’t directly measured, it suggests that reducing SD may have allowed the continuation of carbon fixation during drought stress, which may have limited the production of excessive reducing power that can result in irreversible damage to the photosynthetic apparatus (as discussed in section 1.4); this line of enquiry warrants further examination. Hughes et al. (2017) also reported higher relative water content in the leaves of low-SD plants after drought treatment, suggesting that cellular turgor pressure may have been maintained, which is essential for many crucial metabolic plant processes (as discussed in section 1.4). Together, this likely explains why Arabidopsis AtEPF2-OE and rice OsEPF1-OE plants had significantly enhanced survival rates compared to controls following re-hydration after severe drought stress (Hepworth et al., 2015; Caine et al., 2019). Most importantly, restricting stomatal development in these C3 crops did not affect plant biomass or grain yield under well-watered or vegetative-stage drought conditions (Hughes et al., 2017; Caine et al., 2019), except for in one wheat line with very low SD (Dunn et al., 2019). In fact, OsEPF1-OE rice plants exhibited increased yields following drought stress that was applied during the flowering period (Caine et al., 2019).
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1.9	The influence of stomatal density on photosynthesis and future opportunities
Stomatal engineering provides an exciting tool to develop “climate ready” crop varieties, however, to meet the growing demand for food, it is essential that manipulations in SD do not negatively impact grain yields. A major caveat of decreasing SD is a potential decrease in photosynthetic carbon fixation, due to a reduced supply of CO2 to the chloroplast. Whilst some studies have shown no correlation between A and SD (Yoo et al., 2010), significantly reduced rates of A were reported under growth light in Arabidopsis AtEPF2-OE (~80% reduction in SD; Franks et al., 2015), both barley HvEPF1-OE lines (~52-56% reduction in SD; Hughes et al., 2017) and in the rice OsEPF1-OE and wheat TaEPF1-OE lines with the most severe reductions in SD (~88% and ~87%, respectively; Caine et al., 2019, Dunn et al., 2019). However, when measured under saturating light, OsEPF1-OE rice plants with moderate reductions in SD (~57%) also showed a significant decrease in A (Caine et al., 2019). The authors suggested that these differences in A were likely caused by limitations of gs on Cc rather than SD-related impairments to the plant’s biochemical capacity for photosynthesis, since the maximum rate of carboxylation (Vcmax) and the maximum rate of electron transport (Jmax) were not altered in the EPF transformants compared to their controls (Franks et al., 2015; Hughes et al., 2017; Caine et al., 2019; Dunn et al., 2019). Indeed, low-SD lines were reported to have reduced average Ci, and whilst Cc wasn’t measured, the lower mesophyll porosity present in these lines (Lundgren et al., 2019; Sloan et al., 2022) may have impeded CO2 diffusion further, resulting in a reduced and/or patchy Cc throughout the leaf. Furthermore, restrictions to gas exchange may also increase the oxygenase activity of Rubisco by increasing plant temperatures and reducing the CO2 to O2 ratio inside the leaf. Therefore, increased rates of photorespiration may be contributing towards the observed decrease in net A, however, this is yet to be explored in these mutants. 
Despite the observed reductions in A in some lines with low-SD phenotypes, all plants showed improvements to WUEi since a relatively greater reduction in gs was seen. This suggests that some level of disconnect exists between A and gs, which are generally assumed to be closely linked. This may be caused by other factors that become more limiting to photosynthesis than gs, such as light intensity, and may explain why low to moderate reductions in SD sometimes do not significantly impact A (reviewed in Harrison et al. (2020)). Encouragingly, any reported impact on leaf photosynthesis generally did not materialise in a reduction in biomass or grain yield, as previously discussed. However, these experiments were performed in a controlled environment and therefore may not reflect conditions experienced in the field, such as fluctuating light and varying temperatures. So far, these studies have shown that stomatal engineering may be a viable option for improving drought resistance in important food crops, however, it does beg the question that if A was not significantly reduced in plants with very low SD, could their grain yield and whole-plant WUE be enhanced further?
Manipulating SD in a C4 species could offer an ideal model to address the question above. C4 plants are able to concentrate carbon at the site of carboxylation and thus can often operate at a lower gs without compromising A. As such, they are generally considered to have enhanced WUE compared with plants that use C3 photosynthesis (Way et al., 2014). Therefore, reducing SD, and presumably gs and Ci, in a C4 species may not lead to a concomitant drop in A, as their carbon concentrating mechanism (CCM) may be able to maintain Cc at a level that is non-limiting to photosynthesis. In turn this could improve WUEi and yield further. It would be of particular interest to explore this in C4 cereal crops, such as maize and sorghum (Sorghum bicolor), given their economic importance in global food production. To my knowledge, expression of the EPF family has not yet been genetically altered in any C4 species. However, the over-expression of STOMATAL DENSITY AND DISTRIBUTION (SDD1), which is another negative regulator of SPCH that acts independently to the EPFs (Berger and Altmann, 2000; Hunt and Gray, 2009), resulted in a 30% SD reduction in maize (Liu et al., 2015). A subsequent reduction in gs and water consumption was seen in ZmSDD1-OE plants, and promisingly, there were no differences in A compared to their controls under well-watered conditions. In fact, the low-SD plants showed increased photosynthetic rates following a repeated drought, which the authors accredited to their increased activity of an essential CCM enzyme. It would be valuable to investigate whether the same results can be achieved by manipulating the EPF family, particularly if plants with greater reductions of SD can be generated.
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The broad aims of this thesis were firstly to investigate the relationship between stomatal development, photosynthesis, and photorespiration in greater detail in C3 plants; and secondly, to manipulate stomatal density in a C4 species, to investigate whether water-use-efficiency and drought resistance can be improved, without the photosynthetic penalty. 
In Chapter 3, leaf gas exchange analyses were used to elucidate rates of carbon assimilation and photorespiration in a range of existing C3 transgenic lines with manipulated expression of the Epidermal Patterning Factor (EPF) family. Following this, a subset of Arabidopsis lines (AtEPF2-OE and Atepf1;Atepf2) was used to investigate how these parameters, along with photosynthetic electron transport and photoprotective mechanisms, respond in these mutants over a period of water deficit.
In Chapter 4, three maize orthologues of AtEPFL9 were first identified through phylogenetic analyis, and their putative functions were assessed by over-expression in Arabidopsis. Using this information, gene-edited maize lines lacking either one or two ZmEPFL9 genes were generated (by industrial partner Limagrain) and their resulting stomatal development was characterised.
In Chapter 5, leaf gas exchange and plant water use of the gene-edited Zmepfl9 lines was measured to investigate whether reducing stomatal density can offer enhanced drought resistance without an impact on carbon assimilation. Subsequently, the physiological responses and productivity of Zmepfl9 plants were examined under drought stress.

Chapter 1. General Introduction
Chapter 1. General Introduction
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Materials and Methods
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[bookmark: _Toc114587914]2.1.1	Arabidopsis thaliana
Several Arabidopsis thaliana mutants with altered stomatal densities in the Col-0 ecotype background have been experimentally investigated in this thesis. Some of which have been previously described, including the lines AtEPF2-OE and AtEPFL9-OE, which ectopically over-express the native Arabidopsis EPF2 (At1g34245) and EPFL9 (At4g12970) genes, respectively, driven by the Cauliflower Mosaic Virus 35S (CaMV 35S) promoter (Hunt et al., 2010b; Hunt and Gray, 2009b). Along with the Atepf1;Atepf2 loss-of-function line, which has homozygous t-DNA insertions within both AtEPF1 (At2g20875) and AtEPF2 genes (Hunt and Gray, 2009b). Plants from the T4 or later generation were used in experiments, following confirmation that the transgenes were present by PCR. 
In addition to those previously characterised, an Atepfl9 knockout line that was generated by Dr Lee Hunt was also included in the gas exchange analyses presented in Chapter 3.  CRISPR/Cas9 was used to genetically edit AtEPFL9 in Arabidopsis, using the binary vector pHSE401, as per Xing et al. (2014). The guide RNA sequence designed to the AtEPFL9 coding sequence (attgTGTACGTACAACGAGTGCAG) was ligated into the plasmid’s BsaI site. Agrobacterium tumefaciens was then used to transform plants from the Col-0 background via the floral dip method (Clough and Bent, 1998). Positively transformed T1 plants were selected using Kanamycin antibiotic, and mutations within AtEPFL9 were identified by Sanger sequencing. Homozygous T2 plants were subsequently generated from a line that harboured a mutation of interest, which resulted in the loss of the MwoI restriction site within the gRNA sequence. Plants from the T3 generation that were used in this thesis were provided by Dr Nick Zoulias, who previously confirmed the mutations through restriction digest. 
	To analyse the function of three EPFL9 putative orthologues in maize (ZmEPFL9-1a, ZmEPFL9-1b and ZmEPFL9-2 – see section 2.1.3 for cultivar gene annotations), Arabidopsis Col-0 mutants were generated that constitutively over-express each gene. In brief, the full genomic DNA sequences of each gene were amplified from maize tissue (cv. A188) and cloned into the entry vector pENTR/D/TOPO, before recombining into the expression vector pEarleyGate101, where the genes of interest were placed under control of the CaMV 35S promoter. These constructs were then used to transform Agrobacterium, and subsequently Arabidopsis, to produce two independently transformed lines for each ZmEPFL9 gene. More detail on the cloning and transformation process can be found in section 2.6. 
2.1.2	Oryzae sativa
Several previously described rice (Oryzae sativa L.) mutants with manipulated stomatal densities were used in this study. Transgenic lines OsEPF1-OE and OsEPFL9-1-OE over-express the genes OsEPF1 (Os04g0637300) and OsEPFL9-1 (Os01g0914400), respectively, directed by the maize ubiquitin promoter. The lines used in this thesis specifically refer to the lines named OsEPF1-OE-S in Caine et al. (2019), which has multiple copies of the transgene, and OsEPFL9-1-OE-3 in Bertolino et al. (2022), which has a single copy. Additionally, OsEPFL9-1 knockout line (Osepfl9-1), generated through CRISPR/Cas9 genome editing,  has been described in Yin et al. (2017). All three rice transformed lines are from the Indica IR-64 cultivar background. IR-64 plants used as the control line have been through a similar transformation and tissue regeneration process, but do not contain a transgene. T2 or T3  generation plants were used for experiments, following confirmation of their altered stomatal phenotype.
2.1.3	Zea mays
Gene-edited maize (Zea mays L.) lines were produced for the purpose of this project by Limagrain (Clermont-Ferrand, France), the industrial partner of this Cooperative Awards in Science and Engineering (CASE) doctoral studentship. The inbred line A188 was chosen for genomic transformations, since it is one of few maize cultivars that can effectively regenerate from an embryonic callus (Bronsema et al., 1997). Two out of three maize EPFL9 paralogues were selected for gene-editing: ZmEPFL9-1a and ZmEPFL9-1b, as named in this thesis. ZmEPFL9-2 was not targeted due to its perceived minimal role in stomatal development. To avoid confusion with different nomenclature, ZmEPFL9-1a here refers to ZmA188v1aHC022313 in cultivar A188 or Zm00001d042381 in cultivar B73, ZmEPFL9-1b refers to ZmA188v1aHC027937 (A188) or Zm00001d012079 (B73), and ZmEPFL9-2 refers to ZmA188v1b4G018354LC.1 (A188) or Zm00001d049795 (B73).
Three guide RNA sequences were designed: Cas9_gRNA_1a which targets exon 2 of ZmEPFL9-1a (TAAGCATATAATTTTGCCGAAGG), Cas9_gRNA_1b which targets exon 2 of ZmEPFL9-1b (GTATCTCCACCAGGAATTACCTG) and Cas9_gRNA_1a&b which targets the C-terminal domain and matches both gene sequences (TACTGCTGAGCAAGTCCCAGTGG). These gRNA fragments were synthesised (GenScript Biotech) and cloned into a binary vector, where their expression was driven by the maize ZmU6 promoter. The vector also contained three other transcription cassettes. One containing the Cas9 endonuclease, under the control of the maize ubiquitin promoter and first intron. Another containing the ZsGreen coding sequence (green fluorescent protein derived from Zoanthus spp.) to be used for screening, and the last containing the Streptomyces hygroscopicus bialaphos resistance (Bar) gene to be used for bacterial selection. Three constructs, each containing one gRNA, were then used to transform Agrobacterium (strain LBA4404), which was subsequently used to transform immature A188 embryos, collected 10 days after fertilisation. Transformed embryogenic calluses were then regenerated in the dark at 25°C for 5 weeks in total, with three rounds of selection using medium containing phosphinotricin and cefotaxime, as per the protocol described by Ishida et al. (1996). Finally, plantlets were regenerated from excised type I calluses that had proliferated and placed under continuous light at 22°C for 4 weeks, before transferring them to a phytotron for acclimation. 
	Modifications of target gene sequences were identified in T0 plants by next-generation sequencing (NGS). Gene mutations that resulted in a sequence frameshift and premature translation termination, through the insertion of 1-2 nucleotides, were preferentially selected and used to obtain homozygous T1 plants (so long as there were no off-target effects, confirmed by NGS). From these, several T2 lines were generated, most of which were confirmed to no longer harbour the Cas9 endonuclease transgene, and submitted to Sheffield for phenotyping, along with an A188 control line. A subset of these gene-edited lines was used for experimental analyses. 
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2.2	Plant growth
2.2.1	Arabidopsis thaliana
Arabidopsis seeds were stratified on pre-wet soil (4 parts Levingtons M3 compost, 1 part perlite) at 4°C in the dark for 72 hours to synchronise germination. Pots were then covered with plastic propagator lids and transferred to a growth chamber. For experiments detailed in Chapter 3, plants were grown in a Conviron controlled-environment cabinet (model BDR16) set to the following conditions: 9 hr photoperiod, 22°C day/18°C night temperature, 150 μmol m-2 s-1 PAR, 60% relative humidity (RH), and ambient CO2 concentration (Ca) (approx. 420-450ppm). For the generation and characterisation of p35S::ZmEPFL9 lines (Chapter 4), plants were grown in a Sanyo growth chamber (model MLR-350) set to the following conditions: 16 hr photoperiod, 22°C day/18°C night temperature, 200 μmol m-2 s-1 PAR and ambient RH and Ca. After around 10 days of growth, propagators were removed and individual cotyledons were transplanted to 9cm diameter pots containing the same M3 and perlite soil mixture, where they were then grown to maturity. Plant trays were watered sparingly 2-3 times a week with reverse osmosis (RO) water, and plants were rotated within cabinets weekly. Once mature plants had transitioned to the reproductive phase, inflorescence stems were placed within perforated plastic bread bags to avoid cross-pollination between genotypes. After flowering was complete and siliques were fully developed, plants were allowed to dry down, before seed was collected.
2.2.2	Oryzae sativa
Rice seeds were placed in sealed Petri dishes containing 1 cm of RO water and germinated for 7 days within a Sanyo growth chamber (model MLR-350), set to the following conditions: 12 hr photoperiod, 26°C day/24°C night temperature, 200 μmol m-2 s-1 PAR and ambient RH and Ca. Following this, seedlings were transferred to 0.88 L pots containing soil that was thoroughly mixed and saturated with water beforehand. The soil mixture consisted of 2 parts Kettering loam, 1 part John Innes No.3 compost, 5% course grade horticultural sand and 
3 g/L Osmocote slow-release fertiliser. Transplanted seedlings were covered with propagator lids for 1 week, and grown in a Conviron cabinet (model BDR16), set to the following conditions: 12 hr photoperiod, 30°C day/24°C night temperature, 950 μmol m-2 s-1 PAR, 60% RH and ambient Ca. Plant trays were filled to the top with RO water and topped up regularly. 3-week-old plants were used for the experiments detailed in Chapter 3, after which they were discarded. 
2.2.3	Zea mays
To generate plant tissue used in the RT-qPCR analyses, A188 wildtype seeds were first surface sterilised in 70% Ethanol for 1 min, washed in sterile water, then placed in 25% economy bleach for 30 mins, before finally washing in sterile water 5 more times. Sterilised seeds were then germinated inside sealed autoclaved plastic magenta pots on filter paper, supplied with 1 cm of sterile water, and placed in a Sanyo growth cabinet (model MLR-350) set to the following conditions: 16 hr photoperiod, 25°C day/20°C night temperature, 200 μmol m-2 s-1 PAR and ambient RH and Ca. After 7 days of growth, seedlings were dissected and used for either RNA extractions or for microscopic imaging. 
	For all other phenotypic experiments, seeds were not surface sterilised but instead placed 2 cm below the surface of moist soil (5 parts John Innes No.3 compost, 1 part course grade horticultural sand and 3 g/L Osmocote slow release fertiliser) and covered with propagator lids for 1 week during germination. For the initial screen of gene-edited lines and leaf 3 stomatal measurements (Chapter 4), plants were initially grown in 0.88 L pots in a Conviron growth cabinet (model BDR16) set to the following conditions: 16 hr photoperiod 28°C day/20°C night temperature, 600 μmol m-2 s-1 PAR, 70% RH, and 400 ppm CO2 concentration (additive supplied). For the experiments detailed in Chapter 5, plants were grown in 6 L pots in a large Conviron walk-in chamber, set to the same conditions described above but supplied with 1000 μmol m-2 s-1 PAR. All plants were watered sparingly for the first month, after which around 5 cm of RO water was added to the plant trays 3 times a week, and fertiliser was supplied once a week (Chempak High Nitrogen Fertilser No.2). Plant pots were rotated within trays on a weekly basis.
2.2.3.1   Controlled pollination of maize
Maize relies on wind for pollination, so it is essential that plants are manually pollinated when grown in growth chambers. After the first paternal tassels had appeared, around 8-9 weeks post germination, all plants were monitored daily for the emergence of maternal ear shoots. To avoid unwanted fertilisation by contaminating pollen, nascent ear shoots were covered with a bread bag with clear window before the silks (styles) emerged. One edge of the bag was pulled down tightly between the stem and the ear shoot to firmly secure it in place. Bagged ear shoots were then examined daily for silk emergence, which usually occurred 1-5 days after anthesis had begun. Once the visible silks had reached a length of roughly 4-7 cm, the tip of the husk and silks were cut off using scissors and ears quickly re-covered to prevent exposure. This step results in homogenous regrowth of receptive silks, increasing the likelihood of all ovules in the ear being successfully fertilised. The date that the ears were cut was then recorded onto the ear bag for easy identification. That evening, on the same plants, tassels were first shaken to remove any previously shed, unviable pollen and then covered with a brown paper bag, with the base of the bag tightly folded around the stem of the tassel and secured in place with tape. The following morning between 8-9 a.m., when fresh anthers will be dehiscing and shedding pollen, bagged tassels were carefully bent downwards and agitated to collect pollen in the bottom of the bag, before withdrawing the tassel. Collected pollen was subsequently deposited evenly onto the new regrowth of the chosen silks, being careful to minimise exposure to environmental pollen contamination. A new brown paper bag was then quickly secured around the pollinated ear and the date of pollination recorded on the bag. Where possible, self-pollination was carried out. However, due to the drought treatment, some plants displayed inadequate pollen shed or very delayed silking. In these situations, different plants from the same genotype were used for cross-pollination. Plants were grown for around another 4 weeks until kernels had finished filling, at which point watering was ceased and plants were allowed to slowly dry out before ears were harvested and kernels removed.
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2.3	Extraction of nucleic acids and cDNA synthesis
2.3.1	Arabidopsis genomic DNA isolation
Genomic DNA was isolated from Arabidopsis leaves as per the protocol described by Edwards, Johnstone and Thompson (1991). Freshly collected leaf tissue (roughly 1 cm2) was placed into a 1.5 mL tube containing 400 µL Edwards solution (containing 200 mM Tris-HCl pH 7.5, 25 mM EDTA, 250 mM NaCl, 0.5% w/v SDS, and adjusted to pH 7.5 using HCl) and ground using a micropestle. Once homogenised, the sample was centrifuged at 14,000 rpm for 2 min, and the supernatant transferred to a new tube. An equal volume of pre-chilled Isopropanol was then added to the tube and mixed, before centrifuging for a further 5 min. All the liquid in the tube was removed, leaving behind the pellet of DNA, which was allowed to air dry for 10 min. Finally, the pellet was resuspended in 50 µL of TE buffer (10mM Tris-HCl pH 8.0, 1mM EDTA pH 8.0). Extracted gDNA samples were either used immediately for PCR analysis or stored at -20°C.
2.3.2	Maize genomic DNA isolation
Genomic DNA was isolated from maize leaves using a modified protocol based on the traditional cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1987). 1.5 mL tubes containing approximately 1 cm2 of young leaf tissue that had previously been flash frozen, were placed in a tube rack submerged in liquid nitrogen, and tissue was ground to a fine powder using a micropestle. 500 µL of CTAB buffer (containing 2% w/v CTAB, 100 mM Tris-HCl pH 8.0, 20 mM EDTA pH 8.0, 1.4 M NaCl, 1% w/v Polyvinyl pyrrolidone (PVP) 40, and adjusted to pH 5.0 using HCl) was added to each tube and mixed well, before incubating for 30 min at 65°C. Samples were centrifuged at 14,000 rpm for 5 min, and the supernatant transferred to a new tube, where it was mixed thoroughly with 500 µL of Chloroform and centrifuged again for 1 min. The clear upper aqueous phase was transferred to a new tube with two times the volume of Ethanol, and mixed slowly by inversion to precipitate the DNA. Following a further centrifugation step for 1 min, the supernatant was removed, and the remaining pellet was washed with 1 mL of 75% Ethanol, and allowed to air dry for 20 min. Finally, the pellet was resuspended in 50 µL of pre-warmed TE buffer (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0). Extracted DNA concentration was quantified before storing samples at 
-20°C and used for subsequent PCR analysis and downstream cloning or Sanger sequencing.
2.3.3	Total RNA extraction and cDNA synthesis
Total RNA was isolated from developing maize leaves to assess the expression of stomatal development genes. Using a scalpel, 7-day-old seedlings were excised from the seed as close to the base as possible, and the coleoptile and leaf 1 removed. 1 cm from the base of the young developing leaf 2 was excised and placed in a 1.5 mL tube, before immediately flash freezing within a tube rack submerged in liquid nitrogen. Here, pre-chilled and autoclaved micropestles were used to macerate the tissue to a fine powder. RNA extractions were then performed using Spectrum Plant Total RNA Kit (Sigma-Aldritch) following the manufacturer’s protocol. To remove residual DNA from the sample, RNA was treated with DNA-free DNA Removal Kit (Thermo Fisher Scientific). Total RNA concentration and purity was quantified using a NanoDrop™ ND-8000 UV-visible spectrophotometer (Thermo Scientific), with an A260/A280 ratio of ~2.0 indicative of highly purified RNA. RNA integrity was also checked using gel electrophoresis (see section 2.4.3); RNA sample aliquots were first heat-denatured at 70°C for 5 min and then placed in ice, before being run on a 1% TAE agarose gel at low voltage (~60 volts). High quality RNA will show two distinct 28S and 18S ribosomal RNA bands (with a respective brightness intensity of 2:1) and no smearing down the gel. Extracted RNA was then used as a template for cDNA synthesis using M-MLV Reverse Transcriptase (Invitrogen) with added oligo (dT)18, as per the manufacturer’s protocol. The single stranded cDNA was used in either PCR or RT-qPCR amplification. Both RNA and cDNA samples were stored at -80°C.
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2.4	Amplification and analysis of DNA fragments
2.4.1	Polymerase Chain Reaction (PCR) using OneTaq polymerase
For genotyping the Arabidopsis EPF lines, 20 µL PCR reactions were assembled using OneTaq Quick-Load 2X Master Mix with Standard Buffer (New England Biolabs) with 0.8-1 µL of DNA template, as per the manufacturer’s instructions. The following thermocycler conditions were generally used: an initial denaturation step at 94°C for 30 sec, followed by 30-35 repeated amplification cycles (94°C denaturation for 15 sec, 57-60°C annealing for 45-60 sec, 68°C extension for 60 sec), with a final extension step of 68°C for 5 min. To genotype Arabidopsis plants containing over-expression vectors (AtEPF2-OE, AtEPFL9-OE, p35S::ZmEPFL9s), a vector-specific primer (usually within the promoter region) was paired with a gene-specific primer (matching that of the insert) (see Table 2.3). For line Atepf1;Atepf2, tDNA insertions were confirmed using a pair of primers, with one located on the left border of the t-DNA insertion and the other specific to the native gene. Then, to identify homozygous Atepf1;Atepf2 plants, an additional PCR reaction was set up using primers only located within the native Arabidopsis genes, which should not result in amplification if homozygous (see Table 2.3).
2.4.2	PCR using KOD proof-reading polymerase
For the amplification of maize gDNA or plasmid DNA for downstream cloning or sequencing, 50 µL PCR reactions were assembled using KOD Hot Start DNA Polymerase using 1-1.5 µL of DNA template, as per the manufacturer’s protocol. The following thermocycler conditions were generally used: an initial denaturation step at 95°C for 2 min, followed by 30-35 repeated amplification cycles (95°C denaturation for 20 sec, 57-60°C annealing for 10 sec, 70°C extension for 15 sec). When using plasmid DNA as a template, 20 cycles were sufficient. For genotyping gene-edited maize lines, primers were designed to amplify the full length relevant ZmEPFL9 gene (see Table 2.3), and sequence modifications identified by amplicon sequencing. Additional primer pairs used for cloning and sequencing can also be found in Table 2.3.
2.4.3	Agarose gel electrophoresis
Agarose gel electrophoresis is used to separate nucleic acid fragments based on their size, for visualisation and purification. Gels were prepared by dissolving 1% w/v agarose in TAE buffer (40 mM Tris, 20 mM Acetic acid, 1 mM EDTA) and adding Ethidium bromide (0.5 µg/mL). Once set, gels were submerged in TAE buffer inside a clean gel tank. Samples, mixed with DNA Loading Dye (New England Biolabs) if required, were loaded into the wells, along with a DNA ladder (New England Biolabs) that contains fragments of known size. Agarose gels were generally run at 90-120 volts using a Biorad PowerPac, and then visualised using a UV trans-illuminator and images captured using an integrated camera. If multiple fragments were amplified during PCR, the band of the desired size was sometimes cut from the agarose gel using a UV plate and scalpel. The cut band was then weighed in a 1.5 mL tube and purified using Monarch DNA Gel Extraction Kit (New England Biolabs) following the manufacturer’s protocol, before being used in downstream cloning steps.
2.4.4	Sanger sequencing
PCR products and plasmids to be sequenced were purified using Monarch PCR & Reaction Cleanup Kit (New England Biolabs) or Monarch Plasmid Miniprep Kit (New England Biolabs), respectively, as per the manufacturer’s protocol. Samples and the relevant primers were then sent to Genewiz (Azenta) for Sanger sequencing, following the company’s guidance for sample preparation and submission. Using MEGA X, sequencing results were then aligned to the known sequences of either the native maize EPFL9 genes or plasmid maps, to identify any deviations from the sequence.
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2.5	Quantitative reverse transcription PCR (RT-qPCR)
2.5.1	Primer design and verification
RT-qPCR oligos were designed using NCBI Primer Blast for the three maize ZmEPFL9 genes, by specifying the following criteria: amplicon size of 70-150 nucleotides, Tm of around 60°C, primer lengths of 18-25 nucleotides, GC content of 50-60% and ideally positioned over an exon-exon border. Primers were also checked for non-specific amplification of non-target genes. Successful amplification using the oligos was first carried out on maize cDNA by PCR and agarose gel electrophoresis (see section 2.4). The amplification efficiency was then determined for each primer pair by RT-qPCR (see section 2.5.2) on a series of cDNA samples that had been diluted incrementally. Primer pairs with an amplification efficiency of R2 = 0.97 or higher were deemed acceptable to be used for subsequent RT-qPCR analyses. 
2.5.2	RT-qPCR using SYBR green polymerase
For expression analyses of three ZmEPFL9 paralogues in maize, their relative transcript levels were measured using cDNA from the developing leaf tissue of 7-day-old seedlings (see section 2.3.4). Samples were analysed by relative RT-qPCR in triplicate, using the Rotor-Gene SYBR Green PCR kit on a Corbett Rotor Gene 6000 (Qiagen), following the manufacturer’s protocol. Along with the genes of interest, samples were analysed for expression of the ubiquitous housekeeping genes Glyceraldehyde-3-phosphate dehydrogenase (GADPH) and Cyclin Dependent Kinase (CDK). Relative expression values were calculated by normalising the take-off values and amplification efficiencies of the target genes relative to the two housekeeping genes using the 2-ΔΔCT method, as described by Livak and Schmittgen (2001).
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2.6.1	Construction of plasmids and E. coli transformations
As described in section 2.1.3, three constructs were designed to over-express each ZmEPFL9 gene in Arabidopsis thaliana. Primers were initially designed based on the putative genomic DNA sequences retrieved from the reference genome of maize inbred line B73. Given that two of the maize paralogues have very high sequence identity, primers were designed within the 5’ and 3’ untranslated regions (UTR), where greater sequence disparity existed. The three maize genes were then amplified by PCR using KOD polymerase (see section 2.4.2) from gDNA extracted from the maize inbred line A188, provided by Limagrain (Clermont-Ferrand, France) (see section 2.3.2). A subsequent nested PCR was then performed on the purified PCR product to amplify just the coding regions, using primers that also introduced the 4-nucleotide sequence (CACC) necessary for Gateway directional cloning upstream of the ATG initiation codon. All primers can be found in Table 2.3. The resulting blunt-end PCR products were then ligated into the pENTR/d/TOPO entry vector, and used to transform chemically competent E. coli cells (OneShot TOP10 cells, from the pENTR Directional TOPO Cloning Kit, Invitrogen), as per the manufacturer’s protocol. 
The transformed bacterial medium was then spread onto pre-warmed Luria-Bertani (LB) agar plates (1% w/v Tryptone, 0.5% w/v Yeast extract, 1% w/v NaCl, 1.5% w/v agar, adjusted to pH 7.0 with NaOH and autoclaved before pouring) containing 50 µg/mL Kanamycin, and incubated overnight at 37°C. Positive colonies were identified by colony PCR, whereby a pipette tip was used to collect a small amount of cells form the colony surface, and used directly as the template. PCR reactions were otherwise assembled as described in section 2.4.1; however, an initial 10 min denaturation step was used to lyse cells and denature nucleases, followed by only 20-22 amplification cycles. A vector-specific primer was paired with a primer that hybridises within the gene insert, which allows confirmation of both the presence and correct orientation of the insert (see Table 2.3). Selected colonies were then cultured overnight in LB broth (as above minus the agar) containing 50 µg/mL Kanamycin on a rotary shaker, and the plasmid DNA was isolated using Monarch Plasmid Miniprep Kit (New England Biolabs). Isolated plasmids were then verified by sequencing (see section 2.4.4).
	Inserts from the positive entry clones were recombined into the Gateway destination vector pEarleyGate101 to generate constructs that over-express the gene of interest. The LR recombination reaction was performed using Gateway LR Clonase II (Invitrogen) and subsequently used to transform chemically competent E. coli cells (OneShot TOP10), as per the manufacturer’s protocol. Positive clones were then identified on Kanamycin selection plates, and cultured, purified and verified as described above. Finally, glycerol stocks of cultured positive clones were produced for long term storage at -80°C.
2.6.2	Agrobacterium tumefaciens transformations
Expression plasmids containing an ZmEPFL9 gene under the control of the CaMV 35S promoter were introduced into Agrobacterium tumefaciens (strain C58, gv3101) via the freeze-thaw method. Competent Agrobacterium cells were defrosted slowly and mixed with plasmid DNA on ice, transferred to liquid nitrogen for 10 sec and then incubated at 37°C for 5 min. Tubes containing transformed cells were shaken on their side for 1 hour at 30°C, then plated onto triple selective marker LB plates (containing 50 µg/mL Kanamycin, 25 µg/mL Gentamycin and 50 µg/mL Rifampicin), and grown at 30°C for 2 days. Positive Agrobacterium transformants were identified by colony PCR, as described for E. coli colonies in section 2.6.1, and then cultured in LB broth, containing Kanamycin, Gentamycin and Rifampicin, at the same concentrations as before. 
2.6.3	Arabidopsis thaliana transformations
To transform Arabidopsis, a dipping solution was first produced by spinning down the Agrobacterium culture and re-suspending the pellet in a solution containing 5% w/v sucrose and 0.02% Silwet L-77. The inflorescence stems of flowering Arabidopsis plants were subsequently dipped into the solution for 2-3 secs with gentle agitation and placed on their side in darkness for 24 hrs, covered with a plastic bag to maintain high humidity. Following this, dipped plants were transferred back to a Sanyo growth cabinet, grown to maturity and seeds harvested, as normal (see section 2.2.1).
	To identify positive Arabidopsis transformants, T1 seeds were first surface sterilised in 20% economy bleach containing 0.05% Tween20 for 10 min, and washed 5 times in sterile water. Sterilised seeds were then plated onto ½ strength Murashuge and Skoog (MS) agar plates (2 g/L MS salts, 8 g/L plant agar, adjusted to pH 5.8 with KOH and autoclaved before pouring) containing 10 µg/mL BASTA (glufosinate ammonium) herbicide (Liberty, Agrevo) under sterile conditions. Plated seeds were then stratified and germinated in a Sanyo growth cabinet as described in section 2.2.1. After 7-10 days of growth, any healthy seedlings (i.e. those with BASTA resistance) were transplanted onto soil and grown up for genotyping.
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2.7.1	Leaf epidermal impressions
Dental resin (Impress PLUS Wash, Perfection Plus), mixed in equal quantities, was applied to the abaxial or adaxial surfaces of fully expanded leaves, whilst still attached to the plant. For rice and maize, resin was applied to the central portion of the leaf blade, spread across its full width but only around 1-2 cm in length. Whereas, for Arabidopsis, the entire leaf surface was covered in resin. Once set, the impression was removed from the leaf, and 1-2 coats of clear nail varnish were applied to the resin and allowed to dry for around 5 min. Nail varnish impressions were then peeled off and mounted on glass microscope slides and secured in place with clear tape. 
2.7.2	Leaf clearing
To confirm that stomatal development was actively occurring at the base of maize leaf 2, fresh leaf samples were excised in the same way as described in 2.3.4, but instead of freezing, were fixed in a 1.5 mL tube containing 1 mL of Carnoy’s solution (3:1 ratio of Ethanol to Glacial acetic acid) and vacuum infiltrated at room temperature for 40 minutes. Samples were then refrigerated, with the fixative solution replaced with 70% Ethanol after 2 days. For tissue visualisation, samples were transferred into 50% Ethanol, and then clean water, after which they were cleared with a solution containing Chloral hydrate (2 g/mL) and 20% glycerol (v/v) for 10-20 minutes. Samples were then mounted onto glass microscope slides, placed on a drop of 20% glycerol.  

2.7.3	Bright-field microscopy
Using a Brunel n300-M microscope equipped with Prior ES10ZE Focus Controller, stomatal impressions and cleared leaf samples were viewed under either 20X or 40X magnification. Due to the topography of some leaves, Z-stack images were taken through the different focal planes using the attached Moticam camera and associated software. From each impression, 4 fields of view were imaged, chosen randomly within each quarter of the impression, avoiding the mid-vein and edges of the leaf. 
2.7.4	Cell counting
Microscope images of stomatal impressions were analysed using ImageJ (Fiji). To work out the conversion scale, a micrometer calibration slide was imaged as described in 2.7.3, and the line tool within ImageJ was used to measure the number of pixels equivalent to 100 µm in length. This scaling factor was then set for all future images. For epidermal cell counting, a 400 µm x 400 µm sized box was drawn onto the microscope Z-stack images, and within this area, the numbers of stomata, arrested stomatal lineage cells and other pavement cells were counted using the Cell Counter plugin. These values were then multiplied by 6.25, to calculate cell density per mm2, and the values for each field of view were then averaged for each leaf. To work out stomatal index, the following equation was used:
Stomatal index (%)  =	 
2.7.5	Stomatal size and anatomical gsmax measurements
To assess stomatal size, 6 stomata from each field of view were analysed, totalling 24 stomata per leaf impression. Measurements of guard cell length (GCL), central guard cell width (GCWc; measured at the centre of the stomata) and pore length (PL) were measured using the line tool within ImageJ, with the relevant scaling factor set, as described in section 2.7.3. As some stomata were tightly shut, it was often difficult to effectively measure PL and GWCc. In these cases, PL was estimated by dividing GCL by 0.55, and GWCc was estimated by dividing apical guard cell width (GCWa; measured across the top of the dumbbell shaped bulbous end) by 0.5. These values are based on the average relationships observed in other stomata, similar to the method used in Nunes et al. (2022).  Additionally, the entire stomatal complex was traced around using the polygon tool to calculate stomatal complex area. 
The theoretical maximum stomatal conductance (gsmax) was then calculated for each individual stomata, as per Franks and Farquhar (2001), using the double-end corrected version of the equation: 
Anatomical gsmax  =	 
where amax is the maximum stomatal pore aperture (µm2, calculated as an ellipse where the major axis is equal to PL and the minor axis is equal to ½ PL); l is the stomatal pore depth (µm, estimated to be equal to GCWc), SD is the stomatal density (mm-2); d is the diffusivity of water in air (a value of 0.000024699 m2 s-1 was used for 28°C); v is the molar volume of air (a value of 0.024712 m3 mol-3 was used for 28°C) and π is the mathematical constant. Stomatal size measurements were only estimated for the abaxial surface of leaf 6 in maize, thus the anatomical gsmax calculations presented in section 4.2.6 are only relating to the abaxial surface.
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2.8.1	Infrared gas analysis
To investigate whether the EPF mutants have different rates of photosynthetic gas exchange or photorespiration, measurements were performed using an infrared gas analyser (IRGA). The theory behind this technique is discussed in more detail in section 3.1.1.3, but in short; a leaf is sealed into a chamber where the environmental conditions can be controlled, then by measuring the absorption of infra-red radiation, the IRGA calculates the CO2 and water vapour concentration in the airstream, before and after it has passed over the leaf. From this information, many useful parameters are automatically computed by the IRGA, using the equations provided by Farquhar et al. (1980) and von Caemmerer and Farquhar (1981). These include rates of CO2 assimilation (A), transpiration (E), stomatal conductance (gs) and intercellular CO2 concentration (Ci). These gas exchange parameters can provide an indication of the performance of the plant under constant steady-state conditions. Furthermore, simultaneous measurements of gas exchange and chlorophyll fluorescence can be collected whilst exposing the leaf to different conditions, such as light intensity (photosynthetic photon flux density; PPFD) and atmospheric CO2 concentration (Ca), to provide insight into the underlying biochemical and biophysical processes affecting photosynthesis. Many IRGAs have integrated fluorometers to allow for this, please see section 2.9.1 and 3.1.1.1 for more information about chlorophyll fluorescence analysis. 
Measurements were performed using a LI-6800 (LI-COR Biosciences) IRGA, fitted with a 6cm2 leaf chamber fluorometer head (6800-01A, LI-COR Biosciences). The IRGA was supplied with ambient air, which was scrubbed of CO2 using soda lime, and scrubbed of water vapour using self-indicating desiccant (Drierite). The airstream was then re-humidified by passing through wet Stuttgarter Masse substrate (Pall Coropration) and CO2 was provided by a liquid CO2 cannister. Warm-up tests were performed on the IRGAs daily and any calibration and maintenance were performed according to the manufacturer’s guide. Following this, the environmental conditions of the sample chamber were programmed to set values, which were selected based on plant species and the gas exchange analysis being undertaken. A single fully emerged leaf was then clamped into the chamber, whilst still attached to the plant. Leaf widths were measured prior to inserting and used to calibrate the machine to the correct leaf area. The fluorometer head was switched on for certain programmes, with the measuring beam set to a frequency of 50 kHz under actinic light, and 250 kHz during the saturating flash. For Arabidopsis, a rectangular flash set to 10,000 μmol m-2 s-1 PPFD was used, whereas for maize and rice, a multi-phase flash set to 15,000 μmol 
m-2 s-1 PPFD was used. 
	2.8.1.1  Steady-state measurements
For steady-state measurements, the following conditions inside the IRGA chamber were maintained to replicate the growth conditions of the plants. For Arabidopsis, 22°C air temperature and 60% relative humidity was used; for rice, 30°C air temperature and 60% relative humidity; and for maize, 28°C air temperature and 70% relative humidity. For all species, the CO2 concentration was set to 400 ppm, the air flow rate to 400 µmol s-1 and the fan speed to 80%. To ensure stomata were open fully, measurements were performed under saturating light (1000 μmol m-2 s-1 PPFD for Arabidopsis and 2000 μmol m-2 s-1 PPFD for rice and maize, with wavelengths set to 90% 625 nm and 10% 475 nm). After inserting the leaf into the chamber, the reference and sample chambers were matched, and plants were allowed to acclimate for 20-40 min until values of A and gs had stabilised. With the fluorometer head switched off, steady-state gas exchange measurements were collected every 30 seconds for 5 minutes, and then averaged. 


	2.8.1.2  A/Ci curves 
The photosynthetic response to changing atmospheric CO2 concentration (Ca) was assessed in both Arabidopsis and maize EPF mutants. The fluorometer head was switched on, and leaves were acclimated to the same conditions outlined in section 2.8.1.1, except leaf temperature was controlled instead of air temperature. Saturating light was used to ensure light was not limiting stomatal opening. Once stabilised, the experimental programme was conducted in two halves. Ca was initially decreased in steps from 400, 300, 200, 150, 100, 75, 50 to 25 ppm, with a 90-180 sec stabilisation time between each step change. This portion of the programme was performed fairly rapidly to prevent oxidative damage under the low Ca but high light conditions. Leaves were then allowed to restabilise at 400 ppm until they reached the same values as before. Following this, Ca was increased in steps from 400, 500, 650, 800, 1000 to 1250 ppm, with a 3-5 min stabilisation time between each step change. This portion of the programme was performed fast enough to prevent stomatal closure, which would impact A. For both halves, at each Ca, the reference and sample chambers were matched, and once stable, gas exchange and fluorescence measurements were taken.
Values of A and Ci measured at each Ca level can be plotted to give an A/Ci curve, which removes the influence of gs on A. The theory behind this analysis is discussed in more detail in section 3.1.1.3, but in short, an A/Ci curve has three distinct stages: under low Ci, A is limited by Rubisco; under high Ci, A becomes limited by RuBP regeneration and thus electron transport; and under very high Ci, A can be limited by triose phosphate utilisation (TPU). A/Ci curves can be “fitted” using the photosynthetic model produced by Farquhar et al. (1980), allowing several photosynthetic parameters to be calculated. Excel fitting tools (EFT) are available to help with this process; for Arabidopsis, the Sharkey (2016) EFT for C3 species was used, and for maize, the Zhou et al. (2019) EFT for C4 species was used. Data from individual plants was entered into the relevant EFT, and limitations (i.e. Rubisco, RuBP regeneration or TPU) were manually assigned to each data point, based on Ci values. Since many Rubisco-related coefficients are strongly dependent on temperature, leaf temperature was also entered into the EFT to allow the model to adjust the co-efficient values accordingly. Following this, the Excel ‘Solver’ function was used to fit the model and generate parameter values (with the lowest sum of squared residuals). From the Rubisco limited portion of the curve, the maximum rate of Rubisco carboxylation (Vc,max), maximum rate of PEPc carboxylation (Vp,max) and carboxylation efficiency (CE) can be generated. From the RuBP regeneration limited portion of the curve, the maximum rate of electron transport (Jmax) and maximum rate of CO2 assimilation under saturating CO2 (Amax) can be generated. All parameters are reported at a standard 25°C.
	2.8.1.3  Light-response curves 
The photosynthetic response to changing light intensity was assessed in the maize EPF mutants. The fluorometer head was switched on, and leaves were acclimated to the same conditions outlined in section 2.8.1.1, except leaf temperature was controlled instead of air temperature, and light intensity was set to 2250 μmol m-2 s-1 PPFD. Once stabilised, light intensity was decreased in steps from 2250, 2000, 1750, 1000, 750, 500, 250, 150, 100, 80, 60, 40 to 20 μmol m-2 s-1 PPFD, with a 5-7 min stabilisation time between each light change. The reference and sample chambers were matched prior to starting the programme, but not whilst it was running. Gas exchange and chlorophyll fluorescence measurements were recorded for each light intensity. 
Light response curves can be generated by plotting A against PPFD. A initially increases linearly with rising PPFD because photosynthesis is limited by light-driven electron transfer, however, A eventually plateaus out under high PPFD, as photosynthesis becomes limited by something other than light. The theory behind this analysis is discussed in more detail in section 3.1.1.3. Light response curves were “fitted” by a non-rectangular hyperbola equation, using the EFT produced by Bellasio et al. (2016). Values of A, Y(II) and PPFD were inputted into the spreadsheet, and light limitation categories were manually assigned to each data point, depending on the PPFD. The Excel ‘Solver’ function was then used to fit the model and generate several parameters. The slope in the initial light-limited portion of the curve (>150 μmol m-2 s-1) was used to calculate the maximum quantum yield of CO2 assimilation (ɸCO2,max) and rate of respiration in the light (Rlight). Rlight was then used to estimate the light and CO2 compensation points (LCP and CCP, respectively), which refer to the light intensity or CO2 concentration where photosynthesis and Rlight are equal. 
2.8.1.4  Photorespiration measurements
By collecting gas exchange and chlorophyll fluorescence measurements under both ambient O2 (photorespiratory) and low O2 (non-photorespiratory) conditions, on the same portion of leaf, it is possible to calculate the rates of Rubisco carboxylation (VC) and Rubisco oxygenation (VO), using the equations presented in Bellasio et al. (2014). The ratio VO/VC can then be used to assess photorespiratory rates under ambient conditions in vivo. The relevant calculations and assumptions are presented below.

CO2 is consumed by the carboxylase reactions, however, 0.5 mol CO2 is released for each oxygenase reaction, and further CO2 is released from respiration in the light (Rlight). Thus, net CO2 assimilation rate (A) is the sum of these three parts:
A = VC – ½VO – Rlight
This can then be arranged, using the definition of gross assimilation (GA = A + Rlight), to give:
VC = GA + ½VO
Each carboxylase and oxygenase reaction requires 2 NADPH molecules. It is assumed that their combined NADPH demand equals the total rate of NADPH produced by the photosynthetic electron transport chain (JNADPH):

The above two equations can be combined to give:

Under low O2 conditions, VO is assumed to equal zero. The equation can now be presented as: 

JNADPH is assumed to be proportional to Y(II) (Yin and Struik, 2012), allowing JNADPH to be calculated under photorespiratory conditions, after accounting for the differences in Y(II) seen under non-photorespiratory conditions. Y(II) decreases at low O2 due to reduced NADPH demand from alternative electron sinks and the recycling of photorespiratory by-products. These measurements can be used in the following equation:

Finally, when combining all of the above equations together, the ratio of VO/VC can be calculated under photorespiratory conditions, as:

Rates of photorespiration were assessed in all Arabidopsis, rice and maize EPF mutants. Steady-state gas exchange measurements were performed exactly as described in section 2.8.1.1, except the fluorometer was switched on to collect Y(II) measurements. After this, the IRGA’s external air inlet was connected to a pre-mixed 2% O2/N2 gas cylinder tank (BOC, Guilford, UK) via a regulator, T-fitting and flow meter. The reference and sample chambers were matched to flush the system. The same portion of leaf was then allowed to re-stabilise to the new low O2 conditions, before the same steady-state gas exchange and fluorescence measurements were collected. Values of A and Y(II) collected under both O2 concentrations were then used in the calculations outlined above. 
Values of Rlight are also needed for the equation; however, a light-response curve is required to generate these measurements (see section 2.8.1.3). To simplify the protocol, respiration in the dark (Rdark) was used instead, as per Bellasio et al. (2014), since Rlight and Rdark are assumed to be equal (Kromdijk et al., 2010). For Rdark measurements, after the plant’s photoperiod had finished, leaves were clamped into the IRGA and the inlet was fed with ambient air. Leaves were acclimated to the same conditions outlined in 2.8.1.1, except actinic light was switched off and Ca was set to 500 ppm. Once values had stabilised, steady-state gas exchange measurements were collected, but not fluorescence. Rdark measurements were performed on a subset of plants from each genotype each day, and only under ambient O2, as the effect of O2 concentration on respiration is considered negligible (Yin and Struik, 2009).
2.8.2	Porometer measurements
A LI-600 porometer (LI-COR Biosciences) was used to collect stomatal conductance (gs) measurements on maize plants, from the middle of the blade on fully emerged leaves. Unlike an IRGA, porometers do not have an enclosed leaf chamber and cannot control for environmental conditions. Porometer measurements are also extremely quick (>5 sec). As a result, porometer readings are representative of the operating rates of gs occurring under the ambient conditions of the plant growth chamber, at that particular point in time. By changing the position of the porometer, readings can be independently collected from the abaxial and adaxial surface of the leaves.
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2.9	Chlorophyll fluorescence and P700 absorption spectroscopy
2.9.1	Chlorophyll fluorescence
The theory underpinning chlorophyll fluorescence analysis is described in detail in section 3.1.1.1. But in brief, the emission of chlorophyll fluorescence from a leaf can be measured using a pulse-amplitude modulation (PAM) fluorometer, which uses a measuring beam and detector set to the same high frequency to remove any interference from background light. The application of a high intensity saturating flash can be used to transiently close all PSII reaction centres. Then, by measuring chlorophyll fluorescence yield before, during and after the flash, several useful parameters relating to PSII photochemistry and non-photochemical quenching (NPQ) can be derived. These parameters depend on whether the measurements were performed on a sample in the dark-adapted (which opens all PSII reaction centres and reduces NPQ to zero) or light-adapted state. The chlorophyll fluorescence parameters used in this thesis and their calculations are outline in Table 2.1.

Table 2.1. Equations for chlorophyll fluorescence parameters
	Parameter
	Equation
	Description

	Fv/Fm
	
	Maximum quantum efficiency of PSII photochemistry, measured on dark-adapted samples.

	Y(II) or 
ΦPSII
	
	Operating quantum efficiency of PSII photochemistry, in the light.

	1-qL
	
	PSII acceptor-side limitation, in the light. Estimates the fraction of closed PSII reaction centres, due to an over-reduced plastoquinone pool.

	NPQ
	
	The rate constant for heat dissipation from PSII, in the light. Requires sample measurements in both dark and light-adapted states.


Where Fo and Fo’ are the minimal fluorescence yields measured under darkness; Ft is the fluorescence yield measured under actinic light; and Fm and Fm’ are the maximum fluorescence yields measured during the saturating flash. Parameters Fo and Fm were measured on previously dark-adapted samples, whereas parameters Fo’, Ft and Fm’ were measured on light-adapted samples. An example fluorescence trace from which these basic fluorescence parameters are derived can be found in section 3.1.1.1.

Chlorophyll fluorescence analysis was performed using three different pieces of equipment, each with an integrated PAM fluorometer: FluorPen, Dual-KLAS-NIR photosynthesis analyser and LI-6800 infra-red gas analyser. Details on their use are described in their relevant sections.
2.9.1.1  FluorPen measurements
To assess the impact of drought, a handheld FluorPen (FP100, Photon Systems Instruments) was used to collect daily Fv/Fm measurements during the maize drought experiment. Measurements were taken from the middle of the blade, on the newest fully emerged leaf, and leaves were pre-dark adapted for 30 min using the leaf clips provided with the FluorPen. 

2.9.2	P700 absorption spectroscopy
PSI photochemistry can be assessed by measuring absorption changes in the near infra-red (NIR) spectral region, which relate to the redox changes of P700, PSI’s reaction centre chlorophyll. However, P700, plastocyanin (PC) and ferredoxin all absorb in the NIR, thus the overlapping signals must first be deconvoluted; this then allows a value for the level of oxidised P700+ in the sample to be measured. The redox state of P700 will vary depending on whether it is measured under a background of darkness (P700 fully reduced), far-red (FR; P700 mostly oxidised and stromal acceptors fully oxidised) or actinic light (P700 intermediately oxidised). The application of a saturating flash can be used to transiently oxidise all P700 reaction centres. Values of P700+ measured under different background light conditions, with and without a saturating flash, can be used to derive several parameters that relate to the efficiency of PSI photochemistry and any PSI donor-side or acceptor-side limitations. The parameters used in this thesis and their calculations are outlined in Table 2.2. For more detail on the theory behind this technique, see section 3.1.1.2.







Table 2.2. Equations for P700 absorption parameters
	Parameter
	Equation
	Description

	Pm
	
	Maximal level of P700 oxidation, measured on dark-adapted samples.

	Y(I)
	
	Operating quantum efficiency of PSI photochemistry, in the light. Estimates the fraction of open PSI reaction centres.

	Y(ND)
	
	PSI donor-side limitation, in the light. Estimates the fraction of closed PSI reaction centres, due to insufficient availability of reduced PC.

	Y(NA)
	
	PSI acceptor-side limitation, in the light. Estimates the fraction of closed PSI reaction centres, due to over-reduced stromal acceptors.

	Y(I)/Y(II)
	
	Proxy measurement for cyclic electron transfer, in the light. Requires measurements of chlorophyll fluorescence yield (see above) and P700+ absorbance signals.



Where Po is the minimal P700+ signal measured under darkness; P is the intermediate P700+ signal measured under actinic light; and Pm and Pm’ are the maximal P700+ signals measured during the saturating flash, with and without a background of FR, respectively. Parameters P and Pm were measured on pre-dark adapted samples, whereas parameters P and Pm’ were measured on light-adapted samples. An example P700 absorption trace from which these basic parameters are derived can be found in section 3.1.1.2.

2.9.2.1  Dual-KLAS-NIR measurements
The Dual-KLAS (kinetic LED array spectrophotometer) NIR photosynthesis analyser (Walz) measures the absorption changes between four pairs of NIR wavelengths (785-840, 795-970, 810-870 and 870-970 nm), which allows the signals from P700, PC and Fd to be deconvoluted. This can be achieved by using differential model plots (DMPs) that have previously determined the “spectral fingerprint” of each component, as per Klughammer and Schreiber (2016). Subsequently, the relative level of P700+ can be quantified in the sample. In addition, the machine also has an integrated PAM fluorometer, which uses a modulated measuring beam (6 µmol m-2 s-1 PPFD, 540 nm) for measurements of chlorophyll fluorescence. The Dual-KLAS-NIR was used to simultaneously assess PSII and PSI photochemistry in the Arabidopsis EPF mutants during drought. Prior to the drought experiment, DMPs were performed on a subset of representative plants from each genotype, with help from Dr Gustaf Degen. The relevant DMP was loaded for each plant before collecting measurements, and used for signal deconvolution. 
Arabidopsis plants were pre-dark adapted for 30 min, before a fully expanded leaf was clamped into the machine. A background of FR light (225 µmol m-2 s-1 PPFD, 740 nm) was applied to excite PSI but not PSII. Measurements of chlorophyll fluorescence and relative P700 redox state were then determined immediately before, and during, the application of a saturating flash (18000 µmol m-2 s-1 PPFD), as well as after the cessation of all illumination (including FR). These measurements were used to calculate dark-adapted values of Pm and Fv/Fm, as described above. Following this, actinic light (170 µmol m-2 s-1 PPFD, in a ratio of 10% 460 nm, 90% 635 nm) was supplied to the leaf for 5 min. After which, measurements of chlorophyll fluorescence and P700 redox state were determined as described for the dark-adapted measurements. These measurements were used to calculate the light-adapted parameters: Y(II), 1-qL, NPQ, Y(I), Y(ND), Y(NA) and Y(I)/Y(II). The plant was then carefully removed. 
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2.10	Water use measurements and application of drought stress 
2.10.1	Arabidopsis experiments
For the drought experiments described in sections 3.2.3 and 3.2.5, Arabidopsis plants were initially grown in pots containing the same amount of soil mixture (100 g per pot) for 6 weeks under normal conditions. After this, plants of similar sizes across the genotypes were selected to be used in order to reduce the bias of plant size on water loss. Plant pots were then stood in water until saturated, after which they were moved to a rack to allow any excess water to drain from the soil. Once water had stopped dripping (~15 min), pots were weighed, and placed back into dry trays; this was classed as day 0. Following this, no water was given for 10 days, with pot weights measured every 24 hours. Water consumption was calculated by subtracting the new daily pot weights from the saturated day 0 pot weight. Since the plants used in these experiments covered the full surface of the soil, evaporation from the soil was assumed to vary little between plants, thus was not accounted for. To avoid any edge effects from pot position on transpiration rates, plants pots were rotated daily within trays. Over the 10-day period of water restriction, a different fully expanded leaf was picked on each measurement day, wherever possible, to prevent mechanical damage to the wilting leaves from repeated clamping (in the IRGA and Dual-KLAS-NIR), which may have impacted measurements. The drought was terminated after 10 days, as some plants had extremely wilted leaves, making it very difficult to collect further measurements.
2.10.2	Maize experiments
The same maize plants were used in both the water use and drought experiments and were grown in pots containing the same amount of soil mixture (4.0 kg per pot) for an initial 6 weeks under normal conditions. For the calculation of plant water use: when plants were 42-days old, pots were saturated with water and allowed to drain until no more water dripped from the pots (considered 100% field capacity), after which the saturated pot weights were recorded. Pots were then weighed again 24 hours later, and the weight difference was calculated. As a large area of the soil is exposed to air, the amount of water lost through soil evaporation was calculated in control pots that were positioned randomly around the growth chamber. These pots contained the same volume of soil and were watered in the same way but did not contain plants. The average water loss from these control pots was then subtracted from the total measured water loss from the plant in the experiment, to generate values for water lost via plant transpiration only. Following these measurements, all pots were topped back up with water to their saturated weight, and the same procedure was repeated each day, for 6 days. 
Prior to the beginning of the drought experiment, 30% field capacity of the soil was calculated. This was achieved by first saturating 6 control pots to 100% field capacity, as described above, and recording their weights. These pots were then dried at 75°C until their weights no longer decreased, which was considered to be 0% field capacity. The difference between the two weights was then used to calculate the average weight for a pot at 30% field capacity. Following this, in 49-day-old plants, a 10-day drought experiment was initiated, with pots weighed every 24 hours. On day 0, plant pots were watered to 100% field capacity, after which, no additional water was given for 5 days. For the remaining 5 days, the required amount of water was added to the top of the pots to return their soil to 30% field capacity after weighing. To prevent any of the added water from being lost, plants were placed in small individual trays, so that any drained water could be reabsorbed later. As before, daily water lost through transpiration was calculated by subtracting the amount of water lost by the control pots (which were also undergoing water restriction). After 10 days of water restriction, plants were rehydrated and then watered normally until maturity. In parallel to the drought treatment, another set of plants were kept well-watered throughout their lifecycle, to act as a control treatment group. For these maize experiments, plants were rotated daily within their bays. 
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2.11.1	Plant size, growth rate and reproductive synchronisation
To assess the growth characteristics in the maize gene-edited lines, several measurements were performed throughout their lifecycle. In 3-week-old plants, leaf length, width and height (calculated as the distance of leaf collar from root-shoot interface) was measured for leaf 6. Once the same plants reached 42-days-old, the total number of fully developed leaves were measured, counting only the leaves which had fully visible leaf collars. The height from the root-shoot interface to the top of the whorl was also measured, with the whorl referring to the whorled arrangement of developing leaves. Additionally, fresh plant weight was estimated by measuring the pot weights of plants with saturated soil (see section 2.10.2) and subtracting the known pot weight for the same quantity of saturated soil but with no plant. Daily growth rate was then calculated by measuring whorl height and estimated fresh biomass in the same plants at 48-days-old and dividing the difference by the number of days that had passed (6). At the end of the plant’s lifecycle, the flag leaf length, width, and collar height, along with the total number of leaves were measured, where the flag leaf is defined as the final leaf before the paternal tassel. Flag leaf collar height was used to quantify total plant height, as some of the tassels unfortunately snapped off after using them for pollination. Finally, to assess the synchronisation between the development of paternal and maternal reproductive organs, the anthesis-silking interval (ASI) was measured, which refers to the number of days between the date that the first anthers are extruded from the tassel spikelets, and the date that the first silks are visible, measured for each plant. 
2.11.2	Plant biomass and yield measurements
Once maize plants had finished grain filling and were starting to naturally dry down, ears were removed and placed into A4 brown envelopes, where they were allowed to continue drying at room temperature in a low humidity environment. All remaining above ground biomass (stover) was separated from the roots, cut up and placed within A2 brown envelopes. Stover plant material was then dried at 75 °C for 4 days and weighed to obtain the total stover dry biomass. Once ears were fully dry, kernels were removed from the ears, and counted and weighed for each individual plant, to give the total kernel number and yield, respectively. The average individual kernel weight was also calculated and then multiplied by 1000 to give 1000-kernel weight. 
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2.12	Bioinformatic techniques
2.12.1	Phylogenetic analysis
The Arabidopsis EPFL9 sequence was retrieved from Phytozome v13 and used as a blast query to identify putative orthologues within the maize reference genome (B73_RefGen_v4 genome assembly version) via the Maize Genomic Database website (www.maizegdb.org). From here, the maize genomic and predicted peptide sequences were obtained. The same process was performed for all 11 members of the Arabidopsis EPF/L family, to obtain the corresponding orthologues in maize, with any duplicate search results ignored. Additionally, EPFL9 orthologues were identified in several other species, using the same method as before, but using a combination of the websites Phytozome v13 and Ensembl Plants. These included the eudicot species; Glycine max (soybean), Solanum lycoperiscum (tomato), Vitis vinifera (grape vine), Citrus clementina (clementine) and Populus trichocarpa (poplar), as well as the monocot species; Oryzae sativa (rice), Sorghum bicolor (sorghum), Miscanthus sinensis, Brachypodium distachyon and Ananas comosus (pineapple).
Alignments of the relevant predicted peptide sequences were generated using the MUSCLE alignment function within MEGA X. Within the same programme, phylogenetic trees were constructed using the Neighbour-Joining method, which performed a bootstrap test with 1000 replicates, and calculated the percentages for how often the sequences clustered together (which can be found listed next to the branch nodes). The evolutionary distances were also computed using the Poisson correction method, which generated a scale bar, where the units equate to the number of amino acid substitution at each site. Following this, phylogenies were viewed and re-coloured using FigTree software to produce higher quality figures.
2.12.2	Peptide analysis
Online prediction software was used to analyse the putative peptides encoded by the maize EPFL9 genes, for both the B73 and A188 cultivar sequences. Firstly, SignalP 6.0 was used to predict the presence and location of a signal peptide cleavage site. Secondly, Alphafold 2.0 was used to predict their 3D protein structure, with the help of Dr Thomas Emrich-Mills, which were then subsequently visualised using the programme PyMOL.


2.12.3 Expression analysis using online datasets
Expression Atlas within the EMBL-EBI website was used to find expression data for the three maize EPFL9 orthologues. Data was obtained from the RNAseq gene atlas produced by Walley et al. (2016), which mapped reads to the B73_RefGen_v4 genome assembly version. The transcript expression levels, measured in 23 tissue types, were then graphically reproduced. 
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2.13 Statistical analyses and graphical representation of data
Data was analysed using GraphPad Prism, with individual plants considered to be an independent biological replicate per line. Prior to statistical analysis, data normality was confirmed. Comparisons between genotypes were generally performed by one-way ANOVA, or two-way ANOVA when comparing between drought treatments. Any significant differences between lines (p < 0.05) were then subjected to a post-hoc Tukey’s test (p < 0.05), unless otherwise stated in the figure legend. Additionally, linear regressions were performed to determine relationships between parameters, and R2 values generated. All graphical representations were performed using GraphPad Prism.












Table 2.3. List of primers used for cloning, genotyping and RT-qPCR
	No.
	Primer name
	Primer sequence
	Paired with following primer(s)

	1
	35S F
	CTATCCTTCGCAAGACCCTTC
	No. 2, 10, 19, 20, 22 & 29 for genotyping (see below)

	2
	EPF2 R
	AGCTCTAGATGGCACGTGATAG
	No. 1 for genotyping AtEPF2-OE

	3
	SALK LB1.3
	ATTTTGCCGATTTCGGAAC
	No. 5 for genotyping Atepf1;Atepf2

	4
	epf1-1-for
	GGTGCATGTTCGACACTCTTC

	No. 5 for confirming homozygosity in Atepf1;Atepf2

	5
	epf1-1-rev2
	CATGGTCATGTCCCGGAGAAGC
	No. 3 and No. 4 (see above)

	6
	GABI KAT LB
	CCCATTTGCACGTGAATGTAGACAC
	No. 7 for genotyping Atepf1;Atepf2

	7
	epf2-wt-rev
	CCGGTTACCGGTATGATGGAG
	No. 6 (see above)

	8
	epf2-1 LB
	TAAAACCTCTGCCTCAACCAG
	No. 9 for confirming homozygosity in Atepf1;Atepf2

	9
	epf2-1 RB
	TTACCGGTATGATGGAGATGG
	No. 8 (see above)

	10
	EPFL9 R
	CCTTCGACTGGAACTTGCTC
	No. 1 for genotyping AtEPFL9-OE

	11
	Zm042381 upstream 1F
	CATTGCACCTGTCTCCCAGT
	No. 12 for nested PCR of ZmEPFL9-1a and sequencing Zmepfl9-1a

	12
	Zm042381 downstream 1R
	GAGAACCAAAAACGGGCGAA
	No. 11 (see above)

	13
	Zm012079 upstream 1F
	TAACCTCTAGCATTTGCTCCCT
	No. 14 for nested PCR of ZmEPFL9-1b and sequencing Zmepfl9-1b

	14
	Zm012079 downstream 2R
	GGAGAACGGAGAACCAAGAATG
	No. 14 (see above)

	15
	Zm049795 upstream 1F
	TAAACGCCCCACTAGGTAGTCC
	No. 16 for nested PCR of
 ZmEPFL9-2

	16
	Zm049795 downstream 1R
	CACAGCAACGCTTTCGATGG
	No. 15 (see above)

	17
	Zm042381/ 012079 cloning F
	CACCGAGGGATGGCTAATGG
	No. 18 for creating either ZmEPFL9-1a or ZmEPFL9-1b cloning insert

	18
	Zm042381/ 012079 R
	TCACCTGTGGCAAACACACT
	No. 17 (see above) 

	19
	Zm042381 middle 1R
	TGCCTTTGTTTAGACCCTTGACG
	No. 1 for genotyping Arabidopsis ZmEPFL9-1a-OE

	20
	Zm012079 middle 1R
	CAGTATGCCCTTGTTTAGACCCTTG
	No. 1 for genotyping Arabidopsis ZmEPFL9-1b-OE

	21
	Zm049795 cloning F1
	CACCGAAAGATGGCAGCAG
	No. 22 for creating ZmEPFL9-2 cloning insert

	22
	Zm049795 1R
	GCCTATAGATGGCAGACGCAT
	No. 21 (see above) and No. 1 for genotyping Arabidopsis ZmEPFL9-2-OE

	23
	M13 F (-20)
	GTAAAACGACGGCCAG

	No. 24 for sequencing putative plasmids, and No. 26, 27 and 29 for colony PCR verification

	24
	M13 R
	CAGGAAACAGCTATGAC
	No. 23 (see above)

	25
	Zm042381 qPCR 3F
	GACCGTCAAGGGTCTAAACA
	No. 26 for expression analysis of ZmEPFL9-1a

	26
	Zm042381 qPCR 1R
	TGGGGTCATTTGCATCCACT
	No. 25 (see above)

	27
	Zm012079 qPCR 2F
	CCGAAGGTCATCAAGGGTCTAAA
	No. 28 for expression analysis of ZmEPFL9-1b

	28
	Zm012079 qPCR 3R
	TGGTAAGCACTGTTCATGGGG
	No. 27 (see above)

	29
	Zm049795 qPCR 1F
	CGAACCGACGAAGTAGTAGCA
	No. 30 for expression analysis of ZmEPFL9-2

	30
	Zm049795 qPCR 1R
	GCCGGTAATAATAGCCTGCTG
	No. 29 (see above)

	31
	ZmGADPH qPCR F
	AGATCGGAATCAACGGCTTC
	No. 32 for expression analysis of ZmGADPH - housekeeping gene

	32
	ZmGADPH qPCR R
	GTAGGTCATGTAGTCCGTGGTGA
	No. 32 (see above)

	33
	ZmCDK qPCR F
	CCGTCATCGCCTCACGAAGAG
	No. 34 for expression analysis of ZmCDK - housekeeping gene

	34
	ZmCDK qPCR R
	AGAGCCTGCCTTACGGAATTGG
	No. 33 (see above)
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The relationship between stomatal density, photorespiration and photoprotection

[bookmark: _Toc131628562]3.1	Introduction
Through the manipulation of the stomatal development pathway, several C3 crop species have now been engineered to have fewer stomata, resulting in enhanced water-use-efficiency and drought resistance (Caine et al., 2019b; Clemens et al., 2022; Doheny-Adams et al., 2012; Dunn et al., 2019; Franks et al., 2015; Hughes et al., 2017; Karavolias et al., 2023; Mohammed et al., 2019; Yoo et al., 2010). Gas exchange analyses revealed that reductions in stomatal conductance (gs) were often accompanied with lower photosynthetic rates (A) in these low-SD mutants, which authors accredited to the restricted uptake of CO2 into the leaf. Since stomata also enable evaporative cooling through the release of water vapour, the same genotypes generally had warmer leaf temperatures too. Whilst this has not been explored before, it is possible that the physiological conditions brought about by reducing SD may cause higher rates of photorespiration, which could lead to additional carbon losses.
Photorespiration occurs when Rubisco, the enzyme responsible for carbon fixation, catalyses the reaction of RuBP with O2 instead. This produces one molecule of 3-PGA that can be used in the CBB cycle, and one molecule of 2-PG, which needs to be detoxified via the photorespiratory pathway. This process is metabolically costly, requiring an additional 1 ATP and 0.5 NADPH equivalents per 2-PG molecule recycled (Walker et al., 2016), and releases 25% of fixed carbon as CO2 in the mitochondria (Ogren, 1984). As a result, photorespiration has been estimated to account for 20-40% of wheat and soybean yield losses (Walker et al., 2016). The rate of photorespiration is affected by the CO2 concentration within the chloroplast (Cc), due to direct competition between CO2 and O2 for Rubisco’s binding site (Ainsworth and Long, 2021). Furthermore, RuBP oxygenation is increasingly favoured with rising temperatures, due to a decline in Rubisco’s specificity factor and the solubility of CO2 relative to O2 (Badger and Andrews, 1974). Consequently, C3 mutants with low SD, which have a combination of restricted CO2 uptake and warmer temperatures, will likely experience higher rates of photorespiration. 
	In addition to photorespiration, low-SD mutants may be at greater risk from photo-oxidative damage. The light and dark reactions of photosynthesis are highly co-ordinated. However, when mismatches occur between the generation of reducing power by the photosynthetic electron transport chain (ETC) and its use by the CBB cycle, there is a “backlog” of electrons, which can lead to the formation of reactive oxygen species (ROS) that can damage the photosystems. Once damaged, the photosystems will need to be replaced, which requires both time and energy, resulting in a drop in photosynthetic efficiency, known as photoinhibition (Chaux et al., 2015). This situation can arise when there is excess excitation pressure caused by high light intensities, or when RuBP carboxylation is limited by the supply of CO2, such as in plants with fewer (or more closed) stomata. 
As a result, plants have several regulatory mechanisms to help avoid damage to the photosynthetic machinery. Photosystem I (PSI) is primarily protected by the process of cyclic electron transfer (CET), which re-routes electrons emerging from PSI back to the plastoquinone (PQ) pool. This exerts ‘photosynthetic control’ upstream by slowing down the flow of electrons through cytochrome b6f, thus limiting the over-reduction of PSI. Furthermore, CET also drives the translocation of protons from the stroma to the lumen, resulting in an increase in ΔpH across the thylakoid membrane. This in turn initiates a second photoprotective mechanism called non-photochemical quenching (NPQ), which protects photosystem II (PSII) by safely dissipating excess absorbed energy as heat. The proton gradient drives protonation of the PsbS protein and the enzymatic conversion of violaxanthin to zeaxanthin, which together stimulate conformational changes within the light harvesting complexes (LHC) of PSII, facilitating NPQ. Under high light intensities, and other stress conditions, CET and NPQ are known to be upregulated (Miyake et al., 2005). Although photorespiration is often regarded as a futile process, it can play an important role in photoprotection by helping to mop up excess stromal reductant, particularly under conditions when the CBB cycle is restricted, such as drought. 
In order to produce “climate-ready” crops suitable for global agriculture, it is important that improvements in stress resistance are not offset by reductions in net carbon fixation, which may materialise as lower crop yields. Thus, a main aim of this thesis was to investigate whether reducing SD will affect the plant’s photoprotective capacity or rates of photorespiration, which can both impact net CO2 assimilation rates. To my knowledge, these mechanisms have not yet been characterised in any of the Epidermal Patterning Factor (EPF) mutants. In this chapter, the relationship between SD, photorespiration and photoprotection will be investigated in a range of C3 EPF mutants, under both well-watered and droughted conditions, using a combination of physiological techniques that are described below.
3.1.1	Plant physiology techniques
A wide range of non-invasive techniques are now available to plant physiologists, which allow them to assess plant function and physiological status in vivo. These include chlorophyll fluorescence, P700 absorption spectroscopy and infrared gas analysis, which together, can enable photosynthetic efficiency and performance to be quantified. The theoretical background for each technique is discussed in detail below. Several portable, off-the-shelf pieces of equipment incorporate these techniques, and allow measurements to be collected in situ within the plant’s growth environment. Since these techniques are non-destructive, sequential measurements can be collected on the same leaf, allowing for a plant’s response to changing stimuli or imposed stress to be studied over time.
3.1.1.1 Chlorophyll fluorescence
Chlorophyll fluorescence analysis is an extremely powerful and widely used technique for rapid quantitative measurements of photosynthetic efficiency. The underpinning theory is that when a chlorophyll molecule absorbs a photon, the resulting excitation energy has one of three fates: it can be used to drive photochemistry, be dissipated as heat or re-emitted as a photon (chlorophyll fluorescence). These pathways are competitive, meaning that when one increases, the others decrease. Hence, by measuring the emission of chlorophyll fluorescence, it is possible to estimate the proportion of absorbed energy (i.e. the quantum efficiency) used in either photochemistry or heat dissipation. 
Although chlorophyll fluorescence only represents 1-2% of the total absorbed energy, it is relatively easy to measure, since fluorescence emission is a longer wavelength than that of the light absorbed. Pulse-amplitude modulation (PAM) fluorometers are typically used; they use a modulated light source to induce fluorescence (measuring beam), which switches on and off at high frequency, coupled with a detector that is set to the same frequency. This allows the detector to only measure fluorescence caused by excitation from the measuring beam, removing any interference from background light. Even though both photosystems fluoresce, only PSII is assumed to contribute towards the chlorophyll fluorescence signals, since PSI has an extremely short fluorescence lifetime (Croce and van Amerongen, 2013; Oort et al., 2008).
	Chlorophyll fluorescence yield is highly responsive to changes in light intensity. When a leaf is illuminated with actinic light that is strong enough to drive photosynthesis, chlorophyll fluorescence rises rapidly. This occurs when PSII’s special chlorophyll pair, P680, transfers an electron to its primary electron acceptor (a bound PQ in the QA site), following the absorption of a photon. QA is unable to accept another electron from P680 until it passes the electron on to the next carrier within the ETC. When QA is reduced, the PSII reaction centre is considered ‘closed’. After a few seconds of illumination, the fluorescence signal begins to decline due to the initiation of photochemical and non-photochemical quenching, which takes place over a period of minutes (Krause and Weis, 1991). Photochemical quenching occurs when the capacity of the CBB cycle to accept electrons increases as a result of several light-driven processes, such as the activation of key CBB cycle enzymes, an increase in metabolite pools and stomatal opening. This in turn increases electron transfer through the ETC, resulting in more ‘open’ PSII reaction centres and a decrease in fluorescence emission. Non-photochemical quenching (NPQ) refers to a collection of processes, but predominantly involves an increase in the thermal dissipation of excess excitation energy as heat, in an energy-dependent manner, termed qE.
To extract useful information from chlorophyll fluorescence measurements about the photosynthetic performance of a plant, it is first necessary to distinguish between the two different forms of quenching. This can be achieved by “switching off” photochemistry, and measuring the fluorescence yield when in the presence of NPQ alone. By applying a high intensity pulse of actinic light (saturating flash) to the leaf, all PSII reaction centres are transiently closed, which effectively reduces the contribution of photochemical quenching to zero, but is too brief to affect NPQ (Quick and Horton, 1984). By comparing the fluorescence levels when exposing the leaf to a background of actinic light or darkness, and with or without a saturating flash, researchers can measure the efficiency of PSII photochemistry and level of NPQ.
A typical fluorescence trace can be seen in Figure 3.1, which allows several parameters to be derived. Plants are usually dark-adapted prior to any measurements, to fully oxidise all PSII reaction centres and reduce NPQ to zero. The measuring beam is then switched on, allowing the minimal level of fluorescence, Fo, to be determined. A saturating flash can then be applied to provide the maximum possible value of fluorescence in the dark-adapted state, Fm. The difference between these two values is the variable fluorescence, Fv. Next, actinic light is switched on; after a rapid rise and subsequent quenching of fluorescence, as described above, a steady-state level of fluorescence will be achieved for that particular light intensity, termed Ft. Another saturating flash is applied to close all reaction centres and provides a value for the maximum fluorescence in the light, Fm’. Notably, Fm’ is lower than Fm due to the contribution of NPQ under actinic illumination. The difference between Ft and Fm’ gives the variable fluorescence in the light, Fq’. Finally, switching off the actinic light will cause fluorescence to decline and give a value for light-adapted minimal fluorescence, Fo’, which will eventually return to Fo over time.











Figure 3.1. Chlorophyll fluorescence experimental trace. The level of chlorophyll fluorescence emission, shown in green, for a leaf during a hypothetical experiment. Whilst in the dark (shown by grey bar), the measuring beam (MB) is switched on and then a saturating flash (SF) applied (both indicated by upward arrow), to allow for dark-adapted minimal and maximal fluorescence levels (Fo and Fm, respectively) to be measured. Actinic light (AL; shown by yellow bar) is then switched on, before a second SF is applied to the sample, providing light-adapted measurements of steady-state and maximal fluorescence levels (Ft and Fm’). Finally, the sample is returned to darkness (grey bar), and the light-adapted minimal fluorescence (Fo’) can be determined. The remaining parameters, Fv, Fq’ and Fv’, are variable measurements of fluorescence, calculated as the difference between the two parameters that are on either end of the double-ended arrows.

Using these basic fluorescence coefficients, it is possible to calculate more complex parameters that can provide greater insight into the physiological status and health of the plant (reviewed in detail in Murchie and Lawson (2013)). The dark-adapted parameter Fv/Fm is perhaps the most commonly reported, and represents the maximum quantum yield of PSII photochemistry, if all reaction centres were open (Butler, 1978). Fv/Fm is highly consistent in healthy leaves, with values typically around ~0.83 (Johnson et al., 1993). However, Fv/Fm will decline if PSII becomes damaged, and thus is often used to indicate stress in plants. The operating quantum yield of PSII photochemistry, termed ϕPSII or Y(II), can be calculated as Fq’/Fm’. Y(II) measures the proportion of absorbed energy that is used to drive PSII photochemistry and can be used to estimate the rate of linear electron transport (J) after accounting for light absorbance by the leaf and different photosystems. Electron transfer is indicative of the overall rate of photosynthesis, so can be used to assess photosynthetic capacity in vivo. Another useful parameter to assess photochemistry is 1-qL, which relates to the proportion of closed PSII reaction centres that are unable to accept further electrons, thus quantifying the acceptor side limitation of PSII. Finally, NPQ can be estimated by comparing the maximal fluorescence values between the light and dark-adapted states. Whilst Y(II) refers to the achieved efficiency, 1-qL, NPQ and Fv/Fm provide information about the underlying processes that impact efficiency. For parameter equations, please see section 2.9.1.
3.1.1.2 P700 absorption spectroscopy
As the signal from PSI chlorophyll fluorescence is too weak, PSI photochemistry can instead be assessed by measuring the absorbance changes in the near infrared (NIR) spectral region (peaking between 810-840 nm). When PSI antennae pigment molecules absorb a photon, excitation energy is funnelled towards PSI’s reaction centre chlorophyll, P700, which enters a higher energy state (P700*). P700* then undergoes a charge separation, where it donates an electron to its primary electron acceptor, A0, becoming oxidised in the process (P700+). The electron is passed downstream through several stromal acceptors, culminating in the reduction of NADP+ to NADPH. However, if no oxidised stromal acceptors are available, the charge separation can be partially reversed through rapid recombination. Meanwhile, P700+ is returned back to its reduced state by the arrival of electrons from upstream cytochrome b6f, via plastocyanin (PC). Since regulated qE does not occur in PSI antennae pigments, the quantum yield of PSI photochemistry depends on the redox states of P700, PC and the stromal acceptors. This can be quantified by NIR absorbance spectroscopy, with an increase in absorbance indicating that there is a net increase of P700+ in the sample. Similarly to chlorophyll fluorescence, a PAM and saturating pulse technique is used to measure these redox-related absorbance changes, and allows for several useful parameters to be derived (reviewed in Klughammer and Schreiber (2008)). However, both PC and ferredoxin (Fd) also absorb within the same spectral region, but by measuring the signal differences between four NIR wavelength pairs, it is possible to deconvolute these overlapping signals (Klughammer and Schreiber, 2016).











Figure 3.2. P700 absorption spectroscopy experimental trace. The relative redox state of a sample’s P700 reaction centres (where 1 = fully oxidised, and 0 = fully reduced), derived from deconvoluted P700 absorption signals from a hypothetical experiment, is shown by the green line. Beginning in darkness (shown by grey bar), a background of far-red (FR; shown by red bar) is applied to a dark-adapted sample, before a saturating flash is applied (SF; indicated by upward arrow), which gives the maximal level of P700 oxidation (Pm). The sample is immediately returned to darkness, allowing the minimal level of P700 oxidation (Po) to be measured. This example trace is expressed relatively to Pm and Po values. Actinic light (AL; shown by yellow bar) is then switched on and a second SF applied, providing steady-state and maximal P700 oxidation levels in the light (P and Pm’, respectively). The quantum efficiencies of PSI photochemistry (Y(I)), PSI donor-side limitation (Y(ND)) and PSI acceptor-side limitation (Y(NA)), can be calculated as the relative proportions, as depicted by the brackets.

Figure 3.2 shows an example trace of P700 oxidation, corresponding to the deconvoluted absorbance signals of P700. Samples are first dark-adapted, giving an absorbance signal of zero. The application of background far-red (FR) illumination preferentially excites PSI but not PSII, which leads to the oxidation of most of P700 and PC, as electrons are transferred downstream to stromal acceptors, but are not replaced by LET from PSII. However, FR alone does not cause full P700 oxidation due to CET around PSI. In the presence of FR, there should be no PSI acceptor-side limitation. Therefore, under these conditions, the brief application of a saturating pulse of actinic light induces complete oxidation of P700, before electrons from PSII or CET can re-reduce P700+. This gives the maximal P700+ signal, Pm, which is analogous to the maximal fluorescence yield, Fm. After all illumination is switched off, the absorbance signal decays as P700+ is fully reduced by the arrival of upstream electrons, giving the minimal P700+ signal, Po, analogous to Fo. 
When a background of actinic light is applied, the level of oxidised P700+ in the sample rises before settling at a steady-state intermediate P700+ signal, P, analogous to Ft. The fraction of P700+ which remain oxidised in the illuminated state (i.e. the difference between P and Po) are said to be ‘closed’, and indicates that there is a lack of electrons flowing from PC to PSI, which is known as PSI donor-side limitation, termed Y(ND). With a background of actinic light, another saturating flash is applied, which rapidly oxidises all of the reduced P700 reaction centres that are photochemically active and able to stabilise the charge separation. This gives the maximal P700+ signal in the light, denoted Pm’ and analogous to Fm’. The proportion of these ‘open’ reaction centres (i.e. the difference between Pm’ and P) is equivalent to the operating quantum yield of PSI photochemistry, termed Y(I). The fraction of reduced P700 that could not be oxidised (i.e. the difference between Pm and Pm’) indicates that there is insufficient availability of oxidised stromal acceptors, known as PSI acceptor-side limitation, termed Y(NA). These reaction centres are also considered ‘closed’ and will likely result in excitation energy being dissipated through rapid recombination. Together, Y(I), Y(ND) and Y(NA) equal the value of Pm, and provide information about the achieved PSI efficiency and any underlying processes affecting it.  
3.1.1.3 Infrared gas analysis
Infrared gas analysers (IRGAs) have become a central tool for measuring leaf gas exchange, and thus photosynthesis in vivo. IRGAs work by enclosing a portion of leaf within a sealed chamber and controlling the environmental conditions that it is exposed to, such as light intensity, temperature, relative humidity and the concentration of atmospheric gases. By measuring the absorption of infrared radiation at particular wavelengths, the CO2 and water vapour concentrations in the air stream can be determined, both before and after it has passed over the leaf. The difference between these concentrations, as well as measurements of leaf temperature, can then be used to calculate rates of net CO2 assimilation (A), transpiration (E), stomatal conductance (gs), and intercellular CO2 concentration (Ci), using calculations from Farquhar et al. (1980) and von Caemmerer and Farquhar (1981). These parameters can then be used to quantify how efficiently a plant uses water, such as the measurement of intrinsic water-use-efficiency (WUEi), which is determined by A/gs. Steady-state point measurements, where leaf gas exchange is measured under constant conditions, are excellent indicators of plant performance at a particular point in time. They are therefore particularly useful for plant phenotyping and assessing tolerance to abiotic or biotic stresses. However, the real power of an IRGA lies in its ability to measure changes in gas exchange when manipulating the environmental conditions within the leaf chamber. Furthermore, many IRGA systems can simultaneously measure chlorophyll fluorescence, allowing photosynthetic electron transport rates to be determined under varying conditions. Together, these more detailed measurements can provide valuable insights into the biochemical and biophysical processes that may be impacting a plant’s capacity for photosynthetic gas exchange. 
An A/Ci response curve is perhaps the most common and informative gas exchange analysis undertaken. This involves measuring the photosynthetic response to changes in atmospheric CO2 concentrations (Ca), but plotting the relationship between A and Ci to account for any stomatal influence on CO2 uptake, which may vary between genotypes. Measurements are typically performed under saturating light intensities to ensure that stomata are sufficiently open and photosynthetic electron transfer is maximised. Figure 3.3 shows a typical A/Ci curve for a C3 species. Using the Farquhar et al. (1980) model of photosynthesis, A/Ci curves can be used to calculate a number of useful parameters that describe the underlying biochemistry of photosynthesis and any diffusional limitations imposed on CO2 uptake.
A/Ci curves have three distinct stages that relate to three core processes, which together set the upper limit on photosynthetic rate: RuBP carboxylation, RuBP regeneration and the consumption of triose phosphate (G3P) (Farquhar et al., 1980; Sharkey, 1985) (Figure 3.3). Under sub-ambient Ca levels, A is limited by the availability of CO2 for Rubisco to carboxylate RuBP, which is referred to as Rubisco limitation. As a result, under these conditions, A rises linearly with increasing Ci, allowing the initial slope of an A/Ci curve to be used to calculate the maximum rate of Rubisco carboxylation (Vcmax). However, under elevated Ca levels when CO2 substrate is plentiful, A becomes limited by the rate of electron transport, since the products of the light reactions are required for RuBP regeneration by the CBB cycle. This is evident when the relationship between A and Ci begins to flatten out. This portion of the curve, known as RuBP limitation, can be used to calculate the maximum electron transport rate (Jmax). Additionally, the maximum rate of CO2 assimilation (Amax) can also be determined under saturating light and Ca levels. In some plants under very high Ca levels, A can actually begin to decrease in the latter part of the curve, and is known as triose phosphate utilisation (TPU) limitation. This phenomenon is caused when G3P sugars, produced from carbon fixation, aren’t used fast enough. This in turn depletes the inorganic phosphate pool and restricts ATP synthesis, which is required to power the CBB cycle (Ellsworth et al., 2015; Sharkey, 1985). Furthermore, estimations of mesophyll conductance (gm) can also be estimated from an A/Ci curve, so long as stomata remain fully open to remove any stomatal limitation.
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Figure 3.3. Example of a modelled A/Ci response curve. A hypothetical plot showing the modelled response of CO2 assimilation (A) to changes in intercellular CO2 concentration (Ci) of a C3 plant (shown by dashed black line), using the Farquhar et al. (1980) photosynthetic model. The coloured solid lines represent the three processes that limit photosynthesis, which have been fitted to the experimental data. These include Rubisco carboxylation (red line), RuBP regeneration (green line) and triose phosphate utilisation (yellow line). Modelled A is then determined by whichever of the three processes is most limiting. Different portions of the curve can be used to calculate several useful photosynthetic parameters. For example, the maximum rate of Rubisco carboxylation (Vcmax) is determined using the Rubisco limited portion (where the dashed line overlays the red line), and the maximum electron transport rate (Jmax) is determined using the RuBP regeneration portion (where the dashed line overlays the green line).

Light-response curves are another widely used gas exchange analysis, which characterise the relationship between A and light intensity (or photosynthetic photon flux density; PPFD), typically under ambient Ca. As PPFD is increased from zero, A initially rises linearly, as electron transport rate limits the carboxylation of RuBP. However, as PPFD continues to increase, the relationship becomes non-linear, before finally plateauing out. At this stage, known as the light saturating point (Ögren and Evans, 1993), A is no longer limited by light availability, but by Rubisco instead. The maximum rate of CO2 assimilation under saturating light levels but ambient Ca is known as Asat. Chlorophyll fluorescence measurements collected during the light-response curve can also be used to derive several other important parameters. The relationship between A, Y(II) and PPFD, in the initial light-limited portion of the curve (below ~150 umol m-2 s-1), can be used to calculate electron transport rate (J) using the Yin method (Yin et al. 2009, 2011), along with mitochondrial respiration in the light (Rlight). Rlight can otherwise be difficult to estimate, since it needs to be distinguished from concurrent processes that involve CO2. 
Combined gas exchange and chlorophyll fluorescence can also provide additional information if measured in a background of low O2, instead of air. By reducing the O2 concentration within the leaf chamber to around 2%, the oxygenase activity of Rubisco is supressed, resulting in an increase in RuBP carboxylation, and thus A, as CO2 no longer has to compete for Rubisco’s binding sites. Although the NADPH requirements for RuBP carboxylation and oxygenation reactions are equal, Y(II) idecreases under low O2 concentrations. This is because under ambient conditions, there is an additional NADPH demand associated with recycling photorespiratory by-products and alternative electron sinks involving oxygen. Under low O2, the NADPH demand from these processes is reduced, and is not fully offset by the increase in A. The difference in Y(II) measured under photorespiratory (ambient O2) and non-photorespiratory (low O2) conditions can be used to predict J for individual data points (Bellasio et al., 2014), without the need for a full light-response curve. Furthermore, the Bellasio method accounts for electrons engaging in CET and other alternative electron sinks, which can be significant under higher PPFD, unlike the Yin method described above. Using measurements of J and gross assimilation (= A + Rlight), it is then possible to derive instantaneous rates of Rubisco carboxylation rate (Vc) and oxygenation rate (Vo) occurring under normal photorespiratory conditions, as per Bellasio et al. (2014). The ratio between these two parameters, Vo/Vc, can provide a proxy for the rate of photorespiration, and is useful to screen for photorespiratory phenotypes. 
3.1.2	Objectives
In this Chapter, a collection of Epidermal Patterning Factor mutants from two C3 species, Arabidopsis thaliana and Oryzae sativa (rice), were used to assess whether manipulating stomatal density impacts the rate of photosynthetic carbon fixation, photorespiration and photoprotection. Using a combination of infrared gas analysis, chlorophyll fluorescence and P700 absorbance spectroscopy, these physiological mechanisms were characterised under both well-watered and drought conditions.




[bookmark: _Toc131628563]3.2	Results
3.2.1	Arabidopsis and rice stomatal mutants have altered gaseous exchange
As discussed in section 1.7, a suite of mutants with manipulated EPF/L expression and subsequently altered stomatal densities (SD) now exists for several C3 species. In Arabidopsis thaliana, transgenic plants which ectopically overexpress AtEPF2 (AtEPF2-OE) or AtEPFL9 (AtEPFL9-OE), have been extensively studied, along with the T-DNA insertion line Atepf1;Atepf2, which lacks functional AtEPF1 and AtEPF2 genes. Until recently, there has not been an AtEPFL9 knock-out line available for comparisons, however, thanks to Dr Lee Hunt, an Atepfl9 line has now been generated using the CRISPR/Cas9 system. Firstly, the stomatal densities of these described lines were assessed on the abaxial leaf surface, which revealed that AtEPF2-OE and Atepfl9 plants both had significantly reduced SD in comparison to Col-0 controls, with an average reduction of 69.5% and 70.8%, respectively (Figure 3.4a). Also, Atepf1;Atepf2 and AtEPFL9-OE were both confirmed to have significantly greater numbers of stomata, with an average increase of 205.4% and 183.3%, respectively (Figure 3.4a).
	Next, the gas exchange properties of these lines were examined using an IRGA (LI-6800, LI-COR Biosciences), with steady-state measurements performed on the most recent fully expanded leaf from 7-week-old plants. The IRGA chamber was controlled at the ambient conditions of the growth chamber, apart from light intensity, which was supplied at 1000 µmol m-2 s-1 PAR (previously confirmed to saturate leaf photosynthesis by performing a light response curve, but data not shown). Gas exchange analyses revealed that the low-SD Arabidopsis mutants (AtEPF2-OE and Atepfl9) had significantly reduced rates of stomatal conductance (gs) and carbon assimilation (A) compared to Col-0 controls (Figures 3.4b-c). Due to the larger reduction in gs relative to A, the intrinsic water-use-efficiency (WUEi) at the leaf level was significantly enhanced in these two lines (Figure 3.4d). The low-SD Arabidopsis mutants also had significantly reduced intercellular CO2 concentrations (Ci) (Figure 3.4e). Furthermore, leaf temperature was enhanced in AtEPF2-OE compared to    Col-0, likely due to reduced evaporative cooling, and Atepfl9 also showed a similar trend, albeit non-significant (Figure 3.4f). Together, these results confirm that similar gas exchange rates to those seen in the AtEPF2 over-expressor can be achieved by knocking out the function of the positive stomatal regulator AtEPFL9 instead.
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Figure 3.4. Stomatal densities and gas exchange measurements of Arabidopsis EPF mutants. (a) Stomatal densities of the abaxial epidermis. (b) Stomatal conductance to water vapour (gs),  (c) net carbon assimilation rate (A), (d) intrinsic water-use-efficiency (WUEi) calculated as A/gs, (e) intercellular CO2 concentration (Ci), and (f) leaf temperature, measured under steady-state at 1000 µmol m-2 s-1 PAR. All measurements were taken on the most recently fully-expanded leaf in 7-week-old plants. Boxes display the upper (75%) and lower (25%) quartiles, the horizontal line represents the medians, and the whiskers indicate the ranges of the minimum and maximum values. Different letters denote significant differences between the means of genotypes (p < 0.05, one-way ANOVA and post-hoc Tukey’s test). n = 6-7 plants per genotype.
Although previous studies have reported that increasing SD results in increased rates of gs and sometimes A (Tanaka et al., 2013), this was not seen in this experiment. Neither of the high-SD lines showed significant differences in any of their gas exchange parameters, although trends were observed for increased gs, A and Ci, particularly for Atepf1;Atepf2 (Figures 3.4a-f).
	As the low-SD Arabidopsis plants showed reduced rates of A, their photosynthetic response to changes in atmospheric CO2 concentration (Ca) was measured. In Figure 3.5a, A is plotted against Ci to remove any differences that arise through altered gs rates. Both AtEPF2-OE and Atepfl9 respond to increasing CO2 as would be expected, however, they are unable to reach the same rates of A for each given Ci compared to the controls. Fitting these A/Ci curves using the model providing by Sharkey (2016), revealed that the maximum rate of Rubisco carboxylation (Vc,max) did not differ between genotypes, suggesting that the low-SD Arabidopsis lines do not have an impaired capacity to fix carbon (Figure 3.5b). The fitted parameter Jmax, which refers to the maximum rate of electron transport, also did not differ significantly between genotypes, although AtEPF2-OE and Atepfl9 plants did show a trend toward reduced Jmax compared to Col-0 (Figure 3.5c). Again, these measurements demonstrated the similarity between the two low-SD mutant lines.
	To complement the work performed in Arabidopsis, the same stomatal density and gas exchange measurements were carried out in a range of rice mutants, with similar EPF manipulations. Lines over-expressing OsEPF1 and OsEPFL9-1, along with a gene-edited Osepfl9-1 line were used in the study, all from the Indica IR-64 rice cultivar background. As in Arabidopsis, OsEPF1-OE and Osepfl9-1 plants had significantly reduced SD, gs, A and Ci values compared to IR-64 controls, as well as significantly enhanced WUEi and leaf temperatures (Figures 3.6a-f). These results show that both low-SD genotypes showed similar alterations in stomatal development and gaseous exchange. Although interestingly, there did appear to be less variation in measurements performed on Osepfl9-1. The results presented here do differ slightly from the literature; the same OsEPF1-OE and Osepfl9-1 lines were reported to have 80-90% lower SD compared to IR-64 controls (Caine et al., 2019; Karavolias et al., 2023; Yin et al., 2017). Whereas in this study, SD reductions are around 58-62%. Regardless of the smaller reduction in SD, A was still significantly reduced in this study. Similarly to the high-SD Arabidopsis plants, the significant increase in SD of OsEPFL9-1-OE plants did not result in any significant difference in gas exchange measurements (Figures 3.6a-f), suggesting that increasing SD seems to have little impact on the gas exchange of the plants in this study.
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Figure 3.5. CO2 response curve and photosynthetic parameters of Arabidopsis low-SD mutants. (a) The response of carbon assimilation (A) to changing levels of intercellular CO2 concentration (Ci), measured on a fully-expanded leaf using a LI-6800. Fitted photosynthetic parameters for (b) maximum rate of Rubisco carboxylation (Vc,max) and (c) maximum rate of electron transport (Jmax), calculated from the A/Ci curve. (a) Error bars represent standard error of the mean. (b-c) Box and whisker plots as previously described. No statistical differences were seen between genotypes (p > 0.05, one-way ANOVA).  n = 5-6 plants per genotype.
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Figure 3.6. Stomatal densities and gas exchange measurements of rice EPF mutants. 
(a) Stomatal densities of the abaxial epidermis. (b) Stomatal conductance to water vapour (gs),  (c) net carbon assimilation rate (A), (d) intrinsic water-use-efficiency (WUEi) calculated as A/gs, (e) intercellular CO2 concentration (Ci), and (f) leaf temperature, measured under steady-state conditions at 2000 µmol m-2 s-1 PAR on fully developed leaf 5. Box and whisker plots are as previously described. Different letters denote significant differences between the genotype means (p < 0.05, one-way ANOVA and post-hoc Tukey’s test). n = 5 plants per genotype.
3.2.2	Reducing stomatal density increases photorespiration rate in C3 plants
To understand what is causing the reduced A in plants with fewer stomata, the photorespiration rates in the same collection of Arabidopsis and rice lines were measured. Using the method described by Bellasio et al. (2014), combined gas exchange and chlorophyll fluorescence measurements were taken under ambient O2 and low O2 conditions, with the latter condition used to effectively eliminate photorespiration. Values of A and effective quantum yield of photosystem II (Y(II)) measured under the two O2 concentrations can then be used to generate a value for the ratio of  Rubisco oxygenation rate to Rubisco carboxylation rate (Vo/Vc), which provides a proxy measurement of photorespiration. More details on the experimental procedure can be found in section 2.8.1.4.
This experiment revealed that in both Arabidopsis (Figure 3.7a) and rice (Figure 3.7b), genotypes with low-SD displayed significantly increased rates of Vo/Vc in comparison to their corresponding controls. However, genotypes with high-SD did not differ significantly from the control line for that species. When the values of Vo/Vc were plotted against rates of gs for individual plants, a significant negative relationship between the two parameters was found across the Arabidopsis lines (Figure 3.8a) and rice lines (Figure 3.8b). Respectively, gs was found to explain 67% and 73% of the variation seen in Vo/Vc in Arabidopsis and rice.
To investigate whether the reduction in net photosynthesis seen in low-SD lines is caused by increased rates of photorespiration, the rates of A under low O2 were compared. Under low photorespiratory conditions, there no longer was a significant difference between AtEPF2-OE, Atepfl9 and Col-0, although the two low-SD lines did differ significantly from both high-SD lines (Figure 3.7c). In rice, no significant differences were observed across any of the genotypes (Figure 3.7d). This suggests that photorespiration is contributing to the reduced A phenotype measured under normal 21% O2 conditions in the low-SD lines. However, since there was still a trend towards reduced A, even under the low O2 treatment, photorespiration likely does not account fully for these reductions.
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Figure 3.7. Photorespiration is enhanced in low stomatal density C3 mutants. The ratio of Rubisco oxygenation rate to Rubisco carboxylation rate (Vo/Vc) measured on (a) Arabidopsis EPF mutants and Col-0 control, and (b) rice EPF mutants and IR-64 control. Steady state net carbon assimilation (A) measured under 2% oxygen in (a) Arabidopsis EPF mutants and Col-0 control, and (b) rice EPF mutants and IR-64 control. Measurements taken on the most recent fully developed leaf in (a) 7-week-old, or (b) 3-week-old plants, under a light intensity of (a) 1000 µmol m-2 s-1 PAR, or (b) 2000 µmol m-2 s-1 PAR. Box and whisker plots are as previously described. Different letters denote significant differences between the means of genotypes (p < 0.05, one-way ANOVA and post-hoc Tukey’s test). (a) n = 6-7, or (b) n = 5 plants per genotype. 
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Figure 3.8. Photorespiration is negatively correlated with stomatal conductance in Arabidopsis and rice. Scatter plot showing the relationship between Vo/Vc (ratio of Rubisco oxygenation rate to Rubisco carboxylation rate) and gs (stomatal conductance) in (a) Arabidopsis EPF mutants and Col-0 control, and (b) rice EPF mutants and IR-64 control. Steady-state measurements taken on the most recent fully developed leaf in (a) 7-week-old, or (b) 3-week-old plants, under a light intensity of (a) 1000 µmol m-2 s-1 PAR, or (b) 2000 µmol m-2 s-1 PAR. Linear regression analysis revealed a negative relationship between the two parameters in both species, with R2 values of (a) 0.672, or (b) 0.727. The solid black line represents the modelled best-fit line, and the dotted lines either side represents the 95% confidence intervals. The slope of the best-fit line was found to be significantly non-zero (p < 0.05, linear regression) for both plots. (a) n = 6-7, or (b) n = 5 plants per genotype.



3.2.3	Response of gas exchange and photorespiration during drought
To understand how plant gas exchange and photorespiration is impacted under drought stress, the same procedure described above was performed every 2 days over a 10-day period of water restriction on 6-week-old plants. For these experiments, a subset of Arabidopsis lines was used. Although AtEPF2-OE and Atepfl9 showed very similar SD and gas exchange values to each other, Atepfl9 plants were noticeably smaller and so were not used, as plant size would likely affect total plant transpiration rate, and thus the speed at which the soil dried out. Therefore, the lines AtEPF2-OE, Atepf1;Atepf2 and Col-0 were selected, and similar sized plants were chosen across the genotypes. Weighing the plant pots each day revealed that Atepf1;Atepf2 plants used significantly more water cumulatively than Col-0 on days 1 to 5, and AtEPF2-OE plants used significantly less water cumulatively than Col-0 on days 2 to 6 (Figure 3.9a). By the last few days of the drought treatment, the total amount of water lost from the pots was similar across genotypes.
For the gas exchange measurements, both Col-0 and Atepf1;Atepf2 plants begin the experiment with significant higher rates of gs (Figures 3.9b), A (Figures 3.9c) and Ci (Figure 3.10a) compared with AtEPF2-OE plants, as previously discussed. On the second day of water restriction, both Col-0 and Atepf1;Atepf2 show a slight increase in these parameters. After which the values begin to decline as drought progresses, indicating that the plants are closing their stomata in response to drought, subsequently causing CO2 diffusion and photosynthesis to decline. Both lines show very similar responses, although Atepf1;Atepf2’s is slightly exaggerated (i.e. higher starting values and lower ending values compared to Col-0). No significant differences are seen between the two lines, apart from on day 8, where Ci drops significantly faster in Atepf1;Atepf2 than in the control (Figure 3.10a)
However, for AtEPF2-OE plants, gs (Figure 3.9b), A (Figures 3.9c) and Ci (Figure 3.10a) remain relatively stable across the full drought treatment, with a slight increase occurring on day 4 for gs and A, and day 6 for Ci. Although these three parameters are significantly lower in AtEPF2-OE at the beginning of the experiment, as the gas exchange of the other two lines declines, by days 6-8, all genotypes have similar values for these measurements. After 10 days of water restriction, gs, A and Ci start to decline in AtEPF2-OE plants, however, their rates of gs are still significantly higher than the other lines, and their rates of A also show a similar trend. Therefore, despite all genotypes having lost the same amount of water from their pots by day 10 (Figure 3.9a), AtEPF2-OE plants are able to maintain higher levels of gas exchange under these droughted conditions. All genotypes show a typical drought response, however, it is delayed and reduced in AtEPF2-OE plants. 
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Figure 3.9. Water loss and gas exchange of Arabidopsis EPF mutants during drought.
(a) Cumulative water lost per plant, measured daily after initiation of drought. Steady-state measurements of (b) stomatal conductance to water vapour (gs), and  (c) net carbon assimilation rate (A) measured under 1000 µmol m-2 s-1 PAR on a different fully expanded leaf every 2 days over a 10-day period of drought. Error bars represent the standard error of the mean. Statistical analysis performed using mixed-effects model with Geisser-Greenhouse correction, and post-hoc Tukey’s test for comparisons on individual days. Asterisks show significant differences (p < 0.05) to controls for that day, coloured to specify which genotype. n = 5-6 plants per genotype.
Finally, for measurements of Vo/Vc, AtEPF2-OE plants have significantly higher rates of photorespiration for the first 6 days of water restriction (Figure 3.10b). After this, Vo/Vc starts to increase in Col-0 and Atepf1;Atepf2 plants, resulting in higher rates of photorespiration compared to AtEPF2-OE by day 10. Vo/Vc remains relatively stable in AtEPF2-OE for the first 8 days, after which is starts to increase slightly (Figure 3.10b). These increases in photorespiration are likely due to the decreasing Ci (Figure 3.10a) and increasing plant temperatures (data not shown) that occur during drought-induced stomatal closure.
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Figure 3.10. Intercellular CO2 concentration and photorespiration of Arabidopsis EPF mutants during drought. (a) Intercellular CO2 concentration (Ci) and (b) ratio of Rubisco oxygenation to Rubisco carboxylation (Vo/Vc) measured under steady-state conditions at 1000 µmol m-2 s-1 PAR on a different fully expanded leaf every 2 days over a 10-day period of drought. Error bars represent the standard error of the mean. Statistical analysis performed using mixed-effects model with Geisser-Greenhouse correction, and post-hoc Tukey’s test for comparisons on individual days. Asterisks show significant differences (p < 0.05) to Col-0 controls for that day, coloured to specify which genotype. n = 5-6 plants per genotype.
3.2.4	Plants with fewer stomata have enhanced photoprotection
To gain a greater understanding of the photochemistry of plants with altered numbers of stomata, PAM chlorophyll fluorescence and P700 absorption spectroscopy was used to investigate the redox state of the photosynthetic ETC in AtEPF2-OE, Atepf1;Atepf2 and Col-0 plants. A Dual-KLAS-NIR photosynthesis analyser (Walz) was used to simultaneously measure the maximum quantum yield of PSII (measured as the variable to maximal fluorescence ratio; Fv/Fm) and the maximal level of P700 oxidation (Pm) on dark-adapted samples. These measurements revealed that under normal well-watered conditions, AtEPF2-OE plants have significantly reduced values of Pm, and thus a smaller pool of photo-oxidisable P700, compared to Col-0 and Atepf1;Atepf2, with no differences seen between the other two lines (Figure 3.11a). Whereas, Fv/Fm values did not differ between genotypes (Figure 3.11b). 
After this, 170 µmol m-2 s-1 of actinic light was supplied to the leaf for 5 minutes, to assess plants under conditions similar to what they were grown at. The same chlorophyll fluorescence and P700 absorption measurements were performed on the now light-adapted leaves. Both the effective quantum yield of PSI photochemistry (Y(I)) (Figure 3.11c) and effective quantum yield of PSII photochemistry (Y(II)) (Figure 3.11d) was significantly reduced in AtEPF2-OE plants compared to the other two lines. Whilst not significant, Atepf1;Atepf2 did show a slight trend towards increased Y(II), compared to Col-0. The ratio of Y(I) to Y(II) can provide a proxy for cyclic electron transport (CET), with higher Y(I)/Y(II) ratios indicating a larger turnover of electrons through PSI relative to PSII. AtEPF2-OE plants were found to have significantly higher Y(I)/Y(II) ratios, compared with Col-0 and Atepf1;Atepf2, suggesting they have greater CET under these conditions (Figure 3.11e). 
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Figure 3.11. PSII and PSI photochemistry in Arabidopsis EPF mutants. Dark-adapted measurements of (a) the maximal level of P700 oxidation (Pm) and (b) the maximum quantum efficiency of photosystem II (PSII), measured as Fv/Fm. Light-adapted measurements of the operating quantum efficiency of (c) PSI (Y(I)) and (d) PSII (Y(II)), measured after a supply of actinic light (170 µmol m-2 s-1 PPFD) for 5 minutes. (e) Ratio of Y(I) to Y(II), as a proxy for cyclic electron transport. Measurements performed on the most recent fully expanded leaf in 7-week-old well-watered plants. Box and whisker plots are as previously described. Different letters denote significant differences between the means of genotypes (p < 0.05, one-way ANOVA and post-hoc Tukey’s test). n = 5-6 plants per genotype.






As discussed in 3.2.2, CET is an effective method for protecting PSI from photoinhibition, by cycling electrons from the PSI electron acceptors back to cytochrome b6f. This in turn triggers downregulation of linear electron flow (LET) by exerting reducing pressure on PSII. In agreement with this, AtEPF2-OE plants, which have higher CET, show significantly increased values for the acceptor-side limitation of PSII (1-qL) (Figure 3.12a), and the donor-side limitation of PSI (Y(ND)) (Figure 3.12b), which implies that there is enhanced reduction of plastoquinone (QA; primary electron acceptor of PSII) and increased oxidation of plastocyanin (primary electron donor to PSI) in plants with low-SD. Build-up of electrons on the acceptor side of PSII can cause ROS formation and damage to the P680 reaction centres, however, controlled photoinhibition of PSII allows PSI to be protected, which is harder to repair. CET drives another photoprotective mechanism, NPQ, by increasing lumen ∆pH. AtEPF2-OE plants were also found to have enhanced rates of Y(NPQ), which refers to the fraction of absorbed light energy dissipated through NPQ (Figure 3.12c). For all of these parameters, no differences were seen between Atepf1;Atepf2 and Col-0.
These results suggest that plants with low SD have enhanced rates of photoprotection, through increased CET, which in turn promotes increased Y(NPQ) and photosynthetic control. These regulatory mechanisms appear to be effective in preventing excess build-up of electrons on the acceptor side of PSI, which can cause photodamage to PSI and can occur when there is a mismatch between the photosynthetic electron transfer and the downstream electron sinks such as the CBB cycle. Indeed, the acceptor-side limitation of PSI (Y(NA)) did not differ between the genotypes (Figure 3.12d), indicating that AtEPF2-OE plants are able to manage the redox state of their ETC to avoid photo-oxidative stress, at least to PSI, that would otherwise be caused by their reduced Ci and A.
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Figure 3.12. Redox state of the photosynthetic electron transport chain in Arabidopsis EPF mutants. Light-adapted measurements of (a) acceptor-side limitation of PSII (1-qL), (b) donor-side limitation of PSI (Y(ND)), (c) effective quantum yield of non-photochemical quenching (Y(NPQ)), and (d) acceptor-side limitation of PSI (Y(NA)), measured after a supply of actinic light (170 µmol m-2 s-1 PAR) for 5 minutes, using chlorophyll fluorescence and P700 absorption spectroscopy. Measurements performed on the most recent fully expanded leaf in 7-week-old well-watered plants. Box and whisker plots are as previously described. Different letters denote significant differences between the means of genotypes (p < 0.05, one-way ANOVA and post-hoc Tukey’s test). n = 5-6 plants per genotype.







[bookmark: _Toc131628564]3.2.5	Response of photoprotection during drought
Drought stress causes increased pressure on the ETC, as stomatal closure results in reduced CO2 uptake and thus limits the capacity of the CBB cycle to accept the products produced by the light reactions. Therefore, the photochemistry of PSII and PSI was investigated over a 10-day period of water restriction in the same Arabidopsis EPF mutants as before, to assess how their photoprotective mechanisms respond to drought. The same measurements described in section 3.2.4 were performed every 1-2 days, using a different leaf each time, to prevent mechanical damage to the desiccating leaf that may impact measurements. 
Dark-adapted measurements of Pm did not decline in any of the genotypes, suggesting that all plants were effectively protecting PSI photodamage from occurring (Figure 3.13a). In fact, on days 8-10, Pm values increase. This is likely an artifact of the changing leaf absorption properties as the leaf water content declines. Measurements of Fv/Fm, which is often used as a measure of plant stress, begin to decline in Atepf1;Atepf2 on day 8, and in Col-0 on day 9 of the drought treatment (Figure 3.13b). However, Fv/Fm does not decrease with drought in AtEPF2-OE, resulting in these plants having significantly higher Fv/Fm values compared to the control plants on day 10 (Figure 3.13b).
Light-adapted measurements of Y(I) and Y(II) begin to decline in Atepf1;Atepf2 and Col-0 from days 8-10 of the drought stress, with a greater relative reduction in Y(II) (Figures 3.13c-d). This results in the ratio of Y(I)/Y(II) increasing, however, this begins to rise slightly earlier, after 6 days of water restriction (Figure 3.13e). This implies that these lines are responding to drought by increasing their CET. For AtEPF2-OE plants, their Y(I) and Y(II) values remains relatively stable throughout the drought treatment, and only begin to slowly decline on day 10 (Figures 3.13c-d). Whilst these values are lower compared to the control at the beginning of the experiment, by the end of the drought, AtEPF2-OE plants are able to maintain higher PSII and PSI efficiency, although these differences were not significant. Y(I)/Y(II) in AtEPF2-OE also remains fairly stable across the 10-day period, with a small decrease on day 8, which is followed by a gradual increase up to day 10 (Figure 3.13e). However, the Y(I)/Y(II) ratio of AtEPF2-OE plants starts much higher on day 0 compared to the other lines, and remains higher for the entire experiment, despite Col-0 and Atepf1;Atepf2 increasing their CET.
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Figure 3.13. PSII and PSI photochemistry in Arabidopsis EPF mutants during drought. Dark-adapted measurements of (a) Fv/Fm and (b) maximal P700 signal (Pm), as a measure of maximum photosystem II (PSII) and photosystem I (PSI) efficiency, respectively. Light-adapted measurements of the effective quantum yields of (c) PSII (Y(II)) and (d) PSI (Y(I)), measured after a supply of actinic light (170 µmol m-2 s-1 PAR) for 5 minutes. (e) Ratio of Y(I) to Y(II). Measurements performed on a different fully expanded leaf every 2 days over a 10-day period of drought. Error bars represent the standard error of the mean. Statistical analysis performed using mixed-effects model with Geisser-Greenhouse correction, and post-hoc Tukey’s test for comparisons on individual days. Asterisks show significant differences (p < 0.05) to Col-0 controls for that day, coloured to specify which genotype. n = 5-6 plants per genotype.
The increase in CET observed in Atepf1;Atepf2 and Col-0 plants is mirrored by similar increases in the PSII acceptor-side limitation (1-qL) , PSI donor-side limitation (Y(ND) and Y(NPQ), which all occur after 6 days of water deficit (Figures 3.14a-c). These photoprotective mechanisms occur along with an over-reduction of the PSI electron acceptors, which can be seen by the increased values of Y(NA) on day 4 in these two lines (Figure 3.14d). As photosynthetic control and NPQ kick in, Y(NA) then starts to decline again 2 days later. For AtEPF2-OE, 1-qL, Y(ND) and Y(NPQ) remain relatively stable across the entire 10-day period (Figures 3.14a-c), which is unsurprising since CET has not been upregulated. This results in significantly lower Y(ND) and Y(NPQ) values compared to controls by the end of the experiment. Similarly to the other lines, AtEPF2-OE plants also show increased Y(NA) around days 6 and 8, before it begins to decline again (Figure 3.14d). The 2-day delay for the increase in Y(NA) that is seen between AtEPF2-OE and the other two Arabidopsis lines may imply that these plants are able to delay the photo-oxidative stress by conserving more water in their pots. However, photosynthetic control and NPQ processes do not appear to be increasing following this period of PSI acceptor-side over-reduction. An extra 2 days of measurements may have been necessary to determine whether these plants respond in the same way as the other lines.
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Figure 3.14. Redox state of the photosynthetic electron flow in Arabidopsis EPF mutants during drought. Light-adapted measurements of (a) acceptor-side limitation of PSII (1-qL), (b) donor-side limitation of PSI (Y(ND)), (c) effective quantum yield of non-photochemical quenching (Y(NPQ)), and (d) acceptor-side limitation of PSI (Y(NA)), measured after a supply of actinic light (170 µmol m-2 s-1 PAR) for 5 minutes, using chlorophyll fluorescence and P700 absorption spectroscopy. Measurements performed on a different fully expanded leaf every 2 days over a 10-day period of drought. Error bars represent the standard error of the mean. Statistical analysis performed using mixed-effects model with Geisser-Greenhouse correction, and post-hoc Tukey’s test for comparisons on individual days. Asterisks show significant differences (p < 0.05) to Col-0 controls for that day, coloured to specify which genotype. n = 5-6 plants per genotype.




[bookmark: _Toc131628565]3.3	Discussion
[bookmark: _Toc131628566]3.3.1	Transgenic and gene-editing approaches can produce similar reductions in stomatal density and gas exchange
In Chapter 3, a collection of Epidermal Patterning Factor mutants from Arabidopsis thaliana and Oryzae sativa were used to assess the physiological implications of altering SD on photosynthetic rates and photoprotective processes in C3 species. Firstly, it was confirmed that plants which develop fewer stomata have significantly lower rates of gs and A, and due to the greater reduction in gs, this improved intrinsic WUE. These general results are consistent with other studies utilising the same Arabidopsis over-expressor transgenic lines (Doheny-Adams et al., 2012). However, the SD and gs reductions observed in the rice OsEPF1-OE and Osepfl9-1 lines were not as severe as what has been previously reported by Yin et al. (2017) and Caine et al. (2019); this may be due to differences in growth conditions. Conversely, Arabidopsis and rice plants with significantly greater numbers of stomata, did not show any differences in their gas exchange compared to their corresponding controls. This contrasts with other studies which reported enhanced gs rates, and sometimes enhanced A rates, in the same high-SD mutants. Again, this may be caused by different growth conditions, and suggests that the high-SD plants in this study are altering their stomatal apertures to maintain wild-type rates of gas exchange. 
Modelled A/Ci curves revealed that manipulating SD in Arabidopsis does not affect the underlying photosynthetic machinery, with no significant differences found across the genotypes for maximum Rubisco carboxylation rate (Vc,max) or maximum electron transport rate (Jmax). These result match previous experiments using the same Arabidopsis EPF transgenics. However, despite this, Arabidopsis plants with fewer stomata were unable to reach wild-type levels of A under comparable Ci. This suggests that there is likely another factor limiting photosynthesis in these plants, since the influence of gs on A should be accounted for by plotting against Ci. One explanation could be a reduced mesophyll conductance (gm), which would lower Cc and therefore CO2 fixation, without necessarily impacting Ci. To date, gm has not been directly measured in any of the EPF mutants. However, recent studies have shown that the development of stomata and the underlying airspaces are coordinated, causing low-SD EPF mutants to have reduced mesophyll porosity (Hughes et al., 2017; Lundgren et al., 2019; Sloan et al., 2022). Since the surface area of mesophyll cells in contact with intercellular airspaces is a key determinant of gm, it is probable that these EPF C3 mutants also exhibit lower gm values, which could explain the reduced magnitude of their A/Ci response. Future efforts to decrease gs, whilst maintaining or ideally increasing gm, would be extremely valuable for enhancing water use efficiency in crops.
In both Arabidopsis and rice, it is possible to produce plants with very similar SD reductions and gas exchange levels by using two different biotechnological approaches; either through the introduction of a transgene that drives constitutive over-expression of the negative stomatal regulators EPF1/EPF2, or by using CRISPR/Cas9 to genetically edit the positive stomatal regulator EPFL9. There was slightly greater measurement variation observed in the over-expressing genotypes, which may be a result of variable expression from segregating copies of the transgene(s). The phenotypic characterisation of the new EPFL9 gene-edited lines confirms that CRISPR/Cas9 offers a viable and attractive solution for producing crops with enhanced WUE, whilst circumventing the socio-political barriers that currently face genetically modified crops. However, it is worth noting here that Arabidopsis Atepfl9 plants were much smaller than AtEPF2-OE plants, and did possess an unusual flowering phenotype, whereby many of the inflorescence stems were droopy, leading to the abortion of flowering buds. Though this was not observed in rice Osepfl9-1 plants, so may be a species-specific phenotype, but regardless, warrants future investigation.

[bookmark: _Toc131628567]3.3.2	Reducing stomatal density increases photorespiration and photoprotection
As the demand for food continues to grow, it is essential that improving drought tolerance in crops does not come at a cost to yield. Therefore, the photorespiratory rates were investigated in these EPF mutants, to address whether increased RuBP oxygenation is responsible for the reduction in net carbon fixation in low-SD mutants. The results presented in this Chapter show that there is a significant negative relationship between gs and photorespiration, which here was estimated as Vo/Vc. Plants with fewer stomata, in both C3 species, were found to have enhanced rates of photorespiration, likely due to their decreased Ci and enhanced plant temperatures, which is known to increase Rubisco’s oxygenase activity. When comparing mutants under low photorespiratory conditions, no significant differences were seen in A, although low-SD lines did still show a trend for reduced A. This suggests that higher photorespiration rates are at least in part responsible for the reduction in A seen under ambient conditions. These findings suggest that manipulating EPF expression and reducing SD in plants that use C4 photosynthesis may result in a reduced photosynthetic penalty. Alternatively, as atmospheric CO2 conditions continue to rise, photorespiratory carbon losses will likely decline in these C3 mutants, as CO2 to O2 ratio increases. It would be valuable to test this by growing these C3 EPF plants under future predicted CO2 conditions, either in a growth chamber, or even better, in the field under free-air CO2 enrichment (FACE). Furthermore, there are several other methods of estimating photorespiration rate, each with their own drawback, as summarised by Bellasio et al. (2014). Thus, it may be beneficial to confirm these measurements, by using an alternative method.
Whilst often regarded as a wasteful process, photorespiration can also act as an important alternative electron sink, along with cyclic electron transfer (CET) and non-photochemical quenching (NPQ), which together protect the photosystems’ reaction centres from photo-oxidative stress. Plants with reduced gs and thus Ci, either through reduced SD or stomatal aperture, have a reduced capacity to accept NADPH via the CBB cycle, since it is limited by CO2 substrate. This backlog of reducing power can result in an over-reduction of the photosynthetic electron transport chain, which can lead to the production of ROS within the reaction centres. The EPF mutants are therefore at greater risk of photo-oxidative damage. However, the work presented in this Chapter revealed that AtEPF2-OE plants have enhanced rates of CET (and thus photosynthetic control) and NPQ under well-watered growth light conditions. These processes protect PSI and PSII, respectively, and may explain why the quantum yield of both photosystems was reduced in AtEPF2-OE compared to controls, in addition to the likely restricted regeneration of NADP+ by the CBB cycle. Altering EPF expression in Arabidopsis was therefore found not to impact on the plant’s photoprotective capacity, and they were able to effectively upregulate these mechanisms to prevent the over-reduction of the electron acceptors downstream of PSI, as seen by their similar levels of Y(NA) to controls. However, these measurements were only performed under growth light, and so it would be interesting to see how these plants cope when subjected to high light stress, which would cause greater excitation pressure. It is possible that their enhanced rates of photorespiration may also offer further photoprotection in these low-SD plants.
Assessing gas exchange, photorespiration and photochemistry in these mutants over a period of water restriction revealed that plants with lower SD are able to maintain greater amounts of water in their soil for longer. Throughout the drought treatment, low-SD plants maintained similar levels of gs, A, photorespiration and photoprotection throughout, suggesting that they were largely unaffected by the drought. This is in contrast with the control and high-SD line, which showed an obvious drought response of stomatal closure, which caused photosynthesis to decline, and photorespiration, CET and NPQ to increase. The low-SD plants showed very little response, despite having lost similar amounts of water by the end of the treatment, with only a small change in these parameters occurring on the 10th day. This suggests that the plants are at least 2 days behind when droughted, or perhaps their greater rates of photorespiration and photoprotection under normal conditions are able to buffer some of this increased redox stress.
Chapter 3. Relationship between stomatal density, photorespiration and photoprotection
Chapter 3. Relationship between stomatal density, photorespiration and photoprotection
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[bookmark: _Toc131628568]CHAPTER 4
[bookmark: _Toc131628569]Investigating the roles of paralogous ZmEPFL9 genes in maize stomatal development

[bookmark: _Toc131628570]4.1	Introduction
Maize (Zea mays L., also commonly known as corn) is an extremely important and versatile multi-purpose crop. Despite its later domestication than wheat (Triticum aestivum L.) (Kennett et al., 2020), maize has become the leading cereal in terms of annual grain production, which exceeded 1.14 billion tonnes in 2022 (FAS USDA, 2023), and is expected to surpass wheat as the most widely cultivated and traded crop in the coming decade (Erenstein et al., 2022). Corn is a staple food in the diets of millions of people, particularly within Sub-Saharan Africa, Latin America, and some South Asian countries, where it provides over 20% of their daily food calories (Shiferaw et al., 2011). However, most of the global maize production (61%) is currently used to feed livestock, particularly in the Global North (FAO, 2021). As the diets of economically developing countries shift towards greater meat consumption, coupled with our rapidly rising world population, there is an accelerating demand for maize (Erenstein, 2010). Furthermore, maize is a major industrial and energy crop, and provides the predominant raw material for both bioethanol and biogas production, from its grain and biomass, respectively (Skoufogianni et al., 2019, Ranum et al., 2014).
	Maize belongs to the Poaceae family of grasses, which also includes other important cereal crops, such as wheat, rice (Oryza sativa) and barley (Hordeum vulgare). However, unlike these C3 species, maize utilises an alternative type of photosynthesis known as C4 (discussed in more detail in Chapter 5), which increases its nitrogen use and water use efficiencies (Li et al., 2020), allowing it to be cultivated in a wide range of agro-ecologies. Yet, despite these advantages, maize is highly vulnerable to future climatic changes. Around 80% of maize is currently cultivated under rain-fed conditions and is often grown in semi-arid environments (Dang et al., 2022). Furthermore, due to its larger biomass than other C3 cereals, it still requires large quantities of water. Water deficit is therefore already a major constraint on global maize production. Worryingly, drought is predicted to increase in frequency and severity, with many of the important maize growing regions facing declining annual precipitation levels coupled with rising global temperatures (Shukla et al., 2022). As such, by 2050, maize yields in Europe are predicted to decline by 20% (Webber et al., 2018). Developing drought resistant lines is therefore of considerable interest to biotechnology and seed companies, such as Limagrain, who is the industrial CASE (Cooperative Award in Science and Engineering) partner of this project.  
Efforts to improve maize drought resistance through conventional breeding methods has proven challenging and is both a time consuming and labour-intensive approach (Ahmar et al., 2020). However, with recent advances in biotechnology and genome sequencing, several techniques now exist that can increase the speed and precision of developing genetically improved germplasm. Of these, the genome editing technology CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 (CRISPR-associated nuclease protein 9) is a particularly powerful tool. The CRISPR/Cas9 system can cut an organism’s genome at a specified location causing a double-stranded break in the DNA, which when repaired often leads to random deletions or insertions that can disrupt the function of the targeted gene (Bak et al., 2018). Gene editing has already been successfully used to enhance drought tolerance in maize, for example, through the knock-out of a gene involved in ABA catabolism (Liu et al., 2020). Most excitingly, gene-edited plants are classed as non-GM in many countries, since the transgene that encodes the editing machinery can be removed through backcrossing, resulting in no “foreign” DNA remaining within the genome (Gong et al., 2021). Gene-editing therefore overcomes many of the socio-political obstacles that GM technologies face, and offers a promising option for producing the urgently needed crops that can meet the growing demand for food and withstand future climatic conditions (Scheben and Edwards, 2017).
	As discussed in Chapter 1, reducing stomatal density offers an effective approach for improving drought resistance in crops, since 98% of the water absorbed by the roots of a plant is lost to the atmosphere via the stomata (Lawson and Blatt, 2014). Arabidopsis plants with significantly fewer stomata have been produced by increasing the expression of the Epidermal Patterning Factor (EPF) genes AtEPF1 and AtEPF2, which negatively regulate stomatal development by inhibiting the activity of SPEECHLESS; a transcription factor that initiates epidermal cells into the stomatal lineage (Doheny-Adams et al., 2012; Hara et al., 2009; Hunt and Gray, 2009). Conveniently, a positive stomatal regulator also exists within the Arabidopsis EPF family, AtEPFL9, which antagonistically competes with AtEPF1 and AtEPF2 for receptor binding (Hunt et al., 2010; Lee et al., 2015). As such, reducing the expression of AtEPFL9 results in a reduction in SD (Doheny-Adams et al., 2012), making it an attractive target for gene-editing in crops. Indeed, CRISPR/Cas9 has been successfully used to reduce SD in rice by targeting its orthologues of EPFL9. In the grasses, EPFL9 has undergone a gene duplication event, resulting in all species surveyed possessing at least two EPFL9-like genes (Hepworth et al., 2018). Rice plants lacking OsEPFL9-1 had around 80-90% fewer stomata (Karavolias et al., 2023; Yin et al., 2017), whereas plants lacking OsEPFL9-2 had around 25% less (Karavolias et al., 2023), suggesting that the former paralogue plays a more dominant role in rice stomatal development. This was further evidenced by Lu et al. (2019), where Arabidopsis plants over-expressing OsEPFL9-1 produced around 3 times the number of stomata compared to plants over-expressing OsEPFL9-2. Interestingly, differences in stomatal clustering were also observed, with stomatal clusters only forming on the hypocotyls of OsEPFL9-2-OE plants, rather than on the leaves, as seen in Arabidopsis plants which over-express OsEPFL9-1 (Lu et al., 2019) or the native AtEPFL9 gene (Hunt et al., 2010). Together, this suggests that functional divergence may exist in the grass EPFL9 paralogues. The EPF family has not yet been manipulated in maize or any other C4 grass species, however, since stomatal development is highly conserved across plant taxa, and given the successes reported in rice, it is likely that genetically editing maize EPFL9 orthologue(s) will also result in plants with fewer stomata. 
[bookmark: _Toc131628571]4.1.1	Objectives
In this Chapter, orthologues of EPFL9 in maize were first identified through phylogenetic analysis, and their putative functions were assessed by examining their expression profiles and predicted peptide structures, and by over-expressing them in Arabidopsis thaliana. Based on these findings, two out of three ZmEPFL9 paralogues were selected for CRISPR/Cas9 gene-editing by ICASE partner Limagrain. To investigate whether the loss of EPFL9 function in maize disrupts stomatal development, the stomatal and epidermal phenotypes were characterised in the resulting gene-edited lines.




[bookmark: _Toc131628572]4.2	Results
4.2.1	Bioinformatic analyses of EPFL9 paralogues in maize
To identify potential candidate genes that are involved in positively regulating stomatal development, the maize genomic database (genome assembly version B73_RefGen_v4) was first interrogated against the Arabidopsis thaliana EPFL9 sequence (At4g12970). Three putative orthologues of AtEPFL9 were subsequently identified in maize (cultivar B73): Zm00001d012079 (localised to chromosome 8, position: 167759340-167760532), Zm00001d042381 (chromosome 3: 163979027-163980188) and Zm00001d042381 (chromosome 4: 44952499-44953427). The predicted coding sequences for Zm00001d012079, Zm00001d042381 and Zm00001d049795 are 378, 372 and 459 nucleotides long, respectively, and are each composed of three exons. According to predictions made using SignalP-6.0 software, all three maize genes encode for a secretory signal peptide sequence in the N-terminal domain, with putative peptide cleavage sites located between the 29th and 30th amino acid residues for Zm00001d012079 and Zm00001d042381, and between the 35th and 36th amino acids for Zm00001d049795 (indicated by the pink asterisks in Figure 4.1). Alignment of their predicted amino acid sequences with AtEPFL9 (Figure 4.1) revealed high sequence homology within the C-terminal domain, which corresponds to the cleaved functional peptide of AtEPFL9 (Sugano et al., 2010).  Specifically, Zm00001d012079 and Zm00001d042381 show 83% identity to the C-terminus of AtEPFL9, whereas Zm00001d049795 shows 71% identity. Importantly, the six cysteine residues that are essential for the formation of intramolecular disulphide bonds and the function of AtEPFL9 (Ohki et al., 2011) are conserved in all three maize paralogues (highlighted in yellow in Figure 4.1). 
In addition to AtEPFL9, the sequences of the other 10 members of the Arabidopsis EPF/L family were used as queries to identify any orthologous EPF genes within the maize genome, and a phylogenetic tree was constructed using the predicted amino acid sequences (Appendix Figure 4.1). Zm00001d042381, Zm00001d012079 and Zm00001d049795 were indeed confirmed to cluster closely with the positive stomatal regulator AtEPFL9, rather than any of the other Arabidopsis EPF members that play different roles in stomatal development. 
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Figure 4.1. Maize putative EPFL9 paralogues show high peptide sequence conservation to Arabidopsis thaliana AtEPFL9. Alignment of the predicted amino acid sequences of three putative EPFL9 maize genes against AtEPFL9 (At4g12970), generated using MUSCLE (MEGA X). Conserved cysteine residues involved in the formation of disulphide bonds are shown in yellow. Additional amino acid residues that are identical to AtEPFL9 are shown in blue, and conservative amino acid substitutions are shown in grey. Pink asterisks indicate the peptide cleavage sites, as predicted by SignalP-6.0. Percentage sequence identity of the maize putative EPFL9 peptides to AtEPFL9, considering only the C-terminal domain, is shown in the bottom right. 

















Next, the relationships of the maize EPFL9-like genes with orthologues from a range of monocot and eudicot species were explored (Figure 4.2). As has been reported before (Hepworth et al., 2018; Karavolias et al., 2023), the genomes of all grass species surveyed were found to contain at least two EPFL9-like genes, suggesting that a gene duplication event has occurred in a common ancestor within the Poaceae family. Phylogenetic analysis of the aligned peptide sequences revealed that for all monocots, one EPFL9 orthologue clusters more closely than the other to AtEPFL9 (Figure 4.2). Since the same level of divergence is not seen in the eudicot species that also possess two EPFL9-like peptides (e.g. in Soybean; Glycine max), this may suggest that the monocot EPFL9 paralogues have undergone selective pressure and possible functional divergence. 
Out of the three putative maize EPFL9 peptides, there is very high sequence similarity between Zm00001d042381 and Zm00001d012079, which have 86% identity across the full protein sequence and identical C-terminal domains (Figure 4.1). In addition to maize, three EPFL9-like paralogues were identified in Miscanthus sinensis, another C4 grass species (Figure 4.2); two of which also share high sequence identity. This suggests that a second EPFL9 gene duplication has occurred within the maize and Miscanthus genomes. Zm00001d042381 and Zm00001d012079 peptides were both found to cluster closely with OsEPFL9-1, which is known to be the primary positive regulator of rice stomatal development, and will thus be referred to as ZmEPFL9-1a and ZmEPFL9-1b, respectively. Whereas Zm00001d049795, which will now be referred to as ZmEPFL9-2, shows higher sequence homology to OsEPFL9-2, which was recently confirmed to positively regulate stomatal development in rice, albeit to a lesser degree than OsEPFL9-1 (Karavolias et al., 2023).  



Soybean|Glyma.18g152800.1
Grape vine|Vitvi05g01370.1|VvEPFL9-1

Clementine|Ciclev10033128mg.1
Tomato|Solyc08g066610.3.1
Brachypodium|Bradi2g58540.1
Rice|LOC_Os08g41360.1|OsEPFL9-2
Maize|Zm00001d042381.1|ZmEPFL9-1a
Miscanthus|Misin06g365200.1
Miscanthus|Misin14g106500.1
Soybean|Glyma.08g345100.1
Grape vine |Vitvi07g04390.1|VvEPFL9-2

Poplar|Potri.002g249901.1|PtEPFL9
Arabidopsis|At4g12970.1|AtEPFL9
Pineapple|Aco017345.1
Rice|LOC_Os01g68598.1|OsEPFL9-1
Maize|Zm00001d012079.1|ZmEPFL9-1b
Maize|Zm00001d049795.1|ZmEPFL9-2
Sorghum|Sobic.003g399800.1
Sorghum|Sobic.007g197500.1
Miscanthus|Misin05g375600.1
Brachypodium|Bradi3g40846.1
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Figure 4.2. Evolutionary history of EPFL9 orthologues. Phylogeny of Arabidopsis thaliana AtEPFL9 and its orthologues from a range of dicotyledonous (Soybean – Glycine max; Tomato – Solanum lycoperiscum; Grape vine – Vitis vinifera; Clementine – Citrus clementina; Poplar – Populus trichocarpa) and monocotyledonous (Maize – Zea mays; Rice – Oryzae sativa; Sorghum – Sorghum bicolor; Miscanthus – Miscanthus sinensis; Brachypdoium distachyon; Pineapple – Ananas comosus) plant species. Peptide sequences were retrieved from either Phytozome v13 or Ensembl Plants genomic databases and aligned by MUSCLE. The phylogenetic tree was constructed by MEGA X using the Neighbour-Joining method with 1000 bootstrap replicates. The bootstrap values are shown at the branch nodes, and the scale bar represents the evolutionary distances computed using the Poisson correction method. Branches for eudicot and monocot species are coloured pink and blue, respectively. Gene accession numbers are shown in the figure, and names are provided for genes that have been characterised.
The structure of the mature AtEPFL9 peptide has previously been determined by NMR spectroscopy (Figure 4.3a) and consists of two structural parts: a scaffold, which is formed from two anti-parallel beta strands that are supported by the three disulphide bonds, and a loop which connects them. The scaffold and loop are respectively required for the activity and functional specificity of AtEPFL9 (Ohki et al., 2011). To investigate possible functionality of the putative maize EPFL9 paralogues, their protein structures were modelled using Alphafold 2.0 software. The mature peptide regions of all three maize paralogues were  predicted to comprise the characteristic EPF scaffold and loop (Figure 4.3b-d), suggesting that they may be able to function similarly to AtEPFL9.
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[bookmark: _Hlk138970005][bookmark: _Hlk138970254]Figure 4.3. Predicted structures of putative maize EPFL9 mature peptides. Ribbon 3D models depicting the mature peptide structures of (a) AtEPFL9 (At4g12970), previously determined by NMR and (b-d) maize EPFL9-like paralogues, predicted via homology modelling by Alphafold 2.0 software. Protein structures were subsequently visualised using PyMOL and cropped to display the C-terminal domain. Models are coloured by their per-residue confidence score (predicted local distance difference test (pLDDT) score), with values greater than 90 indicating high modelling confidence.






The publicly available RNA-seq dataset provided by Walley et al. (2016) was used to compare the expression profiles of each of the maize EPFL9-like genes. Within the ‘stomatal division zone’ of the developing maize leaf tissue, which is expected to have the highest EPF expression, ZmEPFL9-1a was expressed three times higher than ZmEPFL9-1b, with transcript expression levels of 122 and 39 TPM, respectively (Figure 4.4). Both ZmEPFL9-1a and ZmEPFL9-1b also showed moderately high expression levels (>18 TPM) in other tissues undergoing vegetative leaf growth and development. However, no expression was detected for ZmEPFL9-2 in any of these regions, suggesting it is unlikely to be involved in stomatal development. Instead, ZmEPFL9-2 was predominantly expressed in the post-pollination developing embryo, where ZmEPFL9-1b was also expressed. 
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Figure 4.4. Expression levels of ZmEPFL9 genes. Transcript expression levels of ZmEPFL9-1a (Zm00001d042381), ZmEPFL9-1b (Zm00001d012079) and ZmEPFL9-2 (Zm00001d049795) measured as transcripts per million (TPM) across 23 tissue types. Data was extracted from the RNA-seq gene atlas of the maize cultivar B73, produced by Walley et al. (2016), which has mapped reads to the B73_RefGen_v4 genome assembly version.



4.2.2	Analysis of ZmEPFL9s in maize cultivar A188
Identification of the ZmEPFL9 genes was initially performed using the genome of the inbred elite B73 maize cultivar, however, the remaining work presented in this thesis will be carried out on A188 instead, a temperate inbred line. A188 is commonly used for maize genomic transformations, since it is one of the few lines that can efficiency form embryonic callus, which is required for plant regeneration (Bronsema et al., 1997).  All three ZmEPFL9 gene variants were first confirmed to be present in genomic DNA extracted from A188 leaf tissue and amplified using primers designed to the B73 sequences. Sanger sequencing revealed that both ZmEPFL9-1a and ZmEPFL9-1b are highly conserved between the two cultivars, with only one amino acid substitution for each, occurring in the N-termini. However, large polymorphisms occur within ZmEPFL9-2; the genomic sequence in the A188 isoform is 295 nucleotides shorter than the B73 isoform, and only consists of one exon, rather than three. The putative amino acid sequences only share 72% identity between the cultivars. However, the changes predominantly occur in the propeptide region, with the C-terminus remaining identical between the cultivars. The predicted peptide sequence of the ZmEPFL9-2 A188 isoform (Figure 4.5) does not contain an N-terminal signal sequence or putative cleavage site, according to SignalP-6.0, and is predicted to have structural differences compared with the B73 isoform, according to Alphafold 2.0 (Figure 4.6). Whether these changes in ZmEPFL9-2 result in a change in peptide function is yet to be investigated.
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Figure 4.5. Sequence divergence of ZmEPFL9-2 in two maize cultivars. Alignment of amino acid sequences encoded by ZmEPFL9-2 in maize lines B73 (Zm00001d049795, from B73_RefGen_v4) and A188, generated with MUSCLE (MEGA X). The C-termini are not shown since they are identical. Pink asterisk shows predicted peptide cleavage site for Zm00001d049795, according to SignalP 6.0, and pink dividing lines indicate exon-exon borders; both of which are missing from the A188 ZmEPFL9-2 isoform. 
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[bookmark: _Hlk138970361]Figure 4.6. Predicted protein structures of ZmEPFL9-2 in two maize cultivars. Ribbon 3D models depicting the full peptide structures of ZmEPFL9-2 in maize cultivars (a) B73 and (b) A188, predicted via homology modelling using Alphafold 2.0 software. Protein structures were subsequently visualised using PyMOL and coloured by their per-residue confidence score (pLDDT), with values >70 indicating reasonable confidence and >90 indicating high confidence.
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Figure 4.7. Expression analysis of ZmEPFL9 genes in A188. (a) Cell files were confirmed to be undergoing asymmetric divisions, indicated by the white arrows, at the base of leaf 2, which was used for RNA extractions. Image was taken from a cleared leaf sample by light microscopy. (b) RT-qPCR analysis of ZmEPFL9 A188 transcript levels, normalised to housekeeping genes, and calculated relatively to ZmEPFL9-1b. Error bars represent standard error of the mean, n = 5 biological replicates.

	The relative expression of the ZmEPFL9 genes was quantified in developing leaf tissue of 7-day old maize seedlings (cv. A188), where cells were confirmed to be entering into the stomatal lineage (Figure 4.7a), and thus should have high mRNA abundance of stomatal development genes. RT-qPCR analyses revealed that the transcript expression level of ZmEPFL9-1a was 3-fold higher relative to ZmEPFL9-1b, whereas minimal expression of ZmEPFL9-2 transcript was detected (Figure 4.7b). 

4.2.3	Overexpression of ZmEPFL9s in Arabidopsis thaliana
To assess whether the gene products of the maize ZmEPFL9s can function as positive regulators of stomatal development, they were each introduced into Arabidopsis thaliana. The full genomic DNA sequence of ZmEPFL9-1a, ZmEPFL9-1b and ZmEPFL9-2 from the maize cultivar A188 were each ectopically over-expressed in the Arabidopsis Col-0 ecotype background, directed by the Cauliflower Mosaic Virus (CaMV) 35S promoter (as described in section 2.6). Two independently transformed lines were generated for each of the three p35S::ZmEPFL9 constructs, and their epidermal phenotypes were assessed in the T2 generation, in comparison to Col-0 controls.
	In all four lines over-expressing either ZmEPFL9-1a and ZmEPFL9-1b, transgenic plants produced significantly more stomata compared with Col-0 controls (Figure 4.8a). On fully-expanded leaves of four-week old seedlings, a 5.7 to 5.9-fold increase in stomatal density was seen for p35S::ZmEPFL9-1a lines, and a 4.4 to 4.7-fold increase seen for p35S::ZmEPFL9-1b lines. These results are consistent with the phenotype reported for Arabidopsis Col-0 plants ectopically over-expressing the native AtEPFL9 gene, as described by Hunt, Bailey and Gray (2010). However, the stomatal densities did not change in lines over-expressing ZmEPFL9-2. These findings suggest that only ZmEPFL9-1a and ZmEPFL9-1b can encode a functional gene product that is capable of regulating stomatal development in Arabidopsis.
The over-expression of ZmEPFL9-1a and ZmEPFL9-1b also caused an 87-143% and 35-62% increase in the number of pavement cells on the leaf epidermis, respectively, compared to Col-0. This may have occurred due to more epidermal cells entering the stomatal lineage, driven by the expression of EPFL9, thus undergoing initial asymmetric divisions that produce more cells. Conversely, the number of pavement cells did not differ between p35S::ZmEPFL9-2 lines and controls. When accounting for these changes in total epidermal cell density, both p35S::ZmEPFL9-1a and both p35S::ZmEPFL9-1b lines exhibited significantly higher stomatal indices compared to controls and p35S::ZmEPFL9-2 lines (Figure 4.8b). 
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Figure 4.8. Overexpression of two out of three ZmEPFL9 genes promotes stomatal development in Arabidopsis thaliana. (a) Stomatal densities and (b) stomatal indices (ratio of stomatal cells to total epidermal cells) of transgenic Arabidopsis lines ectopically over-expressing maize ZmEPFL9-1a, ZmEPFL9-1b or ZmEPFL9-2 genes, in comparison to Col-0 controls. Epidermal phenotypes were assessed on the abaxial surfaces of fully expanded leaves in 4-week old seedlings, from two independent T2 generation lines per construct. Individual points display the average values from 4 fields of view per biological replicate. Boxes display the upper (75%) and lower (25%) quartiles, the horizontal line represents the medians, and the whiskers indicate the ranges of the minimum and maximum values. Different letters denote significant differences between the means of groups (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). n = 6 plants per genotype.
	Further quantitative analysis of the epidermises of p35S::ZmEPFL9-OE lines revealed that Arabidopsis plants over-expressing ZmEPFL9-1a or ZmEPFL9-1b exhibited higher levels of stomatal clustering, i.e. when two or more stomata develop adjacent to each other, compared to Col-0 controls and p35S::ZmEPFL9-2 lines. The distribution of stomata within each cluster class is displayed in Figure 4.9. This clustering phenotype disrupts the one-cell spacing rule in stomatal development, which is controlled through the actions of the negative regulating EPF1 and EPF2 peptides.
Together, the work carried out in Arabidopsis suggests that only ZmEPFL9-1a and ZmEPFL9-1b function similarly to the native AtEPFL9 when expressed in the Col-0 background, showing similar increases in stomatal density, index and clustering that have previously been reported in AtEPFL9-OE lines. 
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[bookmark: _Hlk138970504]Figure 4.9. Overexpression of two out of three ZmEPFL9 genes increases stomatal clustering in Arabidopsis thaliana. Histogram showing the percentage frequency of stomatal clusters present on the abaxial surface of fully-developed leaves in transgenic Arabidopsis lines ectopically over-expressing maize ZmEPFL9-1a, ZmEPFL9-1b or ZmEPFL9-2 genes, in comparison to Col-0 controls. Key represents the number of stomata within each cluster size class. n = 6 plants per genotype, with averages taken from 4 fields of view per biological replicate. 

4.2.4	Generation and screening of gene-edited Zmepfl9 lines
Based on the minimal expression of  ZmEPFL9-2 in maize developing leaf tissue (Figure 4.7), and the lack of stomatal phenotype observed when over-expressed in Arabidopsis (Figures 4.8-4.9), it is unlikely that this maize EPFL9 paralogue functions in stomatal development in the maize inbred A188 cultivar, and thus was discounted as a target for gene-editing. Between the two-remaining maize EPFL9 paralogues, ZmEPFL9-1a was identified as the best candidate gene for editing, due to its higher transcript expression (Figure 4.7) and slightly greater increase in stomatal density when over-expressed in Arabidopsis compared to ZmEPFL9-1b (Figure 4.8). However, given the high sequence similarity between the two ZmEPFL9-1 paralogues, it was possible to design guide RNAs that matched both gene sequences, and thus both ZmEPFL9-1a and ZmEPFL9-1b were selected for gene-editing. With the aim of generating both single and double knockout lines, to investigate whether the ZmEPFL9-1 paralogues play different roles in stomatal development, three gRNA sequences were designed: one that matched ZmEPFL9-1a only (exon 2), one that matched ZmEPFL9-1b only (exon 2), and one that matched both genes (exon 3 – C-terminal domain) (Figure 4.10).
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[bookmark: _Hlk138970527]Figure 4.10. Cartoon depicting Cas9-targeted guide RNA sites. Cartoon representation of ZmEPFL9-1a and ZmEPFL9-1b gene sequences, with exonic regions in blue and intronic regions represented by the grey dashed line. Black boxes indicate the locations of the gRNA sites used for gene-editing.

	
As part of this ICASE project, the generation of gene-edited Zmepfl9 lines was performed by industrial partner, Limagrain, in France. In brief, CRISP/Cas9 constructs were first created that contained one of the gRNAs mentioned above, driven by the maize ZmU6 promoter, along with the Cas9 endonuclease, driven by the maize ubiquitin promoter. Agrobacterium tumefaciens-mediated transformations were then performed on maize embryos from inbred A188 line, and embryonic calli were selected and regenerated into plantlets. Gene-edited modifications to ZmEPFL9-1a and/or ZmEPFL9-1b were determined via sequencing, and T0 plants were selected if they contained frameshift mutations that led to a non-functional protein (all consisting of a 1-2 nucleotide insertion). Homozygous plants were then obtained for the mutations of interest in the T1 generation. 
Within this thesis, all lines that contain mutations in ZmEPFL9-1a (either in the single or double knockout lines) have a premature stop codon at position 54AA (exon 2). Whereas, all lines, apart from one, that contain mutations within ZmEPFL9-1b (either in the single or double knockout lines) have a premature stop codon at position 111AA (exon 3). For both genes, the frameshift mutations occur only a few amino acids prior to the protein terminations described. The exception to this occurs in line Zmepfl9-1a;Zmepfl9-1b #6, which has a frameshift mutation in exon 2 of ZmEPFL9-1b (position 61AA), but this does not culminate in termination until position 103AA. For more information about the plant transformation process, see section 2.1.
Following the generation of gene-edited maize plants at Limagrain, initial screening for altered stomatal phenotypes was performed on T2 homozygous lines in Sheffield (Figure 4.11a-b). The stomatal densities on both epidermal surfaces of leaf 3 were assessed in several lines; three Zmepfl9-1a single knockouts (coloured in blue), two Zmepfl9-1b single knockouts (coloured in yellow) and five Zmepfl9-1a;Zmepfl9-1b double knockout lines (coloured in green) (Figure 4.11c). In all single Zmepfl9-1a knockout lines, and all double knockout lines, plants displayed significant reductions in the number of stomata in comparison to A188 controls. Across these eight lines, SD was reduced on average by 42-49% and 58-66% for the abaxial and adaxial surface, respectively, compared to controls. As all eight lines exhibited very similar SD reductions to each other, and thus did not appear to display an additive stomatal phenotype from disrupting both ZmEPFL9-1 paralogues, this suggests that ZmEPFL9-1a is likely the dominant positive EPF regulator in maize stomatal development. This is further confirmed by the single Zmepfl9-1b knockout lines, which do not show a difference in SD on either leaf surface compared to A188 controls (Figure 4.11c) and suggests that ZmEPFL9-1b may play little-to-no role in leaf stomatal development, at least during the seedling stage surveyed. Interestingly, the disruption of ZmEPFL9-1a causes a more severe phenotype on the adaxial surface, which already has 78% fewer stomata than the abaxial surface on average in A188 plants. However, the mechanism driving these differences in stomatal patterning on the different leaf surfaces has not been further investigated.
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[bookmark: _Hlk138970586]Figure 4.11. Stomatal phenotypic screening of maize gene-edited lines. (a-b) Initial screening of maize plants at seedling stage before impressions of leaf 3 were collected for analysis. (c) Stomatal densities of several T2 homozygous maize lines which have been independently gene- edited, with mutations causing single knockouts in either ZmEPFL9-1a (coloured in shades of blue) or ZmEPFL9-1b (coloured in shades of yellow), or double knockouts disrupting both genes (coloured in shades of green), in comparison to A188 control. Stomatal densities were measured on fully expanded leaf 3, on either the abaxial (filled bars) or adaxial (diagonal lined bars) surface. Error bars represent standard error of the mean, and different letters denote significant differences across both genotypes and leaf surfaces (p < 0.05, two-way ANOVA and post-hoc Tukey’s test). n = 7-8 plants per genotype, with 4 fields of view averaged per biological replicate. 
Based on the findings from the initial phenotypic screen, a subset of lines was selected for more in-depth phenotypic analyses. As there was little distinction between the stomatal phenotypes of several lines, as discussed above, genotypes were chosen based on their germination rates, plant vigour or otherwise randomly. Notably, there were no differences in stomatal or growth phenotypes seen between Zmepfl9-1a;Zmepfl9-1b #6 and the other double knockout lines, suggesting that the position of the frameshift mutation in Zmepfl9-1b (either in exon 2 or 3) did not change the resulting phenotype.

4.2.5	Characterisation of stomatal phenotypes of gene-edited Zmepfl9 lines
To elucidate the impact of disrupting the gene products encoded by ZmEPFL9-1a and ZmEPFL9-1b on maize stomatal development and patterning, the abaxial surface of leaf 6 was assessed in five selected gene-edited lines. Leaf 6 was chosen as this is the first non-embryonic leaf that maize produces (Liu et al., 2013). Epidermal cell types were categorised, and their densities are presented in Figure 4.12, with additional values and statistical analyses presented in Table 4.1. As in leaf 3, there was a significant decrease in the number of stomata in single Zmepfl9-1a knockout lines (#1 and #2) and double gene knockout lines (#1 and #3) compared to A188 controls. Reductions in SD ranged from 56-59% across these lines, indicating a slightly more severe phenotype present on the abaxial surface of leaf 6 compared to leaf 3. Again, no significant difference in SD was seen for the single Zmepfl9-1b knockout line (#1), however, there was a very small reduction of around 6%. There were no significant differences in total epidermal cells (including stomata) across the different genotypes, apart from in Zmepfl9-1a #1, which had significantly fewer cells on the abaxial epidermis compared to A188 (Table 4.1). Despite this, owing to the much larger reductions in SD, Zmepfl9-1a #1 still had a significant and marked reduction in stomatal index, along with the other lines that have mutations in Zmepfl9-1a (Figure 4.13).
	




 














[bookmark: _Hlk138970628]
Figure 4.12. Epidermal cell densities of Zmepfl9 lines. Different cell types are shown in different colours and stacked to display the total epidermal cell densities. Error bars represent the standard error of the mean for each category in stacked bar, and statistical analyses are shown in Table 4.1.  n = 8 plants per genotype, 4 fields of view averaged per biological replicate.
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[bookmark: _Hlk138970638][bookmark: _Hlk130738322]Figure 4.13. Stomatal indices of Zmepfl9 lines. Stomatal indices (ratio of stomatal cells to total epidermal cells) of leaf 6 abaxial surface in gene edited Zmepfl9 lines in comparison to A188 controls. Individual points display the average values from 4 fields of view per biological replicate. Box and whisker plots as previously described. Different letters denote significant differences between the means of groups (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). n = 8 plants per genotype.
[bookmark: _Hlk138970648][bookmark: _Hlk130821952]Table 4.1. Densities of different cell of file types on the abaxial leaf 6 epidermis of Zmepfl9 lines. Values represent the mean ± standard error, and different letters denote significant differences between genotypes, analysed individually per measurement row (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test), ns indicates no significant differences. n = 8 plants per genotype, 4 fields of view averaged per biological replicate.

	[bookmark: _Hlk130510757]Density of cells or     files on leaf 6 abaxial epidermis (mm-2)
	Genotype

	
	A188
	Zmepfl9-1a #1
	Zmepfl9-1a #2
	Zmepfl9-1b #1
	Zmepfl9-1a; 1b #1
	Zmepfl9-1a; 1b #3

	Mature stomata
	107.81 
±4.82 a
	44.01 ±3.03 b
	43.75 ±2.15 b
	100.69 ±2.93 a
	43.75 ±3.36 b
	47.08  ±2.14 b

	Arrested stomatal precursors (ASP)
	2.43  ±0.32 a
	31.33  ±1.87 b
	43.75  ±2.95 c
	4.86  ±1.76 a
	37.15  ±4.35 bc
	31.67  ±4.03 bc

	Other pavement cells (non-ASP)
	329.86  ±5.08 a
	334.46  ±7.70 ab
	349.65 ±6.26 ab
	356.60  ±9.76 ab
	352.43 ±6.88 ab
	365.42 ±9.47 b

	Total stomatal lineage cells
	110.24  ±4.81 a
	75.35  ±1.74 b
	87.50  ±4.56 b
	105.56  ±3.83 a
	80.90  ±4.85 b
	78.75  ±4.03 b

	Total epidermal cells
	[bookmark: OLE_LINK6]440.10  ±9.48 ab
	409.81 ±8.08 b
	437.15 ±8.70 ab
	462.15 ±12.21 a
	433.33 ±9.56 ab
	444.17 ±12.51 ab

	Files containing mature stomata
	10.90 ±0.40 a
	7.64 ±0.33 b
	8.33 ±0.43 b
	10.56 ±0.46 a
	7.78 ±0.35 b
	7.50  ±0.46 b

	Files containing any stomatal lineage cells
	10.90 ±0.40 ns
	10.56 ±0.46 ns
	9.78 ±0.41 ns
	10.32 ±0.44 ns
	10.44 ±0.40 ns
	9.93  ±0.47 ns




When viewing their epidermis, it became apparent that genotypes containing mutations within Zmepfl9-1a exhibited greater numbers of oval-shaped cells within stomatal cell files, in positions that you would expect to see a mature stoma (i.e. upholding the one-cell spacing rule). These smaller distinctive cells resemble guard mother cells (GMCs), which arise after cells undergo an asymmetric entry division. This suggests that they had initially gained stomatal lineage cell fate but were unable to progress past the GMC stage to form mature guard cells (GCs) and subsidiary cells (SCs).  Representative micrographs from a subset of the gene-edited genotypes are presented in Figure 4.14, with the yellow asterisks highlighting these arrested stomatal precursors (ASP).
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Figure 4.14. Micrographs of a subset of maize Zmepfl9 knockout lines. Representative images taken from nail varnish impressions of the abaxial leaf 6 epidermis from a subset of gene-edited lines and A188 control and imaged by bright-field microscopy at 20X magnification. White bar in bottom right of image represents 100µm scale. Yellow asterisks indicate arrested stomatal precursors (ASP).
Whilst occasionally present in the epidermis of A188 controls, all of the single Zmepfl9-1a knockout and double knockout lines had significantly more ASP cells in comparison (Figure 4.12, Table 4.1). Of these, line Zmepfl9-1a #2 exhibited the most, with equal numbers of stomata and ASP cells (Table 4.1). However, these four genotypes still had a significantly lower total number of cells that have at some point gained stomatal lineage fate (i.e. mature stomata plus ASP) compared to A188. This implies that ZmEPFL9-1a is involved in regulating both the initiation of cells into the stomatal lineage, and their progression from GMC status.  In the single Zmepfl9-1b knockout line, there was a slight increase in the presence of ASP cells within the epidermis, and a slight decrease in the total stomatal lineage cells and stomatal index, however, neither of these were significantly different to A188 (Figure 4.12, Table 4.1). This could possibly suggest a very minor role of ZmEPFL9-1b as a positive regulator of maize leaf 6 stomatal development.
	There was also a significant decrease in the number of cell files containing mature stomata within the measured area of epidermis for genotypes containing mutations in Zmepfl9-1a; however, when including cell files that contain ASP cells too, there were no significant differences, suggesting that Zmepfl9-1a is not involved in the determination of stomatal files (Table 4.1).

4.2.6	Stomatal size and anatomical gsmax of Zmepfl9 maize lines
Stomatal size (SS) and SD are generally believed to be negatively correlated, evidenced across a wide range of species and throughout evolutionary timescales. To investigate whether the loss of ZmEPFL9-1 paralogues in maize causes alterations in SS as well as SD, measurements of GC length, GC width and total stomatal complex area (including flanking SCs) were taken from nail varnish impressions of the abaxial surface of fully expanded leaf 6 and imaged under 40X magnification to allow for increased precision. 
All genotypes with mutations in ZmEPFL9-1a showed a trend towards decreased SS, however, only two of these lines, Zmepfl9-1a #3 and Zmepfl9-1a;Zmepfl9-1b #1, had statistically significant shorter GC lengths (Figure 4.15a) and smaller stomatal complex areas (Figure 4.15c) in comparison to controls. However, there were no significant differences in GC width between these genotypes and A188 (Figure 4.15b). For the single Zmepfl9-1b knockout line, which did show a reduction in SD, no differences were seen for any SS measurements (Figure 4.15a-c). This result is intriguing since a reduction in SD is often accompanied with an increase in SS, yet the reverse is seen in lines that do not possess a functional ZmEPFL9-1a gene. When GC length is plotted against SD for individual plants across the different genotypes, there is a significant positive relationship between the two stomatal traits, albeit only slight (Figure 4.16).
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[bookmark: _Hlk138970933]Figure 4.15. Stomatal size and anatomical gsmax measurements in Zmepfl9 lines. Anatomical data for (a) guard cell length, (b) guard cell width and (c) stomatal complex area (guard cells and subsidiary cells combined) collected from the abaxial surface of fully-expanded leaf 6. (d) Maximum stomatal conductance values (gsmax) estimated for the abaxial surface for each line, using stomatal density measurements and estimations of pore length, width and depth (calculated from GC anatomical measurements). Individual points display the average values from 4 fields of view per biological replicate. Box and whisker plots as previously described. Different letters denote significant differences between the means of groups (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). n = 6 plants per genotype.











[bookmark: _Hlk138970944][bookmark: _Hlk131110609]Figure 4.16. Relationship between stomatal size and density across Zmepfl9 maize lines and controls. Scatter plot of guard cell length against stomatal density, with individual points representing average values for each individual plant across the six maize lines (genotypes coloured differently). Linear regression analysis revealed a positive relationship between the two parameters, with an R2 value of 0.132. The solid black line represents the modelled best-fit line, and the dotted lines either side represents the 95% confidence intervals. The slope of the best-fit line was found to be significantly non-zero (p < 0.05, linear regression).


[bookmark: OLE_LINK3]	Stomatal anatomical traits can influence a leaf’s maximum stomatal conductance capacity (gsmax), which in turn can impact on its operational stomatal conductance rates (gs). From the guard cell measurements described above, pore length, pore width and pore depth can be estimated.  In turn, these can be used, along with stomatal density measurements, to calculate the anatomical gsmax for a specified area of leaf epidermis, which refers to the maximum gas exchange that can occur assuming that all stomata are fully open. Estimations of gsmax for the abaxial surface of leaf 6 revealed that all single Zmepfl9-1a knockout lines and double knockout lines had on average a significant reduction of 58-62% in their theoretical maximum capacity for gas exchange compared to controls (Figure 4.15d), which is driven by a simultaneous reduction in their SD and SS. Similarly to the other stomatal measurements reported, the Zmepfl9-1b line did not have an altered gsmax compared to A188 (Figure 4.15d).


[bookmark: _Toc131628573]4.3	Discussion
4.3.1	Maize ZmEPFL9-1a positively regulates stomatal development
It is well known that in the Poacea family of grasses, the positive stomatal regulator EPFL9 has undergone a gene duplication event (Hepworth et al., 2018). In rice, the two paralogues play partially redundant roles in stomatal development, with the loss of OsEPFL9-1 causing an 80-90% reduction in SD, and the loss of OsEPFL9-2 causing a 25% reduction, with the latter expressed at a lower level (Karavolias et al., 2023; Yin et al., 2017). The authors suggested that through selective pressure, the peptide variation and expression pattern of these two paralogues has arisen to restore the imbalance in gene dosage incurred by the duplication of EPFL9. In this Chapter, three maize EPFL9 paralogues were identified. This is the first time that three have been reported, with other studies only identifying two in their phylogenetic analyses (Clemens et al., 2022; Lu et al., 2019). This likely is a consequence of those authors using an older maize reference genome, which may not have had all three genes annotated to it. Maize appears to have undergone a second EPFL9 duplication, which can also be seen in the C4 grass Miscanthus. This is unsurprising since the large maize genome contains extensive chromosomal duplications, and is believed to have ancient polyploid origin (Gaut, 2001). However, the results in this Chapter suggest that, unlike rice, only one ZmEPFL9 gene (ZmEPFL9-1a) plays a major role in maize stomatal development.
	The loss of ZmEPFL9-1a function in the maize cultivar A188 resulted in plants with less than half the number of stomata. These lines also exhibited significantly more arrested stomatal precursors, however, these did not fully account for the reduction in SD. These findings confirms that ZmEPFL9-1a is a positive regulator of stomatal development, and controls both the initiation into the stomatal lineage and the cell-fate transition of the guard mother cells. Furthermore, the number of total epidermal cells, and files containing stomatal lineage cells, was not altered in these Zmepfl9-1a lines, suggesting that ZmEPFL9-1a is not involved in the determination of cell files, or pavement cell divisions. Similar phenotypes have been observed in the Arabidopsis AtEPFL9 RNA interference line (Doheny-Adams et al., 2012), as well as in rice and barley plants that ectopically over-express EPF1, which effectively reduces EPFL9 receptor binding through increased competition (Caine et al., 2019; Hughes et al., 2017). It can therefore be concluded that ZmEPFL9-1a retains a very similar function to orthologues in other species. Since several of the bHLH transcription factors involved in stomatal regulation have also been characterised in maize (Liu et al., 2020), it is likely that the full stomatal development module has been conserved. Of note, however, is that it was not possible to reduce SD by the same amount as what has been reported for several other grass EPF mutant lines (Caine et al., 2019; Dunn et al., 2019; Karavolias et al., 2023; Yin et al., 2017). It is curious as to why this is, although it may simply be a result of the different growth conditions between studies. As shown in Chapter 3, the SD reduction of Osepfl9 and OsEPF1-OE plants was around a third less than has been previously reported, despite using the same lines. Despite this, the reduction in SD achieved in the maize gene-edited lines produced for this thesis is still greater than other efforts to manipulate the maize stomatal development pathway, such as the over-expression of ZmSDD1, which resulted in maize plants with only 30% fewer stomata (Liu et al., 2015).

4.3.2	Putative roles of the other ZmEPFL9 paralogues 
For the second ZmEPFL9-1b gene, despite its highly similar sequence to ZmEPFL9-1a, loss of its function did not impact stomatal development significantly. Zmepfl9-1b plants did show a very minor reduction in SD and increase in arrested stomatal precursors, so it is possible that this paralogue makes a very small contribution to the regulation of leaf stomatal development. When ZmEPFL9-1b was over-expressed in Arabidopsis, it was able to promote stomatal development and clustering, thus proving the gene can encode a functional peptide. Therefore, its lower expression in maize developing leaf tissues compared to ZmEPFL9-1a, may be the reason that the knock-out of this gene did not produce a noticeable phenotype in maize. In this study, only leaf 3 and leaf 6 was assessed, therefore it would be interesting to examine stomatal patterning in other organs, such as the husk leaves and tassel spikelets, to identify any possible functional divergence between the two genes. 
Based on the preliminary results generated, Limagrain decided against producing a gene-edited maize line for the third ZmEPFL9-2 paralogue. Unfortunately, this meant that the putative function of this gene could not be determined in maize. However, based on its virtually undetected expression in the leaf stomatal development zone, and lack of stomatal phenotype when over-expressed in Arabidopsis, it is unlikely that this gene is involved in stomatal development. Since no signal peptide sequence was detected for ZmEPFL9-2 in the cultivar A188, but was in B73, it is possible that the loss of peptide function is species-specific. However, the RNAseq expression data also supports the same conclusion for B73.
Interestingly, transcriptomic data revealed that both ZmEPFL9-1b and ZmEPFL9-2 were expressed in developing embryos, whereas the main stomatal regulator, ZmEPFL9-1a, wasn’t. In Arabidopsis, AtEPFL9 is known to coordinate ovule patterning, by interacting with ERECTA family receptors (Kawamoto et al., 2020), and also regulate fruit growth post-fertilisation, by modulating Gibberellic acid signalling, which in turn activates DELLA proteins (Cui et al., 2014). Furthermore, OsEPFL9-1 plays a role in panicle development in rice (Guo et al., 2023). It is therefore possible that these duplicated EPFL9 genes have undergone functional divergence, and been co-opted into different pathways to each other. One method to assess the putative roles of these non-dominant paralogues could be to compliment Atepfl9 to see if these genes are able to rescue its unusual flowering phenotype, as described in Chapter 3. Unfortunately, due to the abortion of flowers and low seed set, efforts to compliment Atepfl9 with the p35S::ZmEPFL9 constructs, either through floral transformations or manual cross-pollination, were unsuccessful. However, it would be an interesting line of enquiry to follow up on.

4.3.3	Loss of ZmEPFL9-1a breaks the stomatal size-density relationship
A negative relationship between SS and SD has been demonstrated in many species, and throughout the fossil record. However, contrary to this, reducing SD in maize via the manipulation of ZmEPFL9-1a resulted in a reduction in SS, resulting in a smaller fraction of the epidermis being allocated to stomata. This result is in line with the phenotypes reported for rice OsEPF1-OE (IR-64 background) and barley HvEPF1-OE (Caine et al., 2019; Hughes et al., 2017), but contrasts with other low-SD EPF mutants such as rice OsEPF1-OE (Nipponbare background) and grapevine Vvepfl9-1 (Clemens et al., 2022; Mohammed et al., 2019). Currently, little is known about the regulatory pathways that control for SS. It appears that manipulating EPF expression produces an unpredictable result on SS, being highly dependent on both the species and cultivar, therefore it is unclear what role, if any, they play in SS regulation. It would be valuable to identify what is governing the SD and SS relationship, since smaller stomata are considered to have faster stomatal aperture responses (Lawson and Blatt, 2014), and thus may offer an adaptive benefit under fluctuating light conditions. Stomata respond to changes in their environment both in the short term through stomatal aperture changes, and in the long term through modulation of stomatal development; both of which are important for the adaptability of the plant. The work presented in this thesis only investigated stomatal development in these lines under one growth condition. Therefore, it would be valuable to check whether these maize plants with altered ZmEPFL9 expression still retain the ability to adjust their stomatal development in response to different conditions, to ensure that these lines would be able to adapt to more natural environments if grown in the field. 
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[bookmark: _Hlk138971156]Appendix Figure 4.1. Phylogenetic relationship of Arabidopsis EPF/L family and putative maize orthologues. Phylogeny of Arabidopsis thaliana EPIDERMAL PATTERNING FACTOR (EPF) and EPF-Like family of signalling peptides and the corresponding orthologues in maize (Zea mays L.). Arabidopsis peptide sequences were retrieved from Phytozome v13 and individually used as queries on the Maize Genomic Database website to find orthologous genes in maize, with any duplicates ignored. Alignments were generated by MUSCLE, and a phylogenetic tree was constructed by MEGA X using the Neighbour-Joining method with 1000 bootstrap replicates. The bootstrap values are shown at the branch nodes, and the scale bar represents the evolutionary distances computed using the Poisson correction method. Branches coloured in blue show the positive stomatal regulator AtEPFL9 and its putative maize orthologues.  Branches coloured in pink show the genes with eight C-terminal domain cysteine residues, which include the known negative stomatal regulators in Arabidopsis. Gene accession numbers and names for characterised genes are shown in the figure.
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[bookmark: _Toc131628575]The physiological implications of reducing stomatal density in maize

[bookmark: _Toc131628576]5.1	Introduction
5.1.1	Drought stress in maize
Drought stress is a major concern for future global maize production, as around 80% of the maize grown during the wet season relies on rainfed conditions (Trachsel et al., 2016), which are predicted to become increasingly more unpredictable (Shukla et al., 2022). Through breeding for greater productivity, water requirements have also increased, making the larger elite lines particularly vulnerable to periods of water deficit (Meng et al., 2015). Drought stress can severely impact maize yields (Kim et al., 2019), with losses ranging from 30-90%, depending on the duration and intensity of the drought stress, as well as the crop’s growth stage (Sah et al., 2020).
In maize, the growth phenological stages can be divided into two broad stages, the vegetative and the reproductive stage (Figure 5.1a). Within the vegetative stage, once the seedling has emerged (stage VE), developmental stages are defined by the number of fully emerged leaves, classed as those with visible collars (V1,V2…). The final vegetative stage occurs when the tassel emerges (VT). After this, plants transition into the reproductive phase when the silks (elongated styles) emerge (R1), and progress through to stage R6 as the fertilised embryos transition through the blister, milking, soft dough and hard dough stages. As seen in Figure 5.1b, these growth stages are impacted by drought differently (Anami et al., 2009), due to their different water and photo-assimilate requirements. The most critical stage occurs around tasselling and silking, however the vegetative stage preceding tassel emergence and the period of grain filling following fertilisation is also highly susceptible to water restriction. As described before, a plant’s first line of defence in response to drought is to close its stomata to reduce further water loss, which if sustained can lead to carbon starvation, ROS production and photodamage. Furthermore, reduced turgor pressure of the cells can limit cell division and expansion. Together, drought usually results in the halting of plant growth and premature senescence of leaves, which can impact yield upon rewatering, along with a delay in the development of reproductive organs. 
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Figure 5.1. Maize developmental stages are affected by drought stress differently. (a) The vegetative (V) and reproductive (R) stages of maize, from seedling emergence (VE) through to tasselling (VT), then silking (R1) through to final grain filling (R6). (b) The effect of drought stress on yield reduction at different maize developmental stages. Figure reproduced from Anami et al. (2009).

Maize is a monoecious crop, where the male (tassel) and female (ear) reproductive parts are located on separate parts of the plant. Therefore, it is essential that anthesis and silking are highly synchronised (usually within 2-3 days of each other). Drought stress that occurs close to or at the flowering stages (VT and R1), can delay silking, resulting in reduced kernel set or even full reproductive failure. Anthesis-silking interval is therefore often used as an indirect trait to select for improved drought tolerance (Kim et al., 2017)
5.1.2	Can the physiological consequences of manipulating stomatal density be overcome by C4 photosynthesis?
As the demand for food continues to rapidly increase, it is essential that the production of drought resistant crops does not come at a cost to yield. To produce grain, plants require large amounts of photoassimilates, that are translocated from the source leaves to the developing reproductive organs. These photoassimilates are produced from the simple 3 carbon sugar that is generated by the CBB cycle. Yield in its simplest form can be considered as the sum of the photosynthesis that occurs over the growing period. As stomata facilitate the uptake of CO2 into the plant, as well as the concomitant loss of water, reducing stomatal density has been shown to reduce carbon assimilation (A) in several C3 species, which authors accredited to the reduced CO2 concentration within the interior of the leaf. As shown in Chapter 3, carbon losses via the photorespiratory pathway in these stomatal mutants may also contribute to the lower rates of net photosynthesis reported. These lines did however have greater reductions in their stomatal conductance, which led to improved water use efficiency and greater soil water conservation. Also, the reduced photosynthetic rates of rice and barley plants over-expressing EPF1 did not significantly impact grain yield in the controlled conditions they were grown in, although their performance in the field has not yet been tested. Regardless, the increasing pressure to produce more food means that ideally any “climate-ready” crops have similar or even higher photosynthetic rates than current varieties. 
	Unlike other C3 cereals, maize utilises an alternative photosynthetic pathway known as C4. By partitioning CO2 fixation into two spatially separated steps, C4 plants overcome the inefficiencies of Rubisco, by minimising the chance of it using O2 as a substrate instead of CO2, thus reducing photorespiratory losses. To do this, C4 species have evolved several biochemical and anatomical modifications that allows them to concentrate CO2 around Rubisco, thus repressing its oxygenase activity. C4 photosynthesis utilises a second carboxylating enzyme called phosphoenolpyruvate (PEP) carboxylase (PEPC), which initially fixes CO2 in the mesophyll cells by incorporating it with PEP to form oxaloacetic acid (OAA); a four-carbon molecule, which the name of the photosynthetic pathway is derived from. Unlike Rubisco, PEPC has a high affinity for CO2 and thus is relatively insensitive to Ci. OAA is then converted into malate or aspartate, which then diffuse into specialised bundle sheath cells (BSC) via plasmodesmata. Here, these organic acids are decarboxylated by one of three enzymes that define the C4 biochemical subtypes: NADP-dependent malic enzyme (NADP-ME), NAD-dependent malic enzyme (NAD-ME) and PEP carboxykinase (PEPCK). Maize uses a combination of both NADP-ME and PEPCK, with the former playing the most dominant role. Rubisco, which is exclusively found within the CO2 enriched BSC chloroplasts, then refixes the released CO2 via the conventional CBB cycle. The resulting decarboxylated compounds (pyruvate or alinate) then diffuse back to the mesophyll cells and are regenerated back into PEP by pyruvate orthophosphate dikinase (PPDK). Overall, C4 photosynthesis consumes an additional one or two ATP molecules for each CO2 molecule fixed, depending on the subtype, compared to C3 (Wang et al., 2014). 
C4 photosynthesis has evolved independently over 60 times in the plant kingdom but is most commonly found within the grasses (Sage et al., 2013) The carbon concentrating mechanism (CCM) significantly improves Rubisco’s efficiency, especially under high light intensities and temperatures, thus outweighing its increased energy requirements. Consequently, C4 species need less Rubisco, which increases their nitrogen-use-efficiency (Oaks, 1994). They can also operate under a lower stomatal conductance (gs) whilst still acquiring enough CO2 for photosynthesis and thus have enhanced water use efficiency compared to their C3 counterparts (Long, 1999). It is therefore unsurprising that present-day C4 species dominate in the open grasslands of the tropical and subtropical regions, where they outperform C3 species due to the warmer and drier conditions that promote photorespiration (Edwards and Still, 2008; Mallmann et al., 2014). 
	In Chapter 4, gene-edited maize plants with less than half the number of stomata were generated. Due to their reduced stomatal density (SD), coupled with smaller stomatal size (SS), these lines are predicted to have significantly lower maximum theoretical rates of gs (gsmax). However, since C4 plants already have improved WUE, it is unknown whether further increases can be achieved by manipulating the expression of the Epidermal Patterning Factors (EPFs). As these plants use a CCM, they may be able to circumvent the reduced CO2 uptake that arises through reducing SD, enabling Cc to be maintained at a level that does not limit photosynthesis, whilst continuing to eliminate photorespiratory carbon losses. Indeed, adding these new C4 EPF maize lines into the already extensive collection of C3 EPF mutants, provides an important toolkit to unpick the possible causes reducing photosynthesis in low-SD plants. 
5.1.3	Objectives
In this Chapter, the physiological implications of knocking out ZmEPFL9-1a and ZmEPFL9-1b in maize was investigated, with a focus on assessing how reducing stomatal density affects plant gas exchange, water use and growth characteristics under well-watered conditions. Additionally, the response of these gene-edited lines to a 10-day drought treatment, and their subsequent yields, was investigated.  




















[bookmark: _Toc131628577]5.2	Results
5.2.1	The impact of reducing stomatal density on gas exchange in Zea mays
[bookmark: OLE_LINK4]As shown in Chapter 4, maize plants lacking a functional ZmEPFL9-1a paralogue were estimated to have significantly reduced theoretical gsmax due to the combined decrements in SD and SS, which affect the total stomatal pore area available for gas exchange. Conversely, the gsmax of plants lacking ZmEPFL9-1b did not differ significantly from controls, and there appeared to be no additive phenotype when both genes were knocked out (KO) in the same plant. To assess whether these changes in gsmax were translated into changes in operational stomatal conductance (gs), which is usually considerably lower than the maximum capacity (Franks and Farquhar, 2001), the gas exchange rates in these gene-edited lines were investigated using an IRGA. Gas exchange analyses were performed on fully expanded leaf 6 since it is the first non-embryonic leaf in maize (Liu et al., 2013). The IRGA leaf chamber was controlled at ambient conditions, similar to what the plants were grown at (28°C air temperature, 70% relative humidity, 400 ppm CO2 concentration). However, IRGA measurements presented in this Chapter were conducted at 2000 µmol m-2 s-1 PAR, which was first confirmed to saturate leaf photosynthesis (see section 5.2.2), rather than at growth light intensity.  
	Under saturating light, all genotypes that were estimated to have lower theoretical gsmax values (single Zmepfl9-1a KO and double KO lines), also showed significant reductions in gs compared to A188 controls, with an average decrease of 17.6-21.7% (Figure 5.2a). However, the single Zmepfl9-1b KO line also showed a trend towards reduced gs compared to controls, with an average 10.7% decrease, although this was not statistically significant (Figure 5.2a). This result is surprising given that no differences were reported in SI, SS or gsmax for Zmepfl9-1b #1, as discussed in Chapter 4. It is possible that the very small, but not significant, reduction in SD is contributing to the lower gs values. Nevertheless, during the initial screening of lines, IRGA measurements were performed on two independent Zmepfl9-1b single KO lines, and neither line showed an obvious trend towards reduced gs, although replicates were low (n = 3-4) (data not shown). Therefore, the phenotype discussed here may be related to this particular experimental set up instead. 
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[bookmark: _Hlk138971478]Figure 5.2. Steady-state gas exchange measurements under saturating light of Zmepfl9 lines. (a) Stomatal conductance to water vapour (gs), (b) net carbon assimilation rate (A),  (c) intrinsic water-use-efficiency (WUEi) measured as A/gs, (d) transpiration rate (E), and (e) leaf temperature values measured on fully expanded leaf 6 at a light intensity of 2000 µmol m-2 s-1 PAR. Boxes display the upper (75%) and lower (25%) quartiles, the horizontal line represents the medians, and the whiskers indicate the ranges of the minimum and maximum values. Different letters denote significant differences between the means of genotypes (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). n = 6 plants per genotype.

As stomata facilitate the uptake of CO2 needed for photosynthesis, C3 transgenic plants with significantly fewer stomata often have reduced rates of net carbon assimilation (A), as shown in Chapter 3. However, it was hypothesised that reducing SD and gs in C4 maize plants may not lead to a concomitant drop in carbon fixation, due to their CCM, therefore steady-state measurements of A were assessed in these gene-edited Zmepfl9 lines (Figure 5.2b). Under saturating light, only line Zmepfl9-1a;Zmepfl9-1b #3 showed lower levels of A compared to the control, with an average 9% decrease. Whilst the other lines with mutations in ZmEPFL9-1a showed a trend towards decreased A (6-7% average reduction); this was not statistically significant from A188, revealing that three out of the four maize lines with around 60% less stomata are able to maintain photosynthetic rates similar to wildtype levels. For line ZmEPFL9-1b #1, no differences in A were detected, although values were quite variable between plants. To ascertain whether these changes in gas exchange may lead to improvements in water use efficiency, A can be divided by gs to give intrinsic water-use-efficiency (WUEi) at the leaf level. Although a trend for increased WUEi was seen across all gene-edited genotypes, only line Zmepfl9-1a;Zmepfl9-1b #1 showed significantly greater WUEi compared to A188 controls (Figure 5.2c), which will have arisen due to a larger drop in gs relative to A.
Despite the observed reduction in gs brought about by restricting the development of stomata, no significant differences were seen when comparing transpiration rates (E), although genotypes with mutations in Zmepfl9-1a did show a similar trend of decreased E in comparison to controls (Figure 5.2d). Additionally, no significant differences were seen in leaf temperature of the abaxial leaf surface across the maize genotypes (Figure 5.2e), although lines Zmepfl9-1a #1 and Zmepfl9-1a;Zmepfl9-1b #1 did show a trend towards warmer leaves. This suggests that reducing SD in maize does not significantly reduce leaf evaporative cooling through transpiration, at least under the described conditions. 
	When gs is reduced, the entry of CO2 into the leaf will be restricted by increased stomatal resistance. This can lead to a depletion of the intercellular CO2 concentration within the leaf (Ci) if Rubisco is fixing CO2 faster than it is replaced from the external environment (Farquhar and Sharkey, 1982). If substantial, a drop in Ci may in turn limit A, by providing less CO2 substrate overall and/or increasing the rate of photorespiration by altering the CO2 to O2 ratio at the site of carboxylation. Therefore, to investigate whether the drop in A seen in line Zmepfl9-1a;Zmepfl9-1b #3 was caused by a CO2 diffusional limitation on photosynthesis, levels of Ci and photorespiration were assessed. However, no significant differences in Ci were observed across the maize genotypes (Figure 5.3a). In fact, line Zmepfl9-1a;Zmepfl9-1b #3 had a slightly higher average Ci than controls, which may be occurred due to the lower photosynthetic rates depleting Ci slower. As described in Chapter 3, the ratio of the maximum rates of oxygenation to carboxylation (Vo/Vc) can be used as an estimate of photorespiration, calculated using combined gas exchange and chlorophyll fluorescence measurements under ambient (21%) and low (2%) O2. Similarly to Ci, no differences in Vo/Vc were seen across the different genotypes, with all exhibiting values close to zero (Figure 5.3b), as would be expected from a C4 species. Together, these findings suggest that the reduction in A seen in one of the maize gene-edited lines may not be caused by CO2 diffusional limitations (reduced internal supply of CO2 or increased rates of photorespiration) under saturating light, which have been posited as possible explanations for the marked drop in A seen in low-SD transgenic C3 plants. 
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Figure 5.3. Intercellular CO2 concentration and photorespiration is unaffected in Zmepfl9 knockout lines. (a) Intercellular CO2 concentration (Ci) and (b) the ratio of Rubisco oxygenation rate to Rubisco carboxylation rate (Vo/Vc) measured on fully expanded leaf 6 at a light intensity of 2000 µmol m-2 s-1 PAR. Box and whisker plots as previously described. No significant differences between genotypes were found by performing one-way ANOVA. n = 6 plants per genotype.





Whilst conducting light-adapted chlorophyll fluorescence measurements, the effective quantum yield of photosystem II (Y(II)) under saturating light and ambient O2 was found to be significantly lower in Zmepfl9-1a;Zmepfl9-1b line #3 compared to controls (Figure 5.4). This may suggest that the electron transport in this double KO line is impaired or downregulated in some way, which could explain the reduction in A. Again, there was also a trend towards reduced Y(II) in the other three lines lacking a functional ZmEPFL9-1a, but this was not significant. 
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5.2.2	Photosynthetic responses to changes in light and CO2 concentration
To investigate the differences seen in PSII activity further, the photosynthetic biochemical capacities of maize Zmepfl9 lines were explored by exposing the area of leaf within the IRGA cuvette to changing light intensities or atmospheric CO2 concentrations (Ca) and measuring the photosynthetic response. 
Light response curves were conducted under decreasing incremental light intensities from 2250 to 20 µmol m-2 s-1 PAR, and the corresponding measured rates of A are plotted in Figure 5.5a. All genotypes responded in the manner expected, by decreasing their A and gs (data not shown) as light intensity decreased. Two-way ANOVA analysis determined that both light intensity and genotype was significantly impacting A (p < 0.05). Double KO line Zmepfl9-1a;Zmepfl9-1b #3 exhibited significantly lower A at all light intensities above 500 µmol m-2 s-1 PAR, but no differences are seen below this light intensity, indicating that the effect on A is light-dependent. The A188 controls exhibited the highest rates of A at all light intensities, with all other gene-edited lines falling in between the two.
Next, their response to CO2 was assessed by subjecting the plants to Ca levels ranging from 20 ppm up to 1250 ppm, spanning concentrations that limit and saturate the activities of Rubisco and PEP carboxylase. Measurements were performed under 2000 µmol m-2 s-1 PAR, which was considered to be saturating, based on the plateau of A at this light level (Figure 5.5a). In Figure 5.5b, A is plotted against measured Ci instead of Ca, to remove the genotypic differences that may occur because of different rates of gs. The A/Ci curve of line Zmepfl9-1a;Zmepfl9-1b #3 appears to be different from all the other lines, with a lower rate of A at all levels of Ci above ~100 ppm.
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Figure 5.5. Light and CO2 response curves of Zmepfl9 lines. The response of carbon assimilation (A) to changing levels of (a) photosynthetic active radiation (PAR), or (b) intercellular CO2 concentration (Ci), measured on fully-expanded leaf 6 using a LI-6800. Error bars represent standard error of the mean n = 5-6 plants per genotype.
To assess the underlying photosynthetic biochemistry, data generated by the two response curves were subsequently fitted using Excel fitting tools, based on the photosynthetic model produced by Farquhar et al. (1980). Several useful photosynthetic parameters were calculated, which are presented in Table 5.1. These revealed that the maximum rate of photosynthesis under saturating Ci (Amax) of Zmepfl9-1a;Zmepfl9-1b #3 was significantly lower compared to A188. However, no significant differences were seen across genotypes for the maximum rate of Rubisco carboxylation (Vc,max) or the maximum rate of PEPc carboxylation (Vp,max). The carboxylation efficiency (CE), which is measured using the initial slope of the A/Ci curve, also was not statistically different between genotypes. This suggests that the biochemistry and kinetics of the carboxylating enzymes is not affected in these gene-edited lines. 
However, line Zmepfl9-1a;Zmepfl9-1b #3 was found to have a lower maximum rate of electron transport (Jmax) compared to A188 and the other double KO, although this was only significant at p < 0.10 (one-way ANOVA and post-hoc Tukey’s test). Furthermore, the maximum quantum yield of CO2 assimilation (ɸCO2,max), calculated from the initial slope of the A/Q curve, was also significantly lower in Zmepfl9-1a;Zmepfl9-1b #3 compared to controls and Zmepfl9-1a;Zmepfl9-1b #1. The relationship between Jmax and Vc,max is usually tightly linked, however, changes in one parameter compared to the other can indicate altered photosynthetic resource allocation. The Jmax : Vc,max ratio was found to be significantly reduced in line Zmepfl9-1a;Zmepfl9-1b #3 compared to A188 controls. Taken together, this may suggest that plants from Zmepfl9-1a;Zmepfl9-1b could be underinvesting in light harvesting and/or electron transport, which may explain the reduction in A, since ATP is required for both RuBP and PEP regeneration (discussed in more detail in section 5.3). Therefore, in the case for this one line, the differences in light and CO2 response may be a consequence of non-stomatal limitations on photosynthesis. However, since only one gene-edited line appears to differ from controls, despite four lines having very similar SD, it is unclear what the root cause of these differences is.
Respiration in the light (Rlight) was also fitted from the light-limited portion of the A/Q curve (light intensities >150 µmol m-2 s-1 PAR) and subsequently used to estimate the light compensation point (LCP) and CO2 compensation point (CCP), which indicate the light intensity or CO2 concentration where photosynthesis and Rlight are equal. No differences were found between genotypes for Rlight or LCP, however, both double KO lines exhibited non-zero values for CCP. 

[bookmark: _Hlk138971676]Table 5.1. Fitted photosynthetic parameters generated from the light and CO2 response curves. Values represent the mean ± standard error. Different letters denote significant differences between genotypes, analysed individually per measurement row (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). If no letters are present in a row, there were no statistical differences found. n = 5-6 plants per genotype.
	Modelled photo-synthetic parameters
	Genotype

	
	A188
	Zmepfl9-1a #1
	Zmepfl9-1a #2
	Zmepfl9-1b #1
	Zmepfl9-1a;1b #1
	Zmepfl9-1a;1b #3

	Amax  
(µmol m-2 s-1)
	58.72 ±1.26
	55.89 ±1.68
	54.24 ±0.73
	58.12 ±2.28
	53.16 ±1.21
	48.40 ±2.27

	Vc,max 
(µmol m-2 s-1)
	71.78 ±3.70
	74.14 ±4.79
	69.17 ±3.93
	76.56 ±4.14
	72.80 ±4.34
	84.52 ±5.44

	Vp,max
(µmol m-2 s-1)
	148.46 ±11.52
	127.94 ±10.67
	123.60 ±7.89
	135.80 ±10.34
	161.11 ±10.79
	129.96 ±8.17

	Jmax
(µmol m-2 s-1)
	369 ±6.65 a
	371
±8.97 ab
	354 
±8.02 ab
	371 
±8.58 ab
	379 
±9.21 a
	335 ±7.22 b

	Jmax:Vc,max
	5.31 ±0.36 a
	4.97
 ±0.28 ab
	5.27 
±0.41 ab
	4.90
±0.30 ab
	5.09 
±0.25 ab
	3.96 ±0.19 b

	CE 
(mol m-2 s-1)
	0.874 ±0.05
	0.771 ±0.03
	0.696 ±0.06
	0.833 ±0.04
	0.685 ±0.02
	0.742 ±0.02

	ɸCO2,max
	0.0646 a
	0.0650 ab
	0.0630 ab
	0.0644 ab
	0.0659 a
	0.0605 b

	Rlight
(µmol m-2 s-1)
	2.93 ±0.10
	3.026 ±0.11
	2.77 
±0.06
	2.72  
±0.12
	2.74 
±0.11
	2.77 ±0.13

	LCP 
(µmol m-2 s-1)

	46.28 ±1.63
	46.71 ±1.33
	44.95 ±1.08
	46.77 ±1.91
	42.55 ±0.61
	44.79 ±1.90

	CCP 
(µmol mol-1)
	0
	0
	0
	0
	0.37
±0.17
	0.82 ±0.28




5.2.3	Growth characteristics of maize Zmepfl9 lines
To ascertain whether reducing SD in maize alters the plant’s growth capacity under well-watered conditions, measurements were taken during the vegetative period at two different stages. Firstly, leaf 6 measurements in ~3-week-old plants revealed that Zmepfl9-1a;Zmepfl9-1b #3 had significantly wider leaves compared to controls and two other gene-edited lines (Table 5.2). However, there were no significant differences found between genotypes for the length or collar height of leaf 6 (Table 5.2), although Zmepfl9-1a;Zmepfl9-1b #3 again had the highest values (Table 5.2). This result is quite surprising given that this double KO line had reduced rates of A and other photosynthetic parameters, as discussed above. 
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Table 5.2. Leaf 6 size measurements of Zmepfl9 lines. Leaf length, width and height of collar of fully-expanded leaf 6 in maize Zmepfl9 lines and A188 control. Values represent the mean ± standard error. Different letters denote significant differences between genotypes, analysed individually per measurement row (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). If no letters are present in a row, no statistical differences were found. n = 10 plants per genotype.
	
Size measurements of leaf 6 (cm)
	Genotype

	
	A188
	Zmepfl9-1a #1
	Zmepfl9-1a #2
	Zmepfl9-1b #1
	Zmepfl9-1a;1b #1
	Zmepfl9-1a;1b #3

	Length
	[bookmark: OLE_LINK9]40.42 ±0.70
	41.52 ±0.83
	40.08 ±1.04
	42.10 ±0.77
	40.86 ±1.14
	42.94 ±0.63

	Width
	4.38 ±0.09 a
	4.67
±0.15 ab
	4.28
±0.14 a
	4.61
±0.13 ab
	4.32
±0.12 a
	4.94 ±0.12 b

	Collar height 
	11.93 ±0.19
	12.52
±0.35
	12.30 ±0.28
	12.01 ±0.31
	12.56 ±0.40
	12.98 ±0.31




	Next, size and growth characteristics were assessed on the same plants once they reached 6 weeks old, which coincides with a period of rapid growth in maize. Although the leaf number of the gene-edited lines did not differ from A188, Zmepfl9-1a line #1 exhibited the greatest number of leaves, which was statistically significant from Zmepfl9-1b line #1 (Figure 5.6a). To quantify plant height, plants were measured from the soil surface to the top of the whorl opening, which is a whorled arrangement of developing leaves. Lines Zmepfl9-1a #1 and Zmepfl9-1a;Zmepfl9-1b #3 were found to be significantly taller than A188 control and Zmepfl9-1b #1 (Figure 5.6b). Daily growth was then assessed by measuring the increase in whorl height from 42- to 48- days post germination and dividing by the number of days, and revealed that Zmepfl9-1a #1 and Zmepfl9-1a;Zmepfl9-1b #3 plants were increasing in height faster than A188 (Figure 5.6c). Finally, the daily increase in fresh biomass was also estimated by comparing the saturating pot weights at the two different time points, and Zmepfl9-1a #1 plants were found to be gaining biomass the quickest, although this was only significantly greater than Zmepfl9-1b #1 (Figure 5.6d). Together, this may suggest that reducing SD in maize can enhance plant size and developmental speed during the vegetative period, although not all genotypes with fewer stomata showed the same growth phenotype.
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Figure 5.6. Size and growth characteristics of 6-week-old Zmepfl9 plants. (a) Number of fully emerged leaves (visible leaf collar), (b) height of whorl, (c) daily increase in whorl height, calculated by dividing the height difference measured over 6 days, and (d) daily increase in fresh biomass, estimated from the difference in saturated pot weight at two time points, divided by te number of days. Error bars in (a) represent the standard error of the mean. Box and whisker plots as previously described. Different letters denote significant differences between the means of genotypes (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). (a-c) n = 16 or (d) n = 9 plants per genotype.

5.2.4	Water use of 6-week-old maize Zmepfl9 plants
In section 5.2.1, all genotypes lacking a functional ZmEPFL9-1a were found to have significantly reduced gs rates, however, as these measurements were performed during an early developmental stage and at saturating light, it was important to determine whether these changes in gs were carried through into older plants under normal growth conditions. A LI-600 porometer was used to take rapid gs measurements on individual epidermal surfaces of the most recently emerged leaf, without changing the surrounding environment. Under the conditions within the growth chamber, all gene-edited lines showed a trend towards decreased operating gs on both the abaxial and adaxial surface (Figure 5.7). However, significant differences to A188 controls were only seen in the two double knockout lines for abaxial gs, and in both single Zmepfl9-1a KO lines and line Zmepfl9-1a;Zmepfl9-1b #3 for adaxial gs. Although statistical differences weren’t seen in all gene-edited lines, this is still encouraging since the growth light levels were ~1000 µmol m-2 s-1 PAR and thus stomatal apertures were unlikely to be fully open. 
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Figure 5.7. Operating stomatal conductance of 6-week-old Zmepfl9 plants. Stomatal conductance (gs) measured using a LI-600 porometer on the (a) abaxial and (b) adaxial surfaces of the most recent fully developed leaf in 6-week-old plants under ambient growth conditions. Box and whisker plots as previously described.  Different letters denote significant differences between the means of genotypes (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). n = 16 plants per genotype.
	Whilst gas exchange measurements are informative of water use at the leaf level, whole plant water use is more important from an agricultural perspective. Thus, on 6-week-old plants, the amount of water used each day was measured across a 6 day period. This was achieved by weighing plant pots 24 hours after the soil was watered to 100% field capacity, whilst accounting for water evaporating from the soil surface (see Methods section for more details). From 42- to 48- days post germination, all gene-edited lines showed a trend towards decreased water consumption each day, compared to A188 controls (Figure 5.8a). When assessing the cumulative water used by the 6th day, both double KO lines and Zmepfl9-1a #2 used significantly less water than A188 controls (Figure 5.8b), with average reductions of 14-17%. Whereas Zmepfl9-1a #1 and Zmepfl9-1b lost on average 11% and 6% less water over 6 days than A188, however, these differences were not significant.
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[bookmark: _Hlk138971849]Figure 5.8. Cumulative water consumption of Zmepfl9 plants under well-watered conditions. (a) Cumulative water consumed per plant, measured daily from 42- to 48- days post germination. (b) Total cumulative water used over the 6-day period. Error bars in (a) represent standard error of the mean. Box and whisker plots in (b) as previously described. Different letters denote significant differences between the means of genotypes (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). n = 9 plants per genotype.


5.2.5	Response of maize Zmepfl9 lines to drought stress
One of the key aims of this thesis was to determine whether manipulating stomatal development can enhance plant drought resistance in maize. To investigate this, a subset of 7-week-old plants (the same as those used in sections 5.2.3 and 5.2.4) were subjected to drought stress, whereby water was withheld for an initial 5 days, and then maintained at 30% field capacity (FC) for the following 5 days, by adding the appropriate quantity of water after each day (see section 2.10.2 for more details). This developmental stage (14-15 visible leaf collars) was chosen as maize plants are undergoing rapid growth and thus require large amounts of water during this period, making them highly susceptible to water deficit. As it precedes the tasselling stage by only 1-2 weeks, it is critical in terms of reproductive success. In addition to the drought treatment, another subset of plants were watered normally to allow for comparisons, and all plants were re-arranged daily to reduce any potential effect from pot location.
	The daily water loss by the plants in the water restricted treatment, accounting for soil evaporation, is plotted cumulatively in Figure 5.9a. All genotypes were found to use water at the normal rate for the first two days (compared to Figure 5.8a), after which all plants began to slow down their water consumption. A188 controls were found to consistently use more water throughout the treatment than all gene-edited lines. By the fourth consecutive day of water cessation, significant differences in cumulative water use were found between A188 controls and some of the lines lacking ZmEPFL9-1a (Figure 5.9a). By days 9 and 10, both single ZmEPFL9-1a KO and both double KO lines used significantly less water over the course of the treatment, compared to controls (Figures 5.9a-b). Line Zmepfl9-1b #1 also had lower levels of water loss than A188 throughout, however, this was not significant on any of the cumulative days. Whilst no differences were found between the gene-edited lines, Zmepfl9-1a;Zmepfl9-1b #3 used the least amount of water, despite being one of the largest genotypes one week prior to the initiation of drought (Figure 5.6). In Figure 5.9a, an obvious increase in water use occurs in all genotypes after the 5-day mark; the point at which water is added to the pots to return them to 30% FC. Since A188 is using a greater daily volume of water, this means that between days 5-10, the water levels in the soil of these control plants will deplete further below 30% FC than the other genotypes, before their water can be replenished. 
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[bookmark: _Hlk138972176][bookmark: OLE_LINK56][bookmark: OLE_LINK61]Figure 5.9. Cumulative water loss of Zmepfl9 plants under water restricted conditions. (a) Cumulative water lost per plant, measured daily after the initiation of drought in 7-week-old plants. (b) Total cumulative water lost over the 10-day period. No water was given from day 0-5, after which pots were maintained at 30% field capacity. (a) Error bars represent the standard error of the mean. Asterisks show significant differences compared to A188 controls, coloured to specify genotype. Statistical analysis was performed on individual days, as below. (b) Box and whisker plots as previously described.  Different letters denote significant differences between the means of genotypes (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). n = 9 plants per genotype.

	To assess the physiological response of plants during the drought treatment, abaxial gs porometer measurements were collected from the mostly recently emerged leaf (Figure 5.10). On day 0, A188 controls had higher rates of abaxial gs compared to the other genotypes, however they were only significantly greater than line Zmepfl9-1a #2 (Figure 5.10a). The lack of significance that was previously seen for some of the other gene-edited lines (Figure 5.7), may be explained by the greater variation due to the smaller sample size of the droughted treatment. After only one day of water restriction, all plants begin to respond by reducing their abaxial gs, with the largest reduction seen in A188, but only small reductions seen in the other lines (Figure 5.10a). As the drought progresses, the abaxial gs of A188 and Zmepfl9-1b #1 drops faster than the genotypes with mutations in ZmEPFL9-1a, likely due to their reduced soil water that is causing the stomatal drought response to occur quicker. On day 2, A188 had significantly lower abaxial gs than Zmepfl9-1a #1, but no other statistical differences were detected between other genotypes. By day 3, A188 plants have rates of gs close to zero, suggesting that their stomatal apertures are virtually closed. The gene-edited lines then reach similar values by the following day, after which the adaxial gs of all lines remains close to zero for the remainder of the drought treatment. These results firstly highlight how quickly maize stomata close in response to drought stress. They also suggest that maize plants with fewer stomata can maintain their gs at slightly higher levels than controls and have an additional day of gas exchange before most stomata close.
	Additionally, Fv/Fm was measured using a FluorPen FP 110 (Photon System Instruments) on the same leaves as used above, which were first dark-adapted for 30 minutes using leaf-clips. Fv/Fm corresponds to the maximum quantum efficiency of photosystem II and is often used to indicate stress in plants. Before the initiation of drought, all genotypes displayed similar Fv/Fm levels of around 0.8, which is typical for healthy plants (Figure 5.10b). As water is withheld, the Fv/Fm values of A188 drop the quickest, with reductions seen after only one day. Line Zmepfl9-1b #1 then catches up to A188 by day 2, after which these two lines exhibit consistently lower Fv/Fm values until day 6. Fv/Fm measurements from the remaining genotypes, which lack ZmEPFL9-1a, mostly begin to drop after day 2, but are still maintained at higher levels compared to A188 until day 6 (Figure 5.10b). No significant differences were detected between genotypes on any of the treatment days, likely due to variation seen between plants. However, these results do suggest that line A188, followed second by line Zmepfl9-1b #1, are experiencing greater levels of plant stress, and 1-2 days sooner, than the other genotypes. On day 8, Fv/Fm values of A188 begin to increase, with the other genotypes following this pattern on day 10. This may be explained by the addition of water into the pots after day 5, which may have alleviated some of the drought stress of the newly emerging leaves.  
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Figure 5.10. Stomatal conductance and maximum PSII efficiency of Zmepfl9 plants under water restricted conditions. (a) Abaxial stomatal conductance (gs) measured at ambient growth conditions using LI-600 porometer, and (b) maximum quantum yield of photosystem II (Fv/Fm), measured on dark-adapted leaves using Fluorpen FP 110. Both sets of measurements performed every 1-2 days on the most recent fully developed leaf over a 10-day period of water restriction. No water was given from day 0-5, after which pots were maintained at 30% field capacity. Error bars represent the standard error of the mean, and asterisks show significant differences compared to A188 controls, coloured to specify genotype (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test, performed on individual days). n = 9 plants per genotype.
5.2.6	Impact of drought stress on biomass, flowering, and yield
As maize is an important food and energy crop, it is important that reductions in SD and improvements in water use do not come at a cost to biomass and grain production. To investigate this, several size and yield measurements were collected from plants that received plentiful water throughout their lifetime. Additionally,  the impact of the pre-tasselling drought on plant productivity was assessed. Following the 10th day of water restriction, plant pots were re-saturated and then watered normally until all grain filling was complete, after which the same set of measurements were collected for comparison to the control treatment. 
	Under well-watered conditions, only one gene-edited line (Zmepfl9-1a #2) had significantly lower stover dry biomass, which includes all non-grain above ground material (Figure 5.11a). All genotypes, unsurprisingly, produced significantly less biomass when water was restricted, confirming that the drought stress was severe enough to suppress plant growth (p < 0.05, Student’s t-test comparing treatment on each individual genotype). When comparing plants subjected to drought stress, no significant differences in stover dry biomass were seen between genotypes (Figure 5.11b). 
[bookmark: OLE_LINK62]Moreover, measurements of plant height (up to flag leaf collar), total number of leaves and flag leaf length and width, revealed no significant differences between genotypes when assessing the two treatment groups separately (Table 5.3). As no size differences were detected at the end of the experiment in the well-watered group, this suggests that lines Zmepfl9-1a #1 and Zmepfl9-1a;Zmepfl9-1b #3, which were significantly larger than control plants at 6-weeks-old (Figure 5.5), initially develop at a faster speed, but are then caught up by line A188 later during development.  When comparing the effect of treatment on each individual genotype, all gene-edited lines were found to be significantly shorter in the drought treatment (p < 0.05, Student’s t-test), and whilst droughted A188 plants showed a similar trend for reduced plant height, these differences were not significant (Table 5.3). All genotypes apart from Zmepfl9-1a;Zmepfl9-1b #3 did not show changes in total number of leaves or flag leaf length or width between the well-watered and droughted groups. Interestingly, for line  Zmepfl9-1a;Zmepfl9-1b #3, droughted plants produced significantly fewer leaves and significantly longer and wider flag leaves, compared to well-watered plants within this line (p < 0.05, Student’s t-test) (Table 5.3).
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Figure 5.11. Biomass measurements of Zmepfl9 plants under different watering regimes. Dry weight of stover biomass (non-grain plant material) for plants subjected to two treatments: (a) well-watered, or (b) a 10-day pre-flowering drought. Box and whisker plots as previously described. Different letters denote significant differences between the means of genotypes (p < 0.05, one-way ANOVA followed by post-hoc Tukey’s test). (a) n = 7 plants, (b) n = 9 plants per genotype.  


	Additionally, the anthesis and silking dates were recorded for each plant, and the number of days between the two was calculated (anthesis-silking interval; ASI). This revealed that there were no significant differences between genotypes for the specific date or for ASI, in either treatment. However, all lines showed a significant increase in ASI under the droughted treatment, showing that the stress caused a delay in flowering (Table 5.3).





Table 5.3. Plant size and reproductive synchronisation of Zmepfl9 plants under different watering regimes. Size measurements include plant height, total number of leaves, flag leaf length and flag leaf width. Flowering measurements include dates of anthesis and silking (dpg; days post germination) and the calculated number of days between these dates (interval). For each measurement, data is presented for the two treatments, well-watered (WW) and droughted (D), in separate rows. Values represent the mean ± standard error. No significant differences were found between genotypes within individual treatment groups, for any measurement type (p > 0.05, one-way ANOVA).  Therefore, for each measurement, individual genotypes were analysed for differences between treatment groups, with different letters indicating significant differences (p < 0.05, Student’s t-test). If no letters are present in a column, there were no statistical differences found for that measurement. n = 7 (WW) or n = 9 (D) plants per genotype.
	
Measurements and treatment
	Genotype

	
	A188
	Zmepfl9-1a #1
	Zmepfl9-1a #2
	Zmepfl9-1b #1
	Zmepfl9-1a;1b #1
	Zmepfl9-1a;1b #3

	Plant height (cm)
	WW
	119.61 ±7.27
	118.79 ±3.02  a
	117.50 ±3.34  a
	127.08 ±5.33  a
	119.17 ±4.02  a
	122.50 ±5.27  a

	
	D
	107.40 ±2.82 
	102.28 ±2.26  b
	101.36 ±2.45  b
	107.67 ±4.31  b
	98.69 ±1.92  b
	109.17 ±2.53  b

	Total number of leaves
	WW
	22.71 ±1.13
	20.57 ±0.81
	20.57 ±0.20
	21.83 ±0.60
	20.14 ±0.46
	22.29 ±0.29 a

	
	D
	23.11 ±0.54
	19.89 ±0.35
	20.33 ±0.41
	22.33 ±0.80
	20.75 ±0.37
	21.22 ±0.36 b

	Flag leaf length (cm)
	WW
	31.91 ±3.28
	30.47 ±3.64
	36.74 ±2.58
	31.38 ±4.53
	34.20 ±4.43
	28.59 ±2.46 a

	
	D
	31.81 ±1.53
	35.87 ±3.14
	38.11 ±3.14
	30.51 ±3.08
	30.01 ±3.20
	36.19 ±2.66 b

	Flag leaf width (cm)
	WW
	3.61 ±0.56
	3.14 ±0.41
	3.89 ±0.39
	3.95 ±0.42
	3.54 ±0.57
	3.01 ±0.42 a

	
	D
	3.23 ±0.16
	3.60 ±0.33
	4.17 ±0.43
	3.06 ±0.34
	3.39 ±0.56
	4.40 ±0.58 b

	Anthesis date (dpg)
	WW
	63.10 ±1.20
	60.57 ±0.86
	63.75 ±0.75
	63.17 ±0.87
	62.14 ±1.12
	61.71 ±1.16

	
	D
	65.29 ±1.72
	62.22 ±0.40
	66.38 ±1.89
	64.63 ±1.02
	64.86 ±0.80
	64.78 ±0.52

	Silking date (dpg)
	WW
	67.00 ±1.15
	63.14 ±0.78
	67.00 ±1.05
	66.83 ±0.92
	65.29 ±1.25
	64.29 ±1.06

	
	D
	70.49 ±1.40
	66.56 ±0.42
	70.87 ±0.67
	70.83 ±1.34
	68.85 ±0.70
	68.78 ±0.47

	Anthesis-silking interval (days)
	WW
	4.05 ±0.44 a
	2.57 ±0.33 a
	3.20 ±0.25 a
	3.67 ±0.43 a
	3.14 ±0.52 a
	2.57 ±0.20 a

	
	D
	5.20 ±0.54 b
	4.33 ±0.37 b
	4.52 ±0.68 b
	5.21 ±0.76 b
	4.20 ±0.19 b
	4.00 ±0.28 b


	Finally, the resulting yield was assessed for all plants within the two treatments. Under well-watered conditions, no differences were found between genotypes for total kernel yield or kernel number per plant (Figures 5.12a and 5.12c, respectively), suggesting that reducing SD in maize does not restrict plant productivity under optimal conditions. Interestingly, both double KO lines show a trend towards increased kernel yield and number compared to controls, although this was not significant. 
[bookmark: OLE_LINK63]	When water was restricted during the pre-flowering period, all genotypes produced significantly less yield and fewer kernels, compared to their well-watered counterparts (p < 0.05, Student’s t-test comparing treatment on each individual genotype). Again, this shows that drought incurred during this developmental stage had a severe negative impact on final grain production. When comparing plants within the droughted treatment, no significant differences were found between genotypes for total kernel yield or kernel number (Figures 5.12b and 5.12d, respectively).
	Furthermore, no significant differences were detected for 1000-kernel weight (calculated using average kernel weight) between genotypes, within either the well-watered or droughted treatments (Figures 12e and 12f, respectively). However, droughted plants were found to have significantly lower 1000-kernel weights compared to well-watered plants for all genotypes (p < 0.05, Student’s t-test). This suggests that the reduced kernel yield seen in the droughted plants is caused by both fewer and smaller kernels being produced.
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[bookmark: _Hlk138973472]Figure 5.12. Yield measurements of Zmepfl9 lines under two watering regime treatments. (a-b) Total kernel yield, (c-d) total kernel number, and (e-f) calculated 1000-kernel weight, measured in plants subjected to two different treatments: (a,c,e) well-watered (WW) or (b,d,f) 10-day pre-flowering drought (D). Box and whisker plots as previously described. No significant differences between genotypes were found, treatment groups analysed separately by one-way ANOVA. (a,c,e) n = 7, (b,d,f) n = 9 plants per genotype.
[bookmark: _Toc131628578]5.3	Discussion
5.3.1	Reducing stomatal density in Zea mays can improve water use efficiency with no deleterious impact on yield
With the frequency and intensity of droughts predicted to increase in the coming century (Shukla et al., 2022), coupled with dwindling freshwater availability for irrigation, there is a pressing urgency for more water-use-efficient crops. It has previously been reported that reducing SD in rice by 56-87%, enables those plants to use 40% less water that wildtype controls (Caine et al., 2019). In an effort to produce similar results in maize, gene-edited plants lacking two ZmEPFL9 paralogues were generated. The loss of one of these genes (ZmEPFL9-1a), regardless of whether combined with the loss of the other gene (ZmEFPL9-1b), resulted in maize plants with 52-56% fewer stomata. The results presented in this Chapter aimed to understand whether similar improvements in water use could also be achieved by manipulating stomatal development in maize. 
Maize lines with low-SD had a significant 20% reduction in gs measured during the early (V6) vegetative period under saturating light. These same lines also showed significant reductions in gs when measured during the later (V14-15) vegetative period under ambient growth conditions; however, the significant differences were only observed on the abaxial leaf surface for some lines, and the adaxial for others. The stomatal densities were only characterised on the leaves of young plants in these gene-edited lines, however, these gas exchange results suggest that the plants continue to produce less stomata in their later developmental stages too. It is also encouraging that gs was reduced even under conditions that do not induce maximal stomatal opening. Since light is a highly dynamic variable, it is therefore important that improvements in water use are quantified under a variety of light intensities. In all genotypes assessed, the maximum operating gs rates under saturating light and CO2 conditions were lower than their theoretical calculations of gsmax. Therefore, assessing a plant’s capacity for gas exchange based on their anatomical stomatal traits alone should be treated with caution, as there may be considerable over-estimations in the gsmax equation that is widely used by the field (Franks and Farquhar, 2001).
Despite the improvements in gs of the low-SD maize lines, this was not translated into an improvement in transpiration rate (E) when measured using an infra-red gas analyser (IRGA), although these lines did show a trend towards reduced E. The differences observed between the two measurements may be because measurements of gs account for leaf temperature and stomatal resistance, and are therefore not as affected by atmospheric evaporative demand as E. For example, Zhang et al. (2020) reported that rates of gs and E in wheat were no longer correlated under high air humidity. As the IRGA chamber in these experiments was set to 70% relative humidity, this may be impacting the rates of E in these plants. 
Whilst informative, gas exchange measurements are only performed on a very small area of leaf and thus are not always indicative of whole plant water loss. However, low-SD maize lines were confirmed to use 10-17% less water than controls, when water was plentiful. The 7% differences seen amongst the four low-SD lines was likely due to the larger plant size and faster development of one gene-edited line (Zmepfl9-1a #1) at the time of these measurements. Indeed, a number of studies have highlighted that factors other than gs, such as canopy size and structure, can regulate crop water use (Collatz et al., 1991; Meinzer et al., 1997). As previously discussed, rice OsEPF1-OE plants with similar reductions in SD had greater relative water savings (Caine et al., 2019) than what was seen in this study. However, these differences may be explained by the different evolutionary pressures these species have experienced, and their resulting water-use strategies. For example, rice is typically grown in paddy fields where water is non-limiting. As a result, rice has been selectively bred for higher yields rather than water conservation, which likely explains why they have much higher SD in comparison to other C3 cereal crops. Conversely, maize evolved under more arid conditions, and like other C4 species, is generally considered to be more water-use-efficient than its C3 counterparts, since they can operate at a lower gs, without Ci limiting A. Regardless, the findings of this Chapter still support that reducing SD is an effective method of reducing whole plant water consumption in maize, and when extrapolated for an entire crop field, would make a substantial contribution. This is further supported by two transgenic maize lines with reduced SD, generated through the over-expression of two different stomatal development regulators (ZmSDD1-OE and ZmNAC49-OE), which had reduced desiccation rates of leaves following excision (Liu et al., 2015; Xiang et al., 2021).
Under well-watered conditions, three out of four of the low-SD lines lacking ZmEPFL9-1a produced equal biomass to the control, and all genotypes produced similar yields, demonstrating that is it possible to improve WUE through a reduction in SD without a deleterious impact upon growth or seed set. In fact, line Zmepfl9-1a #1 developed faster than A188, reaching a larger size earlier on, which could be beneficial for canopy establishment in the field. Additionally, the two double-knockout lines showed a trend towards increased kernel yield and number, suggesting that these low-SD gene-edited lines may offer advantages even under optimal conditions. As discussed in section 4.3, EPFL9 has been implicated in reproductive development. Arabidopsis plants with reduced AtEPFL9 expression had increased seed density, which may suggest that the ZmEPFL9 orthologues play a similar role in maize (Kawamoto et al., 2020).
	However, before drawing any concrete conclusions from the yield results in this Chapter, the experiment should ideally be repeated. Plants exhibited very variable levels of anthesis and pollen production, which often resulted in incomplete fertilisation of all silks following hand-pollination. This was likely caused by their growth conditions, as due to the large height of maize, the male tassels were often in close proximity to the spray nozzles that maintain humidity within the growth chamber. As such, the envelopes used to cover the tassels prior to pollen collection (see section 2.2.3.1) were often damp in the morning. As humidity is required to drop in order for anther dehiscence to occur (Keijzer et al., 1996), this may have contributed to the variable fertility rate and seed set. Although the same issue was seen across all genotypes, and thus inferences can be made from these results, the yield experiment should be replicated in a larger glasshouse, or even better, in the field. 

5.3.2	Does reduced water consumption result in greater drought resistance?
Plants have two main coping strategies in response to drought: drought avoidance, where plants maintain higher water status; and drought tolerance, where plants continue cell metabolism despite low water potential, both of which contribute to a plant’s drought resistance (Bandurska, 2022). This Chapter revealed that the low-SD maize lines had improved drought avoidance; they were able to conserve significantly greater volumes of water in the soil during a period of water deficit, which allowed them to maintain their gs, and presumably photosynthesis, at higher levels for an additional day. However, despite their reduced water loss, these lines showed no improvement in yield, biomass or anthesis-silking synchronisation in comparison to controls for the drought treatment, with all genotypes showing a substantial reduction in productivity due to the water deficit. This may have been due to an overly severe applied drought stress. As these plants were grown in pots, after only two days, all plants showed a rapid decline in their soil water content. By day 3 (A188) or day 4 (low-SD lines), all plants had reduced their gs to virtually zero, and their stomata remained closed for the remainder of the drought stress. It is likely that for the remaining 6-7 days, all plants were subjected to high levels of ROS production and protein damage due to their restricted CBB cycle activity (see section 1.4). Therefore, the one additional day of drought avoidance may ultimately have made little difference, and suggests that the low-SD lines do not have enhanced tolerance for when leaf water potential eventually drops. It is, however, important to bear in mind the experimental caveats on pollination described above.
In Caine et al. (2019), water was restricted for only 3 days during the flowering period, and resulted in a significant improvement in grain yield of low-SD OsEPF1-OE plants. Thus, had the drought in this experiment been only 3-4 days, around the time where differences in their gas exchange occurs, this may have resulted in an improvement in the yields of the low-SD maize lines. Alternatively, growing the plants in larger containers, or gradually reducing soil field capacity over several days, may have also teased apart greater differences between the lines, and would also be more indicative of more natural field environments. Furthermore, it would be valuable to assess the potential drought resistance of these lines at another developmental stage, as Xiang et al. (2021) showed that ZmNAC49-OE maize plants with fewer stomata had enhanced survival rates when an 8-day drought was applied during the V3 seedling stage. 

5.3.3	Do C4 plants negate the photosynthetic penalty associated with fewer stomata?
A major line of enquiry throughout this thesis, was to investigate whether the C4 photosynthetic pathway can maintain normal rates of carbon fixation in plants with low SD. As shown and discussed in Chapter 3, C3 plants with reduced numbers of stomata have reduced A. Using these novel gene-edited maize lines, it has been possible to probe whether the same thing occurs in plants that have the ability to concentrate CO2 around Rubisco. Out of the four maize lines with reduced SD, three lines did not have significantly lower A in comparison to controls, although they did show a trend towards reduced A. As photorespiration and Ci remained very similar to wildtype levels in these gene-edited maize lines, this may have negated the significant reduction in A that has been reported in a range of C3 crops with similar SD reductions (Caine et al., 2019; Dunn et al., 2019; Hughes et al., 2017). Furthermore, reducing SD in these three lines did not impact on their underlying photosynthetic biochemistry. Interestingly, Liu et al. (2015) reported that ZmSDD1-OE maize plants with 30% fewer stomata actually had improved rates of A following repeated periods of drought, which they attributed to the increased PEP carboxylase activity observed in these lines. It would therefore be interesting to investigate whether Zmepfl9 lines can enhance their photosynthetic rates above that of A188, by conducting gas exchange measurements following recovery from water restriction. 
While the majority of low-SD lines were able to maintain wild-type level photosynthetic rates, line Zmepfl9-1a;Zmepfl9-1b #3 exhibited significantly reduced A, maximum electron transport rate (Jmax) and quantum yields of PSII and CO2 assimilation. However, maximum rates of Rubisco and PEPc carboxylation (Vc,max and Vp,max) and carboxylation efficiency were unaffected. The reduced Jmax:Vc,max ratio may imply that plants from this line have invested differently in electron transport and Rubisco. Indeed, Jmax:Vc,max is known to be affected by the balance of leaf nitrogen and phosphate, which can be altered by changes in specific leaf area (Evans and Poorter, 2001; Reich et al., 1997; Yamori et al., 2011). SLA refers to the amount of light-capturing surface area for a given investment in dry mass, and can change leaf nitrogen content per unit area, due to the costs associated with light harvesting (Milla and Reich, 2007). Whilst leaf weight was not measured, line Zmepfl9-1a;Zmepfl9-1b #3 did have significantly wider leaves in comparison to all other genotypes. This may have resulted in a reduction in SLA, since a negative relationship between leaf mass and leaf surface area has been reported to exist (Milla and Reich, 2007). It would therefore be useful to measure SLA in these maize Zmepfl9 lines, along with leaf nitrogen and chlorophyll content, to determine whether this is causing the reduced Jmax values seen in one of the lines. 
Supporting this theory, McAusland et al. (2020) found that across a screen of wheat relatives, cultivars with the lowest Jmax values also exhibited low SLA. Interestingly, the same cultivars also had the highest NPQ values, albeit with slower induction rates. Authors concluded that the lower Jmax was able to support a higher magnitude of photoprotection under high light conditions. It would therefore be worth investigating whether Zmepfl9-1a;Zmepfl9-1b #3 also had higher rates of NPQ, which would be beneficial in the field when exposed to a dynamic light environment. This would be in line with the low-SD Arabidopsis EPF2-OE plants, which are larger in size and also have significantly greater NPQ compared to controls under well-watered conditions.
As discussed above, plant nutrient status is known to impact Jmax:Vc,max (Walker et al., 2014). This study only focused on characterisation of the above ground plant organs, but it would be interesting to assess the root systems of these gene-edited maize plants, which could impact on nutrient acquisition. Indeed, a number of low-SD EPF mutants in different species have exhibited root phenotypes, such as reduced root size in Arabidopsis (Hepworth et al., 2016), increased aerenchyma in rice (Mohammed et al., 2019), and larger nodules in soybean (Chater et al. unpublished). Two of the maize Zmepfl9 lines exhibited faster growth speeds compared with controls, which could be explained by a smaller root size, facilitating greater investment into the shoots instead. Some, or all, of these lines of enquiry could be pursued to elucidate what is causing the reduction in electron transport, which in turn may be limiting A, due to reduced supply of ATP and NADPH. 
Furthermore, it is unclear why Zmepfl9-1a;Zmepfl9-1b #3 differs from the other three lines lacking ZmEPFL9-1a, given their similar SD and gs. One explanation could be that the phenotype is a result of epigenetic changes caused by the plant transformation and tissue culture process (Smulders and de Klerk, 2011). It would therefore be useful to characterise a third double knockout line for comparison. Alternatively, it is possible that there may have been off-target Cas9 edits in this particular genotype, which were not identified by Limagrain. Unfortunately, I was unable to access the A188 genome to check for off-target effects, due to company restrictions.

5.3.4	Could “paralogue editing” be a useful tool?
In a recent study by Karavolias et al. (2023), the loss of rice OsEPFL9-2 (referred to as OsEPFL10  in the study) produced plants with 25% fewer stomata, compared with controls. However, the authors reported that these plants still exhibited the same phenotype as Osepfl9-1 plants, which had an 80% reduction in SD, with both showing very similar gas exchange and water use values. They therefore claimed that editing a paralogous EPFL9 gene that plays a lesser role in stomatal development can be effective in improving WUE. In Chapter 4, it was shown that gene-editing ZmEPFL9-1b gene produced plants with only a very minor reduction in SD, although this was not significantly different from A188 controls. It was therefore concluded that that this EPFL9 paralogue contributes very little to maize stomatal development, if at all. However, the results presented in this Chapter revealed that Zmepfl9-1b plants had intermediate gas exchange and water use values in almost every experiment, falling in between A188 and the other gene-edited lines. Although none of these differences were found to be significant from the control plants, it does suggest that knocking out this paralogue may result in some improvement in water use efficiency, despite a minor SD phenotype. It can’t be ruled out that ZmEPFL9-1b is involved in a pathway that regulates stomatal aperture instead of stomatal development; however, this is rather speculative. 
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[bookmark: _Toc131628580]General discussion

6.1 [bookmark: _Toc131628581]Conclusions
Stomatal engineering presents an exciting tool for improving the water relations and drought resistance of crops, which may be effective in combatting the future predicted agricultural water shortages. These microscopic epidermal pores exert control over the vast majority of the water lost from a plant to the atmosphere (Lawson and Blatt, 2014), thus reducing their numbers through the manipulation of the Epidermal Patterning Factor/Like (EPFL) family, has been successfully demonstrated to improve water-use-efficiency in a range of species (e.g. Caine et al., 2019; Clemens et al., 2022; Doheny-Adams et al., 2012; Hughes et al., 2017; Karavolias et al., 2023). However, since stomata also facilitate the uptake of CO2, plants engineered to have fewer stomata also often have reduced photosynthetic rates. The photoassimilates produced by the Calvin-Benson-Benham (CBB) cycle are essential for all aspects of plant growth, metabolism, and ultimately, reproductive success. With the demand for food ever-increasing due to our rapidly rising population, global crop production needs to increase by around 60% by the end of the century if we are to achieve food security (van Dijk et al., 2021). Thus, when generating crops for the future, it is imperative that improvements in stress resistance do not come at a cost to photosynthesis, as this may result in a reduction in yield. Instead, we need to be working towards enhancing both traits, to produce a resilient and productive food system.
The work presented in this thesis revealed that there is a significant negative relationship between stomatal conductance and photorespiration, in a range of EPF mutants that use the C3 photosynthetic pathway. Due to their restricted CO2 uptake and evaporative cooling, plants with fewer stomata had greater rates of photorespiration, which, at least in part, accounted for their reduced carbon fixation. As atmospheric CO2 concentrations continue to rise through the combustion of fossil fuels, photorespiration rates should fall, which will hopefully offset the photosynthetic penalty seen in these EPF mutants in the future. However, Rubisco’s oxygenase activity will be favoured by the concurring increases in global temperatures and extreme drought events (Badger and Andrews, 1974). Therefore, it is unclear how these combined factors will impact photorespiration in these lines, or any C3 crops for that matter, and thus warrants further investigation. The use of free-air CO2 enrichment (FACE) in the field provides an extremely useful platform to do so. This study also revealed that C3 plants showed increased base-levels of photoprotection that allowed them to effectively mitigate a build-up of reducing power caused by their reduced CBB activity.
To date, manipulations of the EPF/L family have only been performed in C3 species. However, this thesis has demonstrated that it is possible to reduce stomatal density by almost 60% in the important C4 crop species, maize (Zea mays L.). By gene-editing an orthologue of EPFL9, a known positive stomatal regulator, it was possible to achieve plants with substantially less stomata compared with other transgenic efforts to reduce stomatal density in maize (Liu et al., 2015; Xiang et al., 2021). This reaffirms the exciting prospects of using CRISPR/Cas9 in the development of future crops. The Zmepfl9 lines generated in this study were able to conserve significantly more water in their soil, which enhanced their drought avoidance for an additional day during a critical stage of development. Three out of four lines with reduced stomatal densities did not show a reduction in photosynthesis, providing further support that photorespiration is significantly contributing to the lower net carbon fixation in C3 EPF mutants. However, it is worth exploring why the fourth line had reduced electron transport rates, to elucidate whether this is a factor of manipulating EPF expression and/or stomatal density. The results in this thesis conclude that stomatal engineering in maize is a viable option for improving water-use-efficiency, although further work is needed to confirm whether this confers enhanced drought resistance. Given the experimental limitations in assessing yield in this thesis, this should be a major focus of any future studies using these plants.  

[bookmark: _Toc131628582]6.2	Future directions
There is a growing body of evidence that stomatal engineering is a promising option for the development of drought resistant germplasm. However, a major caveat of most of the studies to date, including this one, is that characterising these mutant lines under controlled optimal conditions is not representative of real life. Going forward, we must assess the performance of these plants in the field. 
	Firstly, when drought experiments are performed on plants grown in relatively small pots, this can lead to the rapid depletion of soil water content when water is withheld. Indeed, the drought stress applied to maize in Chapter 5 resulted in around 60% of the available soil water being lost within only 2 days. Whereas, in a crop field, when irrigation or precipitation ceases, there will be a much more gradual decline in soil water availability, which will likely be affected by several factors such as soil composition and structure. Furthermore, pot experiments constrain the plant’s roots in one small area, unlike field grown crops, where their roots may be able to access water sources deeper underground, despite the upper layers of soil drying out. Whilst it is more challenging to implement, such as the requirement for rain-out shelters, it would be invaluable to assess whether these EPF mutants still offer an adaptive benefit in these conditions. 
Additionally, most experiments generally only grow one mature plant, or a few seedlings, per pot. However, to assess the impact of SD on crop water use, it is important to consider the entire crop canopy. Studies have revealed that lower plant gs does not always lead to reduced crop water use, since canopy size and structure can also play a major role (Collatz et al., 1991; Meinzer et al., 1997). Individual plants are likely to be affected by the microclimate created by other nearby plants. In this study, one of the gene-edited maize lines was found to develop faster compared to controls. It is worth considering this at the field scale, since this would lead to a faster establishment of a crop canopy, which could be beneficial for increasing the intercepted radiation earlier on in the season. It may be possible to gain some insight into how EPF plants would perform together as a monocrop through modelling, thus a collaborative and inter disciplinary approach would be interesting to pursue.
Field grown crops are subjected to extremely dynamic light environments, from changing cloud cover to shading from other plants. The plants in this study were grown at the same light intensity all day, therefore it would be valuable to assess their responses to fluctuating light. Sakoda et al. (2020) reported that Arabidopsis EPF mutants with higher stomatal densities showed faster photosynthetic induction in response to a dark to light transition, which they suggested was due to their higher resting gs. Furthermore, when grown under fluctuating light, Atepf1;Atepf2 plants also had increased biomass compared to controls. It is therefore possible that the low-SD EPF mutants will be at a disadvantage. However, the low-SD maize plants were found to have smaller stomata, which are generally assumed to have faster aperture responses (McAusland et al., 2016; Raven, 2014). Therefore, it is unclear whether these maize lines would have better or worse adaptability to changing environmental conditions compared to controls, which would in turn impact their water use efficiency. Before these EPF crops can be recommended for real-world cultivation, we need to understand exactly how these plants will respond and cope under more natural environments.
One new area that would be particularly interesting to explore is whether “stacking genes” in the EPF mutants could lead to enhanced photosynthesis and water use efficiency. There have been several recent studies that have improved photosynthesis through genetic engineering, which would be excellent candidates. For example, tobacco plants have been engineered to use an alternative photorespiratory pathway (Cavanagh et al., 2022), and also to have faster NPQ relaxation (Kromdijk et al., 2016). Given the enhanced rates of photorespiration and NPQ seen in the C3 EPF mutants, these traits may be particularly beneficial. Conversely, increasing RuBP regeneration, such as in studies by Driever et al. (2017) and Simkin et al. (2017) could realise greater photosynthetic rates in the EPFs with more stomata, which are not otherwise seen. 
Finally, Limagrain is currently setting up a field trial in the United States to assess the gene-edited maize lines generated for this thesis. However, they will instead be using them to investigate whether reducing stomatal density can improve pathogen resistance. Regardless, it will be very exciting to see how they perform when grown in the field.
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