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Abstract

Gas flux into leaves for photosynthesis occurs through small pores on the surface called stomata.
Subsequent gas movement to the photosynthetic cells relies on porous mesophyll tissue. However,
maximising the density of stomata and porosity of the airspace to improve the rate of gas flow for
photosynthesis increases the amount of water lost. Therefore, there is a trade-off of maximising
photosynthetic rate while keeping water loss to a minimum. The effect of leaf structure in Triticum
(wheat) species on this trade-off is the subject of this thesis, with a focus on how this has changed

during the breeding of modern hexaploid wheat from lower ploidy progenitors.

At the level of whole leaf structure, the Triticum mesophyll has traditionally been considered to be
homogenous. Here I show that in fact it comprises four distinct cell layers. This patterning is
conserved across all Triticum ploidy levels and cultivation statuses, suggesting an evolutionary

advantage.

Focussing on tetraploid wheat varieties, I show that that modern cultivated varieties have larger
stomatal, pavement and mesophyll cells, fewer stomata and are more water-use efficient than wild,
landrace varieties, suggesting that water-use efficiency has been a driver during the selection of

modern tetraploid wheat.

Finally, to test the hypothesis that increased cell size is linked to improved water-use efficiency,
transgenic hexaploid wheat overexpressing a construct expected to modify cell size were analysed.
This resulted in improved water-use efficiency, but the underlying changes in cellular architecture
were complicated, with the major influence on gas exchange probably linked to altered pavement

traits rather than the mesophyll.

The work in this thesis provides insight into the impact of leaf structure on water-use efficiency
during the breeding of modern wheat which has been superimposed on an ancient underlying

mesophyll cellular architecture.
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Chapter 1. Introduction

1.1. Wheat Evolution and Domestication

Wheat is a globally important grain crop, consisting of two main types: hexaploid bread wheat (Triticum
aestivum) and tetraploid durum wheat (Triticum durum). T aestivum accounts for around 95% of the
world's wheat production and has undergone over 8000 years of selection. The evolution of wheat is
shown in Figure 1.1 and can be summarised as follows. Cultivated wheat belongs to the Triticum L.
genus, which consists of only six species. The sub-family Pooideae that includes around 300 species
(Clayton & Renvoize, 1986) including wheat and barley, diverged from the Poaceae family of grasses
around 20 Mya (Inda et al. 2008). A member of this sub-family, Triticum uratu (wild diploid wheat, 2n
=2x =14, genome A"A"), hybridized with the B genome ancestor of modern wheat (4egilops speltoides,
2n = 2x = 14, genome SS) around 400,000 years ago (Dvorak et a/,. 2012) to produce wild emmer wheat
(T turgidum ssp. dicoccoides, 2n = 4x = 28, genome A"A"BB). About 10,000 years ago, in the Fertile
Crescent, wild emmer began to be cultivated (Feldman & Kislev, 2007; Kislev ef al., 1992) without
prior knowledge of selective breeding to create a cultivated emmer (7. turgidum ssp. dicoccum, 2n =
4x =28, genome A"A"BB). After another 1000 years, the cultivated emmer spontaneously hybridized
with another goat grass, similar to the B genome progenitor (4e. tauschii, 2n = 2x = 14, genome DD)
to produce an early spelt variety (7. spelta, 2n = 6x =42, genome A"A"BBDD). This hybridisation event
likely occurred as emmer cultivation spread eastwards into the natural habitat of Ae. fauschii around
the Caspian Sea (Nesbitt & Samuel, 1998; Salamini et al., 2002). One hypothesis is that, around 8,500
years ago, a natural mutation resulted in changes in the ears of both emmer and spelt leading to more
casily threshed types that later evolved into the free-threshing durum (7. turgidum ssp. durum) and bread
(T. aestivum) wheat. However, the idea that 7. spelta is the ancestor of modern bread wheat has been
disputed (Dvorak et al., 2006), and instead presented the idea that cultivated wheat ancestry is more

complicated, involving factors such as gene flow from wild cereals (Dvorak et al., 2011).

The UK is highly reliant on wheat to feed its population. It is also the most widely cultivated crop
worldwide, with 790.54 million metric tons being produced in the 2023/2024 season (USDA, 2024).
Wheat provides a large proportion of the global population with around 20% of their calorific and 25%
of their protein intake (FAO, 2024). It is grown in both temperate and tropical environments, many of

which being water-restricted or facing increasing problems of water scarcity due to climate change.
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Figure 1.1. Wheat domestication and evolution. Modern hexaploid bread wheat has evolved as the result of two
isolated hybridisation events. Hybridisation of the diploid species 7. uratu (AA) with what is thought to be 4.
speltoides (BB) resulted in the generation of a tetraploid 7. turgidum containing A and B genomes. Wild T.
turgidum 1is of the sub-species T. turgidum ssp. dicoccoides, early cultivated Emmer (7. turgidum ssp. dicoccon)
was selected from this and through later evolved in to a modern, free-threshing Durum (7. turgidum ssp. durum).
A second hybridisation event occurred between cultivated tetraploid Emmer wheat (AABB) and 4. tauschii (DD)
and led to the formation of modern hexaploid wheat, 7. aestivum (AABBDD).



1.2 Water Use Efficiency and Drought Tolerance

Water use efficiency (WUE) is a measure of the productivity of a plant per unit of water used (Hatfield
& Dold, 2019). This can reflect the responsiveness of crops to water stress in relation to yield values
(Richard, 2006; Zhang et al., 2010). An increasing area of concern with regards to WUE is that of staple
food crops, with major cereal crops such as wheat and rice accounting for 27% of global water
consumption (Hoekstra & Mekonnen, 2012). Presently, one in eleven people are classed as living under
food insecurity (FAO, 2024). In the near future, as water supplies become scarcer and more variable
due to the impacts of climate change, worldwide crop production must be substantial to feed the growing
population (SOFI, 2018). For this to happen, crops that require less water in order to produce an equal
or greater amount of food must be produced, in combination with further strategies for yield

improvement.

Water is used in an extensive number of processes in every plant on the planet, and plants that grow in
water-restricted environments have adapted ways to deal with the stress by reducing water loss and
improving water-use efficiency. There are a range of adaptations that different plant species employ to
confer drought resistance (Levitt, 1980). One category is ‘drought escape’ in that the plant aims to
complete its life cycle before experiencing the effects of the drought, as they are able to modulate their
vegetative and reproductive growth depending on the availability of water (Jones, Turner & Osmond,
1981). ‘Drought avoidance’ applies to plants which are able to maintain a moderately high tissue water
content despite reduced water availability (Levitt, 1980), and this is achieved through a variety of
adaptations relating to either the minimisation of water loss (water savers) or optimisation of water
uptake (water spenders). The latter tend to maintain water uptake through features such as increased
rooting and hydraulic conduction, whereas water savers use water more efficiently by reducing factors
like transpiration, transpiration area and radiation absorption under water-stress. The ability of plants to
withstand low tissue water content is known as ‘drought tolerance’. Another way in which some plants
have adapted to cope with living in water-stressed environments is through carrying out the C4 pathway
of carbon assimilation instead of the more widely used C3 pathway. The C4 pathway has been suggested
to limit water loss, reduce photorespiration, and improve photosynthetic efficiency under drought stress

(Edwards & Walker, 1983).

The loss of water vapour from the leaves of plants, transpiration, is what drives uptake of water from
the soil through the roots by generating a water pressure gradient. The rate of transpiration therefore
must be in balance with the supply of water to the roots, and too much water loss in water-stressed
conditions can have a devastating impact on plant growth (Seleiman et al., 2021). Transpiration rate can
be affected by a variety of environmental factors such as light, humidity, temperature, and atmospheric
CO; concentrations, as well as endogenous factors such as hormone production and age (Pallardy, 2008).
Water loss from the leaves is largely regulated by the presence of pores called stomata, which are also

vital for photosynthetic gas exchange. It is important that plants are able to optimise both the rate of gas
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uptake by the leaves for photosynthetic carbon fixation, while reducing the amount of water lost by
transpiration through the same pores, in order to maximise productivity. Stomata have been observed
to be key players in the trade-off between these two processes (Lawson & Blatt, 2014). The path through
which CO; enters the photosynthesising leaf cells begins at the layer of air immediately surrounding the
leaf (boundary layer), and stomatal pores provide a resistance to gas flux into the leaf. For water leaving
the leaf, this occurs in reverse with stomatal pores being the main resistance to water loss. The behaviour
of the stomata therefore plays a key role in controlling both the volume of CO, entering the intercellular

leaf airspace and in minimising the amount of water lost.

1.3. Measuring Leaf Gas Exchange

CO; and H,O exchange between the internal leaf cells and the atmosphere is required for photosynthesis
to occur. The rate of gas exchange can be quantified in vivo using either an infra-red gas analysis system
(IRGA) (Long & Bernacchi, 2003; Johnson & Murchie, 2011) or through the use of a porometer. In an
IRGA system, the leaf is clamped into an airtight cuvette whilst still attached to the plant. Indirect
measurements are taken through comparing CO, and water vapour concentrations by detecting
differences in infra-red absorbance of a sample and empty reference cell, combined with a measure of
gas flow rate through the sample chamber (Figure 1.2). From this, the assimilation rate of CO; per unit
of leaf area, A, can be calculated (Busch, 2018), along with further parameters including stomatal
conductance (gs), which gives an indication of the quantity of stomatal pore space (taking into account
pore size and density) that is available for gas exchange (Johnson & Murchie, 2011; Busch, 2018).
IRGA systems allow for steady state measurements to be taken in a highly controlled environment, as
well as for easy manipulation of parameters that affect leaf gas exchange such as light intensity,
temperature, humidity and CO; concentration to provide insight into how gas exchange responds to
changes in environmental conditions. In addition, generating A/C; curves in response to changing light
and CO, concentration using IRGAs allows for more complex datasets to be extracted (Bellasio ef al.,
2016; Sharkey, 2016). IRGAs are extremely useful tools for studying leaf function, however issues such
as leaks and incorrect recording of leaf area are likely to cause errors and impact the usability of the
data (Johnson & Murchie, 2011), so the correct setup programme and appropriate protocols must be

followed.



Reference IRGA

Leaf Chamber

Figure 1.2. Using an IRGA to measure leaf gas exchange. A simplified diagram showing how an infra-red gas
exchange analysis (IRGA) system measures gas exchange of a leaf. By measuring flow rate and comparing H,O
and CO» concentrations between the reference and sample IRGAs, an estimation of a leaf’s photosynthetic gas
exchange parameters can be measured.

Porometry, for example using the LI-600 system (LiCOR, NE, USA), captures instantaneous gas
exchange information for leaf stomatal and boundary layer conductance from a leaf, allowing for much
higher throughput than using an IRGA like the LI-6800. Specifically, the LI-600 quantifies transpiration,
E, in a similar way to an IRGA: by measuring the flow rate and water vapor fraction of air that enters
and leaves the chamber. Simultaneously, total conductance to water vapor (gw) is calculated using E
values and vapor pressure readings in the leaf and cuvette. Stomatal conductance to water (gsw) is then
recorded as a function of g and the boundary layer conductance to water vapor (gow). Despite
porometers being ideal for larger scale experiments, one of the major drawbacks when compared to an
IRGA system is the limited number of output parameters and the ability to only capture snapshot
readings of leaf gas exchange and lack of capability to generate response curves. However, the LI-600
is able to match closely to ambient conditions and allows for much more rapid stabilisation than with

an IRGA, making it better for quantifying gas exchange in the field.

Analysing gas exchange is acknowledged as an effective way to assess the physiological performance
of wheat (Araus et al., 1986; Yin et al., 2009; Driever et al., 2014; Dunn et al., 2019). Gas exchange
has also been shown to vary greatly depending on environmental conditions, however when using an

IRGA to control parameters and saturate light intensity while maintaining ambient CO,, the mean A of



modern hexaploid wheat ranges between 20 and 30 pmol m™s™ (Driever et al., 2014), with g;between
0.3-0.45 mol m™ s™! (Gaju et al., 2016). Both g;and 4 are known to be driven by a variety of anatomical
factors such as the density and size of stomatal pores on the surface of the leaf, stomatal patterning, and
altered pore aperture (Willmer & Fricker, 1996; Hetherington & Woodward, 2003; Casson &
Hetherington, 2010; Lawson & Blatt, 2014; Matthews et al., 2018; Faralli et al., 2020). It is during leaf
development that these are determined through both environmental and genetic drivers (Hepworth et

al., 2018; Zoulias et al., 2018; Pillitteri et al., 2007).

1.4. Wheat Leaf Architecture and Development

1.4.1. Formation of leaf primordium

Distinct tissue layers are established very early in the developing leaf. The initiation of leaf primordia
in the peripheral zone (PZ) of the shoot apical meristem (SAM) is followed by the establishment of
polarity across three axes: abaxial-adaxial (front-back of leaf), proximal-distal (base-tip of leaf) and
medio-lateral (main vein-edge of leaf; Conklin et al., 2019; Muszynski et al., 2020). It is the patterning
across the abaxial-adaxial axis, regulated by a combination of genetic mechanisms and environmental
factors which results in the divergence of pavement vs mesophyll cell lineages (reviewed by Wang et

al., 2021).

1.4.2. Stomata

Cells in the outermost pavement layers of a primordium are competent to form stomata, microscopic
pores on the leaf surface. Stomatal complexes in monocots such as wheat consist of a pair of dumbbell-
shaped guard cells (GCs) and flanking subsidiary cells (SCs) surrounding the stomatal pore (Chen et
al., 2017; Raissig et al., 2017; Hepworth et al., 2018; Nunes et al., 2019). The SCs are adapted to
physically interact with the GCs and help control stomatal aperture (Hepworth et al., 2018; Nunes et
al., 2019; Wu et al., 2019).

Stomatal development has been well characterised, with many of the genes and components regulating
stomatal differentiation and development being understood (Hepworth et al., 2018; Zoulias et al., 2018).
In early leaf development, undifferentiated pavement cells follow a well-defined cell lineage resulting
in functional guard cells (Pillitteri ez al., 2007; Zoulias et al., 2018). Differentiation of monocot stomata
begins from an intercalary meristem near the leaf base, and they mature as the leaf extends (Conklin et
al., 2019). The stomatal file is defined from the pavement cell files, outlining cells that have the
capability to form stomata (Raissig et al., 2016). Then, guard mother cells (GMCs) and larger sister
cells are formed by asymmetric cell division within this file (Facette & Smith, 2012; Vatén & Bergmann,
2012; Raissig et al., 2016; Hepworth et al., 2018). A second asymmetric division results in formation
of subsidiary mother cells (SMCs) in the pavement cells flanking the GMC (Serna, 2015; Endo & Torii,

2019), followed by an increase in cell size which results in a pair of immature SMCs flanking the GMC
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(Vatén & Bergmann, 2012; Hepworth ef al., 2018). One final symmetrical cell division splits the GMC
into two immature guard cells (Hepworth et al., 2018; Endo & Torii, 2019). The guard cells elongate
into a dumbbell shape (Liu et al., 2009) and separate to form a central stomatal pore (Hepworth et al.,

2018). The process of monocot stomatal development is summarised in Figure 1.3.

1 2 3 4 5

Figure 1.3. Stomatal development in grasses. Monocot stomatal development occurs in five distinct stages: 1)
Determination of stomatal files. 2) Asymmetrical division results in formation of guard mother cells (GMCs). 3)
A second asymmetrical division forms subsidiary mother cells (SMCs). 4) Guard cells are formed by symmetrical
cell division. 5) Elongation of guard cells into a dumbbell shape and separation to form the stomatal aperture,
flanked by subsidiary cells.

During pavement patterning, cells are positioned in ordered, parallel files and, from a subset of these,
stomatal complexes form (Rudall et al., 2017). It is functionally important that stomatal complexes are
spaced at least one pavement cell apart from each other (Dow et al., 2014; Bergmann & Sack, 2007;
Pillitteri & Torii, 2012). Additionally, there are mechanisms in place, such as cell type determination
based on proximity to the vasculature via the SHORTROOT pathway (Levesque et al., 2006; Cui et al.,
2014), to ensure that stomata do not form over leaf veins. Instead, stomata are positioned over mesophyll
tissue so that cell separation directly beneath the stomate leads to the formation of substomatal cavities
(Bergmann, 2004; Schuler et al., 2018), which help facilitate efficient diffusion of gasses in and out of
the leaf. Wheat stomata are found on both the abaxial and adaxial epidermis, being slightly higher in
density on the adaxial (Pemadasa, 1979; Wall et al., 2022).

1.4.3. Mesophyll

While the differentiation of stomatal cells is determined by the commitment of an undifferentiated cell
to the stomatal lineage (Zoulias ef al., 2018), the development of a porous mesophyll structure is more
complex. The development of mesophyll airspaces and patterning of stomata occur simultaneously and

are thought to feedback on one another dynamically (Baillie & Fleming, 2020).

In young wheat leaves, there is a continuous developmental gradient of mesophyll cells with
meristematic cells at the base of the leaf and differentiated cells at the tip. Mesophyll development

consists of the formation lobed mesophyll cells in wheat. The mechanism behind the development of



these cell lobes was first studied in epithem cells of hydathodes (pores which let out water in the form
of droplets) in Pilea cadierei (family Urticaceae) leaves (Galatis, 1988). Microtubules (MTs) form in
ring-shaped bundles that interconnect to create a cell-wide scaffold. The cell wall is locally thickened
using cellulose microfibrils (CMFs) in coordination with MT ring formation. This results in bulging of
the cells where the walls have been thickened and constrictions from the MT rings, forming lobes. This
mechanism, outlined in Figure 1.4, has also been shown to control lobing in 7. aestivum mesophyll cells
(Jung & Wernicke, 1990; Wernicke & Jung, 1992). The expansion phase is crucial in which the final
shape of the cell is established (Jung & Wernicke 1990).

| Microtubules
. Cellulose Microfibrils

Brick-like Cells Lobed Cells
Figure 1.4. The formation of cell lobes. The combined action of constricting microtubule (MT) rings and

localised thickening by cellulose microfibrils (CMFs) causes the formation of a lobed morphology as the cell
expands during leaf development. Adapted from Galatis, 1988.

The controlled separation of dividing mesophyll cells caused by an array of cell wall enzymes (McCann
& Carpita, 2008), followed by cell expansion to form their distinct lobed shape creates a complex
pattern of airspaces, allowing for the flux of CO, to these cells followed by diffusion across the cell
wall, plasma membrane and cytosol occurs, allowing entry of the CO; to the site of carboxylation in the

chloroplasts (Flexas et al., 2012; Lundgren & Fleming, 2020).

Across the three ploidy levels of wheat, a similar basic arrangement of mesophyll cells is observed.
Unlike in eudicot species such as Arabidopsis thaliana, the mesophyll does not form distinct palisade
and spongy mesophyll layers across the adaxial-abaxial axis. Instead, monocot mesophyll cells are
patterned along the proximal-distal leaf axis, interspaced by major and minor veins (Jellings & Leech,
1984; Parker & Ford, 1982). One major difference that has been observed in wheat leaves between
ploidy levels is the increase in the size of mesophyll cells from diploid to hexaploid (Jellings & Leech,
1984; Parker & Ford, 1982; Wilson et al., 2021), which is a general effect of polyploidy that can be
seen across a range of plant species (Kondorosi et al., 2000; Katagiri et al., 2016). This increase in
volume has been accompanied by a linear increase in cell surface area, indicating a change in shape of

mesophyll cells as they increase in size, likely to maintain a high surface area to volume ratio to
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maximise the cell surface available for gas exchange (Wilson et al., 2021). In the same study, a decrease
in overall mesophyll porosity (i.e. reduced airspace) in higher ploidy wheat was observed, which
correlated with increased intrinsic water-use efficiency (iWUE), suggesting it may have been indirectly

selected for during wheat evolution.

1.4.4. Linking stomata and mesophyll development

As well as responding to similar environmental cues, such as light intensity and CO, concentration
(Casson & Gray, 2008; Terashima et al., 2011), there is a coordination of stomatal development and
mesophyll tissue formation which is not just a result of external stimuli. Some genes involved in both
stomata and mesophyll development have been identified, such as ERECTA (Masle et al., 2005), and
STOMAGEN (Kondo et al., 2010), a stomatal patterning gene that is expressed in the mesophyll.
However, a full mechanistic explanation of the link between stomatal and mesophyll differentiation has
yet to be discovered. Lundgren et al. (2019) demonstrated a possible link between the formation of
substomatal cavities (which is initiated by controlled mesophyll cell separation) and the presence of
functional stomata. In transgenic wheat lines overexpressing PAVEMENT PATTERINING FACTOR 1
(EPF1) in which a large proportion of stomata failed to develop, no substomatal cavities were observed
beneath the arrested stomata. This phenotype suggests that the signal for the formation of sub-stomatal
cavities either comes from a fully differentiated stomata or requires the flux of gas through an open
stomatal pore. Combined with the existence of STOMAGEN, a mesophyll-expressed signal that has
been shown to positively regulate stomatal density (Kondo ef al., 2010; Lee et al., 2015), these findings
suggest that the mechanism of mesophyll and stomatal coordination during leaf development involves

signalling in both directions.

There is currently no evidence linking the development of stomata to the formation of mesophyll
airspace that is not directly underneath the stomata, however as the formation of stomata and mesophyll
have been shown to be linked both directly and indirectly, it is highly possible that global mesophyll
cell separation is influenced by the presence of functional stomata and the gas flux through them, as

well as through other unrelated developmental pathways.

Leaf development usually occurs in a constantly changing environment, where reaching the optimal
structure in terms of number and size of stomata, mesophyll and cell arrangement within the leaf will
involve many trade-offs linked to the life strategy and specific growth environment (Brodribb et al.,
2013; Flexas & Carriqui, 2020; Roddy et al., 2020). This final structure will be to some degree adapted
in terms of rate of photosynthesis and water-use efficiency for the plant to survive and grow in its local

environmental conditions.



1.5. Linking Wheat Leaf Structure to Function

Understanding how the structure of leaves influences function is an important research area of plant
biology (Earles et al., 2018, 2019; Ren et al., 2019; Terashima et al., 2011). It is well established that
stomata are key players in the trade-offs that occur between carbon fixation for photosynthesis and rate
of transpiration and play a major part in controlling plant WUE through regulating CO, uptake and
water loss (Franks and Farquhar, 1999; Xu et al., 2016; Driesen et al., 2020). Dumbbell-shaped guard
cells belonging to grass leaves are more efficient than kidney-shaped ones, such as in Arabidopsis, as
they are better at maintaining osmotic and turgor pressure between guard cells and subsidiary cells

(Harrison et al., 2020).

G; is the rate at which stomata facilitate gas exchange. It is dependent on stomatal size and density at
the leaf level and can also be rapidly modulated by changes in stomatal aperture (Dow & Bergmann,
2014; Dow et al., 2014; Lawson & Blatt, 2014; Bertolino et al. 2019; Verma et al. 2020). Many crop
species may have been indirectly selected for increased stomatal conductance (Roche, 2015), potentially
through increased stomatal density, contrasting the observation that increasing atmospheric [COs]
causes a range of non-crop species to develop reduced stomatal densities (Hetherington & Woodward,
2003; Woodward & Kelly, 1995; Franks & Beerling, 2009). Wall ef al. (2023) saw that diploid Triticum
species also show this same response of reduced stomatal density under elevated atmospheric [CO],
however no there was no significant change in that of tetraploid or hexaploid wheat. This extent of
elevated CO; is thought unlikely to have any effect on field conditions, and it has been suggested that
crop water use could be directly targeted by engineering and molecular breeding programmes through
reducing stomatal density or aperture (Chaerle et al., 2005; Yoo et al., 2009). Contrastingly, Roche
(2015) argues that high stomatal conductance is often required in the field to maximise cooling and
enhance photosynthesis for increased yields. Dunn ef al. (2019) demonstrated that overexpressing EPF1
in wheat plants (a manipulation that results in a decrease in the number of functional stomata and sub-
stomatal cavities (Lundgren et al., 2019), has a detrimental effect on yield. However, this was only the
case with lines that had >50% reduction in stomatal density. Those with a more moderate phenotype
had no yield reduction but increased iWUE coupled with improved drought tolerance. These results
suggest that only a large decrease in stomatal density will impact photosynthetic efficiency, and that
smaller decreases could be utilised as a tool in wheat breeding to improve WUE and drought tolerance.
Wheat has greater stomatal density on the adaxial surface, and Wall et al. (2022) found that higher
photosynthetic capacity on the adaxial surface led to greater carbon assimilation which would be
supported by greater adaxial gs, which also allows for greater leaf cooling. However, in this study by
Wall et al., abaxial gas exchange was also seen to contribute around 50% of total leaf photosynthesis,
suggesting that stomata on both pavement layers contribute roughly equally despite having significantly

different densities.
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It is also important to consider other stomatal traits, such as speed of stomatal movement (Lawson &
Blatt, 2014, Chen et al., 2017), when looking to enhance WUE, and to consider the effect of stomatal
patterning on other plant traits such as leaf temperature and susceptibility to pathogen infection. Cowan
and Farquhar (1977) proposed that stomatal aperture is regulated to reduce water loss while maintaining
an optimum rate of photosynthetic carbon assimilation. Carbon gain is important to consider when
thinking about water use efficiency, as iWUE is calculated as the rate of carbon assimilation (4) /
stomatal conductance (gs) or A / transpiration rate (£). Therefore, in improving WUE, the core concept
is to increase A4 while only allowing for a small increase in g, as increased transpiration through high
gs results in a significant impact on biomass production and crop yield (Urban et al. 2017; Guerrieri et

al. 2019).

Although leaf gas exchange is regulated dynamically by the opening and closing of stomatal pores, the
patterning of stomata combined with mesophyll architecture determine the maximum potential flux of
gases (Momayyzi et al., 2022; Dow et al., 2017; Lundgren et al., 2019; Baillie & Fleming, 2019).
Mesophyll cells are important determinators in the rate of carbon assimilation and require sufficient
light and CO; for their role in photosynthesis. However, the availability of these to the internal
mesophyll cells depends greatly on the architecture of the whole leaf, which in turn is greatly influenced
by the size and geometry of the mesophyll cells and their arrangement and interactions with each other
and other cell types in 3D space. It is important to also consider that the arrangement, shape, and size
of mesophyll cells not only has an impact on CO, flux, but also other photosynthetic parameters such
as permeability to and scattering of light (Terashima et al., 2011; Tholen et al., 2012), and additional
factors linked to leaf structure and function including mechanical integrity and water transport (Buckley
etal., 2015). Lehmeier et al. (2017) show that altering pattens of leaf cell division within an Arabidopsis
leaf (resulting in altered airspace patterning) can lead to an increase in photosynthetic rate. This
occurred both through increasing and decreasing mesophyll cell size, but likely through different
mechanisms. They suggest that increasing mesophyll cell size likely increases the rate of photosynthesis
through a simple increase in leaf thickness. Decreasing mesophyll cell size was suggested to improve
photosynthetic rate through improving the in vivo activity of the enzyme Rubisco, and potentially
through the structural changes linked to decreased volume and patterning of mesophyll airspace and

increased CO; conductance in the leaf.

Throughout wheat evolution and cultivation, there have been a series of complex changes with regards
to the shape and size of both the mesophyll cells and their surrounding airspace that have had important
implications for leaf function. From diploid to hexaploid wheat, as the mesophyll cells have become
larger there has been a reduction in mesophyll porosity, with an accompanying increase in iWUE
(Wilson et al., 2021). Interestingly, there has also been a transition to more water-use efficient plants in
tetrapoloid wheat following domestication to 7. turgidum ssp. durum that has not been accompanied by

as significant changes to mesophyll or stomatal parameters (Wilson et al., 2021).
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The increase in global cell size that accompanies increases in ploidy also encompasses stomatal cells
(Beaulieu et al., 2008; Austin ef al., 1982; Wang & Clarke, 1993; Maosong et al., 2008; Khazaei ef al.,
2010). Not only are the stomatal complexes of higher ploidy wheat larger, but the increase in pavement
cell size also reduces the density of stomata that can be packed onto the surface of the leaf (Wilson et
al., 2021). This reduction in stomatal density is likely the greatest contributor to decreased stomatal

conductance and increased iWUE observed with increasing ploidy.

It has been suggested that manipulating the existing relationship between stomatal density and
mesophyll structure could prove useful in improving WUE (Dow et al., 2017; Lundgren et al., 2019).
Mesophyll conductance (gm; how easily CO;can diffuse from the leaf air space into the
chloroplasts) and gs are positively correlated, although the reason for this remains undetermined
(Guiliani et al., 2013; Barbour & Kaiser, 2016). G, has been suggested to play an important role in
photosynthetic efficiency, as improved CO; flux within the mesophyll increases the supply of CO> to
Rubisco and hence increases the rate of carbon fixation (Flexas et al., 2008; Kaldenhoff, 2012; Adachi
et al, 2023). Manipulating this relationship and enhancing g. independently of gs by breaking
coordination of stomatal patterning and mesophyll architecture is one avenue for improving WUE
(Flexas et al., 2013; Lundgren et al., 2019). However, it is important to consider other traits that could

be affected by altering mesophyll structure, such as light capture for photosynthesis.

Genes that alter leaf structure to influence plant WUE have been identified in different species. The first
published gene identified by QTL mapping that regulates WUE was ERECTA in Arabidopsis (Masle et
al., 2005). A non-functional erecta allele increases stomatal density, increases stomatal conductance,
and reduces photosynthetic capacity by reducing rubisco carboxylation rate, resulting in decreased
WUE (Masle et al., 2005). Similarly, other genes that regulate stomatal function have been seen to
impact WUE to different degrees (Klein et al., 2003; Thompson et al., 2007; Tuchi ef al., 2001; Zhang
et al., 2008), and combining loss-of-function mutations can further improve WUE (Yu et al., 2008; Yoo
et al., 2008).

There have also been attempts to alter leaf function and improve WUE by modifying the mesophyll. In
Arabidopsis, for example by exploiting the HARDY (HRD) gene which positively regulates the
production of mesophyll cells (Karaba ef al., 2007). A gain-of-function mutation of this gene increased
the number of mesophyll cell layers in Arabidopsis, which contributed towards increased drought and
salt tolerance. Overexpression of HRD in rice increased both WUE and iWUE; a result of decreased

transpiration and increased biomass production and carbon assimilation (Karaba et al., 2007).
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1.6. Genetic Techniques and Modification in Wheat

Domestication of modern wheat varieties occurred through the selection of desirable traits. One of the
initial major drivers of selection in domesticated wheat is thought to have been increased yield (Peng
etal.,2011; Preece et al., 2017), and in recent history there have been some major genes uncovered and
targeted for crop improvements related to yield. During the Green Revolution of the 1950s-60s, the
introduction of novel traits such as semi-dwarfing alleles of the RHTI (REDUCED HEIGHT 1) gene
led to gains in wheat yield due to reduced lodging and increases in assimilate partitioning to the
developing ears (Borlaug ef al., 1968). In the past, the introduction of these traits has occurred through
selective breeding and have led to many further improvements in wheat yield (Fleury et al., 2010; Ihsan
et al.,2016; Richards et al., 2002). However, the demand for wheat is expected to rise by 1.6% annually
until 2050 and the traditional selective breeding approach is both time- and resource-consuming and
unlikely to achieve the desired yield increase to 5 tonnes per ha from the current 3.3 tonnes (CGIAR,
2013). To tackle the yield gap, key genes need to be identified related to plant productivity and
adaptation to environmental stresses, as well as tolerance to future climate changes. Modern genetic
methods, such as gene editing (GE) and genetic modification (GM) approaches will probably be

required if the yield gap is to be closed in a timely manner.

Despite over 790 million tonnes of wheat grain being harvested worldwide in 2023/2024 (USDA, 2024),
wheat lags behind other key agricultural crops in terms of current yield and application of genomic tools
for yield improvement (Uauy, 2017). This is likely due to its large polyploid genome, containing an
estimated 107,891 genes with over 85% repetitive sequences with a three-fold redundancy reflecting its
hexaploid genome (Appels ef al., 2018). Modern genetic tools such as molecular breeding allow for the
rapid discovery of genes linked to crop improvement, as well as reduced number of generations needed
for the desired phenotype to be observed. Natural variation has helped with identification of QTLs
responsible for agriculturally important traits such as WUE (Mitchell-Olds & Schmitt, 2006; Shindo et
al., 2007; Takeda & Matsuoka, 2008), with functional annotations of a fully sequenced Chinese Spring
wheat genome being a key tool (Bolser et al., 2015). The sequencing of the Chinese Spring genome
allowed for the application of functional genomics to wheat. Prior to this, generating ethyl
methanesulfonate (EMS) mutations in a wheat panel and selecting mutants with desired phenotypes

was the way in which changes could be made to a wheat plants genetics faster than via selective breeding.

Genetic transformation facilitates the introduction and alters expression of a wide range of genes,
bypassing the barriers of sexual incompatibility that exist in nature. Another obstacle to the
advancement of wheat genomic technologies is the relative recalcitrance to in vitro culture and
regeneration (Shrawat & Armstrong, 2018). The first successful genetic transformation of wheat was in
1992 (Vasil et al., 1992), and in 1997, there was the first report of the generation of transgenic wheat
using Agrobacterium-mediated transformation (Cheng et al., 1997). Agrobacterium-mediated

transformation using immature embryos and biolistics are the main methods currently used for genetic
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engineering of wheat. Each technique offers advantages in different situations. For example,
Agrobacterium transformation allows for a relatively high ratio of single copy gene inserts while having
a simple transformation protocol, while biolostics are particularly good at transforming organelles and
delivering RNA, proteins, dyes and complexes into cells (Borisjuk et al., 2019). Additionally,
biolistically-delivering Minimal Expression Cassettes (MECs) facilitates easy cotransformation of
several genes into the plant, as well as allowing for the transfer of larger DNA fragments than with
transformation via Agrobacterium (Partier et al., 2017). There are disadvantages for both
Agrobacterium and biolistic transformation methods in wheat, the main being that the transformation
frequency (TF) is highly genome-dependent and both require long periods of tissue culture. One way
to overcome this is by using in planta approaches as opposed to in vitro methods, and the direct injection
of Agrobacterium has been shown to improve TF of wheat (Supartana et al., 2006; Zhao et al., 2006;
Razzaq et al., 2011; Hayta et al., 2019), and a biolistic in planta method developed by Hamada et al.
(2017) also demonstrated improved TF. Wheat genetic manipulation efforts using transgene expression
has so far targeted all major agronomic traits such as yield (Bednarek et al., 2012; Hu et al., 2012; Hong
et al., 2014; Zhang et al., 2014; Qu et al., 2015; Yadav et al., 2015; He et al., 2015; Qin et al., 2016;
Pena et al., 2017), grain quality (Altpeter et al., 1996; Barro et al., 1997; Rooke ef al., 1999; Lucrecia-
Alvarez et al., 2001; Sherwy et al., 2006; Smidansky et al., 2007; Weichert et al., 2010; Li et al., 2012,
Zhao et al., 2013; Bravo et al., 2013; Liu ef al., 2016; Zhao et al., 2021) and stress tolerance (Hu et al.,
2018; Tian et al., 2018).

Another method used to alter gene expression in wheat is RNA interference (RNAi). This works by
expressing antisense or hairpin RNAi constructs or other short interfering RNA molecules (siRNAs) to
trigger posttranscriptional gene silencing to targeted genes. The first wheat gene to be targeted by RNAi
in this way was TaVRN2, the vernalisation gene, which reduced flowering time (Yan et al., 2004). RNAi
technologies have also contributed to improving wheat grain size (Uauy et al., 2006; Li et al., 2018a;
Zhao et al., 2016) and quality (Regina et al., 2006; Barro et al. 2016; Li et al., 2005; Yue et al., 2008).
However, the most promising application has been in pathogen and pest control using virus and host-
induced gene silencing (HIGS) platforms (Lee et al., 2012; Nowara et al., 2012; Cheng et al., 2015;
Chen et al., 2015).

More recently, targeted genome modifications have become more prevalent in wheat research. Zinc
finger nucleases (ZFNs) and TAL effector nucleases (TAL-ENs) were developed at the end of the 20™
century as tools to generate targeted mutations (Puchta & Fauser, 2013). Such nuclease-based
mutagenesis induces site-specific double-strand breaks (DSBs) which, through either error-prone non-
homologous end joining (NHEJ1) or homologous recombination (HR) results in either insertions or
deletions (InDels) leading to loss-of-function knockouts, or precise genome modifications. However,
in 2012 these techniques were made somewhat redundant by the introduction of CRISPR/Cas9
(bacterial Clustered Regularly Interspaced Short Palindromic Repeats) technology (Jinek et al., 2012).
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CRISPR/Cas9 works by conferring the targeted gene mutation via the Cas9 nuclease that is guided by
small RNAs (sgRNAs) through base paring to the target gene. Due to its operational simplicity and
universality compared to ZFNs and TAL-Ens, CRISPR/Cas9 is now widely used among the scientific
community (Mali et al., 2013; Demirci et al., 2018). The applicability of CRISPR/Cas9 in wheat
protoplasts was demonstrated in 2013 (Shan et al., 2013; 2014; Upadhyay et al., 2013). The original
methods for CRISPR-Cas9 genome editing in plants used plasmids carrying cassettes for co-expression

of Cas9a and sgRNA and were transformed by either Agrobacterium or particle bombardment.

One of the major advantages of CRISPR/CASY editing is its’s potential to simultaneously target several
genes with a single construct. In hexaploid wheat, editing has been reported in protoplasts (Shan et al.,
2013; 2014; Liang et al., 2017; Gil-Humanes et al., 2017), microspores (Bhowmik et al., 2018), cell
suspension cultures transformed using Agrobacterium (Zhang et al., 2017). CRISPR/Cas9 edited wheat
plants have been regenerated from embryos, embryo-derived callus or shoot apical meristems
transformed by Agrobacterium (Singh et al., 2018; Howells et al., 2018) or biolistics (Liang et al.,
2017; Gil-Humanes et al., 2017; Wang et al., 2014; Zong et al., 2017; Hamada et al, 2018).
CRISPR/Cas9 has also been able to overcome the major issue with genetic modification - presence of
transgenic DNA in transformed plants — through delivering in-vitro transcripts or ribonucleoprotein
complexes (RNPs) of CRISPR/Cas9 (Cermak et al., 2017; Gil-Humanes et al. 2017). Additionally, this
approach has been shown to reduce off-target effects, allowing for completely transgene-free and highly
precise wheat mutants. However, these transgene-protocols lack the ability to select for transformants
in the transformation and regeneration process. More recently, targeted base editing using Cas9 fused
with a cytidine deaminase (Zong et al., 2017) or adenosine deaminase (Li et al., 2018b) has been able

to successfully induce specific loss-of-function mutations (Zong et al., 2018).

The first successful experiment using CRISPR/Cas9 editing in wheat was on 7aMLO, a powdery
mildew-resistance gene (Shan et al., 2013). Since then, CRISPR/Cas9 editing has been successful in
wheat for a broad range of applications, including resistance/tolerance to abiotic (Liang et al., 2018)
and biotic (Wang et al., 2014; Upadhyay ef al., 2013; Nalam et al., 2015; Shan et al., 2014; Zhang et
al., 2017) stresses, yield and grain quality (Wang et al., 2018; Hamada et al., 2018; Zhang et al., 2016)
and male sterility (Singh et al, 2018). This included the editing of a wheat homolog of TaCer9
(ECERIFERUMY) to improve drought tolerance and water-use efficiency (Liang et al., 2018). Recently,
the efficiency of wheat CRISPR-Cas9 transformation has been further improved, as Debernardi et al.
(2020) found that co-transforming wheat with a desired CRISPR-Cas9 construct alongside a chimera
of GROWTH REGULATING FACTOR 4 (GRF4) and its GRF-INTERACTING FACTOR 1 (GIFI)
cofactor produced transgenic plants with a high regeneration frequencies that could be used for future

transformation experiments.
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The ability to utilise modern genetic transformation and modification technologies and induce targeted
changes in the wheat genome has revolutionised the potential for reducing the yield gap in polyploid

crop species such as wheat and has opened up new avenues to creating future-proof wheat cultivars.

1.7. Aims
The main aim of this project was to further our understanding on the effect of wheat leaf architecture

on leaf function, specifically water-use efficiency. The aims for each data chapter are listed below:

Chapter 3: Explore the variation that is present in wild, landrace, and modern domesticated tetraploid

wheat varieties, observing leaf morphologies and identifying any links to iWUE.

Chapter 4: Test the hypothesis that leaves of Triticum species with a range of ploidy and cultivation

levels show abaxial-adaxial patterning of cells within the mesophyll tissue.

Chapter 5: Use gene-edited wheat lines overexpressing a GRF4-GIF I construct to test the hypothesis

that cell size, shape, and arrangement in wheat leaves influences iWUE.
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Chapter 2: Methodology

2.1. Plant Growth

For all experiments, plants were sown in F2+S compost (F2 compost and sand; ICL, Suffolk, UK) and
placed into a controlled environment growth chamber (Conviron PGR15; Conviron, Winnipeg, MB,
Canada) in the Sir David Read Controlled Environment Facility (University of Sheffield, Sheffield,
UK). The environmental conditions of the chamber: air temperature =21°C:16°C, 16h light =400 pmol
m™ s, 8h dark, 60% relative humidity.

After germination and 1 week of growth, the seedlings were transplanted into larger pots (square pots,
12.75cm depth and 13cm width at top) containing 6:1 mix of F2+S compost and Perlite (Sinclair Pro,
Cheshire, UK), and five grams of Osmocote Exact 5-6 slow-release fertiliser (ICL, Suffolk, UK) was
added to each pot and mixed into the top layer of compost. Plants were watered and number of leaves
and plant height were recorded at three times a week throughout the 40-day growth period. Leaf width
was measured at the broadest part of the 5™ leaf from the main tiller at 28 days after sowing of seeds

(vegetative phase).

Information on plant materials used can be found in the relevant chapters.

2.2. Stomatal and Pavement Cell Measurements

2.2.1. Slide Preparation and Imaging

After 28 days post-sowing of seeds, dental putty (Coltene Whaledent, Switzerland) was painted onto
both sides of the fifth leaf of each plant and left to dry for 5 minutes. The putty was then removed and
painted with transparent nail polish. After the first layer of polish had dried, this was repeated. The nail
varnish pavement imprints of both the adaxial and abaxial surfaces were carefully peeled off the dental
putty and fixed to microscope slides by taping over a cover slip. The imprints were imaged on an
Olympus BX51 microscope with an Olympus DP71 camera (Olympus, Japan) — this was done at 4x
magnification for counting stomatal density and 10x for measuring stomatal and pavement cell size.
Three images were taken from each plant for technical repeats (from which the mean was then used),

and six biological repeats (plants) were imaged per line for a total of 18 images.

2.2.2. Stomatal size and density measurements and anatomical gsmax calculation
The total area of the field of view of an image taken at 4x magnification was measured using FIJI
(ImageJ 5.3g; Schindelin et al., 2012), and the number of stomata within this area was counted. Stomatal

density was calculated as: number of stomata/total area. This was done separately for Abaxial and
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Adaxial epidermises, and the mean was calculated to represent the average stomatal density across both

surfaces.

Stomatal cell size was measured from images taken at 10x magnification using an ImageJ macro in FIJI.
At least five stomatal complexes were measured per image. Parameters measured were: guard cell
length, guard cell width, pore length and stomatal complex width. These are highlighted in Figure 2.1.

Stomatal area was estimated using the following equation:

LxW
4

A=rm

Where L is guard cell length and W is stomatal complex width.

Guard Cell Length
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Figure 2.1. Stomatal size measurements. Stomatal cell size measurements. These measurements are used to
calculated stomatal complex area and maximum anatomical stomatal conductance (gsmax). ‘Guard cell’ width
includes both guard and subsidiary cells. This image is of hexaploid Fielder cells from the adaxial leaf surface.

Anatomical gimax Was calculated from stomatal size and density data, using the following equation from
Caine et al. (2019):

Abaxial anatomical ggnax = (d"Damax) / (v*(I + (1/2) - V(@mav/'T)))

Where D is stomatal density, @m. (um?) is the maximum pore aperture calculated as an ellipse from
axes equal to the measured pore length and half of the pore length, d (m* s™") is the diffusivity of water
in air and v (m® mol ") is the molar volume of air, and / is pore depth (um) estimated as being equal to

guard cell width.

The abaxial:adaxial stomatal density ratio measured for each leaf (between 0.86 and 0.98) was used to

calculate total anatomical gemax.
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2.2.3. Pavement Cell Size Measurements

Pavement cell size was measured using an Image] macro in FIJI using images taken at 10x
magnification. Parameters measured were: pavement cell length, non-stomatal file pavement cell width
and stomatal file pavement cell width. These measurements are demonstrated in Figure 2.2. Pavement
cell area was calculated by multiplying the mean of both types of pavement cell widths by the mean

pavement cell area of each image. A minimum of 10 cells per image were measured.

Pavement Cell Length
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Figure 2.2. Pavement size measurements. The stomatal and non-stomatal cell file widths were measured to
independently determine any cause/effect of stomatal complex width differences. This image is of hexaploid
Fielder cells from the adaxial leaf surface

2.3. 2D Mesophyll Imaging and Analysis
2.3.1. Sample preparation and Imaging

Sample Collection, Fixation and Storage

After 28 days of plant growth from sowing of seeds, three sections approximately lcm in length were
taken from the fifth leaf on the main tiller of each plant and immediately placed into a fixative
comprising of 3:1 ethanol (EtOH):acetic anhydride (v/v) in glass vials. The same leaf was used for
imaging epidermal cells using dental putty imprints. The samples were placed into a vacuum pump for
one hour to vacuum infiltrate them, before being stored room temperature for 48 hours. This fixative
forms ethyl acetate, aiding permeability of the sample. After the minimum of 48 hours, samples were
washed with a 50% ethanol solution for 15 minutes, before being rinsed and stored in 70% ethanol at

4°C until imaged.

Infiltration
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Samples were transferred to 1:1 EtOH:Technovit® (TAAB Laboratories Equipment Ltd, UK) base
liquid and vacuum infiltrated for one hour before being left for 24 hours at room temperature. The
samples were then moved to 100% Technovit® base liquid and refrigerated for 48 hours. Next, samples
were moved to Technovit® 1 (1g Hardener 1 per 100ml Technovit® base liquid, made fresh every time),

and refrigerated for 24 hours.
Embedding and curing

In a small Petri dish, ~3ml of Technovit® 1 was mixed with a large forcep pinch of neutral red dye and

mixed until a uniform colour.

Working with one unlabelled sample at a time, samples were placed in the neutral red dye for 5 minutes
before blotting on tissue paper to remove excess dye. Hardener 2 liquid was added to Technovit® 1 in
a 1:15 ratio (Technovit® 2). 280ul of Technovit® 2 was pipetted into each of a pair of Eppendorf lids
(one positioned for transverse sectioning and one for longitudinal for one sample). Leaf sections were
embedded with veins perpendicular to the base of the lid. Samples were left at room temperature for

2hrs to set then transferred to 32°C oven overnight.

Mounting onto Histoblocs

Samples were removed from Eppendorf lid by making two opposite cuts down the side of the lid,

allowing the lid to be bent away like a hinge.

A ~0.75cm blob of Technovit® 3040 was poured onto the centre of the Histobloc (TAAB Laboratories
Equipment Ltd, UK) and the samples were placed with the leaf tissue pointing towards one of the shorter

ends of the bloc. The Histoblocs were left to set before sectioning.
Sectioning

Prior to sectioning, each resin block was cut in half with a hacksaw to remove the smooth edge and

make the sectioning process easier, retaining the half containing the leaf sample on the Histobloc.

A Leica RM2245 microtome ( Leica Microsystems, UK) was used to section the resin blocks into 8um
slices. Six transverse slices were taken from each line. These slices were placed in a Petri dish filled
with water to lie flat, and then collected on a glass coverslip and placed on a wire mesh over a heat
block at 60°C until all water had evaporated. The sections were then stained with toluidine blue dye +
0.05% Borax, rinsed twice with 4H>0 and left on the heat once more until completely dry. The samples,
along with the coverslips, were mounted onto slides using Eukitt® Quick-hardening mounting medium

(Sigma-Aldrich, UK).
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Imaging

Images were taken on an Olympus BX51 microscope with an Olympus DP71 camera (10x and 20x
objectives). Two images from each section (six transverse and six longitudinal sections per plant) were
taken where possible, resulting in a maximum of 12 plant and 4-6 biological repeats for both transverse
and longitudinal directions. Example images of leaf sections are shown in Figure 2.3. Transverse

(Figure 2.3a) were taken between the 2" and 3™ veins out from the midvein.

(@ _ (b)

Pavement Cell

L Vein s —  Mesophyll Cell Mesophyll Cell

] T — Bundle Sheath Cell e -
" i 100um
“Sub-stomatal Cavity Stomatal Complex

Ve Bundle Sheath Cell
Figure 2.3. Light microscope images of 2D wheat leaf sections. a) Transverse section b) Longitudinal sections,
with no vasculature present. ¢) longitudinal section where the vasculature is visible. Samples were stained with
toluidine blue and imaged on a light microscope at 20x magnification. These are images of a tetraploid T turgidum
ssp. durum leaf, 5™ leaf from the main tiller sampled at 28 days after planting.

2.3.2 Interveinal Distance, Mesophyll Thickness, and Leaf Thickness Measurements
Interveinal distance (IVD), leaf and mesophyll thickness were measured from transverse leaf sections

(Figure 2.3a) in FIJI (ImageJ) using a custom macro (.ijm). Mesophyll thickness was measured over
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and in between the 2" and 3™ veins out from the mid vein, and leaf thickness was measured as the mean
of the leaf thickness above the mesophyll in the same region and across the 3™ vein on transverse leaf

sections. IVD was measured from the centremost points of the 2" and 3™ veins from the mid vein.

2.3.3. 2D Mesophyll Cell Measurements

Mesophyll cell area and shape was measured by outlining each cell using images of both transverse and
longitudinal sections in F1JI (ImageJ) using a custom macro (.ijm). Every cell within was outlined in
Imagel, and area (um?), perimeter (um), circularity, cell length (Feret), cell width (MinFeret), and
convex hull perimeter (um) measurements were taken. Mesophyll cell lobing area was calculated as
convex hull area minus cell area. For transverse sections, circularity was used to quantify shape and

lobing area for longitudinal sections.

The data from all Image] macros used in this project were exported as an annotated image, a zipped
folder containing ROI data and CSV files. The numerical data were then organised and analysed using
RStudio (ver. 4.1.0). The script (adapted from Sloan et al., 2023) outputs data for variables such as cell

area and circularity/lobing for each leaf.

For Chapter 4 Only: For the work done in Chapter 4, the above data for each mesophyll cell was
allocated a ‘layer’ identity depending on its location in the mesophyll. See figure 4.2 for information on

how cell layer was determined.

For Chapter 5 Only: In Chapter 5, in addition to mesophyll cell area and shape measurements as above,
the number and transverse area of mesophyll and bundle sheath cells was recorded. The structure of a

wheat leaf showing inner (IBSC) and outer bundle sheath cells (OBSC) is shown in Figure 2.4.

Mesophyll cells (MSC) were counted between the purple dotted lines indicated in Figure 2.4, and the
IBSC and OBSC counts from surrounding the 2™ and 3™ veins out from the mid vein were recorded,
the mean across the two veins was calculated and the BSC:MSC ratio calculated. The transverse area
of the mesophyll and I/OBSCs were measured in FIJI (ImageJ) using a custom macro (.ijm) in which
the cells were outlined by hand. From these cell area measurements, the total area in each transverse
section of each cell type was calculated by multiplying the cell count by the mean cell area and this was
then expressed as a ratio of /OBSC:MSC total area to understand the proportion of the leaf in a section

that is mesophyll and bundle sheath tissue.
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Figure 2.4. A diagram of a typical wheat leaf. This diagram was generated using a transverse cross-section of a
Triticum durum leaf and highlights mesophyll and inner/outer bundle sheath cells.

2.4. 3D Imaging and Analysis

2.4.1. Sample Preparation and Imaging

Sample Collection, Fixation and Storage

After 28 days from sowing of seeds, three sections approximately 1cm in length were taken from the
fifth leaf of each plant and immediately placed into a fixative comprising of 3:1 EtOH:acetic anhydride
(v/v) in glass vials. The samples were placed into a vacuum pump for one hour to vacuum infiltrate
them, before being stored at room temperature for 48 hours. This fixative forms ethyl acetate, aiding
permeability of the sample. After the minimum of 48 hours, samples were washed with a 50% ethanol

solution for 15 minutes, before being rinsed and stored in 70% ethanol at 4°C in the dark until imaged.
Sample preparation for confocal microscopy

When required for imaging, one leaf section was transferred into a new vial, where it was treated with
chloroform for a period of 10 minutes to remove leaf cuticular waxes (Wuyts et al., 2010). The
chloroform was then replaced with a solution of 70% ethanol for 15 minutes to initiate a progressive
rehydration. This was followed by rinsing in 50% ethanol and finally in dH,O, leaving for 15 minutes

in each solvent.
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Next, the sample was suspended in 0.2 M NaOH solution containing 1% Sodium dodecyl sulphate (w/v)
(SDS) for 15 minutes before rinsing three times with distilled water. The leaf tissue was then treated
with a starch digester solution consisting of phosphate buffered saline (PBS), 0.1% Tween-20 and 0.01%
(w/v) alpha-amylase (Sigma-Aldrich, UK) and incubated at 37°C overnight. This step removed starch
grains from the sample which could potentially impact on image quality and any downstream processing

required.

After incubation, samples were treated with a freshly prepared solution of 1% (v/v) periodic acid
(Sigma-Aldrich, UK) for 40 minutes, before rinsing in dH,O. Samples were then stained using the
fluorescent dye propidium iodide (PI, Sigma-Aldrich, UK), which stains the cell walls. Leaf sections
were treated in a Pseudo-Schiff propidium iodide (PI) solution consisting of 0.1 M Na,S;0s, 0.15 N
HCI, 0.01% PI for 4 hours. Periodic acid treatment results in the formation of aldehyde groups at cell
walls, which react with the PI and strongly label the cell walls with this fluorescent dye (Truernit et al.,
2008). This step should be carried out in the dark to avoid decay of the PI fluorophore, which is light
labile.

After the staining period, samples were washed three times in water and left overnight in the third rinse
at 4°C under dark conditions. A successful stain results in the leaf sections becoming pink in colour,

with more intense staining along leaf vasculature and at the edges of the sample.

After staining, the next step in the sample preparation was clearing. A few drops of a clearing solution
consisting of 200 g chloral hydrate (Sigma-Aldrich, UK), 20 ml glycerol and 30 ml dH,O were added
to the vials containing the leaf sections and left for 6 hours. Once cleared, the leaf sections were blotted
using a tissue to remove excess liquid. Each section was then dissected along the midrib to allow for
the preparation of flatter samples. One piece of the dissected sample was flipped so that the adaxial side
was facing up and was placed directly onto coverslip using a few drops of mountant consisting of: 3 g
20% (v/v) Arabic gum, 10 g chloral hydrate and 1 g glycerol and mounted onto microscope slides. This
reduced the distance between the sample and the coverslip. Coverslips were then secured using clear
nail varnish. The other half of each sample was left with the abaxial side upwards and was mounted in
the same manner. Once mounted on slides, samples were kept in dark conditions at 4°C to prevent the

sample bleaching and imaged within one week of mounting.
Imaging leaf sections using confocal microscopy

The leaf sections were imaged using a ZEISS (Oberkochen, Germany) Airyscan confocal microscope.
The PI stain was excited using the 561nm DPSS Diode laser. Scans were performed at a resolution of
1024 x 1024 pixels, with a pixel dwell of 1.06 ps/pixel and with a z-step interval of 0.3um per slice.
The 20x dry objective was used. Once an appropriate area was chosen based on sufficient absence of
noise, vasculature and significant substomatal cavities, the capture area was zoomed to 2x before

beginning the experiment. Correction was used to increase the laser power to manually inputted values
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at regular intervals throughout the z-stack, between a laser power of roughly 3-18%. Piezo
(Piezoelectric actuator) was used to capture z-stacks to increase resolution. An example z-stack can be

seen in Figure 2.5a.

2.4.2. 3D Image Processing and Segmentation using MorphographX

3D reconstruction and segmentation of the leaf mesophyll cells was carried out using MorphographX
software (Barbier de Reuille et al., 2015). Stacks were initially converted into TIFF format using
FlJI/Imagel. The TIFF image files were loaded into the MGX user interface to open the stack. Stacks
were loaded in MorphoGraphX and the built-in, pre-trained CNN for cell boundary prediction using the
process “Stack/CNN/UNet3D” (Vijayan et al., 2021) was used prior to segmentation. The correct voxel
size was inputted, and Gaussian blur was added to the stack at a value of between 0.3 and 0.7 in all

directions, optimised for each individual sample.

Segmentation of the sample was carried out using the ITK Threshold Autoseeded Watershed function,
set to a threshold of 1000-1500, manually optimised for each sample (Figure 2.5b). This value was
altered appropriately depending on whether the stack was over- or under-segmented. The seeding was
examined, and labels were fused and reseeded where necessary. Any under-segmented regions and

intercellular airspaces were removed at this stage.

The mesh was generated using a 3D marching cubes algorithm, with a cube spacing of 1pum and three
smooth passes (Figure 2.5c). Once this mesh was created, final cleaning up of the sample was carried
out so that all incomplete cells touching the edges of the z-stack were removed. Any remaining artefacts
were also removed along with other any non-mesophyll cells remaining. Data relating to cell volume
and surface area were exported as spreadsheets and heat-maps (Figure 2.5d), and the number of ‘lobes’

per each cell was manually documented.

Prior to generation of heat-maps, the mesh was rescaled by 1.55x in the z-direction due to issues with
spherical aberration and axial distortion experienced during imaging due to differences in refractive

index, as described by Diel et al., (2020).
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Figure 2.5. Processing confocal z-stacks in MorphographX. a) a confocal z-stack of a Triticum turgidum
ssp.durum leaf with reduced opacity b) a segmented ‘stack’ created using the ITK Threshold Autoseeded
Watershed function of MorphoGraphX. c¢) A 3D mesh of mesophyll cells displayed over the original z-stack with
reduced opacity d) a heat map of cell volume of Figure (c), displayed over (a).

2.5. Gas Exchange Measurements and iWUE Calculation

2.5.1. Infrared Gas Analyser (IRGA) Measurements

Steady state IRGA measurements were carried out using a LI-COR 6800 (LI-6800; Evans & Santiago,
2014) portable photosynthesis system (LI-COR Biosciences, Lincoln, NE, USA) with the Multiphase
Flash Fluorometer (6800-01A) used as a light source and the 6cm chamber attachment. The temperature
exchanger was set at 21°C and chamber light intensity was set at 425 pmol m™ s™! (90% red, 10% blue).
Relative humidity was set at 60% and maintained using DrieriteTM (Drierite, OH, USA) as a self-
indicating desiccant and Stuttgarter masse (Pall, NY, USA) as a humidifying agent. The reference CO,

concentration was set at 400 umol mol™ using 8g CO, cartridges (LISS, Hungary), and wet soda lime
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(LI-COR Biosciences, Lincoln, NE, USA) was used to scrub CO» as required. Chamber fan speed was
set at 10,000 rpm and the flow rate was set at 300 pmol s™".

Gas exchange measurements were carried out on the newest fully expanded leaf of each well-watered
plant. The samples were randomised, and two technical repeats taken using two different IRGAs, the
mean of which was then calculated. The leaf blade was clamped into the IRGA chamber for 20-30
minutes to allow for both 4 and g, values to stabilise. The leaf width was measured and inputted to
allow for the calculation of the correct leaf area within the cuvette. Before running each program, the
reference and sample IRGA chambers were matched. The AutoLog program was used to log data every
30 seconds for 15 minutes. From the exported datasets, the mean 4 and g, were calculated from the 15-

minute logging period.

Intrinsic water-use efficiency (iWUE) was estimated as assimilation rate divided by stomatal

conductance (4/gy).

2.5.2. Porometer Measurements

In Chapter 3, gas exchange analysis using both an Infrared Gas Analyser (LI-6800, LiCOR, NE, USA)
and handheld porometer (LI-600, LiCOR, NE, USA) was carried out to assess the accuracy and
reliability of both machines. The differences in these pieces of equipment have been highlighted in the
Chapter 1, Section 1.3. Instantaneous measurements of stomatal conductance were taken at chamber
conditions using a LI-COR porometer on randomised samples. Three technical repeat measurements
were taken at 28, 29 and 30 days after planting, 5-7 hours into the photoperiod. Due to loss of plants

during growth, Emmer line TRI28049 was not included in this porometer experiment.

2.6. Data Analysis

Data was statistically analysed and graphed primarily using GraphPad Prism 9 (ver. 9.3.1; Graphpad
Software Inc.) unless otherwise stated. Datasets were first assessed for normality, and for data of the
discreet variable ‘Number of Lobes’ in all experimental chapters, a non-parametric Kruskal-Wallis test
was carried out followed by a Dunn’s multiple comparisons test to test for significant interactions (95%
confidence). For all tests, significance was determined if p=<0.05. All error bars on graphs indicate +/-

one standard deviation of the mean (SD).

Chapter 3: Significant differences between species (7. araraticum., T. turgidum ssp. dicoccoides, T.
turgidum ssp. dicoccon and T. turgidum ssp. durum) were identified using one-way analysis of variance
(ANOVA). Where significance was detected, Tukey’s HSD was used as a multiple comparisons test to
determine significance in the differences in means between lines to 95% confidence. Significant

differences between individual lines were also assessed in the same way in this chapter, and tables
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showing the results of these tests can be found in the Appendices. Figure 3.10 is a correlation plot,

generated in RStudio (www.r-project.org; ver 4.1.0) using the corrplot package.

Chapter 4: Significant differences between mesophyll ‘layers’ within species were identified using one-
way ANOVA and Tukey’s HSD (95% confidence). For ranked analysis of 2D mesophyll layer cell size
and shape, the frequency that the mean of cells in each layer were of a particular rank (e.g. largest,
second largest, third largest or fourth largest across all four transverse leaf layers) per biological
replicate was recorded. Friedman multiple comparison test weas carried out, followed by a Dunn’s post-
hoc test to check for significant interactions between ranked data. Data was plotted as a multiple

variables frequency plot in GraphPad Prism.

Chapter 5: Comparisons between the tetraploid Fielder and hexaploid Kronos GRF4-GIF1 lines and
corresponding controls were carried out using unpaired, two-tailed t-tests (p=<0.05). Covariance
between mesophyll cell surface area and volume in Figure 5.8 was analysed and plotted in RStudio

using linear regression.
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Chapter 3. Linking Leaf Morphology and Water Use Efficiency in
Tetraploid Wheat

3.1. Introduction

3.1.1. Evolution of tetraploid wheat

Tetraploid wheat, Triticum turgidum (AABB), is not only a precursor of modern hexaploid bread wheat
but is also a crop itself (7. turgidum ssp. Durum), with Durum wheat being an important crop primarily
in mediterranean regions, North Africa and West Asia. Durum wheat is the 10th most cultivated cereal
worldwide and makes up 5% of global wheat crop, with 38.1 million tonnes produced in 2019 (Xynias
et al., 2020). Early wild Emmer wheat (T. turgidum ssp. dicoccoides), formed by hybridisation of
diploid Triticum uratu and Aegilops speltoides in the wild around 400,000 years ago (Dvorak et al.,
2012), was cultivated around 10,000 years ago in modern-day Turkey (Shewry 2009; Feldman and
Kislev, 2007; Kislev et al., 1992). The cultivated Emmer (7. turgidum ssp. dicoccum) plants were likely
selected from the wild Emmer due to desirable traits such as high grain yield and grown for thousands
of years without prior knowledge of selective breeding. One hypothesis is that, around 8,500 years ago,
a natural mutation resulted in changes in the ears of both emmer and spelt leading to more easily
threshed types that later evolved into the free-threshing durum (7. turgidum ssp. durum). Another
mutation evident in cultivated 7. turgidum is the absence of shattering of the spike at maturity (Nalam
et al., 2006), which prevents seed loss at harvesting and is important in wild populations but
disadvantageous in crops. The Durum wheat that is grown today has undergone many improvements as
a result of the Green Revolution of the 1960s. In addition to the discovery of the dwarfing gene RHT'/
(Borlaug 1968), these include: reduced time between sowing and anthesis which resulted in the grain
filling period being under more optimal conditions; increased number of grains per spike; reduction in

floral abortion; increased grain setting (Isidro et al., 2011).

3.1.2 Water-use efficiency: an Important Breeding Target

Water use efficiency (WUE) refers to the productivity of a plant per unit of water used (Hatfield & Dold,
2019). This reflects the responsiveness of crops to water stress in relation to yield values (Richard, 2006;
Zhang et al., 2010). An increasing area of concern with regards to WUE is that of food crops, with
major cereal crops such as wheat accounting for 27% of global water consumption (Hoekstra &
Mekonnen, 2012). As future climate change is predicted to increase the frequency of droughts (Lobell
etal., 2011; Wheeler & Von Braun, 2013), and global population is continuing to increase exponentially
to reach an estimated 9-10 billion by 2050, improving water-use efficiency of crops is an important
breeding target to ensure we are able to obtain high enough yields while keeping water use to a minimum
(Bertolino et al., 2019; Leakey et al., 2019). This has proven to be a challenge as the exchange of gases

within the leaf which determine the rate of transpiration and photosynthesis are linked, and it is the rate
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of carbon assimilation (4) and stomatal conductance (gs; the degree of pore aperture for gas flux into
the leaf) that are used to quantify intrinsic water-use efficiency (iWUE). Trade-offs occur during leaf
development to optimise the rates of carbon fixation for photosynthesis and rate of transpiration, and
this plays a major part in controlling plant WUE through regulating CO- uptake and water loss (Franks
and Farquhar, 1999; Xu et al., 2016; Driesen et al., 2020). Since the Green Revolution of the 1960s, the
initial yield increases achieved are beginning to stall, and a need to identify methods to improve wheat
yield, especially under the threat of climate change, has arisen (Ray et al., 2012; 2013). For this reason,
research has turned to improving crop water-use efficiency as an agronomic trait to help make our crops
more future-proof through reducing yield losses due to drought (Bertolino et al., 2019; Leakey et al.,
2019). It is therefore important that our understanding of the mechanisms that underlie plant water-use

regulation is revised and used to influence future wheat breeding programmes.

Previous research by Wilson et al. (2021) has explored the effect of changes in wheat ploidy on WUE.
For example, it is known that hexaploid bread wheat has greater iWUE than diploid and tetraploid wheat,
and that this is likely due to factors related to leaf structure, such as stomatal density, size and mesophyll
cell size and shape, as well as additional factors which vary with ploidy. However, Wilson et al. also
observed that domesticated tetraploid wheat (7. turgidum ssp. dicoccum and T. turgidum ssp.
durum) had a significantly greater iWUE than wild 7. turgidum varieties, with no such differences in
cell size. Due to its complicated evolution and cultivation, tetraploid wheat demonstrates great
phenotypic and genetic variability across the subspecies, with Durum wheat being the most optimised
for productivity and stress tolerance in today’s environment. This makes them an interesting tool for
studying wheat as it negates the effect of having lines with different numbers of genomes while still
demonstrating such a large variation. Understanding the contributing factors of the improved iWUE in
Durum wheat will not only elucidate physiologies that have been subconsciously selected for across
thousands of years of tetraploid wheat evolution, but also give a broader insight into the mechanisms

behind reducing water loss from wheat leaves.

3.1.3. Factors that control water-use efficiency in wheat leaves

Stomata are thought to be major players in leaf gas exchange, as they form the direct interface between
the leaf and surrounding environment (Heatherington & Woodward, 2003). Grass stomata are formed
of a central pore flanked by two dumbbell-shaped guard cells and subsidiary cells (Raissig et al., 2016;
Endo & Torii, 2019). In addition to CO; passing through the stomatal pores and into the leaf, loss of
water vapour through transpiration occurs simultaneously (Farquhar & Sharkey, 1982; Miner et al.,
2017). This can be quantified as stomatal conductance (gs; the rate of gas diffusion across the pore) and
represents both the rate of CO; influx available for carbon fixation via photosynthesis as well as water

use (Vialet-Chabrand et al., 2017; Lawson & Vialet-Chabrand, 2019). High g, is linked to greater rates
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of CO, assimilation (A) but also with an increase in the loss of water vapour and hence reduced WUE.
At the leaf level, the ratio of photosynthesis and water vapour loss through the stomata (A4/g;) is referred
to as intrinsic water-use efficiency (iWUE) (Flexas et al., 2016; Lawson & Vialet-Chabrand, 2019) and
gives an idea of the amount of ‘crop per drop’ in terms of plant productivity relative to water input. In
practice, variation in stomatal conductance is associated with variation in iWUE (Gilbert et al., 2011,
Hubbart et al., 2007) and crops with greater WUE/iWUE are more resilient to drought stress and require
less water to reach the same yield (Condon et al., 2004; Faralli et al., 2019a).

The size, density, and pore area of the stomata are important determiners of resistance to gas diffusion
and therefore have a large impact on g, (Dow ef al., 2014; Vialet-Chabrand et al., 2017; Faralli et al.,
2019a) (Franks & Beerling, 2009; Harrison ef al., 2020; Hetherington & Woodward, 2003; Lehmann &
Or, 2015). Franks & Beerling observed that leaves with a higher g; normally have greater stomatal
density (Sdens) and smaller stomatal size (2009a, b). With respect to wheat, diploid species have increased
stomatal density when compared hexaploid wheat, with tetraploid acting as an intermediate, in part due
to increased Sqens (Austin, 1982; Wilson ef al., 2021). The relationship between s¢ens and gs has been
further investigated though the generation of mutant plants with altered stomatal density. Efforts to
reduce sdens by manipulating stomatal development have resulted in reduced gs and increased iWUE in
Arabidopsis (Doheny-Adams ef al., 2012; Franks et al., 2015; Hepworth et al., 2015), barley (Hughes
etal.,2017), rice (Caine et al., 2019; Mohammed ef al., 2019) and wheat (Dunn et al., 2019). Increasing
Sdens through genetic manipulation had the opposite effect, leading to increase in gs in Arabidopsis
(Doheny-Adams et al., 2012; Tanaka et al., 2013). Stomatal size is also known to impact gas exchange,
with larger stomata having greater pore size being slower to open and close (Drake et al., 2013; Lawson
& Blatt, 2014). Each individual smaller stomatal complex also occupies less space on the epidermis and
reduces the distance for gas molecules to travel across the pore (Franks & Beerling, 2009; Franks &
Farquhar, 2007). As stomatal size and density are thought to cumulatively determine stomatal
conductance, they can be used to estimate the potential maximum rate of g in the form of anatomical

Zemax (Dow et al., 2014; McElwain et al., 2015; de Boer et al., 2016)

In previous research on wheat, domesticated lines have a relatively large variation in gs (Rebetzke et al.,
2001; Condon et al., 2007; Sadras et al., 2012) and high g, has been shown to correlate with improved
yield under well-watered conditions (Fischer et al., 1998). There has been an abundance of research
exploring the relationships between stomatal parameters, g; and iWUE (Farquhar & Richards, 1984;
Jahan et al., 2014; Barbour et al., 2016; Wang et al., 2015; Ouyang et al., 2017, Faralli et al., 2019b).
Ouyang et al. (2017) observed that the rates of stomatal conductance of two different wheat lines are
associated with changes in s¢ens. Faralli et al., (2019b) found that sqens Was positively correlated with the
speed of stomatal opening and had a negative effect on iWUE in eight hexaploid winter wheat varieties.
The speed of stomatal opening and closing in response to environmental stimuli can also affect iWUE

as slower stomata demonstrate a disconnect between 4 and gs which has been suggested to limit

31



photosynthesis in C3 and C4 crops by up to 15% (McAusland et al., 2016). There has been discussion
as to what extent the size of the stomata affects the speed of response (Hetherington and Woodward,
2003; Franks & Beerling, 2009; Lawson & Blatt, 2014; Drake et al., 2013, McAusland et al., 2016,
Kardiman and Rabild, 2018; Zhang et al., 2019; Ozeki et al., 2022; Elliott-Kingston et al., 2016; Deans
et al., 2019). However, the morphology of the grass dumbbell-shaped guard cells is thought to increase
the speed of stomatal opening and closing in response to environmental stimuli (Franks & Farquhar,
2007; Lawson & Blatt, 2014; Raissig et al., 2016; Durney et al., 2023) and is therefore beneficial for

crop species such as wheat as it allows them to quickly optimise the rate of gas flux.

In addition to the role that stomata play in leaf gas exchange, the size, shape and packing of mesophyll
cells is also thought to have some influence over determining rates of photosynthesis and WUE. The
effects of the two cell types are likely intrinsically linked, as the development of the mesophyll is
thought to rely upon the presence of functional stomata (Lundgren et al., 2019). Wilson et al. (2021)
observed that increases in stomatal size and decreases in density that occur with the increase in wheat
ploidy results in a decrease in the surface area to volume ratio (SA/Vol) of the mesophyll cells, and
therefore less exposed surface area for water-loss, without any reductions in photosynthetic rate. Wilson
et al. suggest that changes in mesophyll SA/Vol can reduce g, without limiting photosynthesis,
improving iWUE.

3.1.4 Aims

The aim of this chapter is to explore the variation that is present in wild, landrace, and modern
domesticated tetraploid wheat varieties, observing leaf morphologies using 2D and 3D microscopy
techniques and identifying any links to iWUE. By choosing to study just tetraploid varieties, any effect

of changing ploidy level has been avoided.

3.2. Plant Materials

Table 3.1. Tetraploid lines used in this study. Lines are referred to by the ‘Line Code’ and simplified ‘Name’
throughout this chapter, and colour coded by status (Wild 7. turgidum = Black, Wild T. araraticum = Grey, Emmer
= Blue, Durum = Red).

Species ‘Line Code Status Name

Triticum turgidum (subsp. dicoccoides) TRI18505 Wild T. dicoccoides
Triticum turgidum (subsp. dicoccoides) TRI18530 Wild T. dicoccoides
Triticum araraticum [RI16599 Wild T. araraticum
Triticum araraticum [RI18513 Wild T. araraticum
Triticum turgidum (subsp. dicoccon) TRI16877 Domesticated (Landrace) Emmer
Triticum turgidum (subsp. dicoccon) TRI28049 Domesticated (Landrace) Emmer
Triticum turgidum (subsp. dicoccon) TRI14734 Domesticated (Landrace) Emmer
Triticum durum (subsp. durum) VOILUR Domesticated (Modern)  Durum
Triticum durum (subsp. durum) AVENTADUR Domesticated (Modern) Durum
Triticum durum (subsp. durum) ANVERGUR Domesticated (Modern)  Durum
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3.3. Results
3.3.1. Plant Growth

There is great variation in the physical characteristics of different tetraploid 7riticum species and crop
lines (Figure 3.1). There were significant differences in leaf width (ANOVA: p<0.0001**** =72 .76),
length (ANOVA: p<0.0001**** {=16.25), plant height (ANOVA: p<0.0001****_ {=40.45) and number
of leaves (Kruskall-Wallis: p<0.0001**** Kruskall-Wallis Statistic = 30.26) at 21 days after planting

across the species/subspecies (Figure 3.2).

The wild T dicoccoides and T. araraticum had narrower leaves compared with Emmer (Tukey:
p<0.0001**** for both species, df=36) and Durum (Tukey: p<0.0001**** for both species, df=36)
lines (Figure 3.2a). Emmer leaf width was intermediate, being significantly narrower than Durum
(Tukey: p=0.0015**, df=36). The Emmer varieties stood out in terms of leaf length (Figure 3.2b),
having significantly longer leaves than both wild 7. araraticum and Durum varieties (Tukey:

p<0.0001**** and p=0.0001*** respectfully, df=36).
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Figure 3.1. Images of tetraploid wheat lines at 28 days after germination. a-b) Wild 7. turgidum ssp.
dicoccoides. c-d) Wild T. araraticum. e-g) Domesticated T. turgidum ssp. dicoccon (Emmer). h-j) Domesticated

T turgidum ssp. durum (Durum).
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Figure 3.2. Tetraploid wheat lines have different growth phenotypes. a) Leaf width of the 5" leaf on the main
tiller at 4 weeks (28 days). b) Length from base to tip of the 5" leaf on the main tiller at 4 weeks. Each data point
represents one plant. ¢) Plant height from 0 to 35 days after germination. d) Logo of the number of leaves on each
plant from 0 to 35 days after germination. Black = wild T. turgidum ssp. dicoccoides, grey = wild T. araraticum,
blue = Emmer (7. turgidum sbsp. dicoccon), red = Durum (7. turgidum sbsp. durum). For (a) and (b), each
datapoint represents a single plant. Error bars represent standard deviation from the mean. ANOVA and post-hoc
Tukey tests were carried out in (a) and (b) to test for significant interactions between the four species/subspecies:
p<0.005**, p<0.0005***. For (a) and (b), n=4. For (c) and (d) when the data was grouped into species/subspecies,
n=8 for T. dicoccoides (black) and T. araraticum (grey) and n=12 for Emmer (blue) and Durum (red). For full
details on statistical significances between each line, see supplementary statistics tables.

In the case of plant height and number of leaves (Figure 3.2¢, d), Durum (red) varieties appear to be
intermediate to Wild (black) and Emmer (blue). Emmer varieties grew significantly taller at 28 days
after planting than the wild 7. dicoccoides and T. araraticum varieties (Tukey: P<0.0001%***,
p=0.0003*** respectively, df=37), and Durum (Tukey: p<0.0001**** df=37). Emmer varieties also
had significantly more leaves at 28 days after planting than both 7. dicoccoides (Dunn’s: p=0.0003***,
7z=4.021) and T. araraticum (Dunn’s: p<0.0001****_ z=4.831), but not than Durum varieties. Durum

varieties were significantly taller than wild 7. araraticum (Dunn’s: p=0.0048**, z=3.354).
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3.3.2. Domesticated Tetraploid Wheat Lines Have a Greater Intrinsic WUE than Wild Varieties

To confirm and expand upon previous observations (Wilson et al., 2021). An analysis of stomatal
conductance (gs) was carried out in a range of wild and domesticated tetraploid wheat lines. These data
are shown in Figure 3.3. When measuring g, using a porometer (Figure 3.3a), the wild varieties (black)
had greater gs than the Durum varieties (red). Statistically comparing the data grouped by
species/subspecies showed that there was a difference in g, (ANOVA: p=0.0029**, {=5.726), with
Durum being lower than both wild T dicoccoides and T. araraticum (Tukey: p=0.0211* and p=0.0033**
respectfully, df=33). This was also the case with gy, data measured using an IRGA (Figure 3.3b)
(ANOVA: p<0.0001****=13.2), with Durum gs again being reduced compared to 7. dicoccoides
(Tukey: p<0.0001****  df=49) and T. araraticum (Tukey: p=0.0048**, df=49). In both instances,
Emmer (blue) appears to fall intermediate to Durum and the wild varieties, and the lines of this species
are the most variable. Emmer is a landrace of tetraploid wheat that was cultivated ~10,000 years ago
and is not currently used today, as Durum wheat is. Emmer gs was neither significantly greater than that
of Durum or reduced compared to the wild varieties when measured using a porometer (Figure 3.3a).
However, when measured using an IRGA (Figure 3.3b), Emmer gs was significantly lower than T.
dicoccoides (Tukey: p= 0.0373*, df=49) and greater than Durum (Tukey: p= 0.0036**, df=49). The
stomatal conductance values measured using a porometer (Figure 3.3a) were much greater than those

measured using an IRGA (Figure 3.3b).

A, carbon assimilation rate, followed a similar trend as was seen with g: wild varieties had the highest
A and Durum the lowest, with Emmer acting as an intermediate (Figure 3.3c). This interaction was
statistically significant (ANOVA: p<0.0001****  {= 11.28), with T. dicoccoides and T. araraticum
having significantly higher A than the Durum varieties (Tukey: p<0.0001* and p=0.0091* respectively,
df=49). Of the wild species, only Emmer had significantly reduced A compared to 7. dicoccoides (Tukey:

p=0.0006**, df=49), and there was no significant difference compared with Durum.

Intrinsic water-use efficiency, iWUE, is calculated as A/gs, and differences in the measured values of
gas exchange parameters measured using an IRGA (Figure 3.3b, c) resulted in significant variation in
iWUE between tetraploid wheat species/subspecies (ANOVA: p=0.0029**, {=5.334) (Figure 3.3d). The
only significant difference in iWUE however was between Durum and wild/Emmer varieties, with
Durum having improved iWUE compared with T dicoccoides and Emmer varieties (Tukey: p=0.0091%*
and p=0.0057* respectfully, df=49). Interestingly, Emmer iWUE did not sit as an intermediate, instead

was similar to that of the wild 7. dicoccoides and T. araraticum varieties.
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Figure 3.3. Gas exchange varies between wild and domesticated tetraploid wheat. a) Instantaneous stomatal
conductance (gs), measured using a LI-600 LI-COR Porometer. B) Steady-state gs measured using LI-6800 LI-
COR IRGA. C) Steady-state carbon fixation (A) measured using LI-6800 LI-COR IRGA. D) Instantaneous water-
use efficiency (IWUE) calculates as 4/gqw, using IRGA measurements. For all graphs: Black = wild T turgidum
ssp. dicoccoides, grey = wild T. araraticum, blue = Emmer (T turgidum ssp. dicoccon), red = Durum (T turgidum
ssp. durum). Each datapoint represents a single plant. Error bars represent standard deviation from the mean.
ANOVA and post-hoc Tukey tests were carried out to test for significant interactions between the four
species/subspecies: p<0.05*, p<0.005**, p<0.0005***  P<0.0001**** n=5 for all IRGA data (b-d). For figure
(a), n=3-5. For statistical significance p-values between each line, see supplementary statistics tables.

3.3.3. Domesticated Tetraploid Wheat Lines Have Fewer, Larger Stomata than Wild Varieties
Differences in g might reflect differences in stomatal size and density, therefore I measured these
parameters in the wild and domesticated tetraploid lines (Figure 3.4). There was significant variation in
stomatal density (ANOVA: p<0.0001**** {=17.27), with Durum lines demonstrating a significantly
lower total stomatal density than wild 7. dicoccoides and T. araraticum (Tukey: p<0.0001**** for both,
df=44) (Figure 3.4a). Once again, Emmer acted as an intermediate, having significantly reduced
stomatal density compared to 7. dicoccoides and T. araraticum (Tukey: p=0.0224* and p=0.0114*
respectively, df=44) and greater stomatal density than Durum varieties (Tukey: p=0.0226*, df=44).
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There was also a difference in the width (ANOVA: p<0.0001**** {=32.49) and area (ANOVA:
p<0.0001**** {=18.89) of the stomatal complexes between the species, with Durum varieties having
wider stomatal complexes than 7. dicoccoides, T. araraticum and Emmer varieties (Tukey:
p<0.0001**** for all, df=46) (Figure 3.4c) with a greater overall complex area than 7. dicoccoides, T.
araraticum and Emmer (Tukey: p<0.0001**** for all, df=46) (Figure 3.4d). There was no significant

difference in stomatal complex length (Figure 3.4b) between the species/subspecies.
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Figure 3.4. Stomatal density and size varies between wild and domesticated tetraploid wheat. a) Total
stomatal density of each species. b) Stomatal complex length. ¢) Stomatal complex width d) Stomatal complex
area, calculated using the following equation: area = mab, where a = stomatal complex length / 2, and b = stomatal
complex width / 2. Black = wild T. turgidum ssp. dicoccoides, grey = wild T. araraticum, blue = Emmer (7.
turgidum ssp. dicoccon), red = Durum (T turgidum ssp. durum). Each datapoint represents a single plant. Error
bars represent standard deviation from the mean. ANOVA and post-hoc Tukey tests were carried out to test for
significant interactions between species/subspecies: p<0.005*, p<0.0001**** n=5 (for all except TRI28049
stomatal density, where n=3). For statistical significance between each line, see supplementary statistics tables.

To assess whether the increase observed in Durum stomatal complex size was linked to pavement cell

size, the length width and area of pavement cells of the tetraploid varieties were measured (Figure 3.5).
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Figure 3.5. Pavement cell size varies between wild and domesticated tetraploid wheat. a) Pavement cell
length. b) Non-stomatal file width. c¢) Stomatal file width. d) Pavement cell area Black = wild 7. turgidum ssp.
dicoccoides, grey = wild T. araraticum, blue = Emmer (7. turgidum ssp. dicoccon), red = Durum (7. turgidum ssp.
durum). Each datapoint represents a single plant. Error bars represent standard deviation from the mean. ANOVA
and post-hoc Tukey tests were carried out to test for significant interactions between species/subspecies: p<0.005*,
p<0.005**, p<0.0005***, p<0.0001**** n=5 (for all except TRI28049 stomatal density, where n=3). For
statistical significance between each line, see supplementary statistics tables.

In addition to measuring physiological gs in growing plants, it is possible to estimate the maximal g; of
a leaf based on the anatomical parameters of stomatal size and density. Anatomical gmax calculated
using stomatal size, density and pore size measurements as described in Chapter 2 Section 2.2.3 varied
significantly across species/subspecies (ANOVA: p<0.0001**** =17.79; Figure 3.6a). gsmax Was lower
in the Durum lines compared to wild 7. dicoccoides and T. araraticum, and Emmer (Tukey:

p<0.0001**** for all, df=46). The gsmax of Emmer was more similar the wild varieties than to Durum.

When iWUE was re-calculated using anatomical gsmax (Fig. 3.6b) and measured 4 values (Figure 3.3c),

this also showed significant variation across species/subspecies (ANOVA: p=0.0059%*, {=4.718), with
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the Durum varieties having higher theoretical maximum iWUE values than 7. araraticum (Tukey:
p=0.0207, df=46) and Emmer (Tukey: p=0.0086*, df=46). This difference is comparable to that seen
when iWUE is calculated using measured g (Figure 3.3d), although the values calculated here on the

basis of anatomical gsmax are smaller.
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Figure 3.6. Anatomical gsmax and theoretical iWUE vary between wild and domesticated tetraploid wheat.
a) Anatomical ggmax by species. b) iWUE wild and domesticated tetraploid wheat based on gemax, calculated using
the measured 4 values for each line. Black = wild T. turgidum ssp. dicoccoides, grey = wild T. araraticum, blue =
Emmer (7. turgidum ssp. dicoccon), red = Durum (7. turgidum ssp. durum). Each datapoint represents a single
plant. Error bars represent standard deviation from the mean. ANOVA and post-hoc Tukey tests were carried out
to test for significant interactions between species/subspecies: p<0.05*, p<0.005**, p<0.0001****, n=5. For
statistical significance between each line, see supplementary statistics tables.

3.3.4. Quantitative Analysis of Internal Leaf Structure in Wild and Domesticated Tetraploid Lines.

Previous work has linked stomatal development with the development of the mesophyll tissue
(Lundgren et al. 2019) and has shown that differences in mesophyll structure can be linked to g between
diploid, tetraploid and hexaploid varieties (Wilson et al. 2021). I explored whether differences in

mesophyll structure were linked to differences in gas conductance within the range of tetraploid leaves.

To do this, I performed a quantitative analysis of leaf cellular architecture of the lines described in the
previous section (Table 3.1). The initial analysis was performed on 2D sections of tissue, in both
transverse and longitudinal sections, providing an overview which was then followed up by more time-
intensive 3D imaging to provide an in-depth analysis of selected lead lines. Example images of
transverse and longitudinal sections of leaves used to collect data for Figure 3.7 are shown in Figure

2.3.
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Figure 3.7. 2D mesophyll cell area and shape vary by cultivation status in tetraploid wheat. a) transverse and
b) longitudinal. ¢) transverse cell circularity and d) longitudinal cell lobing area. Black = wild T. turgidum ssp.
dicoccoides (TRI118530, TRI18505), grey = wild T. araraticum (TR116599, TRI18513), blue = Emmer (7.
turgidum ssp. dicoccon), red = Durum (7. turgidum ssp. durum). Each datapoint represents a single plant. Error
bars represent standard deviation from the mean. ANOVA and post-hoc Tukey tests were carried out to test for
significant interactions between species/subspecies: p<0.05*, p<0.005** p<0.0005***. For statistical
significance between each line, see supplementary statistics tables. For example images of 2D transverse and
longitudinal leaf sections, see Figure 2.3.

For the 2D analysis, mesophyll cell size was measured, and mean values compared. There was
significant variation in the transverse cell area between lines (ANOVA: p=0.0006***, {=6.949) (Figure
3.7a). Although it appears that Durum varieties had a larger mean transverse mesophyll cell area
compared to both Emmer and wild varieties, this was only significantly greater than Emmer when
grouped by species/subspecies (Tukey: p=0.0002*** df=46). There was no significant variation in the

longitudinal mesophyll cell areas between species/subspecies (Figure 3.7b).

Analysis revealed a range of transverse mesophyll cell size from 970.8057 pm? to 1565.38 pm?, and
longitudinal mesophyll cell (MSC) size from 1883.381 um?*to 3379.8 um?. Domesticated Emmer and
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Durum lines included both the smallest and largest mean MSC size, with the wild lines showing an
overall smaller range of MSC size. Mesophyll cell size is an important parameter that impacts on

mesophyll packing within the leaf, as is the shape of the mesophyll cells.

As wheat mesophyll cells form lobes only in the longitudinal direction (i.e. parallel to the veins) and
mesophyll cells viewed on transverse sections appear oblong (see Figure 2.3), transverse mesophyll cell
shape was quantified as ‘circularity’. Circularity represents the deviation of a shape from a perfect circle,
with a perfectly circular object having a value of 1. There was significant variation in species/subspecies
in terms of transverse mesophyll cell circularity (ANOVA: p=0.0001***, {=8.782) (Figure 3.7c), with
the mesophyll cells of Emmer varieties being more circular on average than those of 7. araraticum

(Tukey: p=0.0056*, df=43) and Durum (Tukey: p<0.0001****_df=43).

As the lobes of wheat mesophyll cells are visible in longitudinal sections, longitudinal cell shape was
quantified as ‘lobing area’. Lobing area is calculated as per Chapter 2, Section 2.2.3, and represents the
cumulative degree of cell lobing and not just the number of lobes. There also was significant variation
in the species/subspecies in terms of longitudinal mesophyll cell lobing area (ANOVA: p=0.0005%**,
f=7.421) (Figure 3.7d), with the mesophyll cells of Emmer varieties having a greater lobing area than
those of 7. dicoccoides (Tukey: p=0.0006, df=39), T_ araraticum (Tukey: p=0.0194%*, df=39) and Durum
(Tukey: p=0.0049*, df=39).

Interestingly, Emmer varieties stand out in terms of 2D cell shape, being more rounded in transverse
sections and having a higher degree of lobing in longitudinal sections than other varieties, while Durum
mesophyll cells stand out in terms of increased transverse cell area. Looking at cells in 2D allows us to
gain understanding into how cells behave in distinct transverse and longitudinal sections. In reality, a
cell exists in 3D and not two intersecting 2D planes, and information is lost in the parts of the cells that
get excluded from 2D image analysis. Therefore, I took 3D confocal stacks of a subset of the same lines
and acquired data on cell volume and surface area, using cell volume to surface area ratio as an indicator

of shape of the 3D objects (Figure 3.8).

Due to time constraints, one line per cultivation status/subspecies was studied. For wild, this was
TRI18505 (T' dicoccoides), for Emmer TRI16877 and for Durum this was VOILUR. Mesophyll cells
of wild tetraploid and Emmer leaves appeared similar in terms of 3D size and shape and were smaller
by volume compared with Durum mesophyll cells, although this was not statistically significant (Figure
3.8c). Despite also having a slightly lower surface area (Figure 3.8d), the mesophyll cells of the wild
line had greater surface area to volume ratio than those of the Durum line studied (Figure 3.8¢). There
was also a significant difference in lobe counts between lines (Figure 3.8f; Kruskal-Wallis, p=0.05%*,
Kruskal-Wallis statistic: 5.6) with Durum mesophyll cells being more lobed than 7. dicoccoides (wild)

and Emmer, but these individual interactions were not statistically significant.
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Figure 3.8. 3D cell volume and shape do not vary significantly between wild and domesticated tetraploid
wheat. (a) 3D snapshot of 7. turgidum ssp. durum mesophyll cells segmented from a confocal z-stack using
MorphographX (b) 2D clipped mesophyll cells from a T turgidum ssp. durum leaf, generated from 3D segmented
cells in MorphographX (c) Mean cell volume (d) Mean Cell Surface Area (e) Mean Cell Surface Area to Volume
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Ratio (f) Mean cell lobe number. Each datapoint represents a single plant. Error bars represent standard deviation
from the mean. ANOVA and post-hoc Tukey tests were carried out for (c)-(e) and Kruskal-Wallis and post-hoc
Dunn’s test for (f) to test for significant interactions between species/subspecies. n=3.

As previously stated, the size and shape of mesophyll cells affects how they are packaged within the
leaf. Another influencing factor is the volume of space that the cells have to be packed in to, and this is
defined by the leaf thickness, considering the volume of space taken up by the pavement cells, and the
distance between the leaf veins. I measured interveinal distance (IVD), mesophyll thickness and leaf

thickness from 2D transverse leaf sections (Figure 3.9).
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Figure 3.9. Leaf structure varies between tetraploid wheat species of different cultivation status. (a)
Interveinal Distance, measured between the 2™ and 3" veins from the central major vein. (b) Mesophyll Thickness,
value presented as a mean calculated from thicknesses measured over and between the 2™ and 3" veins from the
central major vein. (c) Leaf Thickness, value presented as a mean calculated from thicknesses measured over the
2™ and 3" veins from the central major vein and across the bulliform cells between the same veins. Black = wild
T. turgidum ssp. dicoccoides, grey = wild T. araraticum, blue = Emmer (T turgidum ssp. dicoccon), red = Durum
(T turgidum ssp. durum). Each datapoint represents a single plant. Error bars represent standard deviation from
the mean. ANOVA and post-hoc Tukey tests were carried out to test for significant interactions between
species/subspecies: p<0.05*, p<0.005**, p<0.0005*** p<0.0001**** n=6 for all lines except: TRI18530 and
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AVENTADUR (n=5), and TRI16599 and ANVERGUR (n=4). For statistical significance between each line, see
supplementary statistics tables.

There was significant variation between the species/subspecies in terms of IVD (ANOVA:
p<0.0001****  {=31.07) (Figure 3.9a). The IVD of Durum varieties was higher than that of T.
dicoccoides, T. araraticum and Emmer varieties (Tukey: p<0.0001**** df=50 for all three interactions).
Interestingly, the IVD of the Emmer varieties was significantly smaller than 7. araraticum (Tukey:
p=0.0436, df=50). There was also significant variation between species/subspecies when comparing
mesophyll (ANOVA: p<0.0001**** =22 43; Figure 3.9b) and leaf (ANOVA: p<0.0001**** {=2(.74;
Figure 3.9¢) thickness.

The greatest mesophyll thickness was observed in the wild varieties in this study, with both wild species
having significantly greater leaf mesophyll thickness than Emmer (Tukey: p<0.0001****_ df=50 for
both interactions). The mesophyll thickness of the Durum lines analysed was also significantly smaller
than that of 7. dicoccoides (Tukey: p=0.0197*, df=50) and T. araraticum (Tukey: p=0.0012**  df=50),
but greater than Emmer (Tukey: p=0.0064*, df=50). The wild varieties also had the greatest total leaf
thickness, with both wild species having thicker leaves than Emmer (Tukey: p<0.0001****_df=50 for
both interactions). Of the two wild species, only 7. araraticum had significantly greater leaf thickness
than the Durum varieties studied (Tukey: P=0.0482*, df=50), while the Durum varieties had greater
leaf thickness than the Emmer (Tukey: p=0.0002**%*),

A summary plot showing the correlation of leaf traits in Figures 3.2-3.7 and Figure 3.9 is shown in
Figure 3.10. The strongest positive correlations were seen between: gsmax and stomatal density;
interveinal distance and stomatal complex width; leaf count and plant height; leaf length and plant
height; mesophyll thickness and leaf thickness. The strongest negative correlations were seen between:
leaf width and stomatal density (and subsequently gsmax); mesophyll thickness and plant height; leaf
thickness and plant height. Interveinal distance was also positively correlated with increased pavement
cell width and transverse mesophyll cell area, and longitudinal mesophyll cell lobing areca was

negatively correlated with leaf (and mesophyll) thickness.
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Figure 3.10. Wheat leaf traits show different degrees of correlation. A correlation plot of all data from Figures
3.2-3.7 and Figure 3.9. The mean value for each line was used for this correlation analysis, with blue dots
indicating a positive correlation and red indicating a negative correlation. The size and shade of the dot show the
strength of the correlation, with larger, darker dots representing a stronger correlation.

3.4. Discussion

3.4.1. Selection of Cultivated Tetraploid Wheat has Mirrored Diploid to Hexaploid Evolution.

Durum varieties were observed in this study to have increased stomatal size and decreased density
(Figure 3.4), likely contributing to the reduced g, compared with wild and Emmer varieties (Figure 3.3a,
b). This very closely mirrors changes observed in the evolution and cultivation of hexaploid T aestivum
from diploid Triticum. Wilson et al. (2021) observed that hexaploid wheat has greater stomatal length,
width and area than tetraploid. In this study, we saw no difference in stomatal complex length between
Durum wheat and the wild/Emmer varieties, instead the increased area observed was driven by Durum
varieties having significantly greater stomatal complex width (Figure 3.4c, d). Changes in density also
reflect the evolution and selection of hexaploid bread wheat as Durum varieties showed the lowest
stomatal density (Figure 3.4a) similar to hexaploid wheat (Wilson ef al. 2021). The increase in cell size
with polyploidy is a general effect which is observed across plant species due to changes in genome
size (Jellings & Leech, 1984; Parker & Ford, 1982; Wilson et al., 2021). However, in this study the
increase in stomatal cell size is seen to occur independent of polyploidy or genome size as there are no
real differences in genome size of any of the varieties used in this study (Zhu et al., 2019; Avni et al.,

2017; Maccaferri et al., 2019; Ozkan et al., 2010), and are solely as a result of selection and cultivation.
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This suggests that stomatal density was an important trait in the cultivation of Durum wheat. Anatomical
gsmax calculated using stomatal traits reflected the measured g, (Figure 3.3a, b; Figure 3.6a), suggesting
that stomatal traits are contributing greatly to gas exchange. Interestingly, while this decreased stomatal
density has likely resulted in decreased g, there is no evidence for selection for improved
photosynthesis (4) (Figure 3.3), suggesting that water-use efficiency was the key element for selection.
This contradicts previous studies which have shown that g; and A in wheat are positively correlated
(McAusland et al., 2021; Hu et al., 2023a), but could be due to there being smaller variation in g in
this study.

The stomatal cells are not the only cell type observed to increase in size as a result of selection in this
study. The pavement cell width and area are also larger in Durum varieties than wild tetraploid (Figure
3.5) and, although not statistically significant, there is also a trend for Durum mesophyll cells to be
larger in terms of volume (Figure 3.8a) and transverse area (Figure 3.7¢). This once again mirrors the
evolution and selection from diploid to hexaploid wheat leaves as Wilson et al. (2021) saw increases in
mesophyll cell volume and pavement cell area. The occurrence of slightly larger mesophyll cells with
reduced SA/Vol concurrent with reduced stomatal density supports Lundgren et al.’s (2019) hypothesis
that mesophyll cell separation and development is reliant upon the presence of functional stomata. The
slight observed reduction in SA/Vol of the mesophyll cells of Durum wheat in this study (Figure 3.8c),
and therefore proportionally less exposed surface area for water-loss, has been suggested to contribute
to improved iWUE (Wilson et al. 2021). As the shape of the mesophyll cells changes with an increase
in size from wild to Durum tetraploid lines, it is somewhat similar to that which occurs in the evolution
of hexaploid wheat. Wilson et al. observed that hexaploid varieties had slightly decreased SA/Vol
compared with diploid and tetraploid. The Durum varieties in this study also demonstrated slightly
decreased SA/Vol relative to wild and Emmer varieties. More interestingly, the increase in overall cell
volume with increasing ploidy level was accompanied by a greater number of lobes on each cell across
ploidy level. This was also the case with Durum mesophyll cells in this study, although not statistically
significant with three biological replicates. This suggests that the mechanism behind ‘adding lobes’
when increasing mesophyll cell volume is not just an effect of polyploidy, but can occur rather by either
indirect selection or a merely a consequence of wheat mesophyll cell volume increase. Further
exploration into increasing mesophyll cell size even more in hexaploid wheat (hence once more
negating any possible effect of ploidy) could further elucidate the relationship of mesophyll cell size
with shape, lobing and g;.

When looking at the overall leaf architecture, the differences between wild and Durum tetraploid wheat
reflect changes in the evolution of hexaploid wheat. For example, the leaves of diploid wheat are a lot
narrower than hexaploid (Austin et al., 1982; Wilson et al., 2021), and this has been suggested to likely
result in the generation of alternative arrangements of leaf vasculature, such as differing vein densities

and interveinal distance. Similarly, Durum varieties have wider leaves than wild varieties (Figure 3.2a)
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and also have increased IVD (Figure 3.9a). In combination with reduced stomatal density, this increased
IVD increases the pathway distance of water from the xylem to the nearest stomata, potentially acting

to reduce water loss.

3.4.2 Emmer wheat sometimes appears as an intermediate between wild and cultivated Durum

As previously mentioned, many differences observed in terms of leaf form and function of wild and
Durum tetraploid leaves reflect those that occur during the evolution from diploid to hexaploid Triticum.
Similar to the role of tetraploid wheat in the study by Wilson ef al. (2021), Emmer varieties sometimes
appear to act as an intermediate stage. Measured gs, 4, and iWUE (A/g;) all lie between the values for
wild and Durum tetraploid varieties (Figure 3.3), as is stomatal density (Figure 3.4a), reflecting the
behaviour of tetraploid 7riticum varieties relative to diploid and hexaploid (Wilson et al., 2021).
Reduced stomatal density has therefore been inadvertently selected for thousands of years as a
determiner of drought stress tolerance without yield reductions and is present in landrace Emmer

varieties.

In other cell types, Emmer varieties are indistinguishable from wild tetraploids. This is the case in terms
of stomatal (Figure 3.4b-d) and mesophyll cell size (Figure 3.7a, b; Figure 3.8). Variables falling under
this category underwent drastic changes during selective breeding of Durum varieties after Emmer

varieties had stopped being cultivated.

There are some traits that stood out in Emmer varieties which were different to both wild and Durum.
For example, Emmer varieties had reduced pavement cell width in this study (Figure 3.5b, ¢), in addition
to having mesophyll cells that were more circular in the transverse direction (Figure 3.7¢) and had a
greater lobing area (Figure 3.7d) than both wild and Durum tetraploid varieties. This lobing area
increase was due to an increase in the degree of lobing rather than absolute lobe number (Figure 3.8d).
Changes to pavement and mesophyll cells in this way occurred in landrace varieties but were lost during
the more intensive selective breeding undergone by the Durum varieties, suggesting that they were not
overly beneficial to leaf function in terms of yield or stress tolerance. Emmer varieties also
demonstrated reduced mesophyll and leaf thickness compared to wild and Durum varieties in this study,
a factor which can likely be attributed to differences in mesophyll cell shape and packing. Despite not
distinguishing between Emmer and Durum cultivated wheat, Wilson ef a/. (2021) observed that the one
Emmer line (TRI16877) had slightly greater mesophyll porosity (i.e. the percentage of the mesophyll
that consists of airspace) than the Durum lines. It would be interesting to explore further whether the
changes observed in mesophyll cell shape in this study have any implications on packing of the
mesophyll cells within the leaf that may have resulted in the reduced mesophyll/leaf thickness. The

variation in cell size was unrelated to genome size, as wild and cultivated Emmer and Durum wheat
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have similar genome sizes of around 10-11Gb (Zhu et al., 2019; Avni et al., 2017; Maccaferri et al.,
2019; Ozkan et al., 2010).

The most dramatic differences between Emmer and the other varieties studied were in terms of the
height of the plants and leaf length. In this study, Emmer varieties grew the tallest and with the greatest
number of leaves over the 40-day growth period, while also having the longest leaf length (Figure 3.2).
A milestone of the Green Revolution was the discovery of the REDUCED HEIGHTI (RHT1) gene and
its role in reducing plant height and potential for yield loss due to lodging (Borlaug, 1968): a discovery
which contributed to earning Borlaug the Nobel Peace Prize in 1970. For this reason, it is
understandable that Durum varieties have reduced leaf length and plant height compared with landrace,

pre-Green Revolution Emmer varieties.

3.5. Conclusion

In summary, cultivated Durum varieties have larger stomatal and pavement cells compared with wild
tetraploid and landrace varieties, contributing to an improved iWUE which has been selected for
throughout cultivation. Durum varieties also had the shortest, widest leaves of the tetraploid varieties
studied, suggesting other benefits such as reduced lodging and increased leaf area for light absorption
have also been beneficial during selective breeding. Landrace Emmer varieties that represent ancient,
cultivated wheat have not undergone the intensive selection associated with modern breeding
techniques. Stomatal size and density are examples of characteristics that were selected for during the
domestication of Emmer and which have been further selected for during Durum cultivation, again
linked to improved iWUE. However, some traits such as plant height and leaf length are distinct in
Emmer varieties, suggesting possible initial advantages during ancient cultivation relating to plant
productivity, followed by selection-driven reduction in plant height in modern Durum varieties, possibly

related to lodging.
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Chapter 4. Mesophyll Patterning in 7riticum

4.1. Introduction

4.1.1. Wheat Mesophyll Development and Structure

Leaf development is complex and dynamic and occurs in five main steps: leaf primordium initiation,
establishment of polarity, control of blade size, regulation of leaf shape (Yan ef al., 2008; Xiong and
Jiao, 2019; Wang et al., 2021), and leaf senescence (Tian et al., 2020). These have been reviewed
recently by Zhuo et al. (2023). Briefly, leaf primordium initiation begins in the peripheral zone (PZ) of
the shoot apical meristem (SAM), where auxin acts as a growth regulator of organ initiation. Polarity
establishment is a vital process that affects leaf morphology, and the emerging leaf primordium is
determined by polar growth on three axes: adaxial-abaxial (front-back of leaf), proximal-distal (base-
tip of leaf) and medio-lateral (main vein-edge of leaf). (Conklin et al., 2019; Muszynski et al., 2020).
Leaf morphogenesis along these three axes is regulated by a combination of genetic mechanisms and
environmental factors (Wang et al., 2021). Patterning across the abaxial-adaxial axis involves the
divergence of pavement vs mesophyll cell lineages. In dicots, palisade mesophyll tissue develops on
the adaxial plane, while spongy tissue on the abaxial. This adaxial-abaxial patterning is influenced by
a combination of transcription factors, small RNAs and auxin (Barkoulas et al., 2007; Kalve et al., 2014;
Wang et al., 2021; Burian et al., 2022). However, monocot mesophyll appears more homogenous and
does not form such distinct palisade and spongy layers (Parker & Ford, 1982; Jellings & Leech, 1984).
For example, across the three ploidy levels of the Triticum genus, a similar basic arrangement of leaf
cells is observed, with the mesophyll not forming distinct palisade and spongy mesophyll layers across
the adaxial/abaxial axis. Instead, the monocot mesophyll is most commonly reported to be patterned
along the proximal-distal leaf axis with small meristematic cells from the SAM at the base of the leaf
and larger, differentiated cells towards the tip, with longitudinal veins (major and minor) interspaced
across the leaf width (Jellings & Leech, 1984; Parker & Ford, 1982). However, a recent paper by Sloan
et al., (2023) observed that the mesophyll of rice (Oryza sativa) forms in distinct ‘layers’ across the

abaxial-adaxial axis, distinguished by variation in mesophyll cell size and shape.

The final lobed morphology of individual 7riticum mesophyll cells reflects the outcome of cell wall
shaping combined with cell expansion, with by cytoskeletal organisation being a key driver and co-
ordinator of these events (Galatis, 1988). Cortical microtubules (MTs) form in ring-shaped bundles that
interconnect to create a cell-wide scaffold, while the cell wall is locally thickened using cellulose
microfibrils (CMFs). This results in bulging of the cells where the walls have been thickened and
constrictions from the MT rings, forming lobes (Reviewed by Panteris & Galatis, 2005). This shaping
occurs across the developing leaves, resulting in a gradient from the brick-like cells adjacent to the
meristem to the fully lobed cells towards the leaf tip. The process of Triticum mesophyll development

is summarised in Figure 4.1.

50



Microtubules
M Cellulose Microfibrils

2mm Smm 10mm 15mm 20mm , 50mm
1 1 1 |

Cell Elongation

\ 4

Brick-like Early lobe formation Lobed cells

<+— Meristem Leaf tip—»

Figure 4.1. Formation of the 7riticurmn mesophyll, initiating at the leaf base. Mesophyll development across
the proximal-distal axis at 7 days after planting, adapted from Jung & Wernicke (1990; 1992). Mesophyll
development initiates at SAM, where the cells undergo elongation followed by cytoskeleton restructuring to
form a lobed structure. At 50mm from the leaf base, the mesophyll cells are fully developed, and the leaf begins
to unroll.

4.1.2. The Role of the Mesophyll

The controlled separation of dividing mesophyll cells followed by cell expansion to form their distinct
lobed shape creates a complex pattern of intercellular airspaces (IAS), allowing for the flux of CO, to
these cells followed by diffusion across the cell wall, plasma membrane and cytosol, allowing entry of
the COxs to the site of carboxylation in the chloroplasts (Flexas et al., 2012; Lundgren & Fleming, 2020).
Mesophyll cells are therefore important in determining the rate of carbon assimilation and require
sufficient light and CO; for their role in photosynthesis. However, the availability of these to the
mesophyll cells depends greatly on the architecture of the whole leaf, which in turn is greatly influenced
by the size and geometry of the mesophyll cells and their arrangement and interactions with each other

and other cell types in 3D space.

Mesophyll porosity (i.e. the percentage of mesophyll tissue that is not solid cells), is determined by the
lobing and separation of the mesophyll cells during development. In wheat, an increase in mesophyll
porosity is accompanied by an increase in stomatal conductance (gs; gas flux across stomatal pores;
Wilson ef al. 2021), theoretically increasing the rate of photosynthesis but reducing water-use efficiency
(WUE; defined as rate of photosynthesis vs transpiration). Leaves with more densely packed mesophyll
tissue, such as those that undergo crassulacean acid metabolism (CAM), have lower mesophyll porosity
(Nelson et al., 2005) making them optimised for growing in water-limited environments (Males, 2016;
Griffiths and Males, 2017). However, understanding the impact of mesophyll cell size, shape and
arrangement is more complex than simply increasing/decreasing leaf porosity and must be thought of
in terms of the pathway that CO; travels between the stomatal pores to the site of photosynthesis within

the mesophyll chloroplasts.
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The diffusive path length through the IAS can be thought of in terms of tortuosity: the ratio of actual
travelled path length (i.e. the geodesic distance) to the direct, unobstructed path length (i.e. the
Euclidean distance; Gommes ef al., 2009). The diffusion pathway is increased by the complexity of the
mesophyll and cellular interconnectivity, as well as the distance from the site of CO, entry through the
closest stomata (Parkhurst, 1994; Morison et al., 2007; Pieruschka et al., 2005, 2006, 2008; Morison
and Lawson, 2007). In a study on C3 and CAM bromeliads, Earles et al., (2018) found that leaves with
larger mesophyll cells and lower porosity had lower mesophyll surface area exposed to the IAS and
were associated with high tortuosity and long lateral paths that increased the average diffusive plant
length, reducing gs and improving water-use efficiency (WUE). Reducing mesophyll porosity can lead
to improved water-use efficiency, but if mesophyll cells were to become too closely packed, plants are
at risk of disconnecting the IAS diffusion pathways completely, leading to areas of isolated airspace
that are only linked to the atmosphere and other airspace pockets by a liquid pathway through the cell.
This would reduce the CO; supply rate to the mesophyll cells and subsequently leaf-level photosynthetic
capacity, as CO; diffuses ~10,000 slower in water than in air, meaning that diffusion in the liquid phase
through the cytosol is often considered the rate-limiting step (Evans et al., 2009). It is important to also
consider that the size, shape and arrangement of mesophyll cells not only has an impact on CO; flux,
but also other photosynthetic parameters (Terashima ef al., 2011; Tholen et al., 2012), and additional
factors linked to leaf structure and function including mechanical integrity and water transport (Buckley

et al., 2015).

The conductance of the IAS (gias) to CO, plays a part in determining mesophyll conductance.
Mesophyll conductance (gm) is the conductance of the diffusion pathway of gaseous CO, from the
substomatal cavity to the site of photosynthesis, encompassing movement across the mesophyll tissue
and into the cells and then chloroplasts (Flexas et al., 2012). Other contributors include conductance of
cell walls (gcw) and chloroplast outer membrane (gchi). Gm is known to impact on both CO; and H,O
transport within the leaf due to opposite but overlapping transport pathways (Evans et al., 2009;
Terashima et al., 2011), to an extent coregulating gas flux with gs. This co-regulation (i.e. linking gas
flux across the mesophyll with that across the stomatal pores) is thought to optimise photosynthesis, but
uncoupling may be advantageous to increase leaf water-use efficiency (the ratio between photosynthesis
and transpiration rate; Flexas et al., 2016). Through comparison of closely related species that
demonstrated variation in gn independently of g;, Peguero-Pina et al. (2012) saw increased WUE
through larger gm that was wholly due to differences in leaf anatomy. Masle et al. (2005) similarly saw
that altering mesophyll anatomy, this time by genetic manipulation in Arabidopsis, can lead to improved
WUE. Additionally, gn has been observed to be positively correlated with whole leaf hydraulic
conductance (Kier) (Flexas et al., 2012), further highlighting the importance of the mesophyll in

determining overall leaf function relating to photosynthesis and water-use efficiency.
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4.1.3. Wheat Evolution and Domestication

Globally grown, our staple cultivated bread wheat belongs to the Triticum L. genus, which consists of
six species. Triticum uratu (wild diploid wheat, 2n = 2x = 14, genome A"A"), hybridized with the B
genome ancestor of modern wheat (4egilops speltoides, 2n = 2x = 14, genome SS) around 400,000
years ago (Dvorak et al., 2012) to produce wild emmer wheat (7. dicoccoides, 2n = 4x = 28, genome
A"A"BB). About 10,000 years ago, wild emmer began being cultivated (Feldman and Kislev, 2007;
Kislev et al., 1992) to create a cultivated emmer (7. turgidum ssp. dicoccon, 2n = 4x = 28, genome
A"A"BB). After another 1000 years, the cultivated emmer spontaneously hybridized with another goat
grass, similar to the B genome progenitor (4de. tauschii, 2n = 2x = 14, genome DD), to produce an early
spelt variety (7. spelta, 2n = 6x = 42, genome A"A"BBDD). One hypothesis is that, around 8,500 years
ago, a natural mutation resulted in changes in the ears of both emmer and spelt leading to more easily
threshed types that later evolved into the free-threshing durum (7. turgidum ssp. durum) and bread (7.

aestivum) wheat.

Alongside T. uratu, the A" genome progenitor of all tetraploid and hexaploid wheats, there is another
wild diploid Triticum species: T. boeotium (A°AP). These two differ morphologically (Dorofeev et al.,
1979) and biochemically (Dvorak et al., 1998, 2011; Kilian et al., 2007) and therefore find it difficult
to cross-pollinate. Additionally, not all tetraploid wheat has been cultivated, with both 7. dicoccoides
(A"A"BB - later cultivated to emmer) and 7. araraticum (A"A"GG) existing as wild tetraploid species.
The existence of wild, landrace and cultivated varieties of Triticum makes it an experimentally attractive

family.

Throughout wheat evolution and cultivation, there have been a series of complex changes with regards
to the shape and size of both the mesophyll cells and their surrounding airspace that have had important
implications for leaf function. From diploid to hexaploid 7riticum, the mesophyll cells have become
larger and there has been a reduction in mesophyll porosity, with an accompanying increase in iWUE

(Wilson et al., 2021).

4.1.4. Imaging the Wheat Mesophyll in 3D

Techniques for imaging leaves to observe mesophyll characteristics are constantly improving with the
advancement of 3D microscopes and analysis software. With the ability to now combine this high-
quality image data with modern technologies which measure parameters relating to photosynthesis and
water-use, it allows us to gain a deeper understanding of how whole leaf architecture is related to its

function.

In traditional studies from the 1980s, the limited technology available meant that conclusions of how
the mesophyll cells behave in 3D space, i.e. their arrangement and volume, were drawn from the

analysis of 2D images and approaches that involved separating mesophyll cells from the rest of the leaf
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tissue (Parker & Ford, 1982; Jellings & Leech, 1984). While these studies were able to yield key
findings, such as how mesophyll cell size increases as a result of polyploidy, the lack of true 3D image
data led to inaccuracies in cell and tissue parameter estimates (Théroux-Rancourt et al., 2017; Earles et
al., 2018; Mathers et al., 2018; Harwood et al., 2020) meaning that further conclusions drawn from

early data can give little reliable insight into leaf form and function.

A better way to image wheat leaves is using X-ray uCT, building up 2D projections to construct a 3D
image. The major advantage compared with older imaging techniques is that it is non-invasive and
allows for a data on mesophyll tissue to be collected without the need to separate it from the rest of the
leaf. However, there are limitations when approaching questions of mesophyll structure when trying to
observe individual cell shape and size, as discerning the boundaries between mesophyll cells from cell
lobing is impossible, and obtaining higher resolution images requires long scanning and processing time
(Pajor et al., 2013). X-ray CT is more useful when looking at the patterning of mesophyll airspace and
overall leaf porosity, as the low-density airspace can easily be separated from the higher density

mesophyll cells (Dhondt et al., 2010; Pajor et al., 2013; Mathers et al., 2018).

Confocal laser scanning microscopy (CLSM) allows for the generation of super high-resolution images
of the mesophyll for extraction of quantitative data on the shape and size of individual mesophyll cells
(Wuyts et al., 2010). Confocal microscopy works by focusing a laser on the sample, which passes
through a pinhole and is reflected by a dichroic mirror and scanned across the desired focal plane. The
fluorescence emitted from the stained sample passes back through the mirror and a second pinhole that
is confocal with the first, before hitting a detector. Light that is not from the plane of focus is prevented
from being detected due to the presence of the second pinhole, reducing flare (Paddock, 2000). These
confocal pinholes are a major advantage comparted to conventional widefield fluorescence for imaging
thick samples such as wheat leaves; they allow for the capture of high-quality images throughout the
sample (Paddock, 2000; Hepler & Gunning, 1998; Amos & White, 2003). The 2D scans (or slices) can
be built up into a z-stack for rendering of a 3D image (Truernit ef al., 2008; Buda ef al., 2009; Wuyts et
al., 2010) and from these reconstructions, it is possible to segment the tissue into individual cells and
acquire measures of cell geometry. Unlike pCT and other 3D imaging techniques, confocal microscopy
allows for imaging of individual cells, and has been frequently used on a range of plant tissues (Hutzler,
1998; Truernit et al., 2008; Omasa et al., 2009; Buda et al., 2009; Yoshida et al., 2014) including
Arabidopsis (Wuyts et al., 2010; Dow et al., 2017) and wheat (Wilson et al., 2021) mesophyll cells.

4.1.5. Aims
As indicated above, the traditional view of the monocot mesophyll, including wheat, is that it is uniform,

distinguishing it from the eudicot leaf which shows clear separation into palisade and spongy mesophyll
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layers. Recent data has shown that cells in the mesophyll of rice leaves can be assigned to layers based

on cell size and shape (Sloan et al., 2023).

The main aim of the experiments described in this chapter was to test the hypothesis that leaves of
Triticum species of a range of ploidy and cultivation levels showed a similar mesophyll patterning. This

was done using a combination of 2D and 3D imaging techniques and analytical approaches.

4.2. Plant Materials
The plant materials used in this chapter can be found in Table 4.1.
Table 4.1 Triticum lines used in this study. Lines are referred to by the simplified ‘Name’ throughout this chapter,

and colour coded by ploidy and cultivation status status. The lines used for confocal imaging were a subset
of the total panel: 2n — 6735; 4nW — TRI118505; Emmer — TRI16877; Durum — VOILUR; 6n — Fielder.

Ploidy ‘Species ‘Line Code |Status Name

Diploid  Triticum baeoticum TRI 18344 Wild T. baeoticum
Diploid  Triticum uratu TRI 6735 Wild T. uratu
Tetraploid Triticum turgidum (subsp. dicoccoides) TRI18505 Wild T. turgidum
Tetraploid Triticum turgidum (subsp. dicoccoides) TRI18530 Wild T. turgidum
Tetraploid Triticum araraticum TRI16599 Wild T. araraticum
Tetraploid Triticum araraticum TRI18513 Wild T. araraticum

Tetraploid Iriticum turgidum (subsp. dicoccon) TRI16877 Domesticated (Landrace) Emmer
Tetraploid Triticum turgidum (siubsp. dicoccon) TRI28049 Domesticated (Landrace) Emmer
Tetraploid 7Triticum turgidum (subsp. dicoccon) TRI14734 Domesticated (Landrace) Emmer

Tetraploid Triticum durum (subsp. durum) VOILUR Domesticated (Modern) Durum
Tetraploid Triticum durum (subsp. durum) AVENTADUR Domesticated (Modern) Durum
Tetraploid Triticum durum (subsp. durum) ANVERGUR Domesticated (Modern) Durum
Hexaploid Triticum aestivum COUGAR Domesticated (Modem) 7. aestivum
Hexaploid Triticum aestivim FIELDER Domesticated (Modem) 7. aestivum

4.2.1. The Wheat Mesophyll is Not Homogenous

Although grass leaves are generally perceived as having a uniform cellular architecture (not clearly
being divided into a palisade and spongy layer characteristic of many eudicot leaves), recent analysis
in rice has indicated that there is celular patterning within the leaf reflecting distribution of cell size and
shape (Sloan et al., 2023). This allows for the rice leaf to be divided into a series of cell layers, with
each layer being distinguished by relative size and shape. An exploration of gs and leaf cellular structure
based simply on mean cell size (as performed in Chapter 3) might, therefore, miss potential links of

domains of cellular architecture with physiological performance.

To explore this possibility, mesophyll cells (MSCs) in each cross-section to were assigned to a layer
based on the following rules. Sub-adjacent to upper epidermis (Upper); sub-adjacent to lower epidermis
(Lower); Adjacent to vascular bundle (Radial); Not adjacent to epidermis or vascular bundle (Middle).

This is shown in Figure 4.2. In longitudinal sections, the Upper and Lower cells could not be
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differentiated, and radial/middle cells were only present under the presence/absence of vascular tissue

in the section (Figure 4.2b, c).
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Figure 4.2. The assignation of mesophyll cells to layers in a typical wheat leaf. a) Transverse leaf cross-section
b) longitudinal cross-section, where radial cells are not visible ¢) longitudinal cross-section, where radial cells are
visible. Diagrams are based on cross sectional images of a Durum leaf, 5™ leaf at 28 days after planting.
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(b)

Figure 4.3. 3D imaging of wheat mesophyll cells. a) Snapshot of mesophyll segmented using MorphographX b)
Image showing clipped 3D cell objects generated from confocal stacks in MorphographX. (b) has undergone
minor editing to make image neater so that cell boundaries are clearer. From each 3D stack, ‘Outer’ and ‘Middle’
cells can be observed. All images are from a Durum ‘VOILUR’ leaf.

The image datasets for wild and domesticated wheat lines were analysed so that MSCs in each section
were allocated to one of four groups for transverse sections (Upper, Lower, Middle, Radial) and three
for longitudinal (Outer, Middle and Radial). The Upper layer consists of cells in direct contact with the
adaxial epidermis, the Lower layer of cells in direct contact with the abaxial epidermis, the Radial layer
of cells in direct contact with the bundle sheath tissue and the Middle layer of cells only in direct contact
with other mesophyll cells. Due to the inability to distinguish the abaxial and adaxial epidermis in
longitudinal sections, the Upper and Lower layers are both included in the Outer longitudinal layer, and
the Radial cells have been omitted from this analysis due to their absence in slices containing Outer and

Middle cells.

Alongside 2D data for mesophyll cell morphology, 3D data were collected using confocal imaging of
fixed leaf samples and processing in MorphoGraphX (Barbier de Reuille ef a/., 2015) to generate mesh
reconstructions and quantitative cell volume and surface area data (Figure 4.3). Z-stacks were acquired
between the vasculature (i.e., omitting cells in the Radial layer) and allowed for cell data to be assigned
to either Outer or Middle layers, as the abaxial and adaxial epidermis are indistinguishable in these z-

stacks.

4.3. Results
4.3.1. The Mesophyll Cell Layers can be Defined by Size

Analysis of 2D MSC area data across all ploidy levels and cultivation statuses showed significant

differences between cells in assigned layers (Figure 4.4). Broadly, our data showed that all cell types
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studied are larger in higher ploidy species, which is consistent with the literature (Jellings & Leech,
1984; Parker & Ford, 1982; Wilson et al., 2021; Kondorosi et al., 2000; Katagiri et al., 2016).
Consistently across all Triticum lines studied, cells in the Middle and Radial layers had significantly
lower transverse MSC area than those in the Upper and Lower layers. The p values for ANOVA tests
conducted to test for significant interactions of transverse MSC area between layers within each
Triticum species/subspecies were <0.0001**** for all. Values for the transverse cell area of cells in the
Middle and Radial layers were indistinguishable from each other, as were cells in the Upper and Lower

layers.

This was strongly supported by a ranked data analysis (Figure 4.4h). In each leaf, the layers were
assigned a rank of 1 to 4 based on mean transverse mesophyll cell area. All plants from each ploidy
level and cultivation status were grouped together and plotted using a heat map and circle size to
represent frequency of each layer having a specific rank. As demonstrated in figure 4h, the largest circles
in the 1*' and 2™ rank are always the upper and lower layers, showing that the cells in upper and lower
layers were always the largest in terms of area, and the middle and radial cells the smallest (Friedman:
p<0.0001**** Friedman statistic= 112.0). Statistically, the upper and lower layers both ranked lower
than radial and middle cells at a 0.01% confidence interval (Dunn’s: p<0.0001**** for all interactions
except Middle-Radial and Upper-Lower). The most common order from largest to smallest cells was

Upper; Lower; Radial; Middle.
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Figure 4.4. Analysis of transverse mesophyll cell area shows distinct layering of cells by size in diploid,
tetraploid and hexaploid Triticum lines. a-b) Transverse area of diploid cells in designated mesophyll layers. c-
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d) Transverse area of wild tetraploid cells in designated mesophyll layers. e-f) Transverse area of cultivated
tetraploid wheat cells in designated mesophyll layers. g) Transverse area of hexaploid 7. aestivum cells in
designated mesophyll layers. h) Ranked data of transverse mesophyll cell area from all lines, separated by layer.
Frequency of rank is indicated by colour and size of circle. Ranking is determined based on the frequency that
cells in a particular layer rank 1% (largest) —4™ (smallest) in terms of cell area. In this case, Upper and Lower cells
are consistently the largest in terms of transverse cell area (ranked 1% and 2"¢), and Radial and Middle cells
consistently the smallest (ranked 3™ and 4™). Error bars represent standard deviation from the mean. ANOVA and
post-hoc Tukey tests were carried out to test for significant interactions between cell layers within each
species/subspecies: p<0.005**, p<0.0005***  p<0.0001****_ Statistical significance for ranked data in (h) was
assessed using a Friedman test.

In contrast, the area of MCs in longitudinal sections was found to be a feature that could not be used as
strongly as the transverse data to distinguish mesophyll layers, as the majority of lines studied showed
no significant differences between the layers (Figure 4.5a-¢). The only wheat varieties that significantly
varied in terms of longitudinal MSC area the two modern cultivated species: tetraploid Durum (ANOVA:
p=0.0083%*, £=5.413) and hexaploid 7. aestivum (ANOVA: p=0.0011**, =8.598) (Figure 4.5f, g). The
Middle cells demonstrated decreased longitudinal area compared to the Outer cells in both Durum
(Tukey: p=0.0153*, df=40) and T. aestivum (Tukey: p=0.0118%*, df=30). In Durum leaves, Radial
mesophyll cells also had increased longitudinal area compared with the Middle cells (Tukey: p=0.0216%*,
df=40). This was not the case with 7. aestivum however, as the Radial cells were indistinguishable from
the Middle in terms of area but were instead significantly smaller than cells in the Outer layers (Tukey:

p=0.001**, df=30).

Although in most cases longitudinal cell area was not statistically different between mesophyll layers,
when cells in each layer were assigned a rank for each leaf and all data was grouped together (Figure
4.5h), the trend for defined layers by longitudinal area was significant (Friedman: p<0.0001%***,
Friedman statistic: 23.82). Cells in the Middle layer were often ranked highest, therefore having
consistently smaller longitudinal cell area than cells in both the Outer (Dunn’s: p<0.0001****) and

Radial layers (Dunn’s: p=0.0002**%*),
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Figure 4.5. Analysis of longitudinal cell area shows distinct layering of cells by size in tetraploid Durum and
hexaploid 7. aestivum. a-b) Longitudinal area of diploid cells in designated mesophyll layers. c-d) Longitudinal
area of wild tetraploid cells in designated mesophyll layers. e-f) Longitudinal area of cultivated tetraploid cells in
designated mesophyll layers. g) Longitudinal area of hexaploid 7. aestivum cells in designated mesophyll layers.
h) Ranked data analysis of longitudinal mesophyll cell area from all lines, separated by layer. Frequency of rank
is indicated by colour and size of circle. Ranking is determined based on the frequency that cells in a particular
layer rank 1% (largest) 3™ (smallest) in terms of cell area. In this case, Middle cells were most frequently the
smallest in terms of longitudinal cell area (ranked 3™). Error bars represent standard deviation from the mean.
ANOVA and post-hoc Tukey tests were carried out to test for significant interactions between cell layers within
each species/subspecies: p<0.05*, p<0.005**. Statistical significance for ranked data in (h) was assessed using a
Friedman test.

Despite being able to acquire cell data from both longitudinal and transverse sections, information on
whole cell morphology is lost by limiting imaging to 2D. Therefore, 3D imaging of a subset of lines
was carried out using confocal microscopy to further explore mesophyll cell size and shape, with the z-
stacks segmented using MorphographX to generate quantitative cell data. This data is presented in
Figure 6. Mesophyll cell volume can generally be seen to increase from diploid to tetraploid to
hexaploid plants regardless of the layer (ANOVA: p=0.0009*** f=13.15). There was also a trend for
outer layer mesophyll cells in Durum and hexaploid lines to have a greater volume, however this was
not statistically significant (Figure 4.6a). The only statistically significant difference between cell size
of mesophyll cells was in the surface area of Outer and Middle layers was in tetraploid Durum where
the surface area of the outer layer cells was greater than the middle cells (t-test: p=0.0318%*, t=3.237,

df=4) (Figure 4.6b).
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Figure 4.6. 3D analysis of mesophyll cell volume and surface area in diploid, tetraploid and hexaploid
Triticum based on cell layer designation shows some distinction between layers. (a) Mesophyll cell volume of
diploid, tetraploid and hexaploid lines. (b) 3D mesophyll cell surface area of diploid, tetraploid and hexaploid
lines. Error bars represent standard deviation from the mean. T-tests were carried out to test for significant
interactions between cell layers within each species/subspecies: p<0.05*. n=3.

The cell volume data in figure 4.6b supports the observations of 2D cell area that only the cultivated
varieties (tetraploid Durum and hexaploid) had larger Outer layer mesophyll cells compared with

Middle cells (Figure 4.5f, g).
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4.3.2. The Mesophyll Cell Layers can be Defined by Shape

In addition to size, Sloan ef al., (2023) reported that the cells in different layers of the rice leaf can be
distinguished by shape, notably their degree of circularity and lobing. To investigate whether the layers
of wheat mesophyll distinguished by cell size could also be distinguished by shape, I performed an
analysis of shape in both 2D transverse (Circularity; Figure 4.7) and 2D longitudinal sections (Lobing
Area; Figure 4.8), as well in 3D by calculating the surface area to volume ratios and counting love

number (Figure 4.9).

In transverse sections, mesophyll cell layers differed significantly from each other in terms of cell

circularity across all ploidy levels and cultivation statuses (Figure 4.7).

Circularity is used in this case to quantify 2D shape where cell lobing is not visible, and is a FIGl/ImageJ
output that can briefly be described as a shape’s deviation from a perfect circle, with a circle given a
value of 1. Statistical tests using ANOVA supported the existance of transverse mesophyll layers that
are distinct by cell circularity at a <0.01% confidence interval (ANOVA: p<0.0001**** for all
species/subspecies; Figure 4.6). The number of significant differences across the layers varied, with
wild tetraploid T. araraticum being the only species for which cells in every layer had significantly
different circularity than every other (Figure 4.7d). In this case, Upper cells were the least circular,
followed by Lower cells then Radial, with MCs in the Middle layer being the most circular. This trend
was observed across most of the other varieties studied, although with some of the layers being
statistically indistinguishable — in particular the Upper-Lower, Lower-Radial and Radial-Middle
interactions. In all cases, cells in the Upper and Lower layers were statistically less circular than those

in the Middle, and the Radial cells also significantly more circular than those in the Upper layer.

From the combined ranked analysis, the largest circle in the 1% rank was for middle cells, in 2™ rank
were radial cells, 3 rank were lower cells and 4™ were upper cells, demonstrating that the average leaf
had its most circular cells in the middle layer, followed by radial, lower and upper respectively (Figure
4.7h). This ranking was less well defined than for analysis based on transverse area (Figure 4.5h) but
was still statistically significant (Friedman: p<0.0001****_ Friedman statistic = 70.4), with the most
consistent observation being that cells in the Upper layer are most commonly the least circular. The
Upper-Middle, Upper-Radial and Upper-Lower rank differences were all statistically significant
(Dunn’s: p<0.0001**** p<0.0001**** p=0.0026 respectfully). Cells in the Middle mesophyll layer
were also consistently ranked higher (aka more circular) than both the Radial (Dunn’s: p=0.0396*) and
Lower (Dunn’s: p<0.0001****)_and cells in the Radial layer were indistinguishable from Lower cells

in terms of transverse circularity.
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Figure 4.7. Analysis of transverse mesophyll cell circularity shows distinct layering of cells by shape in
diploid, tetraploid and hexaploid 7riticum lines. Circularity represents a shape’s deviation from a perfect circle
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which has a value of 1. a-b) Transverse circularity of diploid cells in designated mesophyll layers. c-d) Transverse
circularity of wild tetraploid cells in designated mesophyll layers. e-f) Transverse circularity of cultivated
tetraploid wheat cells in designated mesophyll layers. g) Transverse circularity of hexaploid 7. aestivum cells in
designated mesophyll layers. h) Ranked data analysis of mesophyll cell circularity from all lines, separated by
layer. Frequency of rank is indicated by colour and size of circle. Ranking is determined based on the frequency
that cells in a particular layer rank 1% (most circular) —4" (least circular) in terms of cell circularity. Error bars
represent standard deviation from the mean. ANOVA and post-hoc Tukey tests were carried out to test for
significant interactions between cell layers within each species/subspecies: p<0.05*, p<0.005**, p<0.0005%**,
p<0.0001****_Statistical significance for ranked data in (h) was assessed using a Friedman test.

For longitudinal sections which demonstrate lobing of the cells (Figure 4.2b, c¢), shape was quantified
using lobing area. Briefly, lobing area is defined as the difference between the convex hull area and area
of the object and can be thought of in this case as the ‘degree of lobing’. More information on the
calculation of lobing area can be found in Section 2.3.3 of Chapter 2. Differences in lobing area between
cells assigned to different layers were significant for all lines studied (Figure 4.8): T. baeoticum
(ANOVA: p=0.0048**, £=12.81), T. uratu (ANOVA: p=0.0006**, {=25.22), T. dicoccoides (ANOVA:
p= 0.0069*, f=6.646), T araraticum (ANOVA: p=0.0005***  {=10.94), Emmer (ANOVA:
p<0.0001**** f= 14.66), Durum (ANOVA: p<0.0001**** f= 18.07) and T. aestivum (ANOVA:
p<0.0001**** {=18.42). Across all ploidy levels and cultivation statuses, Radial cells had significantly
greater lobing area than Outer cells. For all except for 7. baeoticum (Figure 4.8a) and T. dicoccoides
(Figure 4.8c), the Outer cells also had decreased lobing area compared to cells in the Middle layers.

Cells in Middle and Radial layers were indistinguishable in terms of lobing area.

When the data was combined and each layer ranked by longitudinal lobing area, this supported the
observation of distinct layers by longitudinal shape (Friedman: p<0.0001**** Friedman statistic: 54.94;
Figure 4.8h). Cells in the Outer layer were ranked as consistently having the lowest lobing area
compared to both Middle and Radial cells (Dunn’s: p<0.0001**** for both), and ranking of lobing area
of the cells in the Middle and Radial layers was not significantly different.
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Figure 4.8. Analysis of longitudinal cell lobing area shows distinct layering of cells by shape in diploid,
tetraploid and hexaploid Triticum lines. a-b) Longitudinal cell lobing area of diploid cells in designated
mesophyll layers. c-d) Longitudinal cell lobing area of wild tetraploid cells in designated mesophyll layers. e-f)
Longitudinal cell lobing area of cultivated tetraploid cells in designated mesophyll layers. g) Longitudinal cell
lobing area of hexaploid 7. aestivum cells in designated mesophyll layers. h) Ranked data analysis of longitudinal
mesophyll cell lobing area from all lines, separated by layer. Frequency of rank is indicated by colour and size of
circle. Ranking is determined based on the frequency that cells in a particular layer rank 1% (most circular) -3
(least circular) in terms of cell circularity. Error bars represent standard deviation from the mean. ANOVA and
post-hoc Tukey tests were carried out to test for significant interactions between cell layers within each
species/subspecies: p<0.05*, p<0.005**, p<0.0005***, p<0.0001****_ Statistical significance for ranked data in
(h) was assessed using a Friedman test.

As previously stated, information is at risk of being lost when only looking at cell morphology in 2D.
When trying to quantify shape in 3D, two approaches were used. The first was to calculate surface area
to volume ratio, which can be used to approximate the simplicity/complexity of the shape (Figure 4.9a).
The second was to count the number of lobes, with a basic oblong-shaped cell being counted as two
lobes and each additional lobe at either pole added to the total (Figure 4.9b). Cells in the Middle layers
had greater surface area to volume ratio, which was statistically significant compared to Outer cells for
the wild tetraploid (t-test: p=0.022%*, t=3.640, df=4) and hexaploid lines (t-test: p=0.025%*, t=3.495, df=4)
(Figure 4.9a). A likely contributor to this is the increased number of lobes observed in middle layer cells,
although none of the differences were significant across the lines studied (Mann-Whitney: p>0.05)

(Figure 4.9b)
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Figure 4.9. Analysis of 3D mesophyll cell shape shows distinct layering of cells by shape in diploid,
tetraploid and hexaploid 7riticum lines. a) Surface area to volume ratio of cells assigned to layers in 2n, 4n and
6n lines. b) Number of lobes of cells assigned to layers in 2n, 4n and 6n lines. Error bars represent standard
deviation from the mean. T-tests (a) and Mann-Whitney (b) tests were carried out to test for significant interactions
between cell layers within each species/subspecies: p<0.05*. n=3.

The data described above suggests that there are differences in cell size and shape between different

mesophyll layers to varying degrees in all diploid, tetraploid and hexaploid lines studied.
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4.3.3. Sub-Stomatal Mesophyll Cells are Distinct from Other ‘Outer’ Layer Mesophyll Cells

While assessing morphological differences in cells assigned to mesophyll layers, it became obvious that
cells directly adjacent to sub-stomatal cavities looked different compared to other Outer layer cells
(Figure 4.10a, b). I separated data for Outer cells in one line of Durum (VOILUR) into ‘sub-stomatal’

and other ‘Outer’ cells and the assessed differences in 3D size and shape (Figure 4.10c-f).
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Figure 4.10. Mesophyll cells around sub-stomatal cavities have distinct morphologies compared with other
Outer layer cells. (a) Clipped image from a 3D mesh showing the transverse plane of an Outer layer (left) and
sub-stomatal (right) mesophyll cell. (b) Clipped image from a 3D mesh showing the longitudinal plane of an Outer
layer (left) and sub-stomatal (right) mesophyll cell. (c) 3D surface area of mesophyll cells the outer layer and
those surrounding sub-stomatal cavities. (d) Volume of mesophyll cells the outer layer and those surrounding sub-
stomatal cavities. (e) 3D surface area to volume ratio of mesophyll cells the outer layer and those surrounding
sub-stomatal cavities. Number of lobes of mesophyll cells the outer layer and those surrounding sub-stomatal
cavities. n=5, and error bars represent standard deviation from the mean. To test for statistical significance between
cell types, t-tests were carried out for all graphs. All images and data are from the Durum line “Voilur’.
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Despite absence of statistical significance, there appears to be a trend of mesophyll cells surrounding
the sub-stomatal cavity having a greater surface area to volume ratio and fewer lobes than other outer
layer mesophyll cells, suggesting that they have a slightly different morphology that has led to increased

surface area relative to volume concurrent to a decrease in lobe count.

4.4. Discussion

4.4.1. Wheat Mesophyll Cells Form in Layers that are Distinct by Size and Shape

The results presented in this chapter support the hypothesis that the wheat mesophyll is not homogenous
and that cells can be assigned to distinct layers based on size and shape, as highlighted in Figures 2 and
3. Moreover these overall patterns were found to be conserved across all seven Triticum species studied.
Taken in combination with evidence of mesophyll patterning in rice (Sloan ef al. 2023) my data suggest
that the monocot mesophyll should not be considered homogenous and that the patterns reported might

be evolutionary ancient within the monocots.

Triticum cell layers can be discerned by the size of the cells, particularly when looking at transverse 2D
sections. As demonstrated in Figure 4.4, cells in direct contact with the epidermis (i.e., in Upper and
Lower layers) were observed to have a significantly greater transverse cell area compared with those
only in direct contact with other mesophyll cells or bundle sheath tissue (i.e., in Middle and Radial
layers, respectfully) across all of the diploid, tetraploid and hexaploid lines studied. The most common
order of layers in terms of transverse cell area was: Upper, Lower, Radial, Middle, demonstrated by a
ranked analysis (Figure 4.4f). While cells in the Middle layer of the longitudinal leaf sections were most
frequently the smallest, (Figure 4.5h), only the cultivated Durum and hexaploid lines had significantly
smaller Middle layer mesophyll cells compared to Outer layer cells (Figure 4.5f, g). When looking at
the 3D volume of these cells, which is essentially the product of 2D transverse and longitudinal areas,
there was no significant difference observed (Figure 4.6), with a trend for larger mesophyll cells being
located in Outer layers compared with Middle layer cells only being present in the cultivated tetraploid
Durum and hexaploid 7. aestivum leaves. This suggests that the mesophyll cells rely equally on
changing size in both the ‘transverse’ and ‘longitudinal’ directions, as both are required to bring about
the difference in volume in the two cultivated wheats. Unfortunately, due to time constraints, 3D Radial

cell morphology was unable to be assessed in this project.

The cell layers of Triticum leaves can also be separated by the shape of the cells in both 2D transverse
and longitudinal sections and, to some extent, in 3D confocal stacks. We observed across all species
and ploidy studied that in transverse sections (the direction where no cell lobing is visible; Figure 4.2a),
cells in Upper and Lower layers were significantly less circular than those in the Middle layers, where
the cells are only in direct contact with other mesophyll cells (Figure 4.7). In wild tetraploid lines T.

dicoccoides and T. araraticum, and hexaploid T aestivum, cells adjacent to the adaxial epidermis (Upper)
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were less circular (and more elongated) than those adjacent to the abaxial epidermis (Lower). The
ranked analysis gave the most common order of least to most circular as: Upper, Lower, Radial, Middle,
which is interestingly the same order as the transverse cell area rankings of largest to smallest by area.
When taking into account the lobing that occurs parallel to the vasculature in the wheat mesophyll, cells
surrounding the bundle sheath tissue in the Radial layer had a consistently greater lobing area than those
in the Outer layers (Figure 4.8). Cells in the Middle layers also had a greater lobing area than Outer
layer cells in most lines across all ploidy levels. Translated to the actual 3D morphology of the cells,
cells in Middle layers across all species and subspecies studied had a slightly higher number of lobes
on average than those in outer layers (Figure 4.9b; although not statistically significant), which likely
contributes to the increased lobing area observed in 2D sections combined with increased lobing
‘intensity’ (i.e., more extreme indentations created by lobing). This increased lobe count and lobing area
combined with slightly reduced overall cell size in the Middle layer cells compared with Outer cells has
underpinned an increase in surface area to volume ratio in these cells, although this was only significant

for the wild tetraploid and hexaploid lines (Figure 4.9a).

The data in this chapter also suggests that the mesophyll cells which are directly adjacent to the sub-
stomatal cavities could be considered separately from the rest of the cells in the Outer (i.e. Upper and
Lower) layers, despite no statistically significant differences in morphology. As demonstrated in Figure
4.10, these cells have a hook-like shape (that can also be observed in transverse 2D sections) compared
to the oblong shape of normal cells adjacent to the pavement cells. Although not statistically significant,
these ‘sub-stomatal cells’ had decreased volume and increased surface area to volume ratio, as well as
a decrease in number of lobes per cell compared with typical Outer layer cells. In typical mesophyll
cells, we observed that an increased surface area to volume ratio was usually concurrent with an
increased number of lobes per cell (as was the case in cells in the Middle layer compared with Outer
layer cells). However, this slight decrease in lobe number alongside an increase in surface area to

volume ratio supports the observation of a different cell shape that is not solely related to lobing.

To summarise, cells adjacent to the epidermis are larger in the transverse plane, more elongated and less
circular than those which only have direct contact with other mesophyll cells and bundle sheath tissue,
while having fewer lobes and a reduced lobing area on the longitudinal plane. This is summarised in

the form of a graphical model in Figure 4.11.
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.L A :
Figure 4.11. Model of a typical wheat leaf, highlighting how the location of a mesophyll cell along the

abaxial-adaxial axis determines its size and shape. Mesophyll cells are yellow, vascular tissue in grey, pavement
cells in dark green. Stomatal complexes have been omitted for simplicity.

iz

When comparing the data observed in this project to that available for the rice mesophyll, both
similarities and differences can be seen. One point to note is that lobing of the mesophyll cells in rice
occurs perpendicular to the vasculature and not parallel as in wheat and can therefore be observed in
2D transverse leaf sections. Sloan ef al. (2023) observed that the rice mesophyll forms in 5 distinct
layers, and no such ‘Radial’ patterning is observed as has been observed in wheat in this project. The
main conserved feature of wheat and rice mesophyll architecture is that, in both cases, cells adjacent to
the epidermis have the lowest cell lobing area. In rice, this is most striking on cells adjacent to the
adaxial epidermis which, in wheat, were more elongated than those adjacent to the abaxial epidermis.
Unfortunately, as lobing in wheat can only be viewed in longitudinal leaf sections and 3D z-stacks, it
was impossible to discern the adaxial from abaxial pavement tissue so whether the uppermost cells also
have decreased lobing in wheat remains unknown. In direct contrast to wheat, Sloan et al. (2023)
observed that cells in the Middle layers had the greatest transverse cross sectional surface area when
compared to the outermost cells. The patterns of cell circularity observed in transverse leaf sections was
also inverse, with outermost rice mesophyll cells being the most circular, however this was likely due
to the fact that cells in rice form lobes in this direction while wheat mesophyll cells form simple shapes.
In most wheat lines there was no difference in the longitudinal ‘lobed’ 2D area, but in the cultivated
varieties this was once again in opposition to rice mesophyll patterning, with cells in the Outer layer of

Triticum leaves having the greatest cell area.
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4.4.2. Cells in Different Mesophyll Layers may have Different Roles

It is known that in eudicots and most plants with laminar leaves, the mesophyll tissue differentiates
across the abaxial-adaxial axis during development, resulting in two distinct cell layers: the palisade
and spongy mesophyll (Nicotra et al., 2011). While grass mesophyll does not form spongy and palisade
mesophyll layers and has been previously considered homogenous, in this project we have demonstrated
that wheat mesophyll forms in layers distinct in shape and size in such a way that is conserved across
Triticum species, ploidy and cultivation status. Similarly to eudicot and other laminar leaves, the cells
directly adjacent to the adaxial epidermis (Upper/palisade) were the most elongated. The palisade layer
is optimised for high rates of photosynthesis and is typically characterised by a high surface area to
volume ratio for improved CO, absorption, while being rich in chloroplasts and abundant in light
(Parkhurst & Mott, 1990; Ho et al., 2016; Théroux-Rancourt et al., 2017, 2021; Borsuk & Brodersen,
2019). Although when looking at wheat mesophyll cells in 3D, the cells adjacent to the epidermis (in
the Outer layer) actually had slightly reduced surface area to volume ratio compared with cells in the
Middle layers (Figure 4.9a), the 2D transverse sections demonstrated a cylindrical shape perpendicular
to the leaf surface that is not dissimilar from eudicot palisade mesophyll cells (Figure 4.2, 4.7). This
shape is known to give palisade cells the function of directing light down from the epidermis deeper
into the leaf (Vogelmann & Martin, 1993), suggesting that these Upper layer cells could have taken on
a palisade-like role within the wheat leaf in terms of light direction and potential increased rates of
photosynthesis. However, the chlorophyll content and photosynthetic activity of cells in the wheat

Upper layers was not measured in this study.

Below the palisade is the spongy mesophyll: a more irregular (Govaerts ef al., 1996; Ivanova &
P’yankov, 2002; Morison & Lawson, 2007; Terashima et al., 2011) and loosely packed (Nobel, 1999;
Chatelet et al., 2013; Ho et al., 2016) layer of cells that are roughly spherical (Smith et al., 1997; Nobel,
1999) or of an undefined shape (Govaerts et al., 1996; Aalto & Juurola, 2002; Chatelet et al., 2013).
This is somewhat reminiscent of characteristics observed of cells in the Middle layer of the wheat
mesophyll in this project, appearing significantly more circular in the transverse leaf sections (Figure
4.7). The spongy mesophyll layer has a variety of functions, including promoting CO» diffusion between
the stomata and palisade and light scattering/absorption (Smith et al., 1997; Terashima et al., 2011).
Borsuk ef al. (2022) observed that the spongy mesophyll forms in a honeycomb-like topology, where
the cells join to form a lattice surrounding interconnected voids of IAS. Visualising the IAS structure
of the layers of wheat leaves was not something that was within the scope of this project, but it would
be interesting to see if this honeycomb-like pattern is also present within this spongy-like Middle layer

of mesophyll cells.

When comparing patterning of the wheat mesophyll to what we know of cell specialisation of cells in
spongy and palisade mesophyll layers, a major complication is the presence of cell lobes in grasses

compared with the more simplistic morphology of eudicot mesophyll cells. In transverse leaf sections,
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the Upper and Middle cells appear to be somewhat comparable to the palisade and spongy mesophyll
layers respectively. However, when taking into account mesophyll cell morphology observed in 2D
longitudinal leaf sections and in 3D, the lobing of cells, combined with less clear differentiation between
layers in terms of cell size, does not support the hypothesis of the wheat mesophyll having palisade-
and spongy-like layers. Cells in the Middle layers of the wheat mesophyll demonstrated an increased
surface area to volume ratio due to increased complexity of their shape through lobing (Figure 4.8, 4.9),
suggesting they are more optimised for increased rates of CO, and H,O diffusion into the cell: the direct
opposite of palisade/spongy function. However, this is also reliant on factors such as g, and the amount

of mesophyll surface area that is exposed to the IAS (Smes), neither of which were measured in this study.

There are a few other physiological processes that may be improved through wheat having non-
homogenous mesophyll. For example, there is a humidity gradient that exists from the boundary layer
through to the centre of the mesophyll, and Wong et al. (2022) suggest that this gradient shifts when the
plant is experiencing drought and high external humidity to maintain cytosolic water potential. This
shift occurs across the mesophyll airspace, and a change in mesophyll airspace patterning could affect
the plant’s ability to respond to changes in atmospheric water vapour content. Visualising leaf porosity

could help to explore this in the future.

When treating cells directly surrounding the sub-stomatal cavities as separate from the rest of the cells
in the Outer layers, it is perhaps the easiest to infer their role. The formation of sub-stomatal cavities is
triggered by the presence of functional stomata, either through direct stomata-mesophyll signalling or
more likely by CO; flux into the leaf (Lundgren et al., 2019). The cells that form around this cavity
have slightly greater surface area to volume ratio than other cells that are in contact with the epidermis
(Figure 4.10; which is not caused by changes to lobing), suggesting that they likely form this hook-like
shape to increase their surface area for CO, absorption, with a varying effect depending on how far the
cuticle extends into the cavity. This would suggest that, despite being present adjacent to both the
abaxial and adaxial epidermis, they may be optimised for slightly higher rates of photosynthesis than

other cells in the same layers.

As the development of the leaf structure occurs as part of a trade-off between maximising the rate of
photosynthesis while reducing water loss through the stomatal pores, Figure 4.12 represents the shape
and size of the mesophyll cells on the theoretical path of H,O from the xylem, through the IAS in
gaseous form and/or the mesophyll cells in liquid form (where they may be used in photosynthesis), to
the sub-stomatal cavities. It is important to note that this schematic is greatly simplified representation

of the transpiration pathway.
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Figure 4.12. An illustration of wheat mesophyll cell morphology along the theoretical transpiration pathway.
Water travels from the vasculature (right) in liquid form, through the mesophyll cells via the apoplastic pathway
(where it is potentially used in photosynthesis) and the intercellular airspace to reach the sub-stomatal airspace in
gaseous form, where it exits through the stomata (right). Mesophyll cell morphology becomes more elongated
and less lobed across this transpiration pathway, ending with the hook-like sub-stomatal cells.

The most significant observation is the decrease in number of lobes (and lobing area) of mesophyll from
the vascular tissue to the stomata. A higher number and severity of lobes increases the complexity of
the cell morphology and subsequently the mesophyll cell surface area to volume ratio with no change
to total cell volume. In terms of reducing water loss, this could be to ensure that most of the H.O
transported to the leaf via the xylem is moved into the cells before reaching the stomata and less is being
lost from the leaf. Conversely, the increase in cell lobing may lead to increased pockets of airspace,
allowing for gaseous H»O to be diffused more rapidly away from the centre of the leaf and to mesophyll
cells with higher rates of photosynthesis, such as those in Upper layers that receive the most sunlight.
The difference in leaf lobing may also affect the uptake and availability of CO, for photosynthesis in
different cell layers. As information on airspace patterning in these 7riticum lines is unknown, these are,

at present, just a few working hypotheses.

4.4.3. Mesophyll Patterning May Lead to Altered Overall Leaf Function

There was little evidence in this study for variation between wheat lines in terms of mesophyll
patterning in cell size, aside from data of longitudinal cell area (Figure 4.5) and 3D cell volume (Figure
4.6). In both cases, cells in the Outer layers (i.e., adjacent to the epidermis) of both the tetraploid Durum
wheat and hexaploid T. aestivum were larger than the Middle layer cells, although this was only
statistically significant for the 2D longitudinal cell area data in Figure 4.5. Durum is a cultivated
tetraploid wheat that is grown as a crop in present day and, unlike Emmer, has undergone the intensive
selection and breeding brought about by the Green Revolution of the 1960s alongside hexaploid T
aestivum. The fact that both of these lines have layers that are more distinct by 2D longitudinal and 3D
cell size suggests that this may have been as a result of indirect selection for improved leaf function,
such as increased water-use efficiency or photosynthetic rate. Both tetraploid Durum and hexaploid
wheat are known to have overall larger mesophyll cells by volume than Emmer, wild tetraploid and

diploid wheat (Chapter 4.2; Wilson et al. 2021), and perhaps this distinction between layers by volume
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is possible due to an increase in the “upper cell size’ limit defined during development. These differences
correlate with improved intrinsic water-use efficiency (iWUE), however these changes are also
accompanied by decreased stomatal density so the mesophyll patterning may in fact have no direct

affect.

Alternatively, as Lundgren et al. (2019) suggest that mesophyll development is linked to the presence
of functional stomata, reduced stomatal density, and subsequently stomatal conductance (gs), in these
lines has perhaps led to the differences observed in mesophyll cell size patterning. In rice, reducing
stomatal conductance by overexpressing OsEPFI led to the overall reduction in transverse cell area,
while increasing circularity and lobing (Sloan et al., 2023). This change in rice mesophyll cell area did
not occur uniformly across the whole leaf, being significant in some layers of some lines and not others,
but the changes in cell shape were universal. It would be interesting to see the effect of overexpressing
AtEPF1 in wheat to see how the shape and size of mesophyll cells in different layers changes, and if it
reflects any of the differences seen in the transition from diploid and wild tetraploid/Emmer to Durum

and hexaploid varieties in this project.

As stomatal and mesophyll development is linked, it is hard to separate the impact of g; and gm on iWUE
and photosynthetic gas exchange, and g is often most attributed to impacting iWUE. This study is
unable to provide further insight into the effects of the mesophyll on iWUE directly as any differences
between lines known to differ in iWUE in terms of mesophyll patterning occur simultaneously with
changes in gs (Chapter 3, Figure 3.3). Aside from the basic volume size and shape cells in each
mesophyll layer, it is important to consider how the mesophyll cells interact with the airspace. Key
areas to next investigate would be mesophyll conductance, gm, the mesophyll surface area that is
exposed to the IAS, smes, and mesophyll porosity. It is known that there is no difference in total Spes
across these Triticum lines and that total mesophyll porosity decreases from diploid to hexaploid
(Wilson ef al., 2021), however this data is averaged across the whole leaf and is not separated into the
layers which are now known to exist. It has been shown that altering the structure of the lattice formed
by the spongy mesophyll and surrounding airspace of laminar leaves altered smes and photosynthetic
carbon fixation (4) (Borsjuk et al., 2022). Changes in total values, patterning or distribution caused by
the presence of these distinct layers could therefore have an impact on iWUE. Non-homogenous
mesophyll airspace patterning across the adaxial-abaxial axis may also have an effect on the gaseous
movement of CO, and lead to a differential intercellular concentration of CO; (c;) across the leaf,

potentially availability of CO, for photosynthesis in different cell layers.

4.5. Conclusion
In contrast to the widely held view that the wheat mesophyll structure is homogenous, there is a clear

patterning of cells across the adaxial-abaxial plane of the leaf in all ploidy levels analysed. Cells in the
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outer layers (Upper and Lower; i.e. adjacent to the epidermis) are more elongated and less lobed,
resulting in a reduced surface area to volume ratio when compared with cells in the Middle and Radial
layers (i.e. cells only in contact with mesophyll and/or vascular cells). This consistency in pattern
suggests an evolutionary advantage, with one possibility being that layering of the wheat mesophyll
might mimic the spongy and palisade mesophyll layers of eudicot leaves, with the Outer cells directing
light into the leaf for photosynthesis and the Middle layer mesophyll cells being more optimised for gas
exchange and water transport. Mesophyll cells that line the sub-stomatal cavities also have a shape that
is distinct from other Outer layer mesophyll cells, forming a curved structure to form the distinct air

pockets, potentially increasing surface area to volume ratio for the efficient exchange of gases.
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Chapter 5. Altering Wheat Leaf Structure to Improve Water Use
Efficiency

5.1. Introduction

5.1.1. Water-Use efficiency

Water-use efficiency (WUE) of staple crops is an area of increasing concern, with major cereal crops
such as wheat and rice accounting for 27% of global water consumption (Hoekstra & Mekonnen, 2012).
The net efflux of water vapour from the leaf into the surrounding atmosphere, transpiration rate, can be
influenced by the boundary layer conductance as well as stomatal and mesophyll conductances. Gas
exchange through stomatal pores makes them also vital for photosynthetic activity. It is important that
plants are able to optimise both the rate of gas uptake by the leaves for photosynthetic carbon fixation,
while reducing the amount of water lost by transpiration, in order to maximise productivity. Intrinsic
water-use efficiency (iWUE) is typically used to experimentally quantify WUE and is described as the
ratio of net photosynthetic rate (A,) to stomatal conductance for water vapor (gsw). Recent research in
wheat identified an unexpected strong correlation between the size and arrangement of mesophyll cells
and WUE, raising the question of whether this reflects a casual relationship and, if so, whether it might

represent a novel trait for breeding improved crop WUE (Wilson et al., 2021).

5.1.2. Wheat Leaf Structure and Development

Wheat leaves initiate as small groups of cells on the flanks of the shoot apical meristem. At this stage,
the meristem-derived cells are approximately uniform in size and shape, but as the leaf develops cells
take on specific shapes and sizes which define the leaf anatomy. With respect to mesophyll cell
differentiation, a similar basic arrangement is observed in wheat which is typical of grass leaves. Unlike
in eudicot species such as Arabidopsis thaliana, the mesophyll does not form distinct palisade and
spongy mesophyll layers across the adaxial/abaxial axis. Instead, mesophyll cells are patterned across
the proximal-distal leaf axis, interspaced by major and minor veins (Jellings & Leech, 1984; Parker &

Ford, 1982).

With respect to shape, wheat mesophyll cells develop distinct lobes (a characteristic of many other
plants) which is thought to help define the mesophyll cell surface area/volume ratio, an important
parameter for gas exchange linked to photosynthetic CO, diffusion. A potential mechanism behind the
development of cell lobes is highlighted in Chapter 1 but can be briefly described as follows:
microtubules (MTs) form in interconnected, ring-shaped bundles, while the cell wall is locally thickened
using cellulose microfibrils. This results in bulging of the cells where the walls have been thickened
and constrictions from the MT rings, forming lobes. It is known that the phase of cell expansion growth
crucial in defining the final shape of the cell (Jung & Wernicke 1990), however, our understanding of
the molecular machinery involved in directing changes in cell lobing is very limited and remains elusive

in wheat.
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With respect to cell size, one major characteristic that has been observed in wheat leaves between ploidy
levels is a significant increase in mesophyll cell sized from diploid to hexaploid (Jellings & Leech, 1984;
Parker & Ford, 1982; Wilson ef al., 2021). Increasing size with ploidy is a common observation in
plants (Kondorosi ef al., 2000; Katagiri ef al., 2016). Advances in our understanding of the relevant cell
cycle machinery underpinning cell expansion have generally been made in model eudicots (such as
Arabidopsis) but given the highly conserved nature of the eukaryotic cell cycle, they open the door to

application in wheat to manipulate cell size.

This increase in wheat mesophyll cell volume with ploidy has been accompanied by a linear increase
in cell surface area, indicating a change in shape of mesophyll cells as they increase in size, likely to
maintain a high surface area to volume ratio to maximise the cell surface available for gas exchange
(Wilson et al., 2021). Interestingly, in the same study, a decrease in overall mesophyll porosity (i.e.
reduced airspace) in higher ploidy wheat was observed which correlated with increased iWUE,

suggesting that it may have been indirectly selected for during wheat evolution.

The increased mesophyll cell size observed on the transition from diploid to hexaploid wheat and the
accompanying improvement in iWUE raises the question of whether there is a casual relationship.
Extending these observations using genetic manipulation to increase mesophyll cell size could provide

valuable insight into this hypothesis.

5.1.3. Genetic manipulation of wheat

Domestication of modern wheat varieties occurred through the selection of desirable traits, including
increased yield (Peng et al., 2011; Preece et al., 2017), which have been further advanced since the
Green Revolution of the 1950s-60s. In the past, the introduction of these traits occurred through
selective breeding which has led to many further improvements in wheat yield (Fleury et al., 2010;
Ihsan et al., 2016; Richards et al., 2002). However, the urgency for genetic improvement to be
implemented in wheat indicates that conventional breeding methods are too time-consuming to tackle
the expected yield gap (CGIAR Research Program Wheat Annual Report, 2013). Consequently, modern
genetic methods, including CRISPR-Cas9 editing, are used more frequently in wheat research with the
aim of implementation in the field. This has been a challenge and wheat has historically lagged behind
other key agricultural crops in terms of application of genomic tools (Uauy, 2017), likely due to its large

polyploid genome and highly repetitive sequences with three-fold redundancy (Appels ef al., 2018).

Genetic transformation has allowed for the introduction and altered expression of a range of genes, with
the first report of successful generation of transgenic wheat using Agrobacterium-mediated
transformation in 1997 (Cheng et al., 1997). Wheat genetic manipulation efforts using transgene
expression has so far targeted all major agronomic traits such as yield (Bednarek et al., 2012; Hu et al.,
2012; Hong et al., 2014; Zhang et al., 2014; Qu et al., 2015; Yadav et al., 2015; He et al., 2015; Qin et
al., 2016; Pefia et al., 2017), grain quality (Altpeter et al., 1996; Barro et al., 1997; Rooke et al., 1999;
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Lucrecia-Alvarez et al., 2001; Sherwy et al., 2006; Smidansky et al., 2007; Weichert et al., 2010; Li et
al.,2012; Zhao et al., 2013; Bravo et al., 2013; Liu et al., 2016; Zhao et al., 2021) and stress tolerance
(Hu et al., 2018; Tian et al., 2018). However, attempts directed at improving wheat leaf WUE in the
field have been reported, notably in the development of Rees and Drysdale varieties (Condon et al.,

2004).

In model plants, there have been a number of investigations using transgenic approaches to alter
mesophyll structure and improve WUE. Lehmeier et al. (2017) found that modulating the expression
of cell cycle genes in Arabidopsis leads to altered leaf cellular architecture in terms of tissue density
and pattern airspace distribution. Also in Arabidopsis, exploiting the HARDY (HRD) gene which
positively regulates the production of mesophyll cells (Karaba et al., 2007) was investigated. A gain-
of-function mutation increased the number of mesophyll cell layers in Arabidopsis, which contributed
towards increased drought and salt tolerance. Overexpression of HRD in rice increased water-use
efficiency (WUE) as a result of decreased transpiration and increased biomass production and carbon
assimilation (Karaba et al., 2007). These results suggest that there is a pool of genes outside of wheat
that can be potentially exploited to alter leaf structure for improved WUE. One such family are the
GROWTH REGULATION FACTORs: highly conserved transcription factors (Omidbakhshfard et al.,
2015) that act as activators of transcription. GRF proteins are known to work together in complexes
with GRF-INTERACTING FACTOR (GIF) cofactors (Debernardi et al., 2012; 2014) to regulate cell
proliferation and leaf size (Wang et al 2020; Wu et al., 2021; Horiguchi et al., 2005; Kim & Lee, 2006).

5.1.4. GRF Family and GIF Cofactors

The GROWTH REGULATION FACTOR (GRF) family are highly conserved transcription factors
(Omidbakhshfard et al., 2015) which regulate patterns of plant growth and development though
encoding proteins with conserved WRC and QLQ domains which mediate protein-DNA and protein-
protein interactions respectively (Kim et al., 2003; Kim & Kende, 2004; Horiguchi et al., 2005). GRF
proteins form complexes with GIF cofactors (Kim & Kende, 2004) that interact in vivo with chromatin
remodelling complexes to regulate leaf and shoot development and architecture (Zhang et al., 2018;

Debernardi et al., 2014; Vercruyssen et al., 2014).

GREF genes are positive regulators of cell proliferation in leaf primordia, and are known to regulate leaf
growth and development in a range of plant species (Wang et al., 2020; Wu et al., 2021; Lee et al., 2022,
Zhang et al., 2021a; Shimano et al., 2018), with loss-of-function Arabidopsis mutants having smaller,
narrower leaves, cotyledons and petals (Kim et a/., 2003; Kim & Kende, 2004; Shimano et al., 2018),
whereas overexpressors have larger leaves and cotyledons (Kim et al., 2003; Horiguchi et al., 2005;

Kim & Lee, 20065 Zhou et al., 2019; Lee et al., 2009). Unlike other GRF genes, GRF9 was actually
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shown to negatively regulate leaf growth and restrict cell proliferation in Arabidopsis (Omidbakhshfard

et al., 2018).

GRF transcription factors work together with GRF-INTERACTING FACTOR (GIF) cofactors to
positively regulate leaf development (Kim & Kende, 2004; Lee ef al., 2009; Debernardi et al., 2014;
Lee & Kim, 2014). Arabidopsis loss-of function GIF mutants are similar to GRF loss-of-function plants
in terms of reduced organ size (Kim et al., 2003; Kim & Kende, 2004; Horiguchi et al., 2005; Rodriguez
et al., 2010) including narrower leaves (Kende & Kim, 2004), and GIF overexpression promotes organ
growth and increases the activity of GRFs (Kim & Kende, 2004; Horiguchi et al., 2005; Debernardi et
al., 2014; Shimano et al., 2018; Zhang et al., 2018; He et al., 2017). Simultaneous overexpression of
both Arabidopsis GRF and GIF leads to further increased leaf size compared to when only one of the
genes has increased expression (Debernardi et al., 2014). GRF-GIF complexes have also been
demonstrated to regulate their own transcription through a positive feedback loop in Arabidopsis, maize

and rice (Kim & Tsukaya, 2015; Zhang et al., 2018).

Interestingly, based on the evidence of the interaction between GRF and GIFs, Debernardi et al. (2020)
assessed the effect of GRF-GIF chimeric proteins and found that it also substantially increases
regeneration efficiency of both monocots and dicots, increasing the number of transformable cultivars
and resulting in more fertile transgenic plants, making it an important tool in the field of CRISPR-Cas9
gene editing, particularly extending genome editing to crops which have naturally low regeneration

efficiencies.

GRF genes have been demonstrated to be involved in many other plant processes, including drought
tolerance (Liu et al., 2017; Hu et al., 2023b), leaf longevity (Debernardi et al., 2014) and nitrogen use
(Zhang et al., 2021; Wu et al., 2020). A summary of known biological functions of the GRF-GIF

complexes is illustrated in Figure 5.1.
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Figure 5.1. A summary of the main known functions of GRF-GIF complexes in plants. Shows only biological
functions that have been confirmed in monocots (black), eudicots (blue) or both (orange). Adapted from Kim
(2019).

5.1.5. Aims

The aim of the experiments described in this chapter was to test the hypothesis that cell size and shape
in wheat leaves influences WUE. The first hypothesis to test was that overexpressing a GRF4-GIF'1
construct in wheat leaves lead to increased leaf and mesophyll cell size. The second hypothesis was that

the GRF4-GIF I-overexpressing leaf phenotype results in increased iWUE.

We first identified the GRF family of transcription factors as candidates for genetic engineering through
bioinformatic and literature-based approach with the purpose of identifying genes whose misexpression
might lead to increased mesophyll cell size. GRFs emerged as a prime candidate from this approach.
Subsequently, wheat mutants were generated in which these target genes were misexpressed, then

investigated the outcome on leaf structure and WUE.

5.2. Plant Materials

Kronos (tetraploid) and Fielder (hexaploid) wheat lines overexpressing GRF4-GIF I were provided by
the John Innes Centre (Norwich, UK), which has been used in CRISPR-Cas9 transformation of other
gene targets due to their increased regeneration efficiency (Debernardi et al. 2020). Of the potential
GRF and GIF genes in the wheat genome, Debernardi ef al. (2020) chose GRF4 based on its homology
to rice OsGRF4 which has been shown to promote grain and plant growth when exogenously expressed

in wheat (Hu ef al., 2015; Duan et al., 2015; Che et al., 2015; Sun et al., 2016). GIF'] was selected as a
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cofactor for the chimera due to it being the closest homologue of Arabidopsis and rice GIF'1 which have
been shown to control growth in Arabidopsis, rice and maize (Kim & Kende, 2004; Horiguchi et al.,
2005; Shimano ef al., 2018; Zhang et al., 2018). GRF4 and GIF] were combined into a GRF4-GIF']
chimera which includes a short intergenic spacer and is under the control of a maize UBIQUITIN
promoter (Ubi::GRF4-GIF1; Figure 5.2). Information on the methods of generation of the ubiquitously
GRF4-GIF1-overexpressing lines used in this study can be found in Debernardi et al. (2020). Lines
were checked using herbicide resistance selection at the John Innes Centre, and successfully
transformed lines of different copy numbers (i.e. numbers of insertions) were genotyped by PCR prior
to the experiments carried out in this study. After an initial growth period, seeds were collected from
the healthiest parent plant of the Kronos GRF4-GIF1 and Fielder GRF4-GIF1 plants (selected by eye
based on parameters such as plant height, lack of disease yellowing), as no significant phenotypic
differences were observed between lines of different copy numbers (Kronos used = x4, Fielder used =
x7). The seeds from these individual lines were used for the remainder of the study. The Kronos and
Fielder lines used as controls in the study were acquired from the John Innes Centre and were the

untransformed lines used for the original transformations.

- ZmUbi GRF4 GIF] =

Intergenic Spacer

Figure 5.2. The GRF4-GIF1 chimeric construct. A diagram of the construct used in the generation of the
overexpressing Kronos and Fielder lines, containing a maize ubiquitin promoter upstream of wheat GRF'4 and
GIF1 genes, separated by a four-amino-acid spacer (adapted from Debernardi ef al., 2019)

Seeds of each Kronos, Kronos GRF4-GIF1, Fielder and Fielder GRF4-GIF1 lines were sown and grown
according to the Section 2.1 of Methodology Chapter (Chapter 2), with 5-6 biological replicates per

line/control.

5.3. Results

5.3.1. Bioinformatics Screen to Identify Lead Genes for Manipulating Cell Size in Wheat
To identify lead genes in wheat that might be the focus for manipulation to increase mesophyll cell size,

I performed a combined bioinformatic/literature search. Potential gene candidates for altered mesophyll
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cell size were identified computationally, facilitated by the KnetMiner gene discovery platform
(https://knetminer.com/). Gene trees of these candidate genes were assessed using Ensembl Plants
(http://plants_ensembl.org) for identities of and relationships between Arabidopsis thaliana, Triticum
aestivum (wheat), and Oryza sativa (rice) orthologs. This was done to decrease the need for the
generation of potential knockout/down mutants in large gene families with high potential of functional
redundancy. Expression data from RNA-Seq and eFP databases of candidate genes was assessed using
two different online resources (http://wheat-expression.com; https://bar.utoronto.ca/eft wheat/cgi-
bin/efpWeb.cgi). For knockout mutants of these genes to influence the leaf mesophyll cells, it is
important to ensure they are expressed in the leaves during development. In addition to this, research
on the rice orthologs of these candidate genes was explored (https://funricegenes.github.io/) to better
predict the function of generating mutants in wheat. The shortlist generated by this search has been

summarised in Table 5.1.

Table 5.1. Identified 7. aestivum genes related to cell expansion and division that are expressed in the
developing mesophyll. These genes were first identified from publications found during a literature search
(‘Reference’), and gene trees generated to show the relatedness of Arabidopsis and Wheat Genes, as well as the
number of copies within the wheat genome. The expression of these genes in wheat (“Wheat Expression’) was
also investigated, and those with expression in the developing leaves were selected.

Name Arabidopsis Gene Wheat Genes Wheat Expression Reference
TraesCS7B02G183800;
TraesCS7A02G295500; |Everywhere except grain, high
GRF1 AT4G09000 TraesC57D02G292400 |absolute levels Omidbakhshfard et al. (2015)
TraesCS6A02G286600;
TraesCS6D02G267300; |Root/shoot meristem and leaves in
oLI2 AT5G55920 TraesCS6B02G315600 |first leaf stage Kojima et al. (2018)
TraesCS3A02G250200;
TraesCS3D02G250600; |Leaves of all stages, high absolute
GDP1/GLDP1 AT4G33010 TraesCS3B02G279700 |levels Kojima et al. (2018)
TraesCS2D02G417900;
TraesCS2B02G440000; |Shoot and meristem and leaves in

GPS/NAL1 AT2G35155 TraesCS2A02G420900; (first leaf stage Takai et al. (2013)
TraesCS7D02G265600;

TraesCS7B02G162700; |High in meristem shoot and root and
RBR1 AT3G12280 TraesCS7A02G264800; |slightly in developing leaf Gutierrez et al. (1998)

One of the top lead genes was from the GROWTH REGULATION FACTOR (GRF) family of
transcription factors. GRF proteins form complexes with GIF cofactors that interact in vivo with
chromatin remodelling complexes (Debernardi et al., 2014; Vercruyssen et al., 2014) to modulate target
gene expression (Kim & Kende, 2004). GRFs have been frequently associated with altered cell size and,
interestingly, have also been linked to improving the efficiency of regeneration of transgenic wheat.
Coincidently, lines of transgenic hexaploid wheat overexpressing a GRF4-GIF1 transcription module
were already available via collaborators at the John Innes Centre, Norwich. Although these plants had
been widely used as a platform for transgenic wheat regeneration, their cellular phenotype, including
leaf development, had not been reported. GRF1 was identified during the bioinformatic screen as it is
expressed highly across most organs, but particularly during leaf development (Omidbakhshfard ez al.,

2015), and GRF1 knockouts have been demonstrated show development of smaller leaf cells (Kim et
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al., 2003; Kim & Kende, 2004; Shimano et al., 2018). Bearing in mind the occurrence of GRF1 (and
GRF2) in our list of top genes, I focussed my initial investigation on the GRF4-GIF1 overexpressing
plants.

5.3.2. Plants Overexpressing GRF4-GIF1 Show a Growth Phenotype
Both hexaploid and tetraploid plants overexpressing GRF4-GIF1 showed a clear phenotype, both at

whole plant level (Figure 5.3; Figure 5.4a, b) and when leaf traits were measured (Figures 5.4c, d). For
example, the hexaploid Fielder GRF4-GIF1 plants were significantly taller (t-test: P=0.0105%*, t=3.138,
df=10) and had fewer leaves (t-test: P=0.0001*** t=6.272, df=10) than the control plants at the end of
the growth period of 40 days (Figure 5.4b).

Kronos Kronos GRFA-GIF1 _ Fielder Fielder GRF4-GIF 1

Figure 5.3. Images of Kronos, Kronos GRF4-GIF1, Fielder and Fielder GRF4-GIF1 plants. Images were
taken at 4 weeks (28 days) after planting.

Both the tetraploid Kronos GRF4-GIF1 (t-test: p=0.0028**, t=4.082, df=9) and hexaploid Fielder
GRF4-GIF1 (t-test: p=0.459*, t=2.279, df=10) lines had decreased leaf width compared to the
untransformed controls (Figure 5.4c), but no difference was observed in the length of the 5" leaf at 4

weeks (Figure 5.4d).

In addition to plant biomass growth, ears and seeds were counted and harvested to give an estimation
of variation in yield and grain weight in the GRF4-GIF1 lines (Figure 5.4e-h). The yield data showed
no significant difference in the mean number of ears per plant at time of harvesting despite a trend for
Fielder GRF4-GIF having a greater number of ears (Figure 5.4¢), and a reduction in the number of seeds
per ear (Figure 5.4f; t-test: p<0.0001**** t=8.114, df=8) resulting in a reduced total seed yield per
plant (Figure 5.4g; t-test: 0.0243%*, t=2.770, df=8). Although the grains of the Fielder GRF4-GIF1 lines
appeared to have slightly greater weight, this was not statistically significant (Figure 5.4h).
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Figure 5.4. GRF4-GIF1 overexpressing plants have distinct phenotypes relating to growth and seed yield.
(a) plant height and (b) number of leaves from 9 to 40 days after planting for tetraploid (Kronos) and hexaploid
(Fielder) lines overexpressing a GRF4-GIFI construct. (c) Leaf width of the 5™ leaf on the main tiller at 4 weeks
(28 days) after planting. (d) Leaf length of the 5" leaf on the main tiller at 4 weeks (28 days) after planting (e)
Number of ears per plant at time of harvesting (f) Number of seeds per ear of each line (c) Total number of seeds
per plant of each line (d) 100 grain weight. Black/grey = tetraploid, red/peach = hexaploid with grey/peach
symbols indicting GRF4-GIF1 overexpression. Error bars represent one standard deviation from the mean. For
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(a)-(d), n=6 for each line. For (e)-(h), n=5 for each line. T-tests were carried out to test for significant differences
between GRF4-GIF1 lines and relevant controls: p<0.05*, p<0.005**, p<<0.0001***3*,

5.3.3. Altered Stomatal and Pavement Cell Features After Overexpressing GRF4-GIF 1

Stomatal size and density of the GRF4-GIFI overexpressing lines and their controls was measured
(Figure 5.5). When looking at stomatal density, both the Kronos GRF4-GIF1 (t-test: p=0.0319%*, t=2.537,
df=9) and Fielder GRF4-GIF1 (t-test: 0.0045%*, t=3.649, df=10) had significantly fewer stomata per
area (Figure 5.5a). This was coupled with increased stomatal length (t-test: p=0.0009*** t=4.692,
df=10) (Figure 5.5b) and width (p=0.0256*,t=2.619, df=10) (Figure 5.5¢c) in the Fielder mutants only,
resulting in greater stomatal complex area in the Fielder GRF4-GIF1 leaves (t-test: p=0.0018**, t=4.205,
df=10) (Figure 5.5d).

Pavement cell characteristics of the GRF4-GIFI overexpressing mutants were also analysed (Figure
5.6). The lengths of the pavement cells were measured, as were the widths of cells not in the stomatal
cell files and the widths of the cells in the stomatal cell files. There was a significant increase in the
pavement cell length in the Fielder GRF4-GIF1 line (t-test: p=0.0236*, t=2.667, df=10) (Figure 5.6a),
which , combined with the increased cell width in both stomatal (Figure 5.6¢) and non-stomatal cell
files (t-test: p<0.0001**** t=7.097, df=10) (Figure 5.6b), resulted in significantly greater pavement
cell area in Fielder GRF4-GIF1 leaves (t-test: p=0.0005***, t=5.110, df=10) (Figure 5.6d).

The trend of increased stomatal complex width in Fielder GRF4-GIF 1 mutants seen in Figure 5.5d can
likely be explained by the statistically significant increase in the width of pavement cells in the stomatal
files in this line (t-test: 0.0008*** t=0.4729, df=10) (Figure 5.6c). Despite Kronos GRF4-GIF1
pavement cells being wider in both the stomatal files (t-test: p=0.0028**, t=4.079, df=9) (Figure 5.6¢)
and non-stomatal files (t-test: P=0.0005***, t=5.269, df=9) (Figure 5.6b), there was no significant
difference in pavement cell length (Figure 5.6a) or area (Figure 5.6d) when compared to controls for

the tetraploid Kronos transgenics.
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Figure 5.5. Hexaploid GRF4-GIF1 overexpressing leaves have fewer, larger stomata. (a) Stomatal Density,
expressed as number of stomata per mm? (b) Stomatal length (guard cell length) (c) Stomatal Width (stomatal
complex width), (d) Stomatal Complex Area, calculated as: area = m x (complex length/2) x (complex width/2).
Each data point represents one plant, and error bars show standard deviation from the mean. Black = tetraploid
(Kronos), red = hexaploid (Fielder). All data is the mean of a combination of the abaxial and adaxial surfaces. For
information on how each measurement was taken, see Figure la. n = 6 (for Kronos GRF4-GIF1, n = 5). T-tests
were carried out to test for significant differences between GRF4-GIF1 lines and relevant controls: p<0.05%,
p<0.005**, p<0.0005%**,
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Figure 5.4. Overexpressing GRF4-GIF1 in hexaploid wheat results in increased pavement cell size. (a)
Pavement cell length. (b) Non-stomatal file pavement cell width. (c) Stomatal file pavement cell width. (d)
Pavement cell area. Each data point represents one plant, and error bars show standard deviation from the mean.
Black = tetraploid (Kronos), red = hexaploid (Fielder). All data is the mean of a combination of the abaxial and
adaxial surfaces. . n = 6 (for Kronos GRF4-GIF1, n = 5). T-tests were carried out to test for significant differences
between GRF4-GIF1 lines and relevant controls: p<0.05*, p<0.005**, p<0.0005***, p<0.0001 ****
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5.3.4. Mesophyll Cells in Leaves Overexpressing GRF4-GIF1
Segmentation of 3D confocal stacks of wheat leaves allowed the quantitative analysis of mesophyll cell

size and shape.

Although visual inspection revealed the presence of some very large cells in the GRF4-GIF1 lines, my
analysis indicated that the GRF4-GIF1 overexpressing lines could not be distinguished from the
controls based on cell volume (Figure 5.7a). This was true for both tetraploid and hexaploid lines.
Similarly, analysis of mesophyll cell surface area (Figure 5.7b), surface area to volume ratio (Figure
5.7¢) and the number of lobes per mesophyll cell (Figure 5.7d) did not allow the control and transgenic
lines to be distinguished from each other. Mesophyll cells of Kronos GRF4-GIF I overexpressors tended

to have a reduced number of lobes, although this was not significant (Figure 5.7d).

However, there did appear to be a greater range and different distribution of mesophyll cell volume in
Fielder GRF4-GIF1 compared with the Fielder controls, with a greater number of both larger and
smaller cells observed (Figure 5.8b). This was not the case in Kronos GRF4-GIF1, with the distribution

of mesophyll cell sizes indistinguishable from the control cells (Figure 5.8a).
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Figure 5.7. Overexpressing GRF4-GIF1 did not result in changes to mean 3D mesophyll cell size or shape.
(a) 3D confocal z-stack (b) Snapshot of mesophyll cells segmented using MorphoGraphX overlayed on a
projection of the same confocal z-stack, heat map for cell volume applied. Confocal stacks is of a tetraploid Kronos
leaf. (c) Mesophyll cell surface area of GRF4-GIFI overexpressing lines. (d) Volume of GRF4-GIFI
overexpressing lines, (¢) Surface area to volume ratio (SA/Vol) of mesophyll cells of GRF4-GIF I overexpressing
lines. (f) Number of lobes of mesophyll cells of GRF4-GIF'1 overexpressing lines. Each data point represents one
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plant, and error bars show standard deviation from the mean. Black = tetraploid (Kronos), red = hexaploid
(Fielder). n=3 (for Fielder GRF4-GIF1, n=4). T-tests were carried out to test for significant differences between

GRF4-GIF1 lines and relevant controls.
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Figure 5.8. Hexaploid GRF4-GIF1 overexpressors had an increased range of 3D mesophyll cell size. (a)
Volume and Surface area of Kronos and Kronos GRF4-GIF1 mesophyll cells. (b) Volume and surface area of

Fielder and Fielder GRF4-GIF1 mesophyll cells. Each datapoint represents an individual cell.

In addition to looking at cell size and morphology in 3D, I also used 2D imaging of leaf sections to

quantify cell size and shape (Figure 5.9). Although there were no significant differences between GRF4-

GIF1 overexpressors and relevant controls, there was a trend of GRF4-GIF1 lines having slightly

greater transverse mesophyll cell area (Figure 5.9a) and reduced longitudinal lobing area (Figure 5.9d).

Lobing area is calculated as described in Section 2.3.3 of the Methodology Chapter (Chapter 2) and
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quantifies the degree of ‘lobing’ of a cell in the longitudinal direction. For an example of cells

demonstrating this lobing, see Figure 2.2 in Chapter 2.
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Figure 5.9. No significant changes observed in 2D mesophyll cell size and shape of GRF4-GIFI
overexpressing lines. (a) Transverse mesophyll cell area (b) Longitudinal mesophyll cell area. (c) Transverse
mesophyll cell circularity. (d) Longitudinal mesophyll cell lobing area, calculated according to section 2.3.3 of
Chapter 2. Each data point represents one plant, n=5 (n=4 for Kronos GRF4-GIF1 in (a) and (c), n=3 for Fielder
in (b) and (d)). T-tests were carried out to test for significant differences between GRF4-GIF1 lines and relevant

controls.
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5.3.5. Elements of Leaf Architecture are Altered in Hexaploid Leaves Overexpressing GRF4-GIF 1
Considering more broadly the arrangement of different cell types within the leaf, several different
variables were measured from 2D leaf sections. These were: Inner and Outer Bundle Sheath Cell to
Mesophyll Cell Count Ratio (Figure 5.10a, b); the Number of Mesophyll Cells between Veins (Figure
5.10c); Counts of Bundle Sheath Cells surrounding a single leaf vein (Figure 5.10d, e) Proportion by
total area of leaf tissue that is Inner and Outer Bundle Sheath relative to Mesophyll (Figure 5.10f, ¢);
Mean Bundle Sheath Cell Area (Figure 5.10h, i); the Interveinal Distance (Figure 5.11a); Leaf
Thickness (Figure 5.11b) and Mesophyll Thickness (Figure 5.11¢).

Fielder GRF4-GIF1 leaves were observed to have a greater Inner Bundle Sheath Cell (IBSC) to
Mesophyll Cell (MSC) ratio (t-test: P=0.0012**, t=4.867, df=8) (Figure 5.10a) and a greater Outer
Bundle Sheath Cell to MSC ratio (t-test: p=0.0001*** t=7.039, df=8) (Figure 5.10b) in terms of cell
counts, and fewer mesophyll cells between the veins (t-test: P<0.0001**** t=8.927, df=8) (Figure
5.10c). When the number of IBSCs and OBSCs were counted, there was no significant difference
between GRF4-GIF1 overexpressing lines and the relevant controls (Figure 5.10d, e). When looking at
the ratio between mesophyll and bundle sheath cells in terms of total cell area per leaf section —
calculated as mean cell area multiplied by cell count — differences were seen in both IBSC:MSC and
OBSC:MSC (Figure 5.10f, g). The area of the leaf section occupied by IBSCs relative to MSCs was
greater in Fielder GRF4-GIF1 leaves than in the controls (Figure 5.10f; t-test: p=0.0009***, t=5.13,
df=8). This was also the same with regards to total OBSC area (Figure 5.10g; t-test: p=0.001%***,
t=5.075, df=8). This was likely due to the increased number of IBSCs and OBSCs relative to MSCs
(Figures 5.10a, b), combined with increases in mean BSC area shown in Figures 5.10h and 5.10i.
However, the difference in mean cell area was only significant for IBSCs (t-test: p=0.0116*, t=3.255,

df=8).

The Kronos GRF4-GIF1 line also showed significantly increased BSC total area relative to MSC total
area (Figures 5.10f, g), but this was only significant for OBSC:MSC ratio (t-test: p=0.0240%*, t=2.869,
df=7). As Kronos GRF4-GIF1 lines didn’t show a significant difference in BSC:MSC counts (Figure
5.10a, b), this can be attributed to Kronos GRF4-GIF1 OBSCs having a greater cell area than those of
the controls (Figure 5.101). The difference was not statistically significant for the IBSCs (Figure 5.10h).
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Figure 5.10. Overexpressing GRF4-GIF1 in hexaploid wheat leaves alters the bundle sheath to mesophyll
cell ratio. (a) Inner Bundle Sheath Cell (IBSC):Mesophyll Cell (MSC) Number Ratio. (b) Outer Bundle Sheath
Cell (OBSC):Mesophyll Cell (MSC) Number Ratio. (c) Number of mesophyll cells between veins (d) Mean
Number of Inner Bundle Sheath Cells around a single vein (¢) Mean Number of Outer Bundle Sheath Cells around
a single vein. (f) IBSC:MSC Ratio of total area of leaf section that is made up of each cell type, calculated as
mean cell area multiplied by cell count. (g) OBSC:MSC Ratio of total area of leaf section that is made up of each
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cell type, calculated as mean cell area multiplied by cell count. (h) Mean IBSC cell area. (i) Mean OBSC area.
Each data point represents one plant (n=5, n=4 for Kronos GRF4-GIF1), and error bars show standard deviation
from the mean. Black = tetraploid (Kronos), red = hexaploid (Fielder). T-tests were carried out to test for
significant differences between GRF4-GIF1 lines and relevant controls: p<0.05%, p<0.005**, p<0.0005%**,
p<0.0001%***

Although the mean interveinal distance in the Fielder GRF4-GIF1 lines was lower than controls, this
difference was not significant (Figure 5.11a). These differences in architecture were not seen in Kronos
GRF4-GIF1 leaves. Interestingly, the only significant difference observed in the tetraploid mutants was
an increase in interveinal distance (t-test: p=0.0196, t=3.012, df=7 (Figure 5.11a). Finally, no differences
in leaf or mesophyll thickness were seen in either the Kronos GRF4-GIF1 or Fielder GRF4-GIF1

overexpressing mutants compared to non-transgenic controls (Figure 5.11b, c).
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Figure 5.11. Overexpressing GRF4-GIF1 does not have major effects on interveinal distance, mesophyll
thickness or leaf thickness. (a) Interveinal distance, measured between the 2" and 3™ veins from the central
major vein (b) Leaf Thickness. Equal measurements across the veins and bulliform cells were taken and the mean
calculated and plotted. (c) Mesophyll thickness. Each data point represents one plant, and error bars show standard
deviation from the mean. Black = tetraploid, red = hexaploid. n = 5 (for Kronos GRF4-GIF1, n = 4) Stats: t-test
between GRF4-GIF1 lines and relevant controls: p<0.05*.

5.3.6. Hexaploid Plants Overexpressing GRF4-GIF 1 have Increased iWUE

To investigate whether GRF4-GIFI overexpressing lines showed any difference in physiology from
control lines, I performed gas exchange analysis using IRGAs. These data showed a small but
statistically insignificant in stomatal conductance (gs; Figure 5.12a) and increase in carbon assimilation
rate (4; Figure 5.12b) in the GRF4-GIF'1 overexpressing lines. Although neither value independently
indicated as significantly different from controls for Fielder GRF4-GIF1, calculation of iWUE (which
involves dividing 4 by g;) indicated a significant increase for the GRF4-GIF1 overexpressing Fielder
line (t-test: P=0.0089%*, t=3.586, df=7; Figure 5.12¢). Although the assimilation rate in the tetraploid
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Kronos overexpressing GRF4-GIF1 was increased relative to control (t-test: P=0.0459, t=2.315, df=9;
Figure 5.12b), iWUE could not be distinguished from controls (Figure 5.12c).

(a) (b) (©)
0.5 0.5 25, 25 80 i 80
® [ ]
L] . ’_‘
~04 04 20 g ~20 % .
: % h e, AT A al] e
o) o| o " . )
Eos|e £ 0.3] E 15] ES IS w . o .}.‘. .
‘; 0.2 : 0.2 E! 10 e 10
o &5 < <
0.1 0.1 5 [3 20 20
0.0 N 0.0 ol 0 ol L L1, o1
< N & N < N 3 ) N
& N & X & & X &
& ¥ <@ W O W8 @ 0 & O O 8
« < & ¢ <F < ¥ & ¢
K & S & & &
° N o2 6®‘ bef‘ o
© & & & S
¢ < ¢ < < ¢

Figure 5.12. Overexpressing GRF4-GIF1 in wheat alters leaf gas exchange. (a) Steady-state stomatal
conductance (gsw) of tetraploid (Kronos) and hexaploid (Fielder) GRF4-GIF1 overexpressing lines. (b) Carbon
assimilation (A) of tetraploid and hexaploid GRF4-GIF1 lines. (c) Intrinsic water-use efficiency (iWUE) of
tetraploid and hexaploid GRF4-GIF1 lines, calculated using the equation: iWUE = A/gsw. Each data point
represents one plant (n = 6, for Kronos GRF4-GIF1 n =5), and error bars show standard deviation from the mean.
Black = tetraploid (Kronos), red = hexaploid (Fielder). T-tests were carried out to test for significant differences
between GRF4-GIF1 lines and relevant controls: p<0.05*, p<0.005**,

In addition to measured g, I also calculated the anatomical maximum stomatal conductance of each
line (gsmax) using measured stomatal size and density parameters, then used this to calculate theoretical
anatomical iWUE (Figure 5.13). These data showed a decrease in the anatomical gsmax of the GRF4-
GIF1 overexpressing lines (Figure 5.13a) resulting in them being having a higher anatomical iWUE
(Figure 5.13b). However, these were both statistically significant only in the tetraploid Kronos GRF4-
GIF1 plants (gsmax - t-test: p=0.0074* t=3.438, df=9; anatomical iWUE - t-test: 0.0038**, t=3.867, df=9).

96



(a) (b)

1.5+ 1.51 40, 40
: - : E . Y30 [ IJ§J3o-
> 1.01 o E’m'lo_ :E. % % % =
ER A : 0] 134 °] Eof . =
. L] b - ] — olg
g % E E . E 22 °
T o5 S 0.5 g S
< =+ < 10; < 103
0.0 11 0.0—+1 ;= 0l N
& & & o & & F X
O Py & P O W Q\ 1%
& <& & &
o S ) 0
& N &° &
¥ < « <

Figure 5.13. Anatomical calculated gsmax and iWUE from stomatal traits are altered by the overexpression
of GRF4-GIFI. (a) Anatomical maximum stomatal conductance (gsmax) calculated using measurements of
stomatal size and density. (b) Theoretical maximum iWUE, calculated using measured A and anatomical gsmay:
iIWUE = A/gimax. Each data point represents one plant (n = 6, for Kronos GRF4-GIF1 n = 5), and error bars show
standard deviation from the mean. Black = tetraploid (Kronos), red = hexaploid (Fielder). T-tests were carried out
to test for significant differences between GRF4-GIF1 lines and relevant controls: p<0.05*, p<0.005**.

5.4. Discussion

5.4.1. GRF4-GIF1 Overexpression Changes Multiple Factors of Leaf Morphology in Hexaploid
Fielder Background, Leading to Improved iWUE

Several observations from this project support previous evidence of the role of GRF-GIF complexes in
leaf expansion and development. GRF4-GIF I overexpressors with both tetraploid and hexaploid wheat
backgrounds demonstrated decreased leaf width (Figure 5.4c). GRF4-GIF 1 overexpression also showed
an increase in cell size in some cell types, such as stomatal (Figure 5.5) and pavement cells (Figure 5.6).
This contradicts previous studies which suggest that overexpressing GRF-GIF complexes results in
larger leaves (Kim & Lee, 2006; Horiguchi et al. 2005; Zhou et al., 2019; Lee et al., 2009) and loss-of-
function mutations result in narrower leaves (Kim & Kende, 2004; Kim et al., 2003; Shimano et al.,
2018). In terms of leaf size GRF4-GIF'1 overexpression in wheat appears to be more similar to GRF9,

where overexpression results in decreased leaf width (Omidbakhshfard et al. 2018).

Major differences were observed in the leaf anatomy of GRF4-GIF[ overexpressing Fielder plants in
this study. Firstly, reduced stomatal density (Figure 5.5a) likely contributed to a decrease in stomatal
conductance and improved intrinsic water-use efficiency (Figure 5.12). However, as gsmax, a predictor
of theoretical maximum stomatal conductance calculated using stomatal anatomical parameters, did not

show a significant decrease in GRF4-GIF1 Fielder lines (Figure 5.13), this observed improvement in
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iWUE is likely caused by a combination of a variety of anatomical and biochemical traits. GRF4-GIF1
stomatal complexes were also larger than in Fielder controls, in terms of length, width and area (Figure
5.5). This was likely a result of a general increase in size of pavement cells, as a similar increase in
pavement cell size was seen in the transgenics in both the files containing stomata (Figure 5.6¢) and
those without stomata (Figure 5.6b). Stomatal cell size does not appear to have a large effect on g,
instead larger cells have been shown to influence the patterning of the epidermis resulting in reduced
stomatal density (Rudall et al., 2013). The increased size of stomatal complexes and pavement cells in
the GRF4-GIF1 overexpressing Fielder transgenics was accompanied by a decreased stomatal density
which contributed to reduced stomatal conductance and improved water-use efficiency. This phenotype
of increased pavement/stomatal cell size was similar to that of overexpressing the KRP/I gene (another

cell cycle gene) on the Arabidopsis epidermis (Lehmeier ef al., 2017).

Interestingly, and unlike the decreased mesophyll cell size observed by Lehmeier et al. (2017) when
overexpressing KRPI, there was no difference in mean mesophyll cell size in either transgenic line
(Figure 5.7, 5.9). As discussed in Chapter 4, the wheat mesophyll is patterned in an adaxial-abaxial
direction and therefore by taking mean values for the mesophyll cells across the whole leaf, there is a
risk of losing information. This could be incorporated into future studies using these lines but was not
within the scope of this project. When looking at the volume data for individual cells, there appears to
be a different distribution in Fielder GRF4-GIF1 lines with a greater number of larger and smaller cells
in this line (Figure 5.8b). However, this was not observed in the tetraploid Kronos transgenics. Why
overexpression of GRF4-GIFI led to a predominantly epidermal phenotype (i.e. increased cell size) is
unclear. Previous work comparing mesophyll size in different ploidy level clearly showed that wheat
mesophyll cells have the capacity to massively increase in volume (Wilson et al., 2021). Presumably
there is some control on mesophyll cell size which GRF4-GIF1 alone cannot break, but this is absent

(or less powerful) in the epidermis. The nature of this has yet to be elucidated.

My analysis revealed an unexpected increase in the ratio of bundle sheath to mesophyll cells (counts)
with GRF4-GIF1 overexpression, as well as area of the bundle sheath relative to mesophyll tissue
(Figure 5.10). The bundle sheath is a distinct group of cells arranged radially around the vascular bundle.
Although their precise function in open to discussion, a role in facilitating transport to/from the vascular
tissue seems clear. There has also been significant interest in the bundle sheath due to its role in C4
photosynthesis where the Calvin-Benson cycle becomes localised to this tissue. This is normally
accompanied by a decreased number of mesophyll cells between veins, hence an increase in bundle
sheath/mesophyll cell ratio (Brown 1975; Hatch, 1987; Lundgren ef al., 2014), a phenotype reminiscent
to that observed in the GRF4-GIF1 overexpressing lines. Interestingly, GRF1, a member of the GRF
family, was identified by Alenazi et al. (2024) in a genome wide association study (GWAS)

investigating the development of C4 leaf anatomy in the model grass Alloterposis semialata. In this
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study, GRF1 was one of the genes seen to be associated with an increasing proportion of bundle sheath

tissue within the leaf for C4 photosynthesis in A. semialata.

A main characteristic linked with the switch from C3 to C4 anatomy is the development of minor veins
and, thus, increase in vein density (Lundgren et al., 2019). This was not observed in GRF4-GIF1
overexpressing lines in this study, and neither were other key characteristic changes associated with C3-
C4 transition, such as decreased distance between bundle sheath cells (Alenazi et al., 2023). However,
an increase in the proportion of both inner and outer bundle sheath tissue relative to mesophyll tissue
(Figure 5.10f, g) observed in the Fielder GRF4-GIF1 overexpressors, and for the OBSCs only in the
Kronos GRF4-GIF1 lines, mirrors the phenotypes of the C4-like leaves reported by Alenazi et al. (2023).

It is also interesting to note that stomata become fewer but larger across the C3-C4 gradient (Zhao et
al.,2022) and the Fielder GRF4-GIF'I overexpressors have larger stomata and reduced stomatal density
(Figure 5.5). However, this may have been a consequence of an increase in pavement width in the
GRF4-GIF1 overexpressors, as pavement cells showed an increase in width in both Kronos and Fielder
mutants (Figure 5.6b, ¢). Interestingly, increased pavement cell width in Kronos GRF4-GIF1 lines did
not translate to larger stomata, as was the case with Fielder, but they did also demonstrate reduced

stomatal density that did not correlate with increased stomatal size.

Overall, it seems that the outcome of GRF4-GIF1 overexpression has a level of cell/tissue specificity,
with, e.g., pavement cells showing the most dramatic changes. The altered bundle sheath/mesophyll
cell proportions support the hypothesis that GRF family genes are involved in the transition to a more
C4-like leaf architecture in grasses. A model summarising the observed and hypothesised phenotypes

that result from overexpressing GRF4-GIFI in hexaploid wheat leaves can be found in Figure 5.14.

Wild-type GRF4-GIF1 overexpressor

Figure 5.14. Model mesophyll and bundle sheath cells in wild-type hexaploid and GRF4-GIFI
overexpressors. GRF4-GIF1 overexpressors have both larger and a greater number of inner and outer bundle
sheath cells. The mesophyll cells of GRF4-GIF I overexpressors are hypothesised to have mesophyll cells that are
larger in the transverse (medio-lateral) direction and smaller in the longitudinal (proximal distal) direction, with
no change in longitudinal cell lobing area or total mesophyll cell volume. Green = mesophyll, blue = outer bundle
sheath, red = inner bundle sheath.
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5.4.2. GRF4-GIF1 Overexpression has a Different Phenotype in Fielder (Hexaploid) than in Kronos
(Tetraploid)

There were many differences associated with the overexpression of the GRF4-GIF I construct that were
present in the Kronos background and not Fielder, and vice versa. For example, Fielder GRF4-GIF1
demonstrated larger stomatal constructs (Figure 5.5c-¢) and pavement cell area (Figure 5.6¢), but for
Kronos GRF4-GIF1 these were indistinguishable from the controls. It is important to note that the
pavement cell length and area may have been subjected to slight bias during recording of the data as
any cells longer than the width of the image were unable to be recorded, meaning that the largest cells

in each case were unintentionally excluded from the dataset.

An interesting phenotype seen in Fielder GRF4-GIF1 was the increase in the range of mesophyll cell
size with more extreme large and small cells (Figure 5.8b), but this was also not observed in Kronos
GRF4-GIF1 (Figure 5.8a). From these observations, it appears that most phenotypes relating to leaf cell
size and proliferation were not present in the Kronos GRF4-GIF1 mutants. This is supported by the
reduced number of mesophyll cells between the veins, despite no differences in average cell volume,
and subsequent increased bundle sheath cell: mesophyll cell ratio in Fielder GRF4-GIF1 which is not
observed in the Kronos mutants. However, the Kronos GRF4-GIF1 showed a substantial increase in
interveinal distance (Figure 5.11a) and, combined with similar mesophyll cell counts between these
veins and no change in mean cell volume, this suggests that the cells could be packaged between these
veins in a similar way to the hexaploid mutants. With regards to how fewer mesophyll cells are packaged
across the same distance in GRF4-GIF'I overexpressing leaves, it is important to consider the size of
these mesophyll cells in 3-dimensional space and across both the transverse and longitudinal planes.
Although not statistically significant, there is a trend towards both the Fielder and Kronos GRF4-GIF1
lines having increased transverse mesophyll cell area (Figure 5.9a) and the Fielder GRF4-GIF1 lines
also having reduced longitudinal cell area (Figure 5.9b). This increase in transverse cell area could
explain the reduction in number of mesophyll cells found across the same 2-dimensional space (Figure
5.10c and Figure 5.11a), while the maintenance or subtle decrease in longitudinal cell area explains the
lack of difference in overall 3D mesophyll cell volume (Figure 5.7d). As the mesophyll cells may have
undergone subtle, contrasting size changes across the transverse vs longitudinal planes, the shape of the

cells in terms of circularity and with regards to cell lobing did not change (Figure 5.9¢, d).

One or a combination of changes that were observed in Fielder GRF4-GIF1 but not in the Kronos
mutants, such as increased BSC:MSC and range of mesophyll cell size, have resulted in improved
iWUE (Figure 5.12¢). The different phenotypes caused by the overexpression of the GRF4-GIF1
complex could be a result of the preexisting differences in the background lines. As Kronos is tetraploid
and Fielder hexaploid, Kronos has generally smaller cells within the leaf in terms of stomata (Figure

5.5d) and mesophyll (Figures 5.7-5.9).
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Both Kronos and Fielder are spring wheat varieties of USA origin. Buffagni et al. (2020) observed that
Kronos is a drought-adapted variety through increased expression of the 7dDHNI5.3 gene. There is no
evidence that Fielder has any such tolerance to drought, and this could be contributing to the lack of
statistically significant improvement in Kronos GRF4-GIF1 g, and iWUE, despite the reduction in

stomatal density, that is observed in the Fielder background.

5.4.3. Stomatal Conductance and iWUE Cannot be Predicted Using Stomatal Traits Alone

Gsmax , 1.€. maximum theoretical stomatal conductance, is calculated using stomatal density and size
measurements such as pore length and guard cell width. When calculating gemax in this study based on
these characteristics, a statistically significant decrease was seen only in Kronos GRF4-GIF1 and
mutants in the Fielder background did not show the same improved theoretical iWUE (Figure 5.13).
This was unexpected as both transgenic lines showed reduced stomatal density: the main driver in both
gsmax calculation and (is hypothesised to be) for measured gs, and subsequently for iWUE calculation.
The likely cause is that stomatal complex and guard cell size, which are used to estimate the maximum
pore size in the gsmax calculation, are larger in the Fielder GRF4-GIFI overexpressors and not in the
Kronos mutants, offsetting the predicted effect of decreased stomatal conductance and resulting in

reduced gsmax in the Kronos mutant but not the Fielder.

However, the measured g, and iWUE showed the opposite of the anatomically calculated values:
improved iWUE was only observed in Fielder GRF4-GIF1 (Figure 5.12¢). This raises questions as to
whether stomatal traits have as much of an impact on iWUE as previously thought, and whether
characteristics observed in the Fielder mutants, for example relating to increased BSC:MSC (Figure
5.10), are more important in determining the rate of gas flux than stomatal guard cell and pore size.
iWUE is calculated as A/gs, where A is carbon assimilation rate. There are many resistances to CO,
movement to the site of photosynthesis. The ease of CO, diffusion from the leaf airspace into the
chloroplasts is termed mesophyll conductance (gm), with gn influenced by both anatomical and
biochemical factors, as well as being affected by changes in the local environment (Heckwolf et al.,
2011; Terashima et al., 2011; Flexas et al., 2012). A major influence on g, is Smes: the mesophyll surface
area exposed to intracellular airspace (IAS) per unit of leaf area, as high S results in increased cell
surface area in contact with gas phase H,O and CO,. IAS depends on several factors, including the
number of cells per tissue volume, the size and shape of those cells and the degree of cell separation
(i.e. the extent of the separation that occurs along adjoining cell edges). Investigation into how altering
mesophyll structure, in such a way as has been achieved with overexpressing GRF4-GIF1 in this study,
effects measured gm could further elucidate links between Smes and leaf gas exchange, expanding on the

current physiological toolbox for improving iWUE.
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5.5. Conclusion

The GRF4-GIF1 overexpressing tetraploid and hexaploid wheat varieties used in this study
demonstrated changes in leaf morphology that was, to some extent, ploidy-dependent. In particular,
there was a reduced stomatal density compared with controls, which likely contributed towards the
improved iWUE observed in hexaploid Fielder GRF4-GIF1 lines. The hexaploid transgenics also
demonstrated increased stomatal and pavement cell size. A greater range of mesophyll cell sizes, with
no change in mean size, was observed in the Fielder GRF4-GIF1 overexpressor but not in the tetraploid
Kronos lines. It is important to consider that another factor which may contribute to this change in leaf
cell size could be related to nitrogen nutrition, as GRF4 is known to play a role in activating plant
nitrogen metabolic processes (Wu et al., 2020; Zhang et al., 2021b), and it is well established that
increased nitrogen availability is linked to development of larger cells and leaves (Morton & Watson,

1948).

The internal leaf structure was altered in the transgenics, leading to an increase in the ratio of bundle
sheath to mesophyll cells in terms of both count and cell area, and a decrease in the total count of
mesophyll cells between the vasculature in the Fielder GRF4-GIF1 leaves. This effect was mimicked
in the Kronos GRF4-GIF1 leaves as there was an accompanying increase in [IVD and no change in the
total mesophyll cell count. This decrease in mesophyll cell count in the same volume of space was
observed in both Fielder and Kronos GRF4-GIF[ overexpressing lines, with no change in cell volume.
This was achieved by a decrease in mesophyll cell area in the longitudinal direction and an increase in
mesophyll cell area in the transverse direction. To what extent these changes in the internal leaf structure

contributed to the increased iWUE observed in the Fielder GRF4-GIF1 plants is open to discussion.
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Chapter 6. Discussion

6.1. General Discussion

During leaf development, trade-offs occur between rates of carbon fixation for photosynthesis and rate
of transpiration, which are largely determined by the final leaf architecture. Stomata are well known to
be key players in this trade off (Franks and Farquhar, 1999; Xu et al., 2016; Driesen et al., 2020),
however it is also thought that mesophyll cells are important in determinators the rate of carbon
assimilation and water-use efficiency (Wilson et al., 2021; Earles et al., 2018; Evans et al., 2009;
Terashima et al., 2011). Improving the water-use efficiency and drought tolerance of crops such as
wheat in order to achieve ‘more crop per drop’ is an important area of study as major cereal crops
currently account for 27% of global water consumption (Hoekstra & Mekonnen, 2012). This will

become an even greater issue in the future under the threat of climate change.

Throughout the domestication and selection of wheat to modern cultivars, there have been many
changes in leaf morphology that have resulted in an improved iWUE (Chapter 3; Wilson et al., 2021).
The work done in Chapter 3 of this project supports the hypothesis that domestication and selection of
modern wheat cultivars has led to improved iWUE, in part due to a decrease in stomatal density parallel
to an increase in stomatal complex size. This mirrors the observation of Wilson ef al. (2021) that
domesticated hexaploid wheat has the lowest stomatal conductance (gs; and subsequently highest
iWUE), lowest stomatal density and largest stomatal complexes of the diploid, tetraploid and hexaploid
varieties used in the study. However, the increased size and subsequent reduced density linked to
stomatal patterning can also likely be attributed to a general increase in cell size as an effect of
polyploidy (Jellings & Leech, 1984; Parker & Ford, 1982). By studying only the leaves of tetraploid
Triticum in this study, any effect of polyploidy was negated and I have shown that having fewer, larger
stomata is a trait that has been selected for during the evolution of these modern cultivated tetraploid

wheat varieties.

Similar to Wilson et al. (2021), I saw that tetraploid Triticum varieties fall intermediate of diploid and
hexaploid in terms of stomatal density and iWUE, and landrace Emmer varieties were seen to behave
similarly to wild and Durum tetraploid varieties in this study. This intermediate behaviour of Emmer
varieties was also observed in leaf, carbon assimilation for photosynthesis (A) and gs. This suggests that
these are traits which had a selective advantage in early wheat cultivation that have been further selected
for and improved upon over thousands of years. In these traits, the wild-Emmer-Durum trend mirrored
that of the diploid-tetraploid-hetraploid trend previously observed (Austin et al., 1982, Wilson et al.,
2021).

Interestingly, some traits were observed in which Emmer varieties did not act as an intermediate
between wild tetraploid and Durum lines, including plant height, pavement cell size and mesophyll cell

shape. One explanation for this could be that having taller plants with narrower pavement cell files and
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more rounded mesophyll cells gave the early cultivated Emmer varieties an advantage in the climate in
which they grew that was no longer needed once wheat cultivation spread away from the Nile Delta
(Kilian et al., 2009). An alternative theory is that traits which were neutral in ancient crop plants became
unfavourable when the need for higher-yielding, more stress-tolerant wheat arose. Plant height was
shorter in Durum lines than Emmer, most likely due to the improvement of Durum varieties during the

Green Revolution and the introduction of the RHTI gene (Borlaug et al., 1968).

In the tetraploid lines studied, there was no link between gs and A, with the observed increases in g
suggesting that iWUE was most likely the driver of selection and not rate of photosynthesis, however
this contradicts previous studies which show gs and A are positively correlated (McAusland et al., 2021;
Hu et al., 2023a). This could be due to there being less variation in gs in this study. Another general
trend across the tetraploid lines in Chapter 3 was that mesophyll cell size was negatively correlated with
both mesophyll cell surface area to volume ratio and also with stomatal density. This supports the
hypothesis of Lundgren ef al. (2019) that mesophyll cell separation relies on the presence of functional
stomata, either occurring through cell-cell signalling or CO; flux. Reduced mesophyll cell surface area
to volume ratio was observed in Durum lines which had the highest iWUE, and this could be linked to

the idea that less exposed mesophyll cell surface area results in improved iWUE (Wilson ef a/, 2021).

When looking at mesophyll cells traits in Chapter 3, data was averaged over the entire tissue as the
wheat mesophyll is often thought to be homogenous across the abaxial-adaxial axis (Parker & Ford,
1982; Jellings & Leech, 1984). This is widely accepted, and in many studies, the wheat mesophyll is
often treated as a whole, unlike Arabidopsis studies which focus on the palisade and spongy mesophyll
layers separately. In Chapter 4 of this project, clear evidence is provided that the wheat mesophyll
actually consists of four distinct ‘layers’ of cells which behave differently in terms of cell size and shape,
and may in fact perform slightly different roles. In the wheat mesophyll, ‘Outer’ (Upper/Lower) cells
which are in direct contact with the abaxial and adaxial epidermis are larger and more elongated than
those cells which are not adjacent to pavement tissue. One hypothesis is that these cells may have a
similar function to eudicot palisade mesophyll cells, with the cells adjacent to the adaxial epidermis
directing light deeper into the leaf (Vogelmann & Martin, 1993). In the centre of the leaf, ‘Middle’ layer
cells are more rounded and appear to mimic the spongy mesophyll layer of eudicots, facilitating CO,
diffusion through the leaf and scattering light (Smith et al., 1997; Terashima et al., 2011). However,
there are multiple ways in which the wheat mesophyll abaxial-adaxial patterning differs from that of
eudicots. For example, ‘Lower’ layer cells adjacent to the abaxial epidermis are more palisade-like for
reasons which must be unrelated to light direction, and that the palisade-like cells actually have slightly
reduced 3D surface area to volume ratio compared to the ‘Middle’ spongy-like cells due to increased
cell lobing along the proximal-distal axis. Additionally, ‘hook-like’ mesophyll cells lining the
substomatal cavities appear to be distinct from other ‘Outer’ (Upper/Lower) layer cells. It is likely that

their distinct form is linked to their role in gas exchange, being the first mesophyll cell encountered by
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CO; entering the leaf via the stomata. These cells are likely formed in response to CO, flux into the leaf

(Lundgren et al., 2019).

This patterning of the mesophyll into ‘Upper’, ‘Lower’, ‘Middle’, and ‘Radial’ layers which are distinct
in terms of cell size and shape was conserved across all fourteen varieties and seven species/sub-species
of diploid, tetraploid and hexaploid Triticum used in this study, suggesting that there are advantages to
this mesophyll layering. Similar layering has also been observed in rice (Oryza sativa, Sloan et al.,
2022), but with key differences as to the location-based characteristics of the cells. One major difference
is that there was no obvious distinction of morphology of the mesophyll cells surrounding the bundle
sheath in rice as there was in Triticum, in which they appear to form in a wheel shape surrounding the
vasculature. Additionally, in complete opposition with the 7riticum mesophyll, rice mesophyll cells in
the most central layer were observed to be the largest in terms of transverse cell area. The presence of
significant mesophyll patterning of both monocot species however raises the question as to whether
monocot mesophyll should be treated as homogenous going forward, or whether important information

could be being excluded by averaging mesophyll cell data across the whole abaxial-adaxial axis.

The work done in Chapter 5 on this study builds upon the observation by Wilson et al. (2021) that iWUE
in cultivated hexaploid bread wheat is greater than that of diploid and tetraploid varieties. With the use
of gene editing, it aims to answer the question of whether the traits that are thought to have caused this
increase in iWUE, such as cell size with ploidy, can be further increased without the use of
polyploidisation. The GRF family of transcription factors, along with their GIF co-factors, were chosen
as target genes for this study due to their role in cell proliferation (Debernardi et al., 2012; 2014; Wang
et al.,2020; Wu et al., 2021; Horiguchi et al., 2005; Kim & Lee, 2006). There was a clear reduction in
stomatal density in each of the independent lines of both tetraploid and hexaploid GRF4-GIF1
overexpressors used in this study, with hexaploid Fielder GRF4-GIF1 stomatal complexes being
significantly larger than the controls, and a subsequent improvement in Fielder GRF4-GIF1 iWUE. This
was also accompanied by an increase in pavement cell size. Interestingly, a decrease in leaf width in
both tetraploid and hexaploid GRF4-GIF1 overexpressing lines, which is contradictory to previous
studies that suggest overexpressing GRF-GIF complexes results in larger leaves (Kim & Lee, 2006;
Horiguchi et al. 2005; Zhou et al., 2019; Lee et al., 2009) and it is loss-of-function mutations which
result in narrower leaves (Kim & Kende, 2004; Kim ef al., 2003; Shimano et al., 2018). GRF4-GIF]
overexpression in wheat appears to be more similar to GRF9, where overexpression results in decreased

leaf width (Omidbakhshfard ez al. 2018).

There was also an increase in the range of mesophyll cell volume observed in the Fielder transgenic
lines, although this was not observed in the tetraploid Kronos background and resulted in no mean
difference in overall mesophyll cell volume. When looking at the photosynthetic rate of these lines (with

relation to A), Kronos GRF4-GIF I overexpressing plants had improved photosynthetic rate, supporting
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the outcome of Lehmeier et al.’s 2017 study that modulating cell cycle gene expression leads to altered
leaf cellular architecture. Overexpression of the KRPI and RBRI genes do this through increasing
mesophyll cell and tissue density, decreasing the volume of the airspace and altering its patterning,
assessed through the use of microCT (Lehmeier ef al., 2017). Future research into the effect of GRF4-
GIF1 overexpression on mesophyll airspace patterning using microCT could be used to assess the
mechanism behind the increased A observed in the Kronos GRF1-GIF1 lines, and potentially elucidate
a potential cause of the increased iWUE in the Fielder GRF4-GIF1 lines in this chapter.

One interesting observation seen in the GRF4-GIF1 overexpressors, particularly in the hexaploid
Fielder background, was the increase in ratio of bundle sheath tissue to mesophyll tissue and a potential
shift to a more C4-like phenotype (Brown, 1975; Hatch, 1987; Lundgren et al., 2014; Alenazi et al.,
2023). The GRF family gene GRF'I was identified by Alenazi et al. (2024) in a genome-wide association
study (GWAS) to play a part in C4 evolution in the model grass Alloteropsis semialata, and it is possible
that ubiquitous overexpression of the GRF4-GIF1 complex in this study has resulted in the emergence
of similar characteristics. Another piece of evidence which supports the idea of Fielder GRF4-GIF1
being more C4-like is the presence of fewer, larger stomata, which is a trait seen across the C3-C4
gradient (Zhao et al., 2022). As an increase in iWUE was observed in Fielder GRF4-GIF1 and not
Kronos GRF4-GIF1, the absence of this C4-like morphology in the Kronos transgenic line supports the
hypothesis that this change in bundle sheath to mesophyll cell ratio caused by GRF4-GIFI

overexpression has a functional benefit in further improving hexaploid wheat iWUE.

6.2 Future Work

From the work done in this project, potential avenues for future research have been uncovered.
What is the evolutionary advantage of mesophyll patterning?

This study showed that the presence of cell layers distinct by size and shape within the mesophyll is
conserved across a broad range of Triticum species/sub-species. Such mesophyll patterning may
influence traits such as mesophyll porosity at different leaf depths, mesophyll conductance (gm) and the
amount of mesophyll cell surface area that is exposed to the intracellular airspace (Smes). Additionally,
Wong et al. (2022) observed that the presence of humidity gradients through the leaf are vital to buffer
against external humidity changes and maintenance of the cytosolic water potential, a system which
may be benefited by the presence of mesophyll layers. All of these traits will impact leaf function, and
further exploration may provide insight into the evolutionary advantage for the presence of distinct

mesophyll layers across the Triticum genus.

To further explore whether the cells in the Upper and Middle Triticum mesophyll layers mimic the
eudicot palisade and spongy mesophyll cells respectively in terms of function as well as morphology,

chlorophyl and Rubisco content and the photosynthetic activity of these different cells could be
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measured. In addition, changing this patterning of layers may affect leaf function in terms of
photosynthesis and water-use efficiency. This could be done practically through genetic engineering
methods, or through a 3D modelling approach similar to how Xiao et al. (2022) generated eLeaf to

assess the effect of altering rice leaf morphological and biochemical properties on photosynthesis.

How does the overexpression of GRF4-GIF1 lead to the increase in cell size of specific cell types and

not others?

In this study, we saw that the overexpression of GRF4-GIFI in hexaploid wheat increased the size of
stomatal, pavement and inner/outer bundle sheath cells, but had no effect on the mean mesophyll cell
size. Further investigation into the mechanism behind this will enhance our understanding of the roles
of GRF family genes in cell proliferation and expansion and may provide more candidate gene targets

for improving crop water-use efficiency.

Although there was no difference in mean mesophyll cell size, there were a greater range of mesophyll
cell volumes observed in the GFR4-GIF1 overexpressing hexaploid lines and potentially a change in
morphology through slightly increasing in size across the medio-lateral axis and slightly shrinking in
the direction of cell lobing across the proximal-distal axis, resulting in fewer mesophyll cells between
veins. Assessing the mesophyll porosity, gm and smes of these leaves will provide insight into any affect
that these minor changes have on other mesophyll characteristics and if this contributes in any way to

the improved iWUE.
Are GRF genes potential molecular breeding targets to improve water-use efficiency in the field?

The measure of water-use efficiency used in this study, iWUE, was calculated as the relationship
between gs and A under controlled conditions under no abiotic or biotic stress. The next step would be
to subject GRF4-GIF1 overexpressing hexaploid lines to a drought experiment to assess drought
resistance, and/or quantify water-use efficiency through alternative methods such as stable carbon
isotope (013C) composition. Additionally, it is important to understand whether the phenotype observed
are a direct consequence of GRF4-GIF I overexpression, or whether it are caused by improved nitrogen-

use efficiency in these lines (as has been observed in GRF4-overexpressing Arabidopsis lines).

Although GRF4-GIF1 overexpressing Fielder plants in this study had improved iWUE, there was also
a reduction in number of seeds yielded from each plant. It is important to assess whether this yield
reduction translates to the field and if that would reduce its viability as a breeding target, and also
whether overexpressing GRF4-GIF1 in high-yielding, agriculturally relevant wheat varieties would

result in the same phenotype.
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Appendices

The following are ANOVA significance table for Chapter 3 of this thesis. A summary of lines used is
available in Table 3.1. P values for lines which would be significantly distinguished from each other at
p<0.005 are shown, and level of significance is indicted by asterisks (p<0.05*, p<0.005**,
p<0.0005*** P<0.0001***%*), Cultivation status is indicated by colour, with wild in black, Emmer in

blue and Durum in red.

Appendix 1.1. Significance table for Figure 3.2a

TRI18530|TRII8505 |TRI16599 |TRII8513 |TRII6877  |TRI28049  |TRIL4734  |VOILUR |[AVENTADUR [ANVERGUR |
TRII8530 ns ns ns ns <0,0001(****) <0.0001(****) <0.000L(***%) <0.0001(****) <0.0001(****)
TRII8505 ns ns 0.0035(**)  <0.0001(***%) <0.0001(****) <0.0001(***%) <0.0001(****) <0.0001(****)
TRI16599 ns 0.0005(***)  <0,0001(***%) <0.0001(****) <0.0001(****) <0.0001(****) <0.0001(****)
TRIIB513 0.0216(%)  <0.0001(***%) <0.0001(****) <0.0001(***%) <0.0001(****) <0.0001(****)
TRI16877 0.038(*) 0.012(%) 0.0019(**)  <0.0001(***%) 0.0005(***)
TRI28049 ns ns ns ns
TRI14734 ns ns ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.2. Significance table for Figure 3.2b

TRII8530[TRI18505 [TRI16599 [TRII8513 [TRII6877  [TRI28049  |TRII4734  |[VOILUR AVENTADUR [ANVERGUR

TRI18530 ns 0.0324(*) ns ns ns ns ns ns ns
TRI18505 0.0001(***) ns ns ns ns ns ns ns
TRI16599 ns 0.0002(***)  <0.0001(****) <0.0001(****) ns ns ns
TRI18513 ns ns 0.0364(*) ns ns ns
TRI16877 ns ns ns ns ns
TRI28049 ns ns ns 0.0263(*)
TRI14734 ns 0.0473(*) 0.0182(%)
VOILUR ns ns
AVENTADUR s
ANVERGUR
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Appendix 1.3. Significance Table for Figure 3.2c (at 28-day timepoint)

TRI18530|TRI18505 |TRI16599 |TRII8513 |TRII6877  |TRI28049  |TRII4734  |VOILUR |[AVENTADUR [ANVERGUR |
TRI18530 0.0189(*) ns ns <0.0001(***¥) <0.0001(****) <0.0001(****) ns ns 0.0264(*)
TRI18305 0.0007(***) 0.0102(*) ns 0.0012(**¥)  <0.0001(****) ns ns ns
TRI16599 ns <0.0001(¥*#*) <0.0001(****) <0.0001(****) 0.0184(*) 0.0052(%*%)  0.001(***)
TRII8513 <0.0001(****) <0.0001(****) <0.0001(****) ns ns 0.0142(%)
TRI16877 ns 0.0209(*) ns ns ns
TRI28049 ns <0.0001(**¥%) 0.0002(***)  0.0008(***)
TRI14734 <0.0001(***) <0.0001(%***) <0.0001(****)
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.4. Significance Table for Figure 3.2d (at 28-day timepoint)

TRII8530|TR118505 [TRT16599 [TRII8513 |TRII6§77  |TRI28049  |TRII4734  [VOILUR AVENTADUR [ANVERGUR

TRI18530 ns ns ns 0.0255(%) ns ns ns ns ns
TRII8505 ns ns ns ns ns ns ns ns
TRI16599 ns 0.02(*) ns ns ns ns ns
TRI18513 0.0088(**) ns ns ns ns ns
TRI16877 ns ns ns ns ns
TRI28049 ns ns ns ns
TRI14734 ns ns ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.5. Significance Table for Figure 3.3a

TRII8530 |[TRI18505 |TRI16599 |[TRII8513 |[TRI16877 |TRII4734 |[VOILUR |AVENTADUR |[ANVERGUR

TRI18530 ns ns ns ns ns ns ns ns
TRI18505 ns ns ns ns ns ns ns
TRI16599 ns ns 0.0469(*) ns 0.0344(*) ns
TRI18513 ns ns ns ns ns
TRI16877 ns ns ns ns
TRI14734 ns ns ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.6. Significance Table for Figure 3.3b

TRI18530 [TRI18505 |TRI16599 |TRII8513 |TRII6877 |TRI28049 |TRI14734 |VOILUR |[AVENTADUR |[ANVERGUR |

TRII8530 ns ns ns ns 0.0418(*) ns 0.0005(***)  0.0022(**)  0.0494(*)
TRI18505 ns ns ns ns ns 0.0007(**%*) 0.0031(**) ns
TRI16599 ns ns ns ns ns ns ns
TRI18513 ns ns ns 0.0395(*%) ns ns
TRI16877 ns ns 0.0065(*) 0.0251(*) ns
TRI28049 ns ns ns ns
TRI14734 ns ns ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR
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Appendix 1.7. Significance Table for Figure 3.3c

TRII$530 [TRI18505 |TRI16599 |TRII8513 |TRIL6877 |TRI28049 |TRI14734 |VOILUR [AVENTADUR |ANVERGUR |

TRI18530 ns ns ns ns 0.0362(*)  0.0248(*)  0.0038(**)  0.0091(**)  0.0151(*)
TRI18505 ns ns ns ns ns ns ns ns
TRI16599 ns ns ns ns ns ns ns
TRI18513 ns ns ns ns ns ns
TRI16877 ns ns ns ns ns
TRI28049 ns ns ns ns
TRI14734 ns ns ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.8. Significance Table for Figure 3.3d

TRI18530 |TRI]8505 ‘TR116599 ‘TR118513 ‘TR116877 ‘TRI28049 TRI14734 |VOILUR AVENTADUR |ANVERGUR

TRI18530 ns ns ns ns ns ns ns ns ns
TRI18505 ns ns ns ns ns ns ns ns
TRI16599 ns ns ns ns ns ns ns
TRI18513 ns ns ns ns ns ns
TRI16877 ns ns 0.0445(%) 0.0335(%) ns
TRI28049 ns ns ns ns
TRI14734 ns 0.0394(*) ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.9. Significance Table for Figure 3.4a

TRI18530 [TRI18505 [TRI16599 |TRII8513 |TRI16877 |TRI28049 [TRI14734 [VOILUR [AVENTADUR|ANVERGUR |
TRI18530 0.0176(*) ns ns 0.0408(%)  0.0007(***) 0.0007(**%) 0.0046(**)  <0.0001(****) <0.0001(****)
TRI18505 ns ns ns ns ns ns 0.0008(k**)  0.0083(**)
TRI16599 ns ns 0.0265(%)  0.0414(%) ns <0.0001(*#%%) <0.0001(****)
TRII8513 ns ns ns ns <0.0001(**%%) <0 0001 *+x
TRI16877 ns ns ns 0.0003(**%)  0.0033(**)
TRI28049 ns ns ns ns
TRI14734 ns 0.0195(*) ns
VOILUR 0.0032(%%)  0.0303(*)
AVENTADUR ns
ANVERGUR

Appendix 1.10. Significance Table for Figure 3.4b

TRI18530 [TRII18505 |[TRI16599 |TRII8513 |TRI16877 |TRI28049 |TRI14734 [VOILUR |[AVENTADUR[ANVERGUR |

TRI18530 00112(*) ns ns <0.0001(***ns 0.0077(**) ns 0.0204(*) 0.0015(**)
TRI18505 ns ns ns ns ns ns ns ns
TRI16599 ns 0.0493(*) ns ns ns ns ns
TRI18513 0.0031(**) ns ns ns ns ns
TRI16877 0.0014(**) ns 0.0101(*) ns ns
TRI28049 ns ns ns ns
TRI14734 ns ns ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR
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Appendix 1.11. Significance Table for Figure 3.4c

TRI18530 [TRI18505 |TRI16599 |TRII8513 |TRI16877 |TRI28049 [TRI14734 |VOILUR |[AVENTADUR[ANVERGUR |
TRI18530 ns ns ns ns ns 0.0322()  <0.0001(***%) <0.0001(****) <0.0001(****)
TRI18505 ns ns ns ns ns <0.0001(****) 0.0063(**) 0.0013(**)
TRI16599 ns ns ns ns <0.0001(****) 0.0209(*) 0.0047(**)
TRI18513 ns ns ns <0.0001(*¥**%) 0.0006(***)  0.0001(***)
TRI16877 ns ns <0.0001(****) <0.0001(****) <0,0001(****)
TRI28049 ns <0.0001(*¥*%%) <0.0001(****) <0.0001(****)
TRT14734 0.0002(***)  ns ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.12. Significance Table for Figure 3.4d

TRI18530 [TRI18505 |TRI16599 |TRII8513 |TRI16877 |TRI28049 [TRI14734 |VOILUR |[AVENTADUR|ANVERGUR |
TRI18530 0.0365(*) s ns ns ns 0.0016(**) <0.0001(***%) <0.0001(****) <0.0001(****)
TRI18505 ns ns ns ns ns 0.0244(%*) ns 0.0184(*)
TRI16599 ns ns ns ns 0.0096(*) ns 0.0071(**)
TRII8513 ns ns ns 0.0002(%%%)  0.0021(**)  0.0001(***)
TRI16877 ns ns 0.0157(%) ns 0.0117(*)
TRI28049 0.0218(%)  <0.0001(**%%) 0.0002(***)  <0.0001(***%)
TRI14734 ns ns ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.13. Significance Table for Figure 3.5a

TRII18530[TRII8505 |TRI16599  |TRII8513 |TRI16877 |TRI28049  |TRII4734 |[VOILUR AVENTADUR|ANVERGUR

TRI18530 0.0051(*) mns ns ns <0.0001(k***) ng ns ns ns
TRI18505 0.0237(*) ns ns ns ns ns ns ns
TRI16599 ns ns 0.0003(***) ns ns ns ns
TRI18513 ns 0.0071(*) ns ns ns ns
TRI16877 ns ns ns ns ns
TRI28049 0.0216(*) 0.0014(**)  ns ns
TRI114734 ns ns ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.14. Significance Table for Figure 3.5b

TRI18530[TRI18505 [TRI16599  [TRII8513 [TRIL6877 |TRI28049  |TRII4734 |[VOILUR |[AVENTADUR|ANVERGUR |
TRI18530 ns 0.0137(*) ns ns ns ns ns ns ns
TRI18505 0.0004(***) ns 0.0055(*) ns ns ns ns ns
TRI16599 0.003(**) ns ns ns 0.0035(%)  <0.0001(¥***) <0.0001(****)
TRI18513 0.0369(*) ns ns ns ns ns
TRI16877 ns ns 0.0422(*) 0.0008(F*)  <0.0001(+***)
TRI28049 ns ns ns 0.0111(*)
TRI14734 ns 0.0137(*) 0.0021(+*)
VOILUR ns ns
AVENTADUR ns
ANVERGUR
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Appendix 1.15. Significance Table for Figure 3.5¢

TRII8530[TRI18505 |TRII6599  |TRII8513 |TRIL6877 |TRI28049  |TRII4734 [VOILUR |[AVENTADUR/ANVERGUR |
TRI18530 ns 0.0078(*) ns 0.0004(***)ns 0.0039(**) ns ns ns
TRI18505 ns ns ns ns ns ns ns ns
TRI16599 ns ns ns ns 0.0371(*) 0.0398(%) 0.0019(**)
TRI18513 0.0103(*) ns ns ns ns ns
TRI16877 ns ns 0.0023(**)  0.0025(*%)  <0.0001(***x)
TRI28049 ns ns ns ns
TRI14734 0.0196(*) 0.0211(%) 0.0009(**)
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.16. Significance Table for Figure 3.5d

TRII8530[TRI18505 |[TRI16599  |TRII8513 |TRII16877 |TRI28040  |TRII4734 |VOILUR |[AVENTADUR/ANVERGUR |
TRI18530 0.0121(*) ns ns ns 0.0166(*) ns ns ns 0.0184(*)
TRI18505 <0.0001(****) ns 0.0004(***)ns 0.0011(**) ns ns ns
TRI16599 0.0084(*) ns <0.0001(*++%) ns 0.021(*) <0.0001(F+#%) <0.0001(F##+)
TRI18513 ns ns ns ns ns ns
TRI16877 0.0005(***) s ns 0.0041(*%)  0.0006(**)
TRI28049 0.0015(**) ns ns ns
TRI14734 ns 0.0104(%) 0.0017(+*)
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.17. Significance Table for Figure 3.6a

TRI18530 [TRI18505 |[TRI16599 |TRII8513 [TRI16877 |TRI28049 [TRI14734 [VOILUR |[AVENTADUR|ANVERGUR |
TRI18530 ns ns ns ns ns ns 0.0063(*) <0.000L(*¥***) 0.0003(***)
TRI18505 ns ns ns ns ns ns 0.0002(***)  0.0143(*)
TRI16599 ns ns ns ns 0.0203(*) <0.0001(***%) 0.0013(**)
TRII8513 ns ns ns 0.0338(*) <0.0001(***%) 0.0023(**)
TRI16877 ns ns 0.0012(**)  <0.0001(****) <0.0001(****)
TRI28049 ns ns 0.0106(*) ns
TRI14734 ns 0.0139(*) ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.18. Significance Table for Figure 3.6b

TRI18530 [TRI18505 |[TRI16599 |TRII8513 |TRI16877 |TRI28049 [TRI14734 |[VOILUR |[AVENTADUR[ANVERGUR

TRI18530 ns ns ns ns ns ns ns 0.0451(*) ns
TRI18505 ns ns ns ns ns ns ns ns
TRI16599 ns ns ns ns ns 0.0097(*) ns
TRI18513 ns ns ns ns 0.0284(*) ns
TRI16877 ns ns ns 0.0012(%%)  0.0442(%)
TRI28049 ns ns ns ns
TRI14734 ns ns ns
VOILUR 0.0293(*) ns
AVENTADUR ns
ANVERGUR
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Appendix 1.19. Significance Table for Figure 3.7a

TRI18530 |TRI18505 |TRI16599 |TRI18513 |TRI16877 |TRI28049 |[TRI14734 |VOILUR |[AVENTADURJANVERGUR |
TRI18530 ns ns ns ns ns ns 0.0052(%*) ns 0.0052(*)
TRI18505 ns ns ns ns ns ns ns ns
TRI16599 ns ns ns ns 0.0075(*) ns 0.0071(*)
TRI18513 ns ns ns ns ns ns
TRI16877 ns ns ns ns ns
TRI28049 ns <0.0001(****) ns <0.0001(*++%)
TRI14734 <0.0001(****) ns <0.0001(*x*%)
VOILUR 0.0052(*) ns
AVENTADUR| 0.0052(*)
ANVERGUR

Appendix 1.20. Significance Table for Figure 3.7b

TRI18530 ‘TR118505 ‘TR116599 ‘TR118513 ‘TRII6877 ‘TR128049 TRI14734 |VOILUR AVENTADUR|ANVERGUR

TRI18530 ns ns ns ns ns ns ns ns ns
TRI18505 ns ns ns ns ns ns ns ns
TRI16599 ns ns ns ns ns ns ns
TRI18513 ns ns ns ns ns ns
TRI16877 ns ns ns ns ns
TRI28049 ns ns ns ns
TRI14734 ns ns ns
VOILUR ns ns
AVENTADUR| ns
ANVERGUR

Appendix 1.21. Significance Table for Figure 3.7¢c

TRI18530 |TRI18505 |TRI16599 |TRII8513 |TRI16877 |TRI28049 |TRI14734 |[VOILUR AVENTADURJANVERGUR

TRI18530 ns ns ns ns ns ns ns ns ns
TRI18505 ns ns ns 0.0452(*) ns ns ns ns
TRI16599 ns ns 0.0206(*) ns ns ns ns
TRII8513 0.0474(*) 0.0105(*) ns ns ns ns
TRI16877 ns ns 0.0009(**)  ns 0.0314(%)
TRI28049 ns 0.0003(***)  0.0152(*%) 0.0071(*)
TRI14734 ns ns ns
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.22. Significance Table for Figure 3.7d

TRII8530 |TRTI8505 |TRI16599 [TRII8513 [TRI16877 |TRI28049 |[TRI14734 [VOILUR AVENTADUR|ANVERGUR
TRI18530 ns ns ns ns ns 0.0001(***)ns ns ns
TRI18505 ns ns ns ns 0.012(*)  ns ns ns
TRIL6599 ns ns ns 0.0175(*) ns ns ns
TRI18513 ns ns 0.0306(*) ns ns ns
TRI16877 ns ns ns ns ns
TRI28049 ns ns ns ns
TRIL4734 ns 0.0076(**)  0.0004(*+*)
VOILUR ns ns
AVENTADUR ns
ANVERGUR
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Appendix 1.23. Significance Table for Figure 3.9a

TRI18530| TRI18505| TRI16599| TRI18513| TRI16877 [TRI28040  |TRI14734  |[VOILUR  |AVENTADUR|ANVERGUR]
TRI18530 ns ns ns ns ns ns 0.0332(*) 0.0017(**) 0.0002(**%*)
TRI18505 ns ns ns ns ns ns 0.0033(**) 0.0003(**¥*)
TRI16599 ns ns ns ns 0.0274(*)  0.0016(**)  0.0002(***)
TRI18513 ns 0.0069(*) s ns 0.0274(%)  0.0026(**)
TRI16877 ns ns 0.0025(**%)  <0.0001(**¥%) <0.0001(****)
TRI28049 ns <0.0001(**#%) <0 0001(**%%) <0.0001(****)
TRI14734 0.04(*) 0.0002(¥*%)  <0.0001(****)
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.24. Significance Table for Figure 3.9b

TRI18530| TRI18505[ TRI16599[ TRT18513[TRT16877 [TR128049  [TRI114734  [VOILUR _ |AVENTADUR/ANVERGUR]
TRI18530 ns ns ns 0.0091(%) <0.0001(**%%) <0.000L(****) 0.0069(*)  0.0006(**)  ns
TRI18505 ns ns ns 0.0002(***)  <0.0001(****) ns ns ns
TRI16599 ns ns <0.000L(****) <0.0001(****) ns ns ns
TRI18513 0.0028(**) <0.0001(**%*) <0.0001(****) 0.0021(**)  0.0002(***) ns
TRI16877 0.0094(*)  0.0021(**)  ns ns ns
TRI28049 ns 0.0125(*)  ns 0.0015(+*)
TRI14734 0.0028(**)  ns 0.0004(+**)
VOILUR ns ns
AVENTADUR ns
ANVERGUR

Appendix 1.25. Significance Table for Figure 3.9¢c

TRI18530| TRI18505[TRI16599|TRI18513]TRI16877 |[TRI28049  |TRII4734  |VOILUR  |AVENTADURJANVERGUR
TRI18530 ns ns ns 0.0214(*) <0.0001(****) <0.0001(****) 0.0149(8)  ns ns
TRI18505 ns ns ns 0.0002(***)  <0.0001(****) ns ns ns
TRI16599 ns ns 0.0002(***)  <0.0001(****) ns ns ns
TRII8513 0.0074(*) <0.0001(***%) <0.0001(¥*%*) 0.0049(**)  0.0309(*)  ns
TRI16877 00132(*)  00034(**)  ns ns ns
TRI28049 ns 00193(*)  0.0086(*)  <0.0001(*+*%)
TRI14734 0.0051(¥)  0.0023(*%)  <0.0001(*+*)
VOILUR ns ns
AVENTADUR ns
ANVERGUR
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