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Abstract

Global food security depends on crops with enhanced productivity and
resilience under increasingly variable environmentso meet the growing demand
Photosynthetic carbon assimilation, a key determinant of yield, is often constrained by
taqYacaqcecawRYUT edaqecURIIAWS 6 RAG WNY 2 lhatwrdl W9 § hlle Ga ¢
fluctuating light, slow stomatal responses cause lost carbon gain during increases and
excess water loss during decreases, making stomatal behaviour a critical target for
improving photosynthetic and wateruse efficiency. This thesis investigates whether
manipulating stomatal traits can alleviate diffusional limitations in strawberry Fragaria
x ananassg and tobacco (icotiana tabacum).

Transgenic strawberry lines were generated to overexpress STOMAGEN
(increasing stomatal density), guard celitargeted Hexokinase (reinforcing closure), and
both constructs. Complementary tobacco studies were carried out in two parts: lines
overexpressing SOMAGEN, ictB (enhancing carbon assimilation), and their
combination; and lines with guard celtspecific Hexokinase, plasma membrane H-
ATPase (AHA2), and their combination to assess synergistic impacts on stomatal
dynamics.

STOMAGEN increased stomatal density and clustering but did not enhance
conductance, with clustering impairing responses. Hexokinase had little effect in
strawberry, except partially rescuingstomatal response times in clustered lines, but in
tobacco accelerated stomatal responses and photosynthetic induction.ictB improved
PSII efficiency, with some additional enhancement observed in combination with

STOMAGENAHAZ2 reduced photosynthesis and biomass without altering conductance



or kinetics. Most combinations showed no advantage over controls, with benefitiseing
strongly environmentdependent and often failing to persist across generations.
These findings reveal the tradeoffs of manipulating stomatal traits across
species. The thesis highlights both the opportunities and constraints of engineering
stomatal development and guard cell function as a strategy to improve carbon
assimilation and water-use efficiency, providing a framework for future crop

optimisation.
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1.Introduction

1.1. TheNeed For Crop Improvement

1.1.1.Meeting The Calorie Demand Of The Growing Population

The global population is set to reach nearly 10 billion people by 2050, and thus
crop production must increase alongside it to ensure food securityUnited Nations,
2019). To ensure food security, the yields of some staple crops, like wheat and rice, will
have to increase by 7G 100% to provide adequate suppliegFAO, 2015; Tilman and
Clark, 2015) Food security is one of the pillars of a stable society, and the crop yield
increase that we have experienced over the last 50 years has not only allowed for the
rapid expansion of the global population but also been an effective tool for reducing
poverty (Gulati, Fan and Dalafi, 2005; Pingali, 2012; Barrett, 2014)he reductions in
poverty can be attributed to the resultant lowering of food prices from increased food
production (Mehta, 2018) Global average caloric intake has increased in accordance
with greater food availability due to reduced prices, which has been beneficial for the
population in terms of health and life expectancyEvenson and Gollin, 2003)The
prevailing consensus within the scientific community is that increasing crop yields,
rather than expanding arable land, is the most sustainable direction to meet the calorie
demand of the growing population(Greenet al., 2005; Matson and Vitousek, 2006;
Foleyet al., 2011; Phalan, Balmfordet al., 2011; Phalan, Onialgt al., 2011; Tscharntke

et al., 2012; Hulmeet al., 2013) Crop yield increases cannot be majorly focused on



increasing the yield of staple crops, as they may be rich in calories but are quite poor in
micronutrient content (Graham, Welch and Bouis, 2001; Welch and Graham, 2004;
Mayer, Pfeiffer and Beyer, 2008)'he production of nonstaple micronutrient-rich

foods, such as fruits and vegetables, has not increased recently and their prices have
risen, decreasing the nutrition available to poorer communitiegBouis, Eozenou and
Rahman, 2011; Simkin, 2019)This demonstrates the need for further research into
improving nonstaple food crop productivity, ensuring cost reductions and greater

availability of nutrition for everyone.

1.1.2.Addressing Hidden Hunger

Simply increasing the global calorie availability is insufficient to ensure an
adequate quality of life for people around the world. Micronutrient deficiencies, often
I dn31 1 T WagYWet WagsWWhecRITWUWcaUNRWI Kk AWE nnIJHq WY
consequences on human health and can directly or indirectly lead to deat{FAO, 2015;
Hodge, 2016) Micronutrient deficiencies are most prevalent in developing countries,
with pregnant women and children being the most vulnerable group@lacket al., 2013;
Bailey, West and Black, 2015; Ritchie and Roser, 2017j)on, iodine, folate, vitamin A,
and zinc deficiencies are the most widespread micronutrient deficiencies and
contribute to poor growth, intellectual impairment, perinatal complications, and
increased risk of morbidity and mortality(Bailey, West and Black, 2015)For example,
folate deficiency causes megaloblastic or macrocytic anaemia and increases the

likelihood of pregnancies affected by neural tube defect¢Bailey, West and Black, 2015;



Khan and Jialal, 2021)Folate deficiency in pregnancy has also been associated with
low birth weight, preterm delivery, and foetal growth retardatiorfde Benoist, 2008;
Tamuraet al., 2010) Another common micronutrient deficiency in lowincome regions
is Vitamin C deficiency. Vitamin C deficiency causes fatigue, lethargy, and mood
changes(Mitra, 1971; Léger, 2008)Extreme Vitamin C deficiency can result in clinical
scurvy, which is fatal if left untreated(Crandon, Lund and Dill, 2009)Vitamin C is also
linked to proper immune function, with deficiencies possibly influencing the spread and
severity of infectious disease(Thomas and Holt, 1978; Maggini, Wenzlaff and Hornig,
2010). Fruits are a food group that can be particularly high in micronutrients that are
commonly deficient in the global population. Strawberries are high in both folate and
Vitamin C, thus increasing the availability of the fruit and increasing the micronutrg
content of the fruit could be a pragmatic effort to address this issue. It is imperative to
address the Hidden Hunger that affects the most vulnerable people in the poorest

countries to ensure them an adequate quality of life.

1.1.3. ThePotential Effects Of Climate Change On Global Crop

Production

Anthropogenic elevations in atmospheric carbon dioxide concentrations and the
resultant changes to global climate will likely have dramatic effects on crop production.
Atmospheric [CQ,] is forecast to reach 550 ppm by 2050 from the 420 ppm toddle
Quéreéet al., 2009) This rise in atmospheric [CQ is predicted to produce a further 2 °C

increase in global temperature, which will be accompanied by increased frequency and

10



severity of extreme weather conditions, droughts being of the greatest concern
regarding crop production(Solomonet al., 2007; Field and Barros, 2014)The rising
temperature is predicted to decrease the grain yield of the staple crop whegfssenget
al., 2015) Parryet al. (2004) suggested that the yield decrease caused by rising global
temperatures may be offset by rising [Cg&), supported by evidence showing that
increased [CQy] can have a protective effect against heatwaves in serarid regions,
actually increasing yield (Parryet al., 2004; Fitzgeraldet al., 2016) Elevated [CQ] in
soybean, however, was unable to mitigate the yield losses caused by drougt@rayet
al., 2016) This evidence suggests that the effects of climate change will be differential
based on a wide range of factors including crop species, region and local climate.
Genetically improving photosynthesis in soybean has been shown to maintain seed
yields underheat stress when grown under elevated [C& (Kbhleret al., 2017)
Genetically improving photosynthesis could aid in mitigating yield loss as a result of the

predicted elevated temperatures of the future.

1.1.4.Summary

Thisintroduction will explore how crop yields can be increased through the genetic
enhancement of photosynthetic carbon assimilation, with a specific focus on the
cultivated strawberry, Fragaria x ananassaas an example of a commercially relevant
and nutrient-rich crop to not only meet the calorie needs of the growing population but
also address its micronutrient needs. Firstly, current successful genetic enhancements

of photosynthesis will be described, afer which new approaches to improve

11



photosynthesis through changes in stomatal densityas well as how changes to
stomatal function could affect leaf gas exchangewill be explored. The potential effect
of such changes will be investigated using plants grown under elevated atmospheric
CO; concentrations as a proxy for the genetic enhancement of photosynthesis. Finally,

the research aims of this thesis will be outlined.

1.2.  Efforts To Improve Crop Production

1.2.1.The Green RevolutiorAnd Its Plateau

ERUARUWOSE JWN®IMKt Wad 3l YWéet WAHIIKOWe Wt RNDURN R
commonly referred to as the Green RevolutiofPingali, 2012) The rise in productivity
has been in line with the population demand and has facilitated the exponential growth
in the human population. One of the major contributors to the boom in productivity
during the Green Revolution was the introduction of dwarfiptraits into cereal crops,
providing shorter, stronger stems that prevented the crops from lodging, allowing for
greater grain yieldHedden, 2003) The application and optimisation of synthetic
fertiliser and pesticide regimes were also in part responsible for the increase in yield,
however, the large dose application of fertiliser and pesticides had unforeseen
consequences in terms of ecological danage, such as eutrophication and loss of
species diversity(Pimentel et al., 1992; Barrett, 1996; Matsoret al., 1997; Mineau,
2005; Mosier, Syers and Freney, 2013Jhe rate of increase in crop yield has declined
between the periods of 19661980 to 19822000 in all regions except subSaharan

Africa (Evenson and Gollin, 2003)This is of particular concern as it highlights the

12



plateauing of crop yield increases and that current yield increases are insufficient to
meet the demand of the growing populatior{Rayet al., 2013) Thus, action must be
taken toward finding new ways to increase crop productivity rather than expanding
farmed land to avoid further environmental damagéGreenet al., 2005; Matson and
Vitousek, 2006; Foleyet al., 2011; Phalan, Balmfordet al., 2011; Phalan, Onialgt al.,

2011; Tscharntkeet al., 2012; Hulmeet al., 2013)

1.2.2.Genetic Enhancement Of Photosynthesis

Crop productivity can be further improved through increasing photosynthetic
carbon assimilation. Many of the parameters regarding biomass accumulation through
photosynthesis are near their theoretical maxima, leaving the conversion efficiency,
found to beonly 30% of its theoretical maximum, to be the main target for yield
improvement (Morganet al., 2005; Longet al., 2006; Dermodyet al., 2008; Zhu, Long
and Ort, 2010) A great body of literature regarding the genetic enhancement of
photosynthetic carbon assimilation, with many avenues of research including but not
limited to: protein/enzyme overexpression in the CBC, photorespiration and electron
transport, and engineeaing C4 photosynthesis in C3 plants (please refer to these
reviews for the protein/enzyme overexpressioSouth et al., 2018; Simkin, 2019;
Simkin, LopezCalcagno and Raines, 2019; Weber and Bdtven, 2019)and research
outlining strategies for C4 photosynthesis engineerin¢gSchuler, Mantegazza and
Weber, 2016; Yuanyuan let al., 2017)for comprehensive reporting on the respective

topics).
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Genetically enhancing photosynthetic carbon assimilation by overexpressing
key enzymes involved in the CBC has been a successful avenue of research in model
and crop species alike. The ratdimiting steps of the CBC have been identified through
computational modelling and gene knockout analysis on photosynthetic rates. A model
developed by Zhu et al.(2007) predicted the enzyme concentrations needed to
maximise photosynthesis, revealing the amounts of CBC enzymes SBPase and FBPA
need to be increased(Zhu, de Sturler and Long, 2007Jurthermore, antisense studies
of tobacco with reduced levels of SBPase showed that only slight reductions in
enzymatic activity (>9%) were sufficient to reduce the maximum carbon assimilation,
photosynthesis, growth rates and yield in tobaccoNicotiana tobacum) (Harrisonet al.,
1997, 2001; Olger, Lloyd and Raines, 2001; Lawsat al., 2006) FBPA knockdowns
showed reduced biomass phenotypes in potato lines with FBPA activity reductions of
over 50%(Haakeet al., 1998, 1999) Bothin silico and in vivo studies demonstrate the
importance of these two enzymes and thus have made them prime targets for

overexpression to eliminate the rate limitation they impose on the CBC.

SBPase overexpression has increased plant biomass in a variety of species,
including crop species. Depending on the growth conditions, plants of the model
species Arabidopsis thalianaoverexpressing SBPase had a maximum of 23% increased
biomass and 53% increased seed yield at seed harvegsimkinet al., 2017) SBPase
overexpression in tobacco resulted in up to a 30% increase in leaf area and biomass
under greenhouse conditions(Lefebvreet al., 2005) Furthermore, tobacco

overexpressing SBPase showed differential increases in yield of 12% and 23% at

14



atmospheric and elevated [CQ] of 585 ppm, respectively, clearly demonstrating the
effects of enhanced carbon availability. In the staple crop ricedfryza sativg, a tripling

of biomass relative to WT was seen under elevated temperature and salt strefseng,
Han, et al., 2007; Feng, Wanget al., 2007) Wheat grain yield was also increased by up
to 40% when overexpressing SBPase under glasshouse conditiofidrieveret al., 2017)

In one of the only genetic enhancements of fruiting crops, SBPase overexpression in
tomato increased vegetative biomass by 30% and also had earbnset flowering and
tolerance to chilling stress(Dinget al., 2016) Unfortunately, the authors did not report
the effect of the overexpression on fruit yield, however, as will be discussed in Section
1.6, the 25% increase in photosynthesis reported would likely confer fruit yield

increases demonstrated through the proxy of C@enrichment studies (Islam, Matsui

and Yoshida, 1996; Hicklenton and Jolliffe, 2011; Khan, Azam and Mahmood, 201Bj)e
literature regarding FBPA overexpression is not as extensive as SBPase, likely due to the
smaller effect size it has on photosynthesigZhu, de Sturler and Long, 2007)
Nonetheless, FBPA overexpression in Arabidopsis resulted in a maximum of 29%
increase in biomass and a 36% increase in seed yield at seed harvéSimkinet al.,

2017). Furthermore, tobacco overexpressing FBPA had up to 30% increased biomass at
ambient [CO;] and up to 120% increased biomass at elevated [Cof 700 ppm
(Uematsuet al., 2012) This again clearly demonstrates the beneficial effect that

increased carbon availability would have on plants overexpressing CBC enzymes.

The overexpression of multiple genes to enhance photosynthetic carbon
assimilation has the potential to vastly exceed the yield benefits of their respective

single gene overexpression, making multigene overexpression an excellent strategy to
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maximise the yield benefits gained. In tobacco, the simultaneous constitutive
overexpression of SBPase, FBPA and the cyanobacterial putative inorganic carbon
transporter B, ictB, produced a maximal increase in dry weight of 103%, which was
much greater than any of the other single gene and different combinations of double
gene overexpressionSimkinet al., 2015) The simultaneous leaf tissuespecific
overexpression of SBPase, FBPA and the photorespiratory glycine decarboxyldse
protein in Arabidopsis resulted in a 71% increase in dry weight and a maximal increase
in seed yield of 62%, again far exceeding any thie single gene overexpressiongSimkin
et al., 2017) Additionally, the simultaneous constitutive overexpression of the
bifunctional FBP/SBPase (FBP/SBPase) and the algal cytochromsgn tobacco

increased aboveground biomass by 27% in field conditions, where their respective
individual gene overexpression showed no significant difference to the controld.6pez
Calcagno et al., 2020) Interestingly, in the double gene overexpression, the authors
nYeUIl W6 c¢aqllc qlld RNGE q LR EFgstboataRapriRlilttanbey @.)JvwasiN MMM L
significantly reduced, leading to an increase in intrinsic water use efficiency. Multigene
overexpression of genes within the CBC and other genes implicated in improving
photosynthesis appears to have a synergistic effect in improving favourable outmes,
such as increased yield, more so than simply overexpressing multiple genes in the
CBC. This might suggesthat targeting multiple genes involved in different

photosynthetic processes may be more beneficial than only focusing on one process.
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1.2.3.Alternative Methods Of Increasing Photosynthesis

RuBisCO, the enzyme responsible for the fixation of G@n the CBC, is capable
of both the desired carboxylation reaction andin 25% of all reactions, fixes oxygen
instead of CQ, resulting in a toxic byproduct, the processing of which results in CQ
loss (Bauwe, Hagemann and Fernie, 2010; Peterhanset al., 2010) The incidence of
the oxygenation reaction can make RuBisCO ratkmiting to the CBC(Parryet al.,
2013). A great deal of research has gone into resolving this inefficiency through genetic
modification with varying degrees of success in terms of enhancing photosynthesis,
b er6Wet WRUHI et RUNDWA27R 98 WHYUqUUqAWRURI et R
both increasing and decreasing the rate of photorespiratiofiSuzukiet al., 2007,
Ishikawaet al., 2011; Southet al., 2018) Modifying photorespiratory metabolism to
reduce its negative impact on carbon assimilation has emerged as a promising
approach to improving photosynthesis and plant productivity, as reviewed b$outh et
al., 2018. Alternatively, when exposed to elevated atmospheric concentrations of CQ
the rates of the carboxylation reaction increased, due to the greater availability of GO
(Sage, Way and Kubien, 2008%0 in theory, if one could genetically increase the
internal CO, concentration (Cj) in the leaf, then there would be increased rates of GO

fixation by RuBisCO, leading to a greater CG@ssimilation rate (A).

One possible mechanism for doing so would be manipulating the stomatal density
(SD) of the leaf, defined as the number of stomata per unit leaf area. The resistance of
gas diffusion from the atmosphere to the chloroplast is one of the major limitations ok

(Farguhar and Sharkey, 19825tomatal conductance (gsw) is one of the major
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determining factors of A(Wong, Cowan and Farquhar, 1979%tudies investigating the
effect of increasing SD found that the leaves had greateg., increased Ciand Athan

WT plants(Tanaka et al., 2013; Sakoda et al., 2020y he effect of SD on photosynthesis
and biomass accumulation is controversial and appears to be somewhat dependent on
the light intensity, with higher SD producing increaseds» and Aunder high light
conditions (Schliter et al., 2003; Tanaka et al., 2013; Lawson and Blatt, 2014)
Conversely, it has been reported that lowering SD produced higher growth rates and
biomass production in constant light when the soil water content was limited, due to
improved intrinsic water use efficiency ((WUE), theratiodf¢ | HYULWN ¢ RUWJT Waqé6 1 Ye
assimilation and water lost via transpiration(Farquhar and Richards, 1984)and

reduced metabolic cost of producing and maintaining the stomatgdDohenyAdams et

al., 2012) SD manipulation could prove an effective tool to enhance photosynthesis
and plant growth, but will likely require optimisation depending on the environmental
conditions and plant species to ensure maximal results. The full extent of manipulating

SD willbe thoroughly explored in the following section.

1.3.  Manipulating Stomata To Improve Photosynthesis

1.3.1.Stomata Overview

Stomata are pores in the epidermal layer of cells of the aerial parts of plants,
with the most frequent distribution found on leaves, the greatest densities being found
on the lower abaxial side of leave¢Kirkham, 2014) The pore of a singular stoma is

formed between a pair of kidneyshaped or dumbbellshaped Guard cells(Kirkham,
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2005). Stomata function to control the movement of gases between the external
atmosphere and the internal leaf air spacegLawson and Morison, 2004)The guard
cells control the stomatal aperture to maintain the optimal balance of CQintake
necessary for photosynthesis and water loss, which in combination determines the
IWUE(Lawson et al., 2014; Hatfield and Dold, 2019Plants must open their stomata to
allow the influx of CQ for photosynthesis; however, water loss through transpiration is
inevitable, with the vast majority of water a plant takes up (98%) being lost by
evaporation (Morison, Stewart and Howell, 2003; Lawson, Caemmerer and Baroli,

2010).

Stomata open and close through changes in cell turgdHeath, 1938) Generally,
stomatal opening is in response to increasing or high light intensity, low [G]) high
temperatures and low vapour pressure deficit (VPD). Change in guard cell turgor is
driven by changes in osmolarity through the influx of organic and inorganic ions, such
as K, CI, malate and sucrose, that results in an influx of water into the cell¢Heath,
1938; Fujino, 1967; Weyers, 1990; Willmer and Fricker, 1996; Blatt, 2000; Outlaw, 2010;
Chenet al., 2012; Hillset al., 2012) In dark, low [CQ] and high VPD conditions, the

reverse happen, resulting in a loss of turgor and the closing of the aperture.

Stomatal function is measured as stomatal conductance ¢sv), defined as the
maximum rate of gas flux through the stomata and measured as molar fluxes of water
(mmol m2s®)(Jeanguenin, Mir and Chaumont, 2017; Lawson and Viai€habrand,
2019). Several stomatal characteristics dictategsw, including SD, stomatal aperture and

pore depth, as well as environmental conditions, such as gas concentrations, relative
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humidity and temperature that influence stomatal behaviour(Franks and Beerling,
2009; Lawson, Caemmerer and Baroli, 20105tomatal characteristics, such as
density, size and distribution, vary between and within species, dependent on
environmental growth conditions(Ticha, 1982; Weyers and Lawson, 1997; Weyers,
Lawson and Peng, 1997)The fluctuations in environmental conditions will mean that
Osw Will vary throughout the day(Buckley and Mott, 2013; Lawson, von Caemmerer and
Baroli et al 2010) Under steadystate and nonlimiting conditions, gsw Strongly
correlates with A (Wong, Cowan and Farquhar, 1979)his has made stomatal gas
diffusion an attractive target for engineering improved photosynthetic carbon
assimilation due to the process being well understood in terms of physiology, physics,
and multicellular patterning of the epidermis(Parlange and Waggoner, 1970; Farquhar

and Sharkey, 1982; Lau and Bergmann, 2012; Tanaka et al., 2013)

1.3.2.Determining EpidermalCell Fate- Epidermal Patterning Factor

Genes

The epidermis of a plant shoot is comprised of multiple cell types, those being
guard cells, pavement cells and trichome cell§Sachs, 1991) The meristemoid mother
cell (MMC) lineage, from which guard cells are derived, are cells that are directly
formed from a protodermal cell, which then begins to divide asymmetrically, forming
the meristemoid and its sister cell(Geisler, Nadeau and Sack, 2000Meristemoids are
easily recognised due to their triangular shape and small sizgiaraet al., 2009) All

cells derived from MMCs are known as stomatal lineage cell&Geisler, Nadeau and
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Sack, 2000) Meristemoids can undertake amplifying divisions, where the cells perform
one or two further rounds of asymmetrical division, resulting in a sister cell and another
meristemoid. The meristemoid will go on to become an ovashaped guard mother cell
(GMC),which will itself divide symmetrically, forming a pair of guard cell§Haraet al.,
2009). The sister cell can undergo spacing cell divisions, where it will divide
asymmetrically, producing a satellite meristemoid and its sister cel(Geisler, Nadeau
and Sack, 2000; Nadeau and Sack, 2002; Bergmann and Sack, 2Q0/Me sister cells

are proliferative, producing pavement cells that make up the stomatal lineage ground

cells (SLGCs)Shpaket al., 2005; Nadeau, 2009)

The patterning of stomata relies on celcell communication, with SD heavily
relying on signals that promote or block the aforementioned asymmetric divisions
defining stomatal development(Lampard, MacAlister and Bergmann, 2008 Epidermal
patterning factor genes (EPFs) encode secreted peptide hormones with a conserved
structure, having an Nterminal secretory signal peptide, followed by a predicted
cleavage site and a mature peptide at the @erminal end (Kondoet al., 2010) EPFs play
an important role in stomatal patterning and density, with their signals being mediated
by a mitogenactivated protein kinase (MAPK) cascadéBergmann, Lukowitz and
Somerville, 2004; Wanget al., 2007) EPFs are perceived by several receptors including
three cell surface leucinerich repeat receptor kinases, ERECTA (ER),EEKE (ERL1)
and ERL2, and one leucingich repeat receptor protein TOO MANY MOUTHES (TMM)
that relay the signal into the celNadeau and Sack, 2002; Shpak et al., 2005; Hara et
al., 2007, 2009; Hunt and Gray, 2009; Abrash and Bergmann, 2010; Hunt, Bailey and

Gray, 2010; Kondo et al., 2010; Sugano et al., 2009; Abrash, Davies and Bergmann,
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2011; Lee et al., 2012; J. Lee et al., 2015; J. S. Lee et al., 2015; Lin et al., 2017; Qi et al.,

2017).

EPF1 and EPF2 both act as negative regulators of stomatal development, with
both having similar peptide structures and sharing the same receptor§l. Leeet al.,
2015; Linet al., 2017) EPF1 is expressed in late meristemoids, GMCs, and young guard
cells and is involved in determining the plane of asymmetric cell division of
meristemoids, as to follow the onecell spacing rule(Geisler, Nadeau and Sack, 2000;
Hara et al., 2007) EPF2 is expressed in early precursors, MMCs and early
meristemoids, and acts to inhibit cells from adopting the MMC fate, which limits the
number of MMCs(Haraet al., 2009; Hunt and Gray, 2009)EPF1 associates with the
ERLTTMM receptor complex, and EPF2 associates with a preformed receptor complex

consisting of ER and TMMLeeet al., 2012; Linet al., 2017; Qiet al., 2017)

STOMAGEN/EPFL9 promotes stomatal development and is expressed in
mesophyll cells (Hunt, Bailey and Gray, 2010; Kondo et al., 2010; Sugano et al., 2009;
Ohki, Takeuchi and Mori, 2011; Lee et al., 2015; Lin et al., 2013TOMAGEN and EPF2
directly compete for binding to the ER receptor complex, with STOMAGEN inhibiting the
activation of downstream MAPK signalling that would inhibit stomatal development
(Leeet al., 2012; J. Leeet al., 2015) STOMAGEN may also compete with EPF1 for the
binding of ERL1, as the receptor can perceive STOMAGEN signal(i@get al., 2017)

The competitive binding of STOMAGEN with EPF1 and EPF2 to the same compartment
created by the ER family and TMM is further supported by structural analyglsnet al.,

2017). External application of chemically synthesised STOMAGEN peptide retains its
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function, promoting stomatal development and resulting in increased SD when plants
were dipped into a solution containing the peptidgKondo et al., 2010; Tanaka et al.,

2013).

1.3.3.Using EPFs To Alter Plant Physiology

Changing the expression of the EPF genes can alter plant physiology and
photosynthesis and can ultimately result in biomass changes. One of the prominent
studies investigating the effects of increasing SD through overexpressing STOMAGEN is
that of Tanaka et al(2013). The authors investigated the effects of overexpressing
STOMAGEN in Arabidopsis. In STOMAGEN overexpressing@] lines, the authors
found that SD was increased up to 372%, guard cells had significantly reduced cell
length and stomatal Index (the percetage of total leaf cells that are stomata) was also
increased compared to WT. STOX plants were shown to have significantly increased
transpiration of 82%; however, there was only a trend towards decreased iIWUE with no
significant difference reported. In erms of photosynthesis, STOX had 72% increased
Osw, @ parallel increase inC; and under lightsaturating conditions, the leaves had a 30%
increase inA. Increased SD was also shown to affect the light response of
photosynthesis under high light conditions, as STOX showed significant differences in
As D1 W WPOUWRUWGE ! ¢ 0d WG We q WsRPPBDo(ii&ddymtideiid R aq R1Jt L
photon flux density). The authors also found that the differences iAunder ambient
[CO,] were not primarily due to carboylation capacity, as the maximum carboxylation

rate was not significantly enhanced in STOX; thus, the difference must be due to C®
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diffusion. Additionally, the authorsfound a significant increase in maximum

carboxylation rate in elevated [CQ] conditions, which could be partially attributed to a
non-significant increase in the electron transport rate. Interestingly, the 30% increase

in Adid not translate to significant differences in leaf area or whole plant biomass at

OMMLL, G&sYRPED and ambient [C@ FOWNGS DWe e q6 YI + k WAYURG2T RUNLU
higher SD resulted in a higher initial value @ and then higherC;, which would

contribute to the rapid activation of RuBP regeneration and carboxylation in th€BC.

A follow-up study by Sakoda et al. (2020) was conducted to elucidate the effect
of STOMAGEN overexpression and its increase in SD on Arabidopsis under fluctuating
light (Sakodaet al., 2020) In this study, the authors also included an EPF1 knockout
line (epfl), which acted to produce a moderate increase in SD compared to SOX. ST
OX andepfl showed 268 and 46.5% higher SD than WT, guard cell length ofGX was
10% lower than that of WT, and the incidence of stomatal clustering was increased,
over the nearzero in WT, in SDX andepfl, with SFOX having greater clustering than
epfl. SFOX andepfl had highergs., Ci, and A, as well as greater transpiration than WT
¢cqllc W6 RNG WI RNG q LURURPRED) fedRitng il MvreARIIN E1)J LWF B UG 1J | LWE ?
0 RUIHEAALENGAMC Gt Y Wa ¢i UiirecH aqoRM UUILTHhé cuthulivé O@li N O
assimilation in SFOX was 58% higher, and iapfl was 79% higher than in the WT.
Transpiration was also significantly higher, 194% in SOX and 139% irepfl. In terms of
biomass, there was no significant difference in dry weight under constant light between
ST-OX,epfland WT, but under flutuating light, epfl had 25.6% higher dry weight than
WT, with no significant difference between SDX and WTEpfllikely had higher

cumulative CO; assimilation because having more stomata incurs a metabolic cost and
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water uptake necessary for stomatal movement, potentially explaining the biomass
increase seen with a moderate increase in SD shown Bpfl. Fluctuating light
conditions are more representative of field conditions, which could demonstrate that
having a moderate increase in SD could produce greater biomass in wellatered

conditions.

Alternatively, much research has focused on reducing stomatal density using
epidermal patterning factor genes to improveWUE. The overexpression of STOMAGEN
antagonists, particularly EPF1, has been used to reduce SD and consequently improve
IWUE. Overexpression of the nativ&riticum aestivumEPF1 in bread wheat reduced SD
(Dunnet al., 2019) Lines with a moderate reduction in SD reduced their water use
whilst also maintaining A, leading to improvediWUE and maintaining yields similar to
WT. Rice plants overexpressing OSEPF1 showed reduced SD, decreagead increased
stomatal size, increased WUE and improved several measures of drought tolerance
(Mohammedet al., 2019) Rice with substantially reduced SD, produced again through
EPF1 overexpression, had even greater drought toleran¢€aineet al., 2019) The
drought tolerance and reduced water loss should allow these plants to provide high
yields in hotter, drier climates that are expected to be produced as a result of climate
change. The ability to finely tune SD could provide an invaluable tool for dgaing crops
that are specifically tailored to their growing environment to maximise productivity and

minimise the influence of environmental factors.
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1.3.4.Improving Stomatal Function

Understanding and exploiting natural variation in stomatal physiology and the
mechanisms controlling this variation could be a useful tool when aiming to increase
crop yields. Smaller stomata have been suggested to have faster movement kinetics,
which would greatly aid in reducing the lag between mesophyll demands for G@nd
stomatal response to these demands(Drake, Froend and Franks, 2013; Matthews,
Vialet-Chabrand and Lawson, 2018)Stomata with slow movement kinetics respond
poorly to dynamic environmental conditions, reducing theiiWUE(Matthews, Vialet
Chabrand and Lawson, 2018)i 6 Rt JWHS6 ¢ UNIWt WRUW9 § RWT WG ¢ UT WY HF
alterations in gy often take several minutes. This lag can substantially limi&and,
under certain circumstances, result in decreased WUKBarradas and Jones, 1996;
Hetherington and Woodward, 2003; Lawson and Morison, 2004; Franks and Farquhar,
2007; Brodribb et al., 2009; Lawson, Caemmerer and Baroli, 2010; Vico et al., 2011,
Lawson, Kramer and Raines, 2012; Drake, Froend and Franks, 2008;Ausland et al.,
2016). This consequently makes improving stomatal movement dynamics a very

attractive target to increase crop yields.

The overexpression of STOMAGEN and the consequent increase in SD has one
major consequence: the increase in transpiration and thus the reduction in iIWUE. As
global water usage is set to double by 2030, attempts to increase photosynthetic
carbon assimilation by increasing SD cannot be overly burdened by the increased
transpiration and decreased WUE that this produce¢Tanaka et al., 2013; Lawson and

Blatt, 2014; Lawson and Viale{Chabrand, 2019; Sakoda et al., 2020)One way to
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mitigate reductions in IWUE caused by genetically increased SD would be to produce
moderate increases in SD, as demonstrated by the aforementioneelpfl knockout that
produced increased biomass compared to WT when STOMAGEN overexpression did
not (Sakodaet al., 2020) An alternative method would be to improve the speed of
stomatal response to environmental changes. The speed of stomatal response is
controlled most notably by the capacity for solute transport and exchange with the
surroundings and the speed that whichthe transport responds to environmental cues

(Lawson and Blatt, 2014)

In the guard cells, the enzymedexokinaseis a duatfunction enzyme that
mediates sugar sensing in addition to its catalytic hexosghosphorylation activity
(Moore et al., 2003; Rolland, Baen&onzalez and Sheen, 2006)t has been shown that
sugars stimulate a guard celispecific response mediated byHexokinaseand abscisic
acid that leads to stomatal closure, likely due to a feedback inhibition mediated by
sucrose, which is a direct product of photosynthesigKellyet al., 2013) The authors
hypothesise that when sucrose production exceeds its loading into the phloem, the
surplus is carried to the stomata to activate the closure of the stomata to reduce water
loss. The overexpression oHexokinasein guard cells resulted in accelerated stomatal
closure, leading to reducedgs, without compromising photosynthesis, resulting in
improved iIWUE and enhanced growth in some caseiellyet al., 2013; Lugassket al.,
2015). Hexokinase guard cellspecific overexpression could work in tandem with
STOMAGEN overexpression to aid in mitigating water loss. Hexokinase overexpression
could also act synergistically with improving stomatal response to light induction due to

the faster closing of the pore.
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More recently, transgenic tomato and Arabidopsis plants overexpressing
Hexokinasein their guard cells exhibit reduced transpiration and 20% higher WUE
under normal conditions compared to WT, whilst maintaining comparable rates oA
(Kellyet al., 2019) The improved iWUE of these plants likely caused the slower
response time to shorter periods of drought (3 days), which the authors' reason is due
to their consistently lower transpiration rates, which allows the plants to gradually use
and preserve soilwater. Over longer drought periods (46 days), plants with guard cell
Hexokinaseexpression had significantly reduced transpiration, greater plant fresh
weight, greater leaf area and, for the Arabidopsis, had increaseil This study shows
the potential benefit that guard cellHexokinaseexpression can have in drought
conditions. A recent field trial of tobacco plants overexpressindgdexokinasein the guard
cells showed beneficial effects depending on the age of the plant and the proximity of
precipitation events to gas exchange measurementgAcevedo Siacaet al., 2022)
Guard cellHexokinaseoverexpression was most likely to benefit older plants (20eaf
stage) under low precipitation conditions, with some plants having greater iWUE than
the WT. This would be particularly beneficial in a commercial setting, as older crops are
more likely to auffer yield loss due to drought stresgFarooget al., 2009) Conversely,
under high precipitation conditions, younger plants (1€eaf stage) were most likely to
benefit from guard cellHexokinaseoverexpression, with these plants having the highest
IWUE on days with the greatest precipitation. This could be particularly useful as
increasing IWUE in young plants or seedlings, even under n@tress conditions, could
help preserve soil water contentwhich could help buffer the plants from future water
stress and its negative impacts on productivitfAcevedo Siacaet al., 2022) No

significant differences were found between genotypes for net carbon assimilation.
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These results show that guard cetspecific overexpression ofHexokinasecan increase

the stress tolerance of plants but can also act as a buffer against future water stress.

Improving stomatal opening speeds in response to changing environmental
stimuli is also of great importance in terms of reducing stomatal limitations on plant
growth and productivity. When activated by blue light, plasma membrane HATPase
induces the hyperpolarisation of the membrane allowing the influx of hrough inward
rectifying channels and the accumulation of Kinduces the swelling of the guard cells
and stomatal pore opening(Schroeder, Hedrich and Fernandez, 1984; Assmann,
Simoncini and Schroeder, 1985; Shimazaki, lino and Zeiger, 1986; Schroeder, Raschke
and Neher, 1987; Kwalet al., 2001) When the Arabidopsis plasma membraned*-
ATPasegene AHA2was overexpressed specifically in guard cells under the GC1
promoter, plants exhibited markedly enhanced stomatal opening, photosynthesis, and
growth (Wanget al., 2013) Transgenic lines showed significantly greater lighinduced
taqYacaqcecawrYUT edqeUIWEUT W9 8§ RhWett REIRGECqRYUALWSs
biomass gains:fresh and dry weights were 4263% higher than WT plants during
vegetative growth and reproductive biomass (stems, flowers, siliques, seeds)
increased by36-41% at flowering These benefits were achieved without impairing
closure, as responses to ABA and darkness remained intact, indicating that the
manipulation selectively enhanced opening dynamics. Howeer, the gains came at the
expense ofreduced intrinsic water-use efficiency (IWUEunder high light, due to greater
water loss via transpiration. The positive effect of AHA2 overexpression has also been
demonstrated in woody perennials. Irhybrid aspen, guard celittargeted expression of

Arabidopsis AHA2 similarly enhanced stomatal opening and transpiration, leading to
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significantly higher photosynthetic rates and>20% increases in stem elongation
relative to WT(Tohet al., 2021) Guard-cell-specific overexpression of AHA2 may be a
useful strategy for improving stomatal opening kinetics in response to changes in light,

especially if this results in a normal ABAnediated closure response.

The overexpression of STOMAGEN produces many, importantly, smaller stomata
(Tanaka et al., 2013)This reflects the general negative relationship between stomatal
density and pore size, whereby increases in density are typically accompanied by
reductions in individual stomatal dimensions(Franks, Drake and Beerling, 2009;
Lawson and Blatt, 2014)Smaller stomata have been suggested to have faster
movement kinetics, which would be beneficial for maximisingA and iWUE in response
to a dynamic environment(Drake, Froend and Franks, 2013J-urther, the
overexpression of both Hexokinase and HATPase could accelerate stomatal
movement dynamics, which could potentially have a compounding effect if combined
with the smaller stomata resulting from STOMAGEN overexpression. The combined
overexpression of these three genes could work synergisticallymproving gs», Aand
IWUE more than they would individually. Changes in the expression levels of genes
involved in stomatal development and function could aid in improving photosynthesis,

reducing water loss and improving biomass production.
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1.4.  Strawberry

1.4.1.0riginsAnd Physiology

The cultivated strawberry,Fragaria X ananassais a member of theRosaceae
family, whose members are widely cultivated for their fruitF. x ananassavas
cultivated when octoploid members of theFragariafamily, F. chiloensisand F.
virginiana,cross-pollinated, resulting in the octoploid modern cultivar(Davis, Denoyes
Rothan and LerceteauKohler, 2007; Hancock, Sjulin and Lobos, 2008Recently,
however, more complex origins of the genome resulting from the hybridisation of three
or four different species with different levels of ploidy have been propose@ennessen
et al., 2014; Sargenget al., 2016) Cultivated strawberries exist primarily inwo types
based on their flowering habit: dayneutral and shortday. Day-neutral cultivars are a
subtype of everbearing cultivars that fruit multiple times per season and are used to
produce fruit throughout the summer and autumn(Pritts and Dale, 1989)Day-neutral
cultivars are insensitive to photoperiod and continue to flower as long as temperatures
are between 4 and 29 °@Pritts and Dale, 1989)Day-neutral plants are established in
the early spring, come into production in late June, and continue to fruit through the
summer and autumn months(Pritts and Dale, 1989)Short-day cultivars, often referred
to as Junebearers, are conversely limited by temperature and photoperiod for flowering
(Durneret al., 1984)but are successfully used to concentrate the majority of fruit
production in a single annual periodPoling, 1993; Black, Enns and Hokanson, 2002;
Stevenset al., 2011) Shortday cultivars are typically planted in autumn, with the fruit

being ready for harvest in June the following yefdurneret al., 1984) The shortday
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flowering habit is believed to be the natural state of most strawberry specig®arrow,

1966),

All Fragariaspecies are lowgrowing, herbaceous perennial plants that can grow
clonally and have animaidispersed fleshy accessory fruits(Johnson, Govindarajulu
and Ashman, 2014)0WE g | ¢ 5 HIJI | RIJt W6 ¢ 2 We Wt 6Y1 qAllgé RHEL Lt
which buds form to produce leaves, flowers, stolons (runners), branch crowns and
adventitious roots (Handley, 2008; Poling, 2012)ragariaspecies leaves are evergreen
and trifoliate, however, some variation can occur in a few different specie@ellerman,
1892; Hummer, Nathewet and Yanagi, 2009An inflorescence (a cluster of flowers) is
initiated in the apical meristem, from which the fruits form. Posiflower initiation, the
uppermost axillary buds can form a vegetative extension of the crown, known as branch
crowns. Branch crowns themselves ca produce an inflorescence under the right
conditions (Jahn and Dana, 1970; Guttridge, 1985Axillary bud differentiation is also
environmentally controlled, producing branch crowns under shortiday conditions and
stolons under longday conditions (Darrow, 1966; Konsin, Voipio and Palonen, 2001)
The growth of stolons results from the development of an internode, which extends
from the mother plant. Continued growth is from a secondary node from which the
runner plant will form (Handley, 2008; Poling, 2012)The strawberry fruit is an
accessory fruit in the form of a swollen fleshy receptacle which bears the true botanical
fruits, the achenes, embedded in its surfacgListon, Cronn and Ashman, 2014; Longhi
et al., 2014) Within the ovary wall of each achene lies the ovule, capable of developing
into a new plant(Poling, 1993, 2012) The receptacle is comprised of an epidermal

layer, a cortex and a pith. The cortex and the pith are segregated by vascular bundles
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that supply nutrients to developing achenegPritts et al., 1998) Cells in the cortex and
pith are responsible for most of the receptacle growth, with the vast majority of the
growth being caused by cell enlargement rather than cell division. Sugars, aromatic
compounds and pigments all increase as the receptacle tissugrows and matures.
Ripening lasts approximately 30 days, depending on environmental conditior{ritts et
al., 1998; Handley, 2008)Both strawberry leaves and fruit possess kidneghaped
Guard cells, that when in a turgid state can lead to water loss from both sourcg8Vang

et al., 2014)

1.4.2.Economic Importance

Strawberries are a highly economically important horticultural crop, with the global
fresh strawberry market valued at approximately USD 14.7 billion in 2024 and projected
to continue growing over the coming decad¢éMordor Intelligence, 2024) Global
strawberry production reached around 10.5 million tonnes in 2023, with China
accounting for approximately 40 % of total production, followed by the United States as
the second largest producer(FAO, 2024) These two countries are also the largest
consumers of strawberries worldwide, reflecting a close alignment between production
and domestic demand. Europe accounts for roughly 112 % of global strawberry
production, with Spain, Poland and Germany amondhk largest producers, and
Germany, the United Kingdom and France representing the major consumer markets
within the region(FAO, 2024) Strawberries are a particularly important fruit crop in the

UK, where annual production is approximately 106 000 tonnes, and the retail value of

33



UK-grown strawberries has been estimated at around £650 million per year, making

strawberries the most valuable fresh fruit crop in the UK mark€tGOV.UK, 2024)

1.4.3.Nutritional Importance

Strawberries are an important source of nutrition and beneficial phytochemicals
for many people. Strawberries are a potent source of the essential micronutrient
Vitamin C, containing 58.8 mg/100 g of fresh weigliGiampieriet al., 2012) Vitamin C
contributes to normal immune function and has important antioxidant properties
necessary for the beneficial control of lipid peroxidation of cellular membranes
(Bendichet al., 1986; Carr and Maggini, 2017)'he recommended daily allowance for
Vitamin C is 90 and 75 mg for adult males and females respectively, meaning only 153 g
of fresh strawberries is required to meet the upper limiU.S. Department of
Agriculture, 2018; National Institute of Health, 2021c)
Strawberries are also a good source of folate, containing between 2B P LI Do NMMLL
g of fresh weight. Folate is an essential micronutrient, being vital for cell division and
homeostasis due to the essential role of folate coenzymes in nucleic acid synthesis,
methionine regeneration, and in the shuttling, oxidation and reduction of onearbon
units required for normal metabolism and regulation(Bailey, 2009) The NIH
I DARYAGGUUT + WeWwWl ¢ROG! WRU@éEt WY nWAMMLW, No WT ¢! Wn Y
for pregnant women(National Institute of Health, 2021a) 250 grams of strawberries is
enough to meet 30% of the daily recommended allowance for Europe and the US

(Giampieriet al., 2012)
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Magnesium is the fourth most abundant cation in the human body, being
involved in over 300 reactions as a cofactafal Alawi, Majoni and Falhammar, 2018)
Strawberries are an excellent source of magnesium, with 144 g of strawberry providing
over 20% of the 400420 mg recommended daily intake for adult§Giampieriet al.,

2012; National Institute of Health, 2021b) Strawberries are an excellent source of many

essential vitamins and minerals and would be a great addition to a healthy diet.

1.4.4.Commercial Production

1.4.4.1. Propagation

Conventionally, strawberries are propagated vegetatively from stolons; however,
this produces a limited number of propagules, and these propagules are susceptible to
disease, particularly soikborne fungi(Dijkstra, 1993; Debnath, 2012a)To overcome
these limitations, soilless propagation under aseptic conditions has been developed.
Micropropagation is an in vitro tissue culture propagation system that can use a variety
of different plant explant types, including node culturegBhatt and Dhar, 2000and leaf,
sepal and petiole explants(Debnath, 2005, 2011, 2015)Strawberry plants propagated
using tissue culture can exhibit many undesirable traits, particularly changes in growth
habits, such as greater branching, more crowns and stolons and increased vegetative
growth compared to conventionally propagated plantgDebnath, 2009, 2012b, 2016)
Meristem cultures are also possible(Nishi and Ohsawa, 1973; Whitehouset al., 2011),
but they too fall prey to similar morphological changes that are typical of micro

propagated strawberries(Swartz, Galetta and Zimmerman, 1981; Cameron and
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Hancock, 1986; Biswaset al., 2009) Molecular treatments, for example, using the plant
cytokine Kinetin, have been developed to mitigate the negative effects of tissue culture

propagation and produce trueto-type plants (Nainget al., 2019)

1.4.4.2. Production Methods

There are two predominant production systems used globally: matted rows and
hills. In the matted row system, transplants are typically planted in the spring, with
crowns developing during the summer months that produce runnergHancock, Sjulin
and Lobos, 2008) These runners are the primary yield component of this system and
are allowed to spread throughout the rows with periodic training into narrow rows
(Fernandez, Butler and Louws, 2001 Matted rows are conventionally used in climates
with short summers and cold winters like continental Europe and North America,
utilising short-day cultivars (Hancock, 1999) Depending on disease pressure, the crops
are left in the ground for 3 to 7 years. Mechanical weeding and occasional pesticide use
are the primary weed control mechanisms employedStevenset al., 2011)

The hill system, more commonly referred to as plasticulture, uses crowns as the
primary yield component, with runners being remove@Hancock, Sjulin and Lobos,
2008). Plasticulture has been primarily used in regions with warm winters and hot
summers like California, Spain and Italf{Hancock, Sjulin and Lobos, 2008put has also
been adapted to cold climates due to benefits in yield and fruit qualityFiola, Lengyen
and Reichert, 1995; Poling, 1996; Fiolatal A LUIN®®T 6 W§ k ?2 G G We UT Wi RGTRE
Plasticulture is an annual system, where transplants are planted in autumn, with

harvest being approximately 6 months posplanting and plants being removed quickly
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post-harvest(Fernandez, Butler and Louws, 2001 Much of the weed control is done by
the plastic mulch, however, chemical fumigation, conventionally methyl bromide, is
necessary to maximise yieldgLarson, 1996; Prittset al., 1998) Chemical fumigation
and annual cropping result in material costs being much larger over both short and

long-term operations (Stevenset al., 2011)

1.5.  Genetic Resources For Improving Crop Production

A wide range of genetic resources can be exploited to improve crop production,
including strategies targeting yield, stress tolerance, resourcaise efficiency and
photosynthesis. Improving photosynthesis, particularly through modification of gas
exchange and carbon assimilation via stomata, represents one promising avenue for
enhancing productivity. Although photosynthesis is only one of many potential targets
for genetic crop improvement, it is particularly attractive due to its central role in
determining plant growth and yield.

Many of the genetic tools used for crop improvement are broadly applicable across
diverse traits, including enhanced tolerance to biotic and abiotic stresses, altered
development and metabolic optimisation. Many commonplace regulatory sequences
could be used towards this goal, particularly in the case of overexpression systems.
The Cauliflower mosaic 35S promoter is a constitutive promoter widely used in
overexpression systems in plants for many year@mack and Antunes, 202Q)The
terminators of octopine synthase (OCS) and nopaline synthase (NOS) are widely used

in plant molecular biology as generic terminator sequences and are often used in
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overexpression constructs(Kado, Lai and Kelly, 2000Another terminator, the heat
shock protein 18.2 (HSP) terminator, was shown to increase transgene expression
approximately 2-fold more than the NOS terminator, making it a particularly useful tool
for overexpression constructs(Nagayaet al., 2010)

Tissue-specific promoters are useful tools to restrict the expression of transgenes,
especially when systemwide expression is detrimental to plant growth and
development, a principle that is relevant to a wide range of crop improvement
strategies. Several guard celspecific promoters have been identified and developed to
restrict gene expression to these cells and the stomata that they form. A truncated
version of the ADPglucose phosphorylase (AGPase) is a guard cedbecific promoter
that has been develY GIJT AlWs Rq 6 Waq 6 WWOMMHAGWP Kk WGI Y+ RG¢ O WG
guard cell-specific expression and has been used to express transgenes in the guard
cells of potato, tobacco, and Arabidopsis(Miller-Rdberet al., 1994; Berger and
Altmann, 2000) Another guard celtspecific promoter, the Solanum tuberosumKST1
promoter, has been developed to express only in guard cells by identifying the minimal
promoter through deletion analysis and has been shown to successfully produce
tissue-specific gene expression in 13 different plant speciegPlesch, Ehrhardt and
Mueller-Roeber, 2001; Sadeet al., 2014; G Kellet al., 2017) The KST1 promoter has
been successfully used to express the geneélexokinase(Kellyet al., 2013; Lugasskt
al., 2015) which had been previously shown to inhibit the growth of the plants when
expressed under the 35S constitutive promote(Dai et al., 2002; Kelly et al., 2012)
clearly demonstrating the benefits of transgene expression under the control of tissue

specific promoters.

38



A nearcomplete chromosome-scale assembly forFragaria x ananassavas
published in 2019(Edgeret al., 2019) However, due to the lack of a wholggenome
sequence, the genome of the diploid~. vescais commonly used as a reference
(Shulaevet al., 2010; Tennesseret al., 2013, 2014; Yongping lat al., 2017; Edgeset al.,

2018).

CRISPR/Cas9 is a powerful molecular biology tool and is particularly useful in gene
editing and targeted gene knockout applications. The first use of the CRISPR/Cas9
genome editing system in an octoploid species was achieved by Mart#izarro, Trivifio
and Posé in 2019 irF. x ananassa clearly demonstrating the feasibility of gene editing
in the cultivated strawberry regardless of its high ploid¢Martin-Pizarro, Trivifio and
Posé, 2019)0WIN G D W6 RNG WGHO YRT ! WY nlWadDWHz G qR2¢ qll W ql
useful tool for generating a range of phenotypes when performing knockouts. Wilson et
al. visually demonstrated a range of phenotypes when knocking out the marker gene
phytoene desaturase in the octoploidF.xXananassah 9 ¢ @ (VAo at &ll, 2019)
Together, these genetic resources provide a versatile toolkit for crop improvement and

form the foundation for targeted manipulation of stomatal behaviour and

photosynthesis in cultivated strawberry.
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1.6. ThePotential Effects Of Genetic Improvement Of

Photosynthesis In Strawberry

1.6.1.Using CQ Enrichment As A Proxy For Improved Photosynthesis

Successful genetic manipulation of photosynthesis generally results in, as
described in Sectionl.2.2, increased yields of the crops in question; however, research
regarding the genetic manipulation of photosynthesis in fruiting crops is limited, with
little being known about the effect of the said manipulation on frui{Biet al., 2013; Ding
et al., 2016) A proxy is required to elucidate the potential effects of genetic
manipulation of photosynthesis would have on the fruit, in terms of yield and quality.
CO;enrichment studies, where the plants receive elevated atmospheric [C& (e[CQ)),
show increased levels of photosynthesis and biomass in many species, including
fruiting crops (Ainsworth and Long, 2005, 2021)Another reason e[CQ)] is a useful proxy
is that under e[CQ] conditions, the carbon fixing enzyme RuBisCO has increased rates
of the desired carboxylation reaction, reducing the rate limitation imposed by RuBisCO
on the CBC(Sage, Way and Kubien, 2008; Parey al., 2013) These reasons make
e[CO;] a useful proxy, as it closely mimics improved carbon throughput in thEBCthat

genetic manipulation of photosynthesis aims to achieve.

1.6.2.Effect Of CO; Enrichment On Yield
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Elevated CQstudies have produced a wide range of yield increases in the
cultivated strawberry (Fragaria x ananassduch.), ranging from 1- 51% in strawberry
plants cultivated under e[CQ] of 4501 3000 ppm(Enoch, Rylski and Spigelman, 1976;
Hartz, Baameur and Holt, 1991; Sung and Chen, 1991; Deng and Woodward, 1998;
Bushway and Pritts, 2002; Wang, Bunce and Maas, 2003; Wang and Bunce, 2004; Sun
et al., 2012; Balasooriyeet al., 2018) The effects of e[CQ| on the plants are also quite
varied with increases in fruit number but no difference in individual fruit weight at 1000
ppm (Sung and Chen, 1991and increases in individual fruit weigh{Wang and Bunce,
2004 AWt 6 Ys RUNW@6 ¢ aqllagd 3l WWRY Qe geadisdy@mRincieasé LWH 6 ¢ U
in yield.

The yield increases have been directly linked to increased photosynthetic rates
and COyassimilation in the strawberry leaves, giving further credence to the use of
e[CO;] as a proxy for genetic manipulation of photosynthesiéSung and Chen, 1991;
Keutgen, Chen and Lenz, 1997; Bunce, 2001; Bushway and Pritts, 2002; Balasooaya
al., 2018; Liet al., 2020). Optimal e[CQ;] of 600 ppm produced a CQassimilation rate
increase of up to 73%Keutgen, Chen and Lenz, 1997)-urther benefits can also be
drawn from strawberry cultivation under e[CQ] due to reduced fruiting time leading to
increased annual yields(Enoch, Rylski and Spigelman, 1976; Bushway and Pritts,

2002).

1.6.3.Effects Of CO, Enrichment On Fruit
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Respective fruit quality traits were also favourably altered in strawberries
cultivated in e[CG;] conditions. Increased content of reducing sugars have been
described, accompanied by reduced contents of organic acids which would lead to a
more palatable sense of the fruit flavour have been describefVang and Bunce, 2004;
Drewnowskiet al., 2012; Suret al., 2012) Wang and Bunce also reported increases in
2YO0CcqROWDWY!I NcURARWHAYAGGY2UT t Wgécqlle! WW2Race b WRU
(Wang and Bunce, 2004)in addition to the flavour, vitamin C concentrations were
increased by up to 13.3% accompanied by additional increases in antioxidant

compounds (Wang, Bunce and Maas, 2003; Balasooriyet al., 2019)

The evidence presented demonstrates the beneficial effects of cultivating
strawberries under elevated atmospheric CQconcentrations and, by proxy, the
potential effect that genetic enhancement of photosynthesis. Increases in yield, health
benefiting compounds and improved flavour show the important effects genetically
enhancing photosynthesis can have towards meeting the global calorie demand and

addressing the hdden hunger.

1.7. ResearchAims

This thesis investigates strategies to overcome stomatal limitations on
photosynthesis through targeted genetic manipulation. The overarching aim was to
determine how altering stomatal development and guard cell behaviour influences gas

exchange, photosynhesis, and growth in both a model speciesNicotiana tabacum,
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tobacco) and a commercial crop Fragaria x ananassastrawberry). To address this,

three complementary approaches were pursued: (i) increasing stomatal density to
JU6¢cUHIDWY § hlle Gact DWHE Ge ARq! AWsRRy WRAGI Y2RUNLU
manipulating guard cell metabolism, and (iii) testing the fasibility of combining these

traits to achieve additive benefits. Together, these research avenues were designed to

evaluate the potential of stomatal engineering as a strategy to reduce diffusional

constraints on photosynthesis and improve crop performance.

1.7.1. Strawberry. Increasing Stomatal Density And Manipulating

Guard Cell Behaviour

In greenhousegrown strawberry Fragaria x ananassg photosynthetic carbon
assimilation is strongly limited by stomatal conductance, even when water supply is
not limiting (Yokoyamaet al., 2023) To address this constraint, two genetic strategies
were pursued. First, constitutive overexpression o6 TOMAGEN, under the control of
the 35S CMV promoterwas used to increase stomatal density and thereby raise
maximum potential gsw(Tanaka et al., 2013; Sakoda et al., 2020%econd, guard ceH
targeted overexpression oHexokinase, under the control of the KST1 promotewas
employed to enhance stomatal closure responses, improving wateuse efficiency by
reducing unnecessary transpiration(Kellyet al., 2013; Lugasskt al., 2015) By
combining both constructs in a stacked line, the aim was to test whether the benefits of
increased stomatal capacity and improved closure control could be integrated,

Gl Y2RT RUNDW¢T T RqR2IJWNE RUY WRULWWIY9 § hlle Ga¢ ithd Ws 6 R 1

higher stomatal density.
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1.7.2. Tobacco: Increasing Stomatal Density And Improving

Photosynthetic Capacity

A6YqYt!' Uq6WlgqRAWHE!I AYUWeEt +t RARGec qRYUWRY WG RG
the stomata and its utilisation within the chloroplast. To address these constraints, two
complementary genetic strategies were applied. Overexpression of the putative
inorganic carbon transporterictB has been shown to enhance photosynthetic efficiency
¢cUT WARYG Gt t WE A/ Y {LigthadRuhitzcetiall) 2003t SiGKihdtRl) + LU
2015; Yu Gong et al., 2015; Hay et al., 2017; Koester et al., 2024hile overexpression
of STOMAGEN (EPFLBicreases stomatal density, raising maximum potential stomatal
HYUT efqc U We U1 W9 @anika o al.c2013;18&k0dE et Hl.R2H20RY
combining these traits (both genesusing the 35S CMV promoter)the aim was to test
560611 WAYYH qrUNDWHE! HYUWn R+ ¢ qRYUWHE Ge HRaq! We i
leaf could provide additive benefits for photosynthesis, watetuse efficiency, and

growth.

1.7.3. Tobacco: Manipulating GuardCell Behaviour

Photosynthetic efficiency is often constrained by the slow kinetics of stomatal
movements, which lag behind the rapid responses of mesophyll photosynthesis under
fluctuating light (Lawson and Blatt, 2014; McAusland et al., 2016; Lawson and Vialet
Chabrand, 2019) To overcome this limitation, two complementary genetic strategies
were pursued. Guard celitargeted overexpression of theplasma membrane H)p-ATPase
sct Wet DI WgVYWeHAITGII ¢ qlWt qVYdc qeMaigst &)201R;0UNWe UT U

Tohet al., 2021) while overexpression oHexokinase (HXKjn guard cells was
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employed to reinforce closure through ABAmediated signalling, reducing unnecessary
water loss (Kellyet al., 2013, 2019; Lugasset al., 2015, 2019; AcevedeSiacaet al.,

2022). By combining these approachegusing theKST1 Guard cell specific promoter)

the aim was to generate plants with stomata that open more rapidly during light
increases and close more effectively under declining light or drought, thereby improving
the coordination between stomatal behaviour and mesophyll demand to enhance both

photosynthetic performance and wateruse efficiency.
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2.Methods

2.1.  Construct Assembly

2.1.1.Module Design

All synthesised Level 0 modules were designed and codon optimised for
expression under the control of either the Cauliflower mosaic virus 35S (35S)
constitutive promoter or the Solanum tuberosum KST1 (KST1) guard especific
promoter, and terminated using the heat shock protein 18.2 (HSP), nopaline synthase
(NOS) or octopine synthase (OCS) terminator@ado, Lai and Kelly, 2000; Plesch,
Ehrhardt and MuellerRoeber, 2001; Daet al., 2002; Nagayeet al., 2010; Amack and
Antunes, 2020) TheArabidopsis thalianasequence for SSTOMAGENvas obtained from
Tanaka et al. (2013). ThArabidopsis thalianasequence for Hexokinase 1 was taken
from Kelly et al. (2013). Thérabidopsis thalianasequence for Arabidopsis H+ATPase 2
(AHA2) was obtained from Wang et al. (2013). Codons were optimised to remove
restriction sites for the enzymes used in GoldenGate cloning (Bsal and Bbsl) using the

Vector Builder Codon Optimisation Tool (Vector Buildemww.VectorBuilder.com).

2.1.2.Level0 Module Synthesis And Preparation

Level 0 modules were synthesised by NBS Biologicals (NBS Biologicals, UK).
Level 1 destination vectors, the assembled Kanamycin resistance Level 1 module and
the Level 1 and 2 linkers were provided by the University of Essex (University of Essex,

UK). TheLevel 2 destination vector was provided by Niab (Niab, UK).

46



2.1.3.AssemblyOf Level 1 Modules

Level 1 constructs were assembled from Level O using the Golden Gate modular
cloning method established by Webeket al., 2011 (Weberet al., 2011) 1 yL Level 1
T3t qRUc¢ qRY U LW)JAubof éatihdl /sl M (cdntAinihg the selected promoter,
HYT RUNDW PDhe DUHRIDA WE U LA N KIPRITAEX o LV nisLULNMNEMLM LEC? RS ML
BSA, 1 pL NEB T4 DNA Ligase. Each reaction also contained 1 pL of the {spetific
restriction enzymes Bsal and dHO to bring the reaction volume to 15 pL. The digestion
and ligation were performed in a thermocycler using the following program: 25x cycles
of 37 °C for 3 minutes and 16 °C for 4 minutes, 1x cycle of 50 °C for 5 mins and 1x cycle

of 80 °C for 5 mins.
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I |
Dralll¢g 1384 bp 3 Dralll
B.
——| KST1 Hexokinase
I |
I |
C.
—— KST1
I |
I |
Dralll ¢ 4363 bp )Dralll
D.
—+— 35§ Kanamycin resistance !
|
I |
Dralll ¢ yDralll

Figure 21. Schematic representation of assembled Level 1 module®) STOMAGENinder the control of
the CaMV35S constitutive promoter and the Heat Shock Protein (HSP) terminatB)j.Hexokinaseunder
the control of the Solanum tuberosum Guard celspecific promoter KST1 and the nolapine synthase
(NOS) terminator. G AHA2 under the control of the Solanum tuberosum Guard cefipecific promoter
KST1 and thexctopine synthase (OCS) terminatorD) Kanamycin resistance gene NPII under the control
of CaMV35S constitutive promoter and the nolapine synthase (NOS) terminatdrhe insert site is flanked

by Dralll restriction enzyme recognition sites, and the arrows depict the length of the inker
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2.1.4.Bacterial Transformation And Colour Selection

Following the assembly of Level 1 constructs, chemically competenk. colicells
(in-house-G ¢ T W2 c P, WHIDGGY b Ws I YWl ¢Ut nY!l G Ws Ra 6 LW
(Fig.2.1) using the heat shock method of transformatiorfFroger and Hall, 2007)4 uL of
each Golden Gate module (100 ng i) was added to icethawed chemically competent
E. coli cells (Top10 Thermo Fisher Scientific ordmouse-0 ¢ T W2 ¢ P, WHJG Gt b We 01
mixed. The cells were placed on ice for 2 minutes before being transferred to a water
bath/ heating block at 42 °C for 45econds, then immediately returned to the ice for an
additional 2 minutes. 300 pL of Super Optimal Broth (SOB) was added to the cells, and
they were left to incubate for 1 hour at 37 °C. After the incubatiorepiod, the cells were
well mixed with a pipette before adding 100 pL of the broth to agar plates. Cells were
grown on agar plates containing ampicillin (100 pg m), supplemented with Xxgal and
IPTG (1.5 pL mb) to permit blue/white selection of colonies. Cells were incubated
overnight at 37 °C. White colonies containing the putatively correctly assembled Level 1

module were isolated.
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Figure 22. Blue/white selection of E. coli cells containing assembled Level 1 Golden Gate modules. Blue
colonies contain only the Level 1 destination vector. White colonies contain the Level 1 destination vector
with the inserted Level 0 modulesA) Blue/white selection of E. coli cells containing an assembled Level 1
construct. B)Negativecontrol, displaying colonies containing the Level 1 destination vector 132, which

still contains the Lac operon.

2.1.5.Plasmid Isolation And Quantification

Three independent colonies displaying the desired white phenotype were
selected (Fig.2.2). Overnight cultures of isolated single white colonies, collected using
the colony picking method, were made and incubated overnight in approximately 5 mL
of high salt LB broth containing 100 pug mlof ampicillin (100 pg mLt!) as a selectable

marker.
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Plasmids were extracted using a NucleoSpin® plasmid kit (MacheNagel)
nYGaVYs RUNDWag6WIWacUenc Hael IJ1-Q@ UlRpute watez ikstpay Ut A Llle
of the elution buffer. Extracted plasmid concentrations were measured using Nanodrop
1000 (ThemoFisher Scientific). Extracted plasmids were diluted to 100 ng pifor
further Golden Gate assemblies.
Level 1 plasmids were subject to Dralll restriction enzyme digestion to ensure
correct assembly. The Level 1 vectors contain the restriction site CACNNNGTG for
Dralll digestion. 17 uL of plasmid was incubated with 1 pL of Dralll and 2 uL of 10x
rCutsmart buffer for 1 hour at 37 °C. Samples were run on a 1% agarose gel at 160 volts
for 1 hour. Banding patterns were compared to the known sizes of the digested plasmid

to confirm correct assembly.
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Figure2.3. Dralll digestion of extracted plasmid from single colonies posblue/white selection. The red arrows show the respective
bands on the ladder. WA1 and WAZ2 represent the Level 1s depicted in Figar&Aand B. WA3 and 4 represent backup Level 1
constructs for Guard cellspecific overexpression ofHexokinaseusing an alternative ADFGlucose Pyrophosphorylase promoter.
WADS and 6 represent the Level 1 constructs for Guard cedpecific overexpression ofHexokinasein position 3 for multigene
assembly, using ADPGIlucose Pyrophosphorylase and KST1 promoters, respectively. AS2 represents Guard glkcific
overexpression of a MADS box transcription factor for an additional project. The arrows highlight the corresponding bandmfibe

digestion chart to the left. he digestion of 132, the level 1 destination vector, acts as a positive control.

2.1.6.AssemblyOf Level2 Modules

Level 1 plasmids displaying the correct banding patterns were used for Level 2
assembly. Level 2 constructs were assembled as described in section 2.1.3 using the
restriction enzyme Bbsl, replacing Bsal. Following Golden Gate assembly as described
(section 4.1.2), NEB® leta Competent E. coli(High Efficiency) were transformed with
4 uL of each Level 2 assembly as described abov@ells were plated onto agar plates

using kanamycin (100 pg mt) for selection and incubated overnight at 37 °C.
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Bacterial transformation and colour selection were carried out as described
above. In brief, E. colicells were transformed with the assembled Level 2 construct and
were visually discriminated using red/white colour selection (Figure 2.4). Colonies
presenting a red phenotype (Figure 2.4A) contain only the Level 2 destination vector
with the still intact canthaxanthin biosynthesis operon. Following assembly, the
canthaxanthin operon is replaced by the integration of the level 1 modules, resulting in
white colonies (Figure2.4B). White colonies were selected and had their plasmids

extracted.

Figure 24. Red/white selection of transformed E. coli cells containing a Level 2 Golden Gate final vector.

A) Negative control, ed colonies contain only the Level 2 destination vectoB) Successfully transformed

E. coli, white colonies contain the Level 2 destination vector with the inserted Level 1 modules.

Plasmids were then prepared for sequencing, accompanied by the primers outlined in

Figures 2.52.8. Primers were designed so that the junctions between the different
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components (Level 0 modules) in the Level 1 modules and between the Level 1
modules themselves are sequenced.

Level 2 construct sequences were verified via sequencing using the primers indicated in
purple in Figures 2.52.8. Correctly assembled Level 2 plasmids were taken forward for
plant transformation.

Primers for plasmid construct sequencing were designed using the NCBI Prim&last

tool (NIH, USA), using the designed plasmid sequence as the template.

Table 2.1. PCR Primers used for construct verification during plasmid cloning.

Name Query Direction Sequence

STOF1 Stomagen Forward tagttcaagcctcaagacctcg
HXK F1 Hexokinase Forward acggatgcagagctcagggaagtgg
HXK F2 Hexokinase Forward ataccgttggaacactagccggtgg
HXK F3 Hexokinase Forward atcggttatagccatggatggtgg
Kan vF1 Kanamyicn Forward aagatggattgcacgcaggttctcc
Kan vR1 Kanamyicn Reverse aacgctatgtcctgatagcggtcc
AHA F1 AHA2 Forward caagtggagcgaacaagagg
AHA F2 AHA2 Forward agacaaaggagtccccaggt
AHA F3 AHA2 Forward gcagatcatggagttttgttga
LO-F(0015) | Level O Vector Forward cgttatcccctgattctgtggataac
LO-R(K) Level O Vector Reverse tcgtatgttgtgtggaattgtgagc
L1M-R-RP Level 1 Vector Reverse gtactggggtggatgcagtg
L1IM-R-FP Level 1 Vector Forward cggataaaccttttcacgccc
L2-F Level 2 Vector Forward tggcacatacaaatggacgaacgg
L2-R Level 2 Vector Reverse atgggctgcctgtatcgagtgg
L1-R-KAN1 | Level 1 Module (60) Forward aactgttcgccaggctcaagg

The desired Level 1 module encoding the overexpression cassette of the gene/s
of interest (Figure 2.1) and the kanamycin resistance Level 1 module (60) as a
selectable marker (Figures 25 and 2.6). Constructs shown in Figure 2.Aand D were
assembled to form construct 60(WA1) as shown in Figur25. Constructs in Figure2.1B

and D were combined to form construct 60(WA2) as shown in Figure@.
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(136 .. 159) L2-F Dralll (273)

/STO F1 (1156 .. 1177)

__Sall (1250)

1..1488)

(5863) Nhel ———

_— 60(WA1) pLV2-(p35s-Sto-H)-KAN
(5785) ClaI* 7710 b

TL1-R-KANL (2595 .. 2615)

“DNOS F1 (2932 .. 2955)

. BamHI (3156)
Dralll (3175)

(4260) EWR\F' L2-R (3310..3331)

Figure 25. The plasmid map of the final Level 2 construct 60(WA1), assembled from constructs A and D
in Fig.2.1. The construct assembly was verified via sequencing using primers indicated by the purple
labels. This construct is primarily comprised of theSTOMAGENMvVerexpression cassette and kanamycin
resistance. The DNA situated between the Right border (RB) and Left border (LIBNIA repeat will be
randomly inserted into the plant genomePlasmid maps were created using SnapGengnapGene,

United States).
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Figure 26. The plasmid map of the final Level 2 construct 60(WA2), assembled from constructs B and D
in Fig.2.1. The construct assembly was verified via sequencing using primers indicated by the purple
labels. This construct is primarily comprised of Guard celbpecific overexpression ofHexokinaseand
kanamycin resistance. The DNA situated between the Right border (RB) and Left border (-BNRA repeat
will be randomly inserted into the plant genomePlasmid maps were created using SnapGene

(SnapGene, United Stats).

Multigene constructs (Figures 27-2.8) were assembled using the Level 1
modules shown in Figure 2.1. Level 2 construct 60(WAAQ) (Figure 2.6) is comprised of
the combination of Level 1 modules for STOMAGEN overexpression (Fig. 2.1A), Guard

cell-specific Hexokinase overexpression (Fig. 2B) with kanamycin resistance (Fig.
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2.1D). Level 2 construct 60(WAX) is comprised of the combination of Level 1 modules
for Guard cellspecific Hexokinase overexpression (Fig. 2.1B), Guard cedpecific AHA2

overexpression (Fig. 2.1C) and kanamycin resistance (Fig. 2.1D).

(136 .. 159) L2-F Dralll (273)
/" Xbal (309)

y Xhol (619)

’ DKST1 F1 (776 .. 796)
_Spel (846)

HXK F1 (1028 .. 1052)

/ Stul (1077)

HXK F2 (1639 .. 1663)

\ — HXK F3 (2249 .. 2272)
\

— tOCS F1 (2530 .. 2554)

60(WA1-6) pLV2-(pKST-Hx-0)-(p35s-Sto-H)-KAN
10,591 bp

N~
™ STO F1 (4031 .. 4052)
Sall (4125)

(6185 .. 6206) L2-R 4 " —_ tHSP F1 (4336 .. 4363)

(6050) Dralll | | PstI (4458)
(6031) BamHI | [

(5807 .. 5830) tNOS F1
(5470 .. 5490) L1-R-KAN1

Figure 27. The plasmid map of the final Level 2 construct 60(WAEQ), assembled from constructs A, B
and D in Fig. 2.1. The construct assembly was verified via sequencing using primers indicated by the
purple labels. This construct is primarily comprised o5TOMAGENVverexpression cassette, Guard ceH
specific overexpression ofHexokinaseand kanamycin resistance. The DNA situated between the Right
border (RB) and Left border (LB}IDNA repeat will be randomly inserted into the plant genoméd2lasmid

maps were createdusing SnapGene (SnapGene, United States).
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L2-F (136 .. 159)

pKST1 F1 (776 .. 796)

AHA F1 (1146 .. 1165)

60(WA2-7) pLV2-(pKST-AHA2-N)-(pKST-HXK-0)
13,097 bp

T~ AHA F3 (3683 ..3702)

tOCS F1 (3985 .. 4009)

(8692 .. 8713) L2-R
LB T-DNA repeat!

(8314 .. 8337) tNOS F1

pKST1 F1 (5086 .. 5106)

(7977 .. 7997) L1-R-KAN1 -
/ = \ HXK F1 (5338 ..5362)

(7482 .. 7506) Kan vF1

(7262 .. 7283) p35S F1 HXK F2 (5949 .. 5973)

(6799 .. 6822) tNOS F1 HXK F3 (6559 .. 6582)

Figure 28. The plasmid map of the final Level 2 construct 60(WA2), assembled from constructs B, C
and D in Fig. 2.1. The construct assembly was verified via sequencing using primers indicated by the
purple labels. This construct is primarily comprised of Guard celspecific overexpression ofHexokinase,
Guard cell-specific overexpression of AHA2 and kanamycin resistance. The DNA situated between the
Right border (RB) and Left border (LB)JDONA repeat will be randomly inserted into the plant genome.

Plasmid maps werecreated using SnapGene (SnapGene, United States).
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2.2. Plant Material And Growth Conditions

2.2.1.Nicotiana tabacum

Seed stocks of wildtype Nicotiana tabacum cv. Samsun (WT), ictB independent
line (TB6, from here on referred to a§ and previously transformed T1 transgenic
STOMAGEN overexpressirimes (here on referred to as S§nd double overexpressing
lines (referred to as S) were obtained from Prof. T. Lawson's laboratory, University of
Essex. All tobacco plants were grown on soil (Levington F2, Fisons, Ipswich, UK) for two
s Ittt WROWe WHEYUq!l YaaWwl WIU2RI YOG WU&se qwe OWRI |1 ¢
temperature of 25°C, relative humidity of 60%, under a X6 photoperiod. After which,

12 randomly selected plants per line, including WT and azygous (AZ) controls, were re
potted into 3-inch individual pots and grown under the same conditions for two wdses.
Plants were then transferred to 3 L pots and grown in a controlled greenhouse for the
duration of the experiment. Tobacco plants were grown in two distinct glasshouse
compartments: Low light (1006= P ML, G Y G W&E8) YiapiSOdTILEnd T2, and
HXK/AHA T2) or high light (600 MM LU & Y O LLESE) YHXK/AHA ML) at pot height.
The lowlight condition was supplemented with highpowered LED lamps (LightDNA-8
channel, Vayola, Finland), but had a fixed glasshouse blind that greatly restricted
natural sunlight. The highlight condition had unimpaired and natural light
supplemented with high-pressure sodium light bulbs. Both highlight and low-light
glasshouse conditions had similar environmental conditions, with 2530°C daytime

and 20°C nighttime temperatures, a relative humidit of ~ 60%, and a 14 photoperiod.
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Positions of the plants were changed weekly and watered with a nutrient medium

(Hoagland and Arnon, 195Q)

2.2.2.FragariaX Ananassa

Strawberry plant material was provided asn vitrostock cultures by Niab (Niab,
UK).In-vitro shoot cultures of F. x annanasséh 9 ¢ 0! Gt Yk Ws 1 WWG ¢ RUqe RUII
room at 21°C with a 16/8 h light/dark photoperiod, provided by fluorescent lamps
(colour reference 835, colour temperature 3500K)Crowns were subcultured at 4week
intervals, 57 per honey jar containing 50 mL medium. Basal culture medium was
Murashige and Skoog (/8) macro and microelements and vitamingMurashige and
Skoog, 1962)4.4 g '), supplemented with sucrose (30 g ), 6-benzylaminopurine
(BAP) 0.1 mg tand indole-3-butyric acid (IBA) 0.1 mg L, as described bySchaart
(2014) The medium was solidified wittDaishin agar (Duchefa D1004, 9 g4. The pH

was adjusted to 5.8 before autoclaving.
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Figure 29 1Of UO2 Rq |l YIORz2 G gqeal DOY Ntz Uql ¢ Ut nYI GUT KO[ | ¢ NEl RE HOF KOG |

media.

Post regeneration, Strawberry plants were hardened by transfer to a vermiculite
medium (Dupre Minerals, Staffordshire, UK) with very high humidity in scell
propagation chambers (Artcome Ltd., UK). Plants were grown in these conditions for
four weeks, wih the humidity gradually decreasing by opening the lid vents and then

removing the lid, allowing them to acclimate to the external environment.
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Figure 210. Regenerated strawberry plants undergoing the hardening process in high highmidity

environment growing in vermiculite mineral substrate.

Strawberry plants were then transferred to soil (Levington F2, Fisons, Ipswich,
UK). Plants were grown under two distinct environments: Controlled environment (CT
Room) and Glasshouse conditions. The CT Room had a temperature of 23°C during the
day and 189 ¢ qUWURNG qAls Raé We W D¢ qR2PIW62 G RI Rq! WYn
photons m2s. The Glasshouse environment was the same as the higlght
environment outlined for the tobacco, but the experiment ran during the summer,

meaning that the daytime tenperature ranged from 2560 °C due to GM containment

preventing ventilation.
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Figure 211. Hardened strawberries growing in a controlled environment (day/night temperature 23/ 18

M9 e tOQWHXIOl Wi ¢ qR21I062 8 RT Ra! t0c UPSORG G2 GRUC qRYUIOY N IODPS 10, G ¥

2.3.  StrawberryTransformation

2.3.1. Transformation Of Agrobacterium Tumefaciens

A.tumefaciens strain EHA105(Hood et al., 1993), stored in 25% glycerol, was
thawed on ice. The plasmid of interest (Figure®.5-2.7) was added to thawed bacteria
(1 pL, 100 ng mt). The tube was flaskrozen in liquid nitrogen for 5 minutes and flash
thawed in a water bath at 37 °C for 5 minutes. The bacterial mix was added to low salt
LB broth (700 pL) and shaken at 28 °C for 2 hours. Cells were pelleted by centrifugation
at 8000g for 2 minutes, 600 uL of the low salt LB broth was decanted and discarded,

and cells were resuspended in the remaining 100 pL of media. Cells were plated on
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low salt agar plates with rifampicin (100 pg mt) and the selectable marker (kanamycin

50 pg mLt) and left to grow at 28 °C for a minimum of 48 hours.

Figure 212. Successfully transformed A. tumefaciens strain EHA105.

2.3.2. Transformation Of The Octoploid Strawberry

Transformation of F. x annanasséh 9 ¢ G ! Gt Yk Ws ¢+ WGBchaart) a 1JT Wn Y
2014), with minor amendments. Agrobacterium tumefaciensstrain EHA105Hood et

al., 1993)harbouring the binary vector was grown overnight in a shaker at 28 and 180
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rpm as a preculture in low salt LB broth with markers (10 mkifampicin 100 pg mL?,
kanamycin 50 pg mt! and streptomycin 50 ug mtt). The preculture was then added to
80 mL of low salt LB broth, with the same selectable markers and concentrations as the
preculture, and was grown overnight in a shaker at 2& and 180 rpm. The culture was
pelleted at 2,000 g for 10 minutes. An MBased medium (4.4 g L) supplemented with
glucose (30 g &) and acetosyringone (100 uM) was prepared, pH adjusted to 5.2, and
filter sterilised. The bacterial pellet was resuspended in this medium to give an OD 600
nm 0.270.3.

Young expanding leaves df.xananassah 9 ¢ G ! Gt Yk Ws I JW6c¢cl 213t qld
four weeks after subculture and submerged in the inoculum for approximately @5
minutes. Leaflets were separated from each leaf before scoring transversely, leaving
one leaf edge intact. Explants were transferred to Blter paper on strawberry
regeneration medium (SRM), adaxial face down. SRM is comprised\éirashige and
Skoog (MS) macro and microelements and vitamin@urashige and Skoog, 1964%.4 g
LY), supplemented with 1-Naphthaleneacetic acid (NAA) 0.2 mgt, thidiazuron (TDZ) 1
mg L*and filter sterilised glucose (300 g t). The medium was solidified with Agargel

(Sigma, 5 g ££) and the pH was adjusted to 5.8 before autoclaving.
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VFigureA213. Strawberry leaf explants collected from untransformed material were infected with
Agrobacterium. Explants are stored in the dark for 4 days on regeneration media without selectable
markers. Explants are then subcultured onto regeneration media containingcarcillin
disodium/clavulanate potassium (TCA) for selection against Agrobacterium and kanamycin for selection

for transformed tissue.

After four days of dark incubation at 21 °C, explants were transferred to SRM
with selectable markers ticarcillin disodium/clavulanate potassium (Duchefa T0190)
(400pg mL?Y) and kanamycin 50 ug mL!). Sterilised filter paper was used to prevent
direct contact between the explants and the media. Dishes were sealed with Parafifm

and incubated in the growth room under the same conditions previously
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described. Explants were subcultured every 10 days. Leaves were divided between

additional dishes as expansion occurred to separate regenerating calli.

/ { ! / ,"‘ . T . ~ T
Figure 214. Excised calli from transformed strawberry leaf explants. Shoot formation can be seen on the

central callus.

Callus formation and shoot emergence were seen at approximately 2 months
post-infection (Figure 2.4). Regenerating calli were excised and spread over additional
plates to allow space for expansion. Emerging shoots were then transferred to the

rooting medium once large enough.
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Regenerating shoots were transferred to rooting media (FragR) once greater than
approximately 2 mm in size and displaying at least-2 leaves. FragR is comprised of
Murashige and Skoog (MS) macro and microelements and vitamig8lurashige and
Skoog, 1962)2.2 g '), supplemented with sucrose (20 g L), 6-benzylaminopurine
(BAP) 0.1 mg tand indole-3-butyric acid (IBA) 0.1 mg L The medium was solidified
with Daishin agar (Duchefa D1004, 9 g'). The pH was adjusted to 5.8 before
autoclaving. Post autoclaving, the medium was additionally supplemented with
ticarcillin disodium/clavulanate potassium (Duchefa T0190) (40Qug mL?) and

kanamycin 60 pg mL?).
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Figure 215. A regenerated shoot of 60(WAL) in rooting media (FragR). Small roots have begun to emerge

from the shoot and through the remaining callus underneath.

Plants with large root systems are then transferred to strawberry multiplication
media (SMM) for crown expansion. SMM FragR is comprisedvdirashige and Skoog
(MS) macro and microelements and vitamingMurashige and Skoog, 1962%.4 g L),

supplemented with sucrose (30 g 1), 6-benzylaminopurine (BAP) 0.5 mgL The
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medium was solidified with Daishin agar (Duchefa D1004, 9 g4. The pH was adjusted
to 5.8 before autoclaving. Post autoclaving, the media was additionally supplemented
with ticarcillin disodium/clavulanate potassium (Duchefa T0190) (40qug mL?) and

kanamycin 60 pg mLt) to select for putative transgenic plants only

Roots typically begin to emerge after approximately 2 weeks on rooting media
nut with a highly variable rate of emergence and development. Once a large root system
has been established, then plants are transferred to multiplication media for crown
expansion to create anin-vitro stock of that event (Figure 2.&). Upon transfer from

FragR to SMM, leaf samples are taken for DNA extraction.
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Figure 216. A regenerated plant of 60(WA2) in SMM for crown exanélon:.A irge root sytem has

developed (not visible).

2.4, Tobacco Transformation

2.4.1. Transformation Of Agrobacterium Tumefaciens

A. tumefaciensstrain LBA4404(Oomset al., 1982) stored in 25% glycerol, was
thawed on ice. The plasmid of interest (Figures @and 2.8) was added to thawed
bacteria (1 pL, 100 ng mt). The tube was flaskrozen in liquid nitrogen for 5 minutes
and flash-thawed in a water bath at 37 °C for 5 minutes. The bacteria mix was added to

low salt LB broth (700 pL) and shaken at 28 °C for 2 hours. Cells were pelleted by
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centrifugation at 8000 g for 2 minutes, 600 puL of the low salt LB broth was decanted and
discarded, and cells were resuspended in the remaining 100 pL of media. Cells were
plated on low salt agar plates with rifampicin (100 pg mt) and the selectable marker

(kanamycin 50 pg mtt) and left to grow at 28 °C for a minimum of 48 hours.

2.4.2. Tobacco Seed Sterilisation

Wild-type seeds ofNicotiana tabacum were provided by the University of Essex
(University of Essex, UK). Tobacco seeds were surfasterilised by immersion in 70%
ethanol for 2 minutes with gentle agitation. Ethanol was discarded, and seeds were
then treated with 50% commercial bleach (sodim hypochlorite) for 5r10 minutes, with
intermittent mixing to ensure uniform exposure. Following bleach treatment, seeds
were rinsed thoroughly with sterile distilled water. This washing step was repeated at
least fourtimes to ensure complete removal of residual bleach. All steps were carried
out in a laminar flow hood under sterile conditions using sterile pipette tips and
reagents. Sterilised seeds were sown on MS medium. MS medium was prepared using
Murashige and Skog Basal Salt Mixture (Sigma M5524) at 4.3 ¢, Isupplemented with
sucrose (30 g I2). The medium was solidified with agar (8 g*), and pH was adjusted to
5.9 using KOH before autoclaving. This medium was used without vitamins and

dispensed into Magenta vessels (approximately 1 L per 12 pots).

2.4.3. Transformation Of Tobacco

Agrobacterium tumefaciensstrain LBA4404(Hood et al., 1993)harbouring the

binary vector was grown overnight in a shaker at 2&€ and 180 rpm as a preculture in

72



low salt LB broth with markers (10 mLiifampicin 100 pg mL*, kanamycin 50 pg mt
and streptomycin 50 pug mt!). The preculture was then added to 80 mL of low salt LB
broth, with the same selectable markers and concentrations as the preculture, and was
grown overnight in a shaker at 28C and 180 rpm. The culture was pelleted at 2,000 g
for 10 minutes. An MSbased medium (4.4 g £) supplemented with glucose (30 g L)
and acetosyringone (100 uM) was prepared, pH adjusted to 5.2, and was filter
sterilised. The bacterial pellet was resuspended in this medium to give OD 600 nm 0.5
T0.6.

Agrobacterium cultures were divided into 50 mL sterile Falcon tubes. Leaf discs
(~10 mm) were excised from 8 week-old in vitro Nicotiana plantlets and submerged in
the resuspended Agrobacterium culture for ~10 minutes. Discs were then blotted and
placed abaxial side up on NBM (n@ntibiotic) plates. NBM consisted of Murashige and
Skoog (MS) macro and microelements and vitamin@urashige and Skoog, 1964%.4 g
L1), supplemented with 6benzylaminopurine (BAP) at 1.0 mgdiand 1-
Naphthaleneacetic acid (NAA) at 0.1 mgL Plates were incubated at 22C in the dark

(wrapped in foil) for 48 hours.

After the two-day dark co-cultivation with Agrobacterium, explants were transferred
to NBM plates containing 50 pg mt kanamycin and 400 pg mt cefotaxime. Plates
were incubated at 24°C with a 16 h light / 8 h dark photoperiod. Explants were
transferred to fresh NBM + antibiotic plates after 7 days. Explants were then moved to
EM medium with the same antibiotic concentrations. EM consisted of Murashige and
Skoog (MS) macro and microelments and vitamins(Murashige and Skoog, 1962%.4 g

L1), supplemented with BAP at 2.5 mgtLand indole-3-acetic acid (IAA) at 0.2 mgL
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Subculturing onto fresh EM medium was performed everyr10 days. Shoots >1 cm

were transferred to MS medium (no hormones) supplemented with antibiotics for

rooting. Cefotaxime concentration was reduced to 200 pg mtat this stage. After

approximately 4 weeks, plants with large root systems (4+ individual roots and 2+ cm
GUUN@q6b Ws I WWags3UWal ¢ 0t midl 1 3T WgYWt YROGWe Ul WGH
photons m2s?, temperature of 25°C, relative humidity of 60% and 16 photoperiod) to

await flowering.

2.5.  Confirmation Of Transgene Insertion

2.5.1.Leaf DNAEXxtraction

Single strawberry leaves were taken from regenerated plants during the transfer
from FragR to SMM. Tobacco leaf discs were taken from young glasshotg®wn
plants. Leaf samples were stored in 1.5 mL Eppendorf tubes and frozen in liquid
nitrogen for 5 minues. DNA extraction buffer, comprised of 10% sodium dodecyl
sulfate (SDS), 1 M Tri$iCl (pH 8), 0.5 M ethylenediaminetetraacetic acid (EDTA) and
polyvinylpyrrolidone (PVP) (0.5 g1), was heated to 65°C pre-extraction. One Qiagen
tungsten carbide bead (Qagen, Manchester, UK) was placed into each sample tube,
which was subsequently placed in a Geno/Grinder 2010 (SPEX SamplePrep,
Cambridge, UK), which ran at 1500 rpm for 1.5 minutes. 2% of preheated extraction
buffer was added to each sample, which was then vortexed for 3 seconds. Samples
were placed in a water bath at 65C for 30 mins, with samples being vortexed every 5

mins. Samples were then centrifuged for 1 min at 4000 rpm. Samples were cooled-at
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20 °C for 15 minutes before 250 [ of chilled (4°C) 5 M NaCl was added to each

sample. Samples were mixed and incubated at20 °C for 15 mins. Samples were
centrifuged at 4000 rpm for 20 mins, followed by the transfer of the supernatant to 1.5
mL Eppendorf tubes containing 20QUL of isopropanol, which were mixed at stored at

20 °C overnight for DNA precipitation. After overnight storage, samples were
centrifuged at 4000 rpm for 20 minutes, and the supernatant was poured out. The pellet
was washed by the ddition of 500pL of 70% ethanol and centrifuged at 4000 rpm for

20 mins, then the supernatant was poured away, with all steps being repeated once.
The DNA pellet was aidried for 4 hours, then rehydrated with 12%L 1 mM TrisHCI (pH
8). The quality of the extracted DNA was assessed using a Nanodrop 1000

(ThermoFisher Scientific, US) the following day.

2.5.2.PCRVerification Of Transgene Insertion

PCR reactions using forward (KanFaagatggattgcacgcaggttctcc) and reverse
(KanRZtaacgctatgtcctgatagcggtcce) primers for the kanamycin resistance gene present
in all Level 2 constructs were done to confirm transgene insertion. The reagents per
reaction wereas follows: 12.5uL Quick-Load® Tag® 2Master mix (New England
Biolabs, Hertfordshire, UK), 0.51L 10uM KanF1, 0.5uL 10uM KanR1, JuL DNA sample
and 10.5pL dH0O. The PCR reaction was as follows: 1x(9€ for 2 mins), 35x(96C for
15 secs, 60°C for 15 secs, 72°C for 90 secs) and 1x(72C for 5 mins). PCR products
were run on a 1% agarose gel for 30 minutes at 145 volts. The banding patterns were
compared to the 1 Kb ladder to assess the size, with an expected banding pattern of

657 bp for positive results. The level 1 vector encoding tH@namycin resistance gene
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and DNA extracted from leaf tissue of untransformed strawberry Calypso stock or WT
tobacco plants, for their respective reactions, were used as the positive and negative

controls, respectively.

2.5.3.Copy Number Analysis

To assist with line selection and as a secondary confirmation of transgene insertion,
tobacco leaf material was collected from the WT and transgenic lines of HXK/AHA (TO
and T1), and ictBETO(T1) (TO material was not available). 10 mm leaf disks were placed
in a 2.0 ml microfugetube and sent for molecular genetic screening. This professional
b DI 2RAEVWRY Wet UT WqYW BagWl GROUVWaS IWHYG! WUa G HIII
chromosomes based upon the selection marker transgene use, Kanamycin for
HXK/AHAand BASTA for ictBBTQ The technology is proprietary intellectual property of

Anglia DNA ServicegAnglia DNA ServicesNorwich, UK).

2.5.4.BASTA Selectio©Of T2 Transgenid.ines

T2 ictB/STOseeds were sown on agar plates consisting of Murashige and Skoog
(MS) macro and microelements and vitamingMurashige and Skoog, 1962%.4 g 1Y)
containing BASTA (5 mg1) to select for heterozygous lines harbouring the BASTA
resistance gene andSTQ Seedlings that survived positive selection were used in the T2

experiments.
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Figure2.17. Germination and selection of T2 transgenic tobacco for BASTA) T2 segregating lines o8TOand ictB::STOwere sown

on BASTAcontaining medium to select for theSTOtransgene. B) Successfully germinated seedlings were used for T2 experiments

2.6.  AnalysisOf Transgene Expression

2.6.1.Plant Leaf RNAEXxtraction

Leaf samples (100 mg) were harvested from growth conditions, in 1.5l
Eppendorf tubes and immediately frozen in liquid nitrogen. The leaves were then ground
using a pestle and mortar in liquid nitrogen to prevent the rapid degradation of the RNA.
RNA was etracted using the Nucleospin RNA Plant and Fungi Kit (Macherdlagel)
according to the manufacturer's instructions. A DNase treatment was applied to the
extracted RNA to minimise DNA contamination (Nucleospin rDNase kit, Macherey

Nagel). Concentration andquality of extracted RNA were determined using a Nanodrop
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1000 spectrophotometer (Thermo Scientific) to confirm sufficient purity for cDNA

synthesis.

2.6.2.cDNAGeneration

cDNA was generated using the UltraScrigt2.0 cDNA Synthesis Kit (PCR
Biosystems) according to the kit instructions. RNA samples of various concentrations
were diluted to 100 ng pL. In each instance, 15 pL of RNA was processed (1500 ng total

RNA).

2.6.3.qPCR Analysisof Transgene Expression

Primers for gPCR were designed using NCBI PrimBtast for Arabidopsis
thaliana, Nicotiana tabacum and Fragaria x ananassa. (Duch)TheA. thalianasequence
was derived from plasmid sequences for the transgened: x ananassasequences were
derived from theFragaria x ananass@€amarosa Genome v1.0.aglLiuet al., 2021)

F x ananassaspecific housekeeping gene primers were taken from Lin et al.,
2021(Linet al., 2021) The guard ceHlspecific primers for Fragaria X ananassavere
designed based on the gene sequence for the strawberry homologue of AKT1, based on
protein BLAST (makefFvbl-4-augustus-gene-10.65-mRNA:1). ictB transgene primers
as well as PP2A housekeeping gene primers were used by RVigraet al. 2022 (Ruiz
Veraet al., 2022) The tobacco guard ceHspecific primers for GORK1 were those used

by Almari (2021) Primer sequences were as follows:

Table 2.2. qPCR primers
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Gene Orientation | Sequence Role

ictB Forward gttggtttttgccctagegg Transgene

ictB Reverse ttggttgaggccgtagacac Transgene

PP2A Forward gtgaagctgtagggcctgagce N. tabacum
Housekeeping gene

PP2A Reverse cataggcaggcaccaaatcc N. tabacum
Housekeeping gene

STOMAGEN Forward agttcaagcctcaagacctcg Transgene

STOMAGEN Reverse gggtcatttccttcgactgg Transgene

HXK Forward cgatccctaaatggcatggtctg Transgene

HXK Reverse gaatccaggcgaacagattcttgag Transgene

26srRNA Forward accgttgattcgcacaattggtcatcg F.x ananassa
housekeeping gene

26srRNA Reverse tactgcgggtcggcaaacgggcg F.x ananassa
housekeeping gene

GORK1 Forward tcegtgtttgtgaactctge N. tabacum Guard cell-
specific housekeeping
gene

GORK1 Reverse actccacttgcttcacacga N. tabacum Guard cell-
specific housekeeping
gene

AHA2 Forward tgccgagtcgcecttccagtt Transgene

AHA2 Reverse ttcgacccaccaaggcacga Transgene

AKT1 Forward tttgcaatggcgttcagtgg F.x ananassaGuard cell
specific housekeeping
gene

AKT1 Reverse agagagggcagtattccggt F.x ananassaGuard cell
specific housekeeping
gene

Primers were diluted to 10 pmol. A master mix using the 2x gPCRBIO SyGreen

Mix LoROX (PCR Biosystems) was made as follows for a total reaction volume of 20 pL:

Table 21. PCR reaction recipe for gPCR.

Reagent Volume (uL)
2x qPCRBIO SyGreen Mix 10

Forward Primer 0.8
Reverse Primer 0.8

cDNA 1

dH20 6.9

Samples were pipetted into a white rectangular 96vell plate (ThermoFisher

Scientific) covered with transparent plastic (ThermoFisher Scientific). Plates were
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loaded into the CFX Opus 96 Redlime PCR System (Bi®ad) for analysis. Each
reaction contained three technical replicates and three biological replicates per cDNA
sample (WT reaction included on every plate), three control reactions (no template

cDNA) ard three null controls (water only). The gPCR programme was as follows:

Cycles Temperature
1x 95 °C for 10 minutes
40x 95°Cfor15s
followed by 60 °C for 25 seconds

Relative expression levels of the transgene were calculated using the-Blta C(T))

method (Livak and Schmittgen, 2001)Briefly:

9qlis ¢t WHRcOARa2Gc ql Wet W IW RnnJl WUHWDWHI s 1313C

reference gene (Hous&eeping gene):
3# 000 00
. Fold change in expression was calculated as:
YQoa @ QQi i¢Qe ¢

Results were expressed as fold change relative to the reference gene.

2.7. Phenotypic Analysis Of Transgenic Plants

2.7.1.Chlorophyll Fluorescence Measurements

80



Chlorophyll fluorescence measurements were performed using a HEXAGGN
ImagingPAM system (Heinz Walz GmbH, Germany). Chlorophyll fluorescence imaging
was performed on the youngest fully expanded leaves of®eek-old tobacco seedlings
that were grown in a catrolled environment at an irradiance of 250 pmol mot s, 65%
relative humidity and ambient CQ (400umol mol? s?). Plants were darkadapted for 30
minutes before imaging.
Under actinic illumination, steady- q ¢ qlWnde YI Dt #APYUHI W[ * b Ws ¢t LWI
application of the same saturating pulse to obtain maximum fluorescence in the light
bi[ Kb IO
The following parameters were calculated by the imager:

The maximum fluorescence yield of Photosystem Il (Fv/Fm):

0 0 O
0 0

Effective quantum yield of PSII photochemistry (Y (lIj{senty, Briantais and Baker,
1989).

W00 "Obe "@T Obe
Quantum yield of regulated nonphotochemical energy dissipation (Y(NPQ)Krameret
al., 2004)

000 p OO0 pTOOO p nQUOHOE p

Apparent electron transport rate (ETR):

oYY M GO0 06 Tt

Where PAR is the incident photosynthetically active radiation (umol As?), 0.5
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assumes equal distribution of energy between PSI and PSII, and 0.84 is the assumed
leaf absorptance for a standard green leaf.
Measurements were recorded across a range of actinic light intensities using three

distinct protocols, each specific to the experiment:

-ictB/STOT1 (induction and light response curve):

MWS W=NPWs W=NP W3 W=NPW3 W=NPLWs W=NPLWs W=NPW3W=NPLU

MW WY ®oWs WUINMMWS W=NPWs W=oNWs wrnMmmMmils WP MMUWs W MN W3S

- ictB/STOT2 (induction and light response curve):
MWS WNnMMWs WNnMMWs wnMmMws wnmMmmMmws wunmMmMmws wnMmMws WnMmv L

MWS WNMMIWS W=NP W3S W=onws wnmMmmuws wp MMWs Wz MN Ws WT MMLU

-ci cWeRUT eAqRYUWEUT W Widec*é¢qRYUbalWMWS WNAMMLUS LW

Each step was maintained until steadyt qq¢ qdWnde YI Ut AJURUIWbI[ " b Ws ¢t
point a saturating pulse (800 ms, 6200 pmol @ sgfl b W5 ¢ + We GGG RIJT Wa Y WT Jq 1

resulting data were used to calculate Y(Il), Y(NPQ) and ETR as described above.

2.7.2.Microscopy Of Leaf Epidermal Peels

Leaf epidermal peels were produced by applying a thin layer of nail polish
directly to the abaxial and adaxial leaf surfaces of a recently harvested leaf. Once dried,
clear tape was used to gently remove the nail polish, which was then adhered to a

microscope slide (ThermoFisher Scientific, US).
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Microscopy analysis of epidermal peels was done using a Swift Imaging 5SMP
camera and its associated SWIFT imaging software (SWIFT, US) attached to a Leica ATC
2000 light microscope (Leica Microsystems, Germany) using 20x magnification for
Strawberry and 1& magnification for Tobacco. Stomatal density was calculated by
counting the total number of guard cells within a defined area (0.18104843 mm).
Counts were done on eight unique proximal areas on the epidermal peel. SD counts
were first adjusted to 1 mm bydividing by the surveyed area (0.18104843 mm).

Adjusted SD values were then averaged to give the SD of that replicate, with a total of 3
biological replicates per line.

Stomatal clustering was measured in plants overexpressing STOMAGEN. Plants
with a stomatal clustering phenotype were counted twice: 1. Each guard cell was
counted as unique, and 2. Guard cells within a cluster act as a group and thus count as
one. The numler of clustered stomata was calculated as follows:

SD (Clustered stomata) = SD(Unique stomata) T SD(CIustered stomata act as one)

2.7.3.GasExchange Measurements

Leaf CQ was measured on the youngest fully expanded leaves using portable open
gas exchange systems incorporating C@and water vapour infrared gas analysers (LI
6800, LICOR Biosciences, Lincoln, NE, USA). Plants were subject to three gas
exchange programmesA/Ci, A/Q and Step-change, the specifics of which are as

follows.
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1. A/CiResponse Curves:

N6 Wl 3t GYO+t ywyYynwUWqwo § hlct +t RORGE qRYJWI ¢ qliWw
was measured using a portable open gas exchange system-&300, LFCOR
Biosciences, Lincoln, NE, USA) equipped with a 6 ctfluorometer chamber (LF6800-
01A). Measurements were performed on the youngest fully expanded leaves under
saturating irradiance (150Q mol m2s*PPFD) supplied by the integrated red/blue LED
light source. Chamber conditions were maintained at 28C leaf temperature and 65%
| DG ¢ qR2IWG62G0GRT Ra! OW[ U Y zilrete@idelBEOecontehtidtgrilia Y WP MM LU

(C ) was initially held at 40Q mol mol* until steady-state gas exchange was achieved.

Following equilibration, C was decreased stepwise to 250, 150, 100, and 50mol
mol, then returned to 40Q mol mol* before being increased to 550, 700, 900, 1100,
1300, and 150Q mol mol*. At each step,Awas allowed to stabilise before recording

(minimum wait of 90 seconds and maximum wait of 300 seconds).

The maximum carboxylation rate of RubiscoVmax) and the maximum electron
transport rate supporting RUBP regenerationl{.,) were estimated from theA/Cw
response curves using the Farquharvon CaemmererBerry model(von Caemmerer and
Farquhar, 1981)as implemented in theplantecophys package in RDuursma, 2015)
N6 IJWGa ¢ +#RGe W ¢ aqld Wk p)lwasgakdh ad the Rafe Rt 0L S00NRIMNOIL bI

COTunder saturating light.

2. Light-response A/Q)Response Curves:
Photosynthetic light-response curves were measured using a portable open gas

exchange system (L6800, LFCOR Biosciences, Lincoln, NE, USA) fitted with a 6 cm?
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fluorometer chamber (LF6800-01A). Measurements were made on the youngest fully

DFGeUT T Wawe 21t Wwe UT 131 We & A RidGng Mkugpedy el H#1J U ql ¢ q
reference channel. Chamber conditions were maintained at 28C leaf temperature and

65% relative humidity. Flow rate was set to 500mol s™.

Actinic light intensity was applied in the following sequence, (mol m2s*PPFD): 1500,

1300, 1100, 900, 700, 550, 400, 250, 100, 0. At each step, leaves were allowed to reach
steady-state photosynthesis before data were recorded.

Light-response parameters were estimated by fitting the nomectangular hyperbola

model:

) | 0 0O 1 06 |
0 Y
¢—

WhereAR Y Wa 6 WU IJq W9 § FLhohmi2 ) Qs thegiriridedt ihHoto rofi kLU bI
density ( mol m2s?t), is the apparent quantum yield,As« is the light-saturated

assimilation rate,, is the curvature factor, andRy is the dark respiration rate.

Model fitting was performed in R using nonlinear least squares regression, and
parameter estimates forAsa,, , and Ry were derived directly from the fitted model.
. Step-change measurements and modelling of stomatal kinetics
Stomatal conductance @s.b W UT WO 1J q W9 § AhidisponseRtd Kep chariges U L b
in photosynthetic photon flux density (PPFD) were measured using a portable open gas
exchange system (L6800, LFCOR Biosciences, Lincoln, NE, USA) with an integrated
LED light source (L-6800-01A). The youngest fully expandekgaf was clamped in the
chamber (6 cm?2) and equilibrated at low light (50 or 1Q0mol m2s*PPFD), 40Q mol

mol* COR25°C, and a vapour pressure deficit of 1.8 0.2 kPa until steady state was
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reached. A single rapid increase in PPFD to 100®nol m2s*was applied, followed by a
return to low light (50 or 100 mol m2s1)to characterise stomatal opening and closing
kinetics, respectively.

Step-change programmes were as follows:

100, mol m2sfor 900 s, 100Q mol m2stfor 2700 s, then 10Q mol m2s*for 1800 s
(Strawberry).

100, mol m2s?for 600 s, 100Q mol m2s*for 2400 s, then 10Q mol m2s*for 1400 s
(HXK/AHA T1 and ictBBTOT2).

50, mol m?stfor 900 s, 100Q mol m2stdsfor 2700 s, then 5Q mol m2s*for 1800 s

(HXK/AHA T2).

Measurements were logged every 10 seconds for all experiments except HXK/AHA T2,
which were logged every 3 seconds.

Stomatal kinetics were quantified by fitting separate sigmoidal models to the opening
(step-increase) and closing (stepdecrease) phases, adapted fromVialet-Chabrand et

al. (2017) The stepincrease model was:

Q 0 O 0 Q O
and the step-decrease model was:

Q o O 0 Q O
wheretis time (s),_is the inflexion point of the responsek is a time constant
describing the rate of change, and@min and Gnax are the asymptotic minimum and
maximum conductance values, respectively.
All model fitting was conducted in R (version 4.5.1), with parameter estimates extracted

for subsequent statistical analysis.
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2.8.  Statistical Analyses

All statistical analyses were conducted in R (version 4.5.1; R Core Team, 2025) using
RStudio (Posit Software, PBC). Data were inspected for normality and homogeneity of
variance before hypothesis testing. Where assumptions of normality were met,
comparisons between groups were performed using ongvay or two-way analysis of
2¢l Rc URII Wb §¢é bWnYOOYs I WAH! WNeat 13! kHodls YU It q
test. Where assumptions were violated, norparametric equivalents were applied.

Model fitting for stomatal kinetics was performed using nonrlinear least squares (nls)
with separate fits for the stepincrease and stepdecrease phases. Coefficients of
determination (R2) and 95% confidence intervals were calculated for each fitted model.
Data visualisation was performed using the ggplot2 and ggpubr packages, with figures
generated directly from processed data to ensure reproducibility. Statistical

significance was accepted at p < 0.05 unless otherwise stated.

87



3.Genetic Manipulation of Stomatal Patterning and
Behaviouto Optimise Gas Exchange in the Cultivated

Strawberry
3.1. Introduction

Crop productivity can be improved through increasing photosynthetic carbon
assimilation. Photosynthetic carbon assimilation gains can be achieved through the
manipulation of stomatal density. Stomata are pores in the epidermal layer of the aerial
parts of plants (Kirkham, 2014) The pore of a singular stoma is formed between a pair
of specialised epidermal cells called guard cellgKirkham, 2005) Stomata function to
control the movement of gases between the external atmosphere and the internal leaf
air spaces(Lawson and Morison, 2004)This is measured at the leaf level as stomatal
conductance (gsw), Which is determined by the number of stomata and how open the
pores are(Lawson, Weyers and Brook, 1998)he resistance of gas diffusion from the
atmosphere to the chloroplast is one of the major limitations to C@assimilation
(Farquhar and Sharkey, 1982and therefore, gsw is strongly correlated with CQ
assimilation (Wong, Cowan and Farquhar, 1979Dne possible mechanism for
increasing photosynthetic carbon assimilation would be manipulating stomatal density
(SD) of the leaf, defined as the number of stomata per unit leaf area, as increasing SD
effectively increases stomatal conductance due to the geater number of pores to allow
for greater gas exchange. Using the constitutive overexpression of STOMAGEN, an
epidermal patterning factor gene that promotes stomatal development, Tanaka et al.

(2013) producedArabidopsis plants with a 200:300% increasein SD. The CQ@
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assimilation of these plants was increased by 30% due to greater G@iffusion into the
leaf (Tanaka et al., 2013)However, the consequent increase in SD has one major
consequence: the increase in transpiration and thus the reduction in wateuse
efficiency (WUE).

As global water usage is set to double by 2030, attempts to increase
photosynthetic carbon assimilation by increasing SD cannot be compromised by the
resultant increased transpiration and decreased WUHKTanaka et al., 2013; Lawson and
Blatt, 2014; Lawson and VialetChabrand, 2019; Sakoda et al., 2020)Guard cells alter
in turgor pressure to control stomatal aperture in order to maintain an optimal balance
of CQO; intake necessary for photosynthesis and water loss, the ratio of which is known
asiWUE(Lawson et al., 2014; Hatfield and Dold, 2019)Thus, manipulations of
stomatal function could be used to offset the reduction inWUE caused by increased
SD. The overexpression of Hexokinase, a sugaensing enzyme that induced stomatal
closure, in guard cells, has been shown to result in accelerated stomatal closure, and
reduced stomatal conductance without compromising photosynthess, improving
IWUE and enhanced growth in some case@ellyet al., 2013; Lugasskt al., 2015)
Guard cell-specific overexpression ofHexokinasecould therefore work in tandem with
STOMAGEN overexpression to aid in mitigating water loss.

The cultivated strawberry Fragaria X ananassgiis an economically important
fruit crop in the UK, with annual production in 2019 valued at £394 million, accounting
for 45% of total fresh fruit production value and only exceeded in single crop production
value by cereals, oilseed rape and potatoe$DEFRA, 2019)A recent quantitative
limitation study in greenhousegrown strawberriesdemonstrated that stomatal

limitation (SL) is the dominant constraint on photosynthesis, primarily due to reduced
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stomatal conductance, even when water is noAlimiting during mid-day periods
(Yokoyamaet al., 2023) These data suggest that strawberries grown in glasshouses, a
common production system in the UK accounting for 6.0% of total strawberry
production between 2021 and 2023Craneet al., 2023) may benefit from the mitigation
of the stomatal constraint on photosynthetic carbon assimilation. The overexpression
of STOMAGEN in strawberry plants may benefit greenhouggown plants due to an
increase in maximum potentialgsw, through increasing SO0Drake, Froend and Franks,
2013; Tanaka et al., 2013)An increase in maximum potentialyswmay help to alleviate
the constraint on photosynthetic carbon assimilation during and following the midday
depression and may result in greater Ceéassimilation over the diurnal period

(Yokoyamaet al., 2023)

This chapter covers the molecular and physiological characterisation of
transgenic strawberry lines Fragaria x ananassa, c\Calypso) overexpressing: 1.
STOMAGEN under the control of the constitutive 35S CMV promoter, 2. Guard €ell
specific overexpression of Hexokinase and 3. Concomitant overexpression of both
constructs. These three genotypes were created to ascertain the effects oftated
stomatal patterning and environmental response in a readily transformable strawberry

cultivar.
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3.2. Results

3.2.1.Molecular Validation Of Transgenic Lines

3.2.1.1. PCRConfirmation OfNPTllInsertion In Transformed Lines

To confirm the insertion of the transgene into the genome of the putative
transgenic strawberry lines, a PCR was used to confirm the presence of the positive
selection marker NPII and thus, by proxy, the presence of the transgene/s (Fig. 3.1).
Plants transformedwith STOMAGEN (SHexokinase (H) and the double construct (SH)
display bands at 658 bp, in concordance with the positive control (Band 2, Figure 3.1).
Lines with no bands at the expected position were classified as escapes and thus
grouped into anazygous line. Following the PCR analysis, only plants that exhibited an

appropriate band were selected for vegetative stolon propagation and further analysis.
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Table3.1 Table of plants used in this chapterlinesthat did not survive until stomatal density

guantification are not included.

Codename Background Transgene Promoter Terminator Source

AZ 1 Wild Type MNfa MN/A M This study
H_14 Wild Type Hexokinase KST1 MNOS This study
H_242 Wild Type Hexokinase KST1 MNOS This study
H_251 Wild Type Hexokinase KST1 MOS This study
H_254 Wild Type Hexokinase KST1 MOS This study
H_272 Wild Type Hexokinase KST1 MOS This study
H_352 Wild Type Hexokinase KST1 MOS This study
H_353 Wild Type Hexokinase KST1 MOS This study
H_354 Wild Type Hexokinase KST1 MOS This study
H_g2 Wild Type Hexokinase KST1 NOS This study
H_83 Wild Type Hexokinase KST1 MNO3 This study
H_585 Wild Type Hexokinase KST1 MNOS This study
5 152 Wild Type STOMAGEN 355 HSP This study
5 261 Wild Type STOMAGEN 355 HSP This study
527 Wild Type STOMAGEN 3565 HSP This study
5 32 Wild Type STOMAGEN 365 HSP This study
3 63 Wild Type STOMAGEN 365 HSP This study
571 Wild Type STOMAGEN 3565 HSP This study
5 81 Wild Type STOMAGEN 365 HSP This study
SH_112 Wild Type STOMAGEN and Hexokinase 355 and K5T1 HSPand NOS5  This study
aH_12 Wild Type STOMAGEM and Hexokinase 355 and KST1 HSPand NOS This study
3H_15 Wild Type STOMAGEM and Hexokinase 355 and K5T1 HSPand NOS This study
SH_20 Wild Type STOMAGEM and Hexokinase 355 and K5T1 HSPand NOS This study
SH_28 Wild Type STOMAGEM and Hexokinase 355 and K5T1 HSPand NOS This study
SH_32 Wild Type STOMAGEM and Hexokinase 355 and K5T1 HSPand NOS This study
SH_51 Wild Type STOMAGENM and Hexokinase 355 and KST1 HSPand NOS  This study
SH_52 Wild Type STOMAGEM and Hexokinase 355 and KST1 HSPand NOS  This study
SH_71 Wild Type STOMAGEN and Hexokinase 355 and KST1 HSPand NOS  This study
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Figure3.1. Agarose gel showing the banding patterns of DNA fragments produced from a PCR using the forward and reverse
primers for the kanamycin resistance gene (NPIgnd DNA from putatively transformedlOstrawberry plants. Positive results
display a banding pattern of 658 bp. The Level 1 module 60 encoding kanamycin resistance was used as a positive control §+
¢ Ul 10? RPU+aql ¢HqUIT ION] YGOq6 1z Ugl ¢ Ut nY1 T 1OF qVY At HOY n.FOamsderidOc
line labels areas follows: SOMAGEN (S), Hexokinase (H) and the STOMAGEN + Hexokinase double construct (SHRoom:

23°C day and 18°C night, 65% RH, and a-B6l0OG6 Ya Y GIJl RYT IOY n S O G YU HOGE Ya Y Ut Ol

3.2.1.2. Quialitative Detection of Transgene Expression VIBCRwith cDNA

As a secondary qualitative screen to transgene insertion, PCR analysis of cDNA
synthesised from total leaf RNA was used to visualise the expression of both the
transgene(s) and resistance gen®&PlI(Figure 3.2). Bands of a size 658 bp indicate a
positive reaction and the expression of the resistance gene for kanamycMPIl (Figure
3.2A and B), bands of a size 183 bp (Figure 3.2A) and 181 bp (Figure 3.2B) indicate a

positive reaction and the transgenic expression of STOMAGHESTO)and Hexokinase
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(HXK) respectively. No bands are observed for the WT negative controls wells 1 upper,
lower and well 1(S)NIPIIl, HXKand STO, respectively) (Figure 3.2B). Lines with no
presence of either resistance gene or transgene expression, later quantitatively

confirmed via gPCR (Figur8.3), were considered Azygous.
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Figure 32. Agarose gel shows the banding patterns of DNA fragments produced from a PCR reaction using the forward and revers
primers fortransgeneson cDNA synthesised from RNA frorffOstrawberry leaf samples A) STO(upper) and NPII(lower) reactions
producing banding patterns ofl83 and 685 bprespectively. ByHXK and NPllreactions (mixed) produce banding patterns of181 and
685 bp, respectively The numbers at the top of the wells correspond to the cDNA label of the transgenic line in Tablé. CT Room:

23°C day and 18°C night, 65% RH, and a-B6t0G6 Y q Y GIJl RYT IOYn s> X 10 G YO OGS YqVY Ut oG

3.2.1.3. Quantitative Expression Analysis Of STOMAGEMd Hexokinase

To select transgenic lines of interest, quantitative PCR was used to compare
relative transgene expression between lines of interest (Fig. 3.3). Transgenic plants had

a wide range of expression levels for STO amtKK relative to 26S rRNA and the
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strawberry orthologue of the guardcell-specific ion channel GORK. For STO ardiXK

(Fig. 3.3A and B), statistical group A had little to no detectable expression levels,
equivalent to the azygous, and thus were considered azygous. STO lines (Fig. 3.3A)
formed six distinct expression groups (including the azygous) (ANOVA, Tukey HBB,
0.05), with a range of expression from 0.00064 to 0.004x relative to 26S rRNA. Double
overexpressing lines, SH_32 and SH_71, had the highest levels of expression (Groups D
and E, ANOVA, Tukey HSIp,< 0.05). HXKIlines fell into five statistical groups (Fig. 3.3B)
(ANOVA, Tukey HS[p < 0.05).HXKIines had a range of expression from 0.6 to 6x that

of the strawberry orthologue of GORK. One single line, H_354, and two double lines,
SH_15 and SH_71, had the highest levels of relative expression (ANOVA, Tukey HSD,

0.05).
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Figure3.3. Quantitative PCR (gPCR) analysis of relative expression of the transgenes 3F®and KSTIHXK in transgenicTO
strawberry lines. A) STOtransgene expression normalised to the expression of 26S rRNB)HXK transgene expression normalised
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3.2.2.Microscopic Characterisation Of Stomatal Development

3.2.2.1. Changesin Epidermal Patterning In Transgenic Lines

To assess the epidermal changes resulting from the overexpression of the
transgenes, SD in epidermal peels was quantified using brightfield microscopy.

Transgenic strawberry plants overexpressing STO not only displayed greater stomatal
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densities, but also frequent incidences of stomatal clustering (a violation of the one

cell spacing rule) (Fig. 3.4). Stomata formed clusters accounting for 7-23.1% of total

stomata of all surveyed areas and were present in all surveyed areas of STO

overexpressing lines. Stomatal clusters ranged from groups of 2 to 10 (possibly even

higher) stomata per cluster. Stomatal clusters were produced in a variety of

orientations, but typically, high clusters of higher numbers formed a chain of stomata
hqYGlgiowWgaqRGcaqcecalWraeat qldl RUDN WNXHGVeréxpraddinglt Ja T Y G L

lines.
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Figure3.4. Brightfield microscopy images of strawberry leaf epidermal peels under 20x magnificatioA) The epidermis ofan
exemplar TOSTOoverexpressing line shows the stomatal clustering phenotype typically observed in these line8) The epidermis of
an Azygous control withtypical unclustered stomata. The red arrows indicate stomatal clustes. These impressions were taken fron
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clustering seldom occurred in nonrSTO overexpressing lines.

3.2.2.2. Quantification Of Stomatal DensityAcross Transgenic Genotypes

The transgenic strawberry lines produced had significantly different stomatal
densities when grown in the CT Room environment. Strawberry is a hypostomatous
species, having stomata only on the abaxial leaf surface. Azygous lines had an average
abaxial SD @ 210 (£2.68)stomata mm-2. STO overexpressing line S_32 and double lines
SH_51 and SH_52 showed no significant difference in abaxial SD (Fig. 3.5, Statistical

group A), which reflects the lack of transgene expression for S_32, as outlined in Figure
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3.3 (Lines SH_51 and SH_52 were lost to disease before expression analysis was done).
STO overexpressing lines in statistical groups C, D, E and F had significantly higher SD
than the Azygous, with an SD average ranging from 240 to 400 stomata rhdXKlines
either showed no significant difference in SD from the Azygous (Statistical group A:

H_ 251, H 352, H 353, H_ 354, H_93) or significantly reduced SD with an average SD
range of 175 to 188 stomata mm (Group B: H_14, H 242, H 254, H_62, H_95). All lines
were hypostomatous, with stomata only present on the abaxial surface. STO
overexpressing lines did not have additional stomata present on the adaxial leaf
surface. These data suggest that transgenic overexpression of STO increases abaxial
stomatal density but is unable to induce stomatal development on the astomatous
adaxial surface, and that guardcell-specific HXKcan decrease stomatal density in

~50% of lines produced.
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Figure 3.5. Stomatal density comparison between transgenicTO Strawberry lines grown in the CT room environment (23 °C, 65%
and 350 mol m? s white light). Stomatal density counts were done on 8 areas of an epidermal peel to form a sample average. Statis
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To better understand the effect of transgeni&STOexpression on stomatal
density, relative STOexpression was correlated against SD and clustered SD (number
of stomata in clusters mm?). A strong positive statistically significant correlation was
detected between STOexpression and the number of clustered stomata per mm(R?=
0.793, p < 0.001) (Fig. 3.6Brnd a statistical ly significantmoderate positive association

was found between35S::STCexpression and total stomatal density R2= 0.491, p =

100



0.035) (Fig. 3.6A). This data suggests th86S::STCexpression has a strongr
association with stomatal clustering under these growth conditions, rather than a

uniform increase across the epidermis.
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3.2.2.3.Comparison Of Stomatal Patterning Across Growth Environments

To assess how extreme greenhouse temperatures influenced epidermal
development, additional stomatal patterning measurements were collected from
transgenic strawberry plants grown under these conditions (Fig. 3.7). No statistically
significant differences in abaxial SD were detected between genotype® ¢ 0.05). While
visual differences in median stomatal density were observed, for example, higher
values in S_71 and lower values in H_95 (313 and 232 stomata rimespectively),
these differences were not stdistically significant. These findings suggest that, within
the surviving genotypes, stomatal density is similar across all transgenic lines and is
not significantly influenced by the transgenes under the tested conditions, contrary to
what was previouslyobserved on the same plants grown under the CT Room conditions

(Fig. 3.5).
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Figure 3.7 Stomatal density (stomata mn®) on the abaxial surface of nind 0transgenic strawberry genotypes in the Glasshouse
environment. Boxplots show the distribution of stomatal density measurements per genotype, with individual data points ovada
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To determine whether the stomatal density of individual lines differed between
growth environments, two-sided t-tests were conducted for each genotype, comparing
plants grown in the CT Room and the Glasshouse (Fig. 3.8). A significant effect of
environment on stomatal density was identified for genotype H_352(= 0.0107), with
higher SD values observed in the glasshouse. Trends toward significance were detected
forH_354, S 63, and H_ 9% E 0.0722, 0.0515, and 0.0836, respectively), where
increased stomatal densities were observed on plants grown under glasshouse

conditions. For the remaining genotypes (AZ_1, S 261, S_91, and SH_15), no significant
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differences were detected in SD irrespective of the growth environments, indicating
that the effect of environmental conditions on stomatal development varied among
genotypes and the effects of the transgenes on stomatal density were reduced for the

same plants grown in a stressful environment.
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Figure3.8. Stomatal density (stomata mntg) across two growth environmentsCT Room and Glasshousgfor nine transgenicTO
strawberry genotypes. Each panel represents a different genotypwith the genotype displayed as the title for each ploBoxplots
show the distribution of stomatal density per environment, with individual data points overlaid. Values from two-sided t-tests are
displayed above each panel, comparing the environments for each genotype. Colours indicate environment: blue foe CT Room
and green forthe Glasshouse. Environmental conditions CT Room day 23°C, night 18°C, 65% RH¢ UT 10O® > = 1O 0 Y TisfOThé Y
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3.2.3.Plant DiseaseAnd Management

3.2.3.1. Disease SymptomsAnd Plant Survival Under Controlled

Conditions

During the course of the project, transgenic strawberry plants were severely
affected by pests, diseases, and environmental stressin the CT room, le first
challenge was a Whitefly infestation (Fig. 3.9A). Although this did not kill plants, it
necessitated quarantine and intensive pesticide treatments, which prevented
measurements at a stage when many lines still had sufficient replicates. The majtoss
of material occurred later due to widespread Strawberry Crown Rot (Fig. 3.9B), which
eliminated numerous unique lines. Surviving plants were then weakened by a severe
outbreak of Powdery Mildew (Fig. 3.9C). While this disease caused limited direct
mortality, it greatly reduced plant vigour and completely halted stolon production,
preventing the generatiorof new replicates by vegetative propagation. A subsequent
infestation of Spider Mites (Fig. 3.9D) added further stress and compounded the overall
decline in plant health. Powdery mildew and mite infestations were managed with
pesticide applications, soapywater washes, and removal of infected tissue, allowing a
few plants to recover.All of the disease outbreaks and pest pressure occurred in the CT
room and once remedied, plantswere transferred from the CT room to glasshouse
conditions, where vigorous new growth was observed. However, exposure to high light

and temperatures of up to 55 °C in the glasshouse led to further losses (Fig. 3.9E).
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Altogether, 22 of the 27 transgenic lines were lost, either directly through disease or

effectively through a reduction in replicate numbers below three.

Figure3.9. Pictures of transgenicTOstrawberry plants afflicted with a variety of plant diseases and stressethroughout

experimentation. A) Plants were afflicted withWhitefly (Trialeurodes vaporariorun). B) Plants affected bywater stress/ Crownand
Rootrot (Phytophthora cactorum, Rhizoctoniaspp.). C) Plants affected bypowdery mildew (Podosphaera aphanig. D) Plants
affected by Spider mites family Tetranychidaé. E) Plants affected byun/ heat stress. Diseases shown in A, B, C and D occurred
the CT Room: 23°C day and 18 night, 65% RH,and a 16 OGS Y q Y GIJI RY I KOY n O$'>HedDstess Gekd@en Yndah¥ (

Glasshouse: 2560 °C day, 20°C night, 60% RH and a -h@hotoperiod of 606Y = Z 0. G Y 0 H0&s3.Y q Y Ut O
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3.2.4.Determining Photosynthetic Capacity Via Photosynthetic

Response To IntracellulatCO, Concentrations

A/CWésponse curves were used to determine if transgenic expression 8&TO
and/or HXKaffected photosynthetic capacity. All genotypes exhibited a typicah/CW
response curve, with the assimilation rate (A) displaying a rapid linear increase at low
RUqUI A#IJGGe2 0c¢ | LI9CVTettie Walgauing where amdRogdbihgliaturation at

higher CWévels (Fig. 3.10).
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Figure3.10. Photosynthetic response ofTOtransgenic strawberry plants under different intracellulal®9 § &oKgentrations (G). The
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Y IO GY i o&sd. Mep¥utkmédts were performed on the youngest fully expanded leaf.

While some genotypes, such as H_352 and H_354, tended to exhibit higlfer
values at elevatedCWhese trends were not statistically supported by modelled

photosynthetic parameters (Fig. 3.11)Due toonly one line surviving for both S and SH
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genotypes,definite conclusions cannot be made abouteither of these genotypes.
Derived values ofAnax, VCmax, and Jnax did not differ significantly between genotypes
bl § € 9 WN ep<l0.05, budbmdfing dhk the transgenic expression of STO
and/or HXKdid not affect the maximum rate of photosynthesis, maximum rate of

carboxylation, or the maximum rate of electron transport.
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Figure3.11. Photosynthetic parametersmodelled from A/CWurves acrossTOR I U Y q ! GIJt g l0é -shttd@tedl BskdmildtiontOx
rate (Anax), (B) maximum Rubisco carboxylation capacity @4ax) and (C) maximum electrortransport rate (dax). Boxplots display the
median (horizontal line), interquartile range (box), and whiskers extending to 1.5 x the interquartile range, with black dogsking
observations beyond this range (outliers)No statistical differences were found between genotypes folmax, VCmax, OF Jnax ANOVA, p
>0.05 (n = 3, n =5 for AZ_Ilasshouseconditions: 2560 °C day, 20°C night, 60% RH and a -hhotoperiod of 606Y £ = 1O,

photons m? s, Measurements were performed on the youngest fully expanded leaf.
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3.2.5.Stomatal Conductance, Photosynthesis And Intrinsic Water

Use Efficiency Dynamics In Response To Dynamic Light

To assess genotypic differences in stomatal responses to induced opening and
closure, transgenic strawberry plants were subjected to stepchanges in light intensity.
Following a stepincrease in light intensity (100 to 1000 umol ras2), all genotypes
exhibited a rapid rise in net photosynthesisA) and stomatal conductance to water
vapour @), with peak values occurring just before the steqalecrease in light intensity
(Fig. 3.12). After the return to low light (shaded region), bofkand gs, declined across
genotypes. Intrinsic wateruse efficiency (IWUE) increased in most genotypes following
a step-increase in light intensity, before declining sharply after a step decrease in light

intensity.
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Figure3.12. Time-course responses of (A) net photosynthesis (A), (B) stomatal conductance to water vapousjgand (C) intrinsic

water-use efficiency {WUE) in TOtransgenic strawberrylines during step changs in light intensity. Light intensity increased from 10
to 1000 umol m? st at 900 s and returned to 100 umol nistat 3600 s, as indicated by the shaded region. Lines represent genotyp
means; ribbons show + standard error (n 3 and for H_352 n =} Glasshouseconditions: 2560 °C day, 20°C night, 60% RH and

16-h photoperiod of 606Y = X 0. 0 Y 0 HO&s3. ¥ep¥utemédts were performed on the youngest fully expanded leaf.

To determine genotypic differences in the stomatal responses, three distinct

time points were chosen to analyse genotypic differences during the step increase and

decrease in light intensity: steadystate pre-RUT 2 Hq R Y U WisN SOD$), Highy T WG

x Ys Wal ¢ Ut Raq R 23608 &) knd Hieadystaiielpost-R UT 2 A aq R Y U Wbl N MMLL,

251, 5400 s). Significant differences were found between genotypes fgs, and iWUE at

the steady-state preeRUT 2 A q RY U lWlq R G 1J 1ASYORO Yy ThadXMKM M L. G Y € LW

Co

overexpressing line H_354 had significantly highags.than the azygous control, fellow

HXK line H_352 an&TOline S_261 (ANOVA, Tukey HSD, p = 0.025, 0.027 and 0.007,
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respectively). The HXK line H_95 also trended towards having higlgerthan the

azygous control, but was not significant at the 5% threshold (ANOVA, Tukey HSD, p =
0.067); however, this line had significantly highegs,than the STOline S_261 (ANOVA,
Tukey HSD, p = 0.019). The inverse relationship was seen for IWUE, with H_354 having
significantly lower iWUE than the azygous control and S_261 (ANOVA, Tukey HSD, p =
0.038 and 0.006, respectively). The HXK line H_95 also had signifidg lower iWUE

than the STOline S_261, but did not differ statistically from the control (ANOVA, Tukey
HSD, p = 0.02 and 0.12, respectively). These data suggest that guaell-specific
overexpression ofHXKcan lead to higher lowlight steady-state g.wand, as a result,
reduced iWUE.

Normalising Aand gs to the initial and final values of each step change enables
visualisation of induction rates and the genotypic differences therein (Fig. 3.13). While
apparent genotypic differences can be seen in relativA during the step increase in
light intensity (Fig. 3.13A), no statistical differences were found between genotypes for
the time taken to reach 33, 50, 66 and 90% of the relative(ANOVA, Tukey HSD, all p >
0.05). These data suggest that the expression of the transgenes did not altbe rate of

photosynthetic induction during a step increase in light intensity.
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Figure 3.13.Relative CQ assimilation (A, %) and stomatal conductance (g,, %) response to a step change in light intensity
over time inTOtransgenic strawberry mutant genotypes. The-axis represents time (seconds), and the-axis represents
relative A and g, (%), normalised to initial values (outlined in Chapter 2). The left panels show the response of A (A) adR)
to a step-increase in light intensity, where light intensity increased at Time = 900 s, while the right panel show the responsi
A (C) and g, (D) to a stepdecrease in light intensity, where light intensity decreased at Time = 3600 s. Each coloured line
represents themean response for a specific genotype, with shaded areas indicating standard error (S@@)= 3 and for H_352
n = 4).Glasshouse conditions: 2560 °C day, 20°C night, 60% RH and a -hGhotoperiod of 606Y = = KO O Y  HO&3.Y «

Measurements were performed on the youngest fully expanded leaf.

To identify if constitutive overexpression o§TOand/or the guard-cell-specific

overexpression ofHXKaltered stomatal behaviour during the step changes in light
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intensity, stomatal kinetics (k, the time constant describing the speed of stomatal
movement) and lag time |, time before a significant stomatal response) were modelled
according to Vialet-Chabrand et al. (2017) No significant differences were found
between genotypes for stomatal kineticsK) in either the stepincrease in light intensity
(KruskalWallis, p = 0.5774) or stepdecrease in light intensity (ANOVA, p = 0.752), nor
for stomatal lag time () of the stepincrease or decrease in light intensity (ANOVA, p =
0.934 and p = 0.242, respectively) (Fig. 3.14).

When comparing genotypic responses to a stefincrease versus stepdecrease in
light intensity, STOoverexpressing lines S_261 and SH_15 had a trend towards greater
stomatal kinetics in response to a stepincrease than to a stepdecrease in light
intensity (TwoSamplet-test, p = 0.062 andp = 0.060, respectively), but no significant
differences in stomatal kinetics k) were found. Significantly lower lag timel)in
response to a stepdecrease in light intensity was found for H_354 and SH_15 (Two
Sample ttests, p < 0.01), with no significant differences found for the other genotypes.
The otherHXKoverexpressing lines H_352 and H_95 displayed a trend towards a lower
stomatal lag time () in response to a stepdecrease in light intensity (Two Sample-test,
p = 0.064 and p = 0.058), as well as the Azygous (Two Samgiest, p = 0.083). The
trend of having a shorter delay in stomatal response to closur¢i( response to a step
decrease in light intensity) in all lines except th&TOsingle line S_261 suggessTO
expression may interfere with an innate rapid response to closure signals. These data
suggest that the transgenic expression dfiXKdid not result in any changes in stomatal
response to changes in light intensity, buSTOexpression alone may interfere with an

apparent innate rapid response to closure signals.
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Figure 3.14. Stomatal response kinetics across transgenic strawberry genotypes during light step transitions. (A) Stomatatkcs
parameter (k) and (B) lag time (I) for transgengtrawberry genotypes during a stepincrease and stepdecrease in light intensity.
Bars represent genotype means (+ standard error) for each phase, with red bars indicating responses during light inductigegs
Increase) and blue bars during light reduction (StePecrease). Stomatal kinetics (k) reflects the rate of thesgresponse to a light
step change, while lag time (I) represents the temporal delay before the onset of respon&atistical differences are denoted by
asterisks and brackets between comparisons (ANOVA with Tukey HSD, * p < 0.05, ** p < 0.01, ** p < 0.001) above the ba char
3 and for H_352 n = 4)zlasshouse conditions: 2560 °C day, 20°C night, 60% RH and a -hGhotoperiod of 606Y £ = KO, G Y @ |

m=2st. Measurements were performed on the youngest fully expanded leaf.
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