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Abstract  
 
Light availability in a crop canopy is not constant. When light is available, delays in 
photosynthetic induction can limit crop yields. Low availability of carbon dioxide (CO2), due 
to slow stomatal opening, can restrict the ability of a plant to photosynthesise in dynamic 
light environments. Plants with mutations in their epidermal patterning factor genes, 
regulators of stomatal development, display variations in their stomatal density and 
stomatal clustering. This study tests the impact of low and high stomatal density on plant 
ability to photosynthesise under different fluctuating light treatments. An EPF2 
overexpressor (EPF2OE), epf1epf2 loss of function mutant and Col-0 wild type Arabidopsis 
thaliana were grown under three different light treatments. A short fluctuating light 
treatment, a long fluctuating light treatment, and a constant light treatment were used. 
These plants were evaluated for carbon assimilation, stomatal conductance, water use 
efficiency, chlorophyll content, root architecture, and growth. epf1epf2 plants displayed 
higher stomatal conductance, photosynthetic induction rates and water use efficiency. They 
also showed greater growth under the short fluctuating treatment compared to the two 
other genotypes tested. This suggests that having a higher stomatal density and 
conductance allows for more photosynthesis when grown under highly fluctuating light 
environments compared to other genotypes. Having a faster stomatal response to changes 
in light intensity had a greater positive impact on water use efficiency than low stomatal 
density, showing that the increased photosynthetic induction rate in high stomatal density 
plants offsets any increase in water loss. The EPF2OE plants displayed a higher adaxial 
stomatal density and conductivity than expected. This suggests that low stomatal density 
plants can compensate for lower abaxial stomatal density by increasing their adaxial 
stomatal density. It also raises questions about the role of the EPF2 gene in the adaxial 
stomatal development pathway. The results of this study call into question the usefulness of 
low stomatal density genotypes in improving crop drought stress.  
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1. Introduction 
1.1 Increasing yields 
The global population is increasing, and it is expected to reach 9.8 billion by 2050. In order 
to meet the demands of this larger population, food production will need to increase by at 
least 70% (Islam and Karim, 2019). One method to increase food production, is to increase 
the area of land under cultivation. Cropland and pastureland occupy around 39% of the 
land’s ice-free surface (Ellis et al., 2010). Historic changes to land use practices, including a 
70% increase in irrigated cropland area, have enabled global grain harvests to double in the 
four decades prior to 1999(Gleick, 2003) (Kanianska, 2016). However, these changes to land 
use are accompanied by negative environmental effects. To avoid these negative 
consequences, whilst still increasing food supply, the yield potential (YP) of crops must 
increase in the coming decades.  

Yield potential (YP) is defined as the maximum attainable yield per unit land area 

(Foulkes et al., 2022). This is determined by the efficiency of light capture (i), the efficiency 

of conversion of intercepted light into biomass (c) and the harvest index  (𝜂) (Koester et al., 
2014) (Equation 1). Harvest indices and efficient light capture have been brought close to 
their theoretical maxima by plant breeding, but little improvement has been made to the 
efficiency of conversion of intercepted light (Long et al., 2006). Photosynthesis is the 
primary mechanism by which light energy is converted into biomass. 
 
𝑌𝑃 =  𝜀𝑖 + 𝜀𝑐  +  𝜂          (1)  
 
The theoretical maximum conversion efficiency of solar energy into biomass is 4.6% and 6%, 
for C3 and C4 crops respectively (Zhu et al., 2008). The actual rate of solar energy 
conversion efficiency is lower than the theoretical maximum rate, with the highest reported 
rate around 2.4% and 3.7%, for C3 and C4 crops respectively (Beadle and Long, 1985, 
Monteith et al., 1977). Attempts to improve radiation use efficiency (RUE), of which 
photosynthetic efficiency is a major component, through crop breeding, has led to an 
increase in genetic gain of 0.0049 g MJ-1 year-1 in maize (Messina et al., 2022). This accounts 
for 32% of the documented increase in yield in the US corn belt. Thus, photosynthetic 
improvement is possible through crop breeding and represents a desirable target for crop 
improvement. Additionally, there are multiple processes contributing to the energy loss 
(Figure 1) that could be targeted for improvements to increase RUE.  



 10 

 

 
 

1.2 Climate change and the impact on agriculture 
Under elevated carbon dioxide (CO2) levels light-saturated carbon uptake, nighttime carbon 
assimilation, growth, and above-ground production increase. Whilst, specific leaf area and 
stomatal conductance decrease (Ainsworth and Long, 2005). Higher atmospheric CO2 levels 
increase the concentration of CO2 around RuBisCo, thus reducing photorespiration rates. A 
metanalysis of Free-air CO2 enrichment (FACE) studies found an increase in photosynthesis 
and production with an increase in atmospheric CO2 levels (Ainsworth and Long, 2005). 
However, there were species specific differences observed, with trees being more 
responsive to increased CO2 than herbaceous species. The Ainsworth and Long (2005) study 
also found that across the FACE studies they looked at, species that carried out C4 
photosynthesis were less responsive to an increase in atmospheric CO2 concentration than 
species that carried out C3 photosynthesis. Increased atmospheric CO2 levels, as a result of 
climate change, have caused partial closure of stomata in temperate and boreal forests. This 
partial closure has led to an increased CO2 uptake, reduced evapotranspiration (ET) and a 
higher forest water use efficiency (WUE) (Keenan et al., 2013). If global average 
temperature increases are kept below 3oC, the reduced agricultural production in the 
tropics, due to climate change, will be offset by production increases in the temperate zone 
(Easterling et al., 2007). 

Despite this increase in temperate production, climate change will increase the 
frequency of heatwaves, droughts, and floods. Models have predicted that the global 
average chance of a major heatwave increases from 5%, which was the risk from 1981-2010, 
to 28% at 1.5 °C warming and 92% at 4 °C warming (Arnell et al., 2019). In addition to rising 
temperatures, climate change also increases the risk of agricultural drought from 9%, under 
pre-industrial temperatures, to 24% at 1.5 °C warming and 61% at 4°C warming. On top of 
this, the likelihood that a year will contain a flood, greater than that of the reference period 
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Figure 1: A diagram showing the processes where energy is lost from the sun through 
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50 year flood, increases from 2%, under pre-industrial temperatures, to 2.4 % at 1.5 °C 
warming and 5.4% at 4 °C warming (Arnell et al., 2019). The January – September 2024 
global surface temperature was recorded to be 1.28°C above the 20th century average 
(NOAA National Centers for Environmental Information, 2024). This is a 175-year record. 

The Paris agreement is an international agreement introduced at the UN Climate 
Change Conference (COP21) in Paris; it was signed in 2015. The 196 signing parties agreed 
to pursue efforts to limit the global temperature increase to 1.5 °C above pre-industrial 
levels (The Lancet Planetary, 2018). Exceeding 1.5 °C could result in changes known as 
climatic tipping points (Armstrong McKay et al., 2022). These events include the abrupt 
thawing of boreal permafrost, the breakdown of major ocean circulation systems and the 
collapse of tropical coral reef systems. These changes are self-perpetuating and irreversible. 
Climatic tipping points can have severe regional impacts, such as, higher temperatures and 
higher frequency of droughts, which will impact agriculture (OECD, 2022).   

Changes to global temperature and precipitation will impact soil moisture and soil 
temperature. This can alter the length of a growing season. Reduced growing seasons will 
reduce the maximum crop yield (Calzadilla et al., 2013). This presents a challenge for 
attempts to increase food production. 

Climate change has also been predicated to alter the frequency and magnitude of 
droughts (FAO, 2019). In the decade 2010 to 2020 droughts were calculated to be 
responsible for crop losses totalling $30 billion (Gupta et al., 2020). Thus, droughts 
represent a major threat to future crop yield potential. Despite this risk, global water usage 
is increasing, it has been predicted that the world will face a 40% global water deficit by 
2030 (United Nations, 2021). This will increase pressure on plant breeders to produce more 
water efficient crop varieties. 

 Stomatal conductance (gs) is a measure of the rate of CO2 uptake and water loss, it is 
an estimate of the rate of gas exchange through a leaf (Pietragalla and Pask, 2012). gs has a 
large influence on global fluxes of water, as 35 x 1018 g of water pass through the stomata of 
leaves annually (Hetherington and Woodward, 2003). Changes to the area, density or 
conductance of stomata all have an impact on the transpiration rate and the WUE of a 
plant. This makes stomata a key target for attempts to increase drought tolerance in crops.  

 
1.3 Improving photosynthesis  
Proposed methods for improving photosynthesis include the optimisation of the expression 
of Calvin Benson Bassham (CBB) cycle (Figure 2) enzymes. The natural distribution of 
enzymes in the CBB cycle is suboptimal and could limit photosynthesis (Zhu et al., 2007). 
Under elevated CO2 conditions, carbon fixation becomes limited by RuBP regeneration not 
the rate of RuBisCo (Masle et al., 1993, Rosenthal et al., 2011). Hence, it has been predicted 
that higher levels of sedoheptulose-1,7-bisphosphatase (SBPase) and fructose-1,6-
bisphosphate (FBPase) could support higher productivity (Miyagawa et al., 2001, Lefebvre et 
al., 2005).  
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Another approach that has been suggested to improve the efficiency of photosynthesis is 
engineering RuBisCo to increase the enzyme’s specificity to CO2. This would help to reduce 
the energy lost due to photorespiration (Kubis and Bar-Even, 2019). Photorespiration occurs 
when RuBisCo fixes molecular oxygen instead of CO2. This produces 2-phosphoglycerate 
(2PG), which is toxic to plants and must be recycled.  Photorespiration occurs due to the 
dual carboxylase and oxygenase activity possessed by RuBisCo (Eckardt, 2005). The 
photorespiration pathway could also be rewired to reduce the inefficiencies associated with 
the 2PG recycling. Three different photorespiratory bypasses have been created by South et 
al. (2019). One of these bypasses uses five E.coli genes to convert 2PG into glycerate. The 
other two pathways both convert 2PG into glyoxylate, which is used in the glyoxylate cycle 
to produce malate from acetyl-CoA. These two pathways achieve this using different genes. 
The productivity of tobacco (Nicotiana) plants grown in the field increased up to 39% when 
one of these photorespiratory bypasses was introduced (South et al., 2019). 

C4 photosynthesis can reduce or eliminate instances of photorespiration depending 
on the species, this is achieved through a carbon concentrating mechanism that increases 
the CO2 concentration around rubisco (Jenkins et al., 1989). C4 plants possess Kranz 
anatomy, this is formed of two concentric layers of chlorenchyma cells, with bundle sheath 
cells surrounded by a layer of mesophyll cells (Lundgren et al., 2014). CO2 diffuses into the 
mesophyll cells where it is incorporated into a four carbon (C4) acid, this acid is then 
transported to the bundle sheath cells. The C4 acid is converted back into a three carbon 
(C3) acid and the resultant molecule of CO2 is released close to the RuBisCo enzyme 

Figure 2: The Calvin Bassham Benson cycle depicting the fixation of carbon to produce 
glucose. The cycle must be completed twice, fixing six molecules of CO2, to produce 
one molecule of glucose. All enzymes used in the Calvin Bassham Benson cycle are in 
green.  
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(Kellogg, 2013). This increases the concentration of CO2 around the RuBisCo enzyme 
reducing the instances of O2 fixation by the enzyme. Hence, C4 plants show an increased 
efficiency of photosynthesis relative to C3 plants of 1.4%.  

Major food crops, such as rice (Oryza) and wheat (Triticum), use C3 photosynthesis. 
Attempts have been made to engineer C4 photosynthesis into these crops to increase their 
yields, however, this has yet to be achieved (Schuler et al., 2016). Engineering C4 
photosynthesis requires the engineering of Kranz anatomy into C3 plants and editing of the 
location and level of expression of multiple genes involved in C4 photosynthesis. In addition 
to the complexity of this process, the frequency of photorespiration decreases as 
atmospheric CO2 increases. So C4 engineering, if achieved, would show a decreased benefit 
as atmospheric CO2 continues to increase.  

Altering the kinetics of non-photochemical quenching (NPQ) is another proposed 
method to increase photosynthetic efficiency. NPQ is induced in plants as a response to high 
light stress (Müller et al., 2001). NPQ dissipates excess energy as heat. It consists of several 
processes with energy dependent quenching (qE), the rapidly reversable component, 
making up the largest of these (Ruban, 2016). NPQ is activated under high light stress to 
prevent oxidative damage through the dissipation of light energy as heat. This is caused as, 
under high light, the rate of linear electron transport along the thylakoid membrane can 
exceed the capacity of the CBB cycle to produce reducing agents. When this occurs, there is 
a build-up of electrons at photosystem II, these excess electrons can be transferred to 
molecular oxygen creating reactive oxygen species (ROS), peroxides and radicals. These 
molecules cause oxidative stress and damage the D1 subunit of photosystem II, this causes a 
reduction in quantum yield efficiency of photosynthesis () at low light. In severe cases 
damage to the D1 subunit can cause a permanent reduction in plant photosynthetic 
capacity, which is termed photoinhibition (Sharma et al., 2023).  

Plants exist in dynamic light environments and will often experience periods of high 
light that can lead to the induction of NPQ. Upon movement to low light plants will relax the 
NPQ response, however, this relaxation can be slow to occur. This causes a period of 
unnecessary, transient depression of photosynthetic efficiency due to slow NPQ relaxation 
(Figure 3) (Kromdijk et al., 2016).  
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Speeding up the relaxation kinetics of NPQ has been suggested as a method to improve 
photosynthetic efficiency, particularly in dynamic light environments. VPZ plants, which over 
express PsbS, violaxanthin de-epoxidase, and zeaxanthin epoxidase, have been produced. 
PsbS is a thylakoid lumen protein responsible for sensing high luminal pH, a by-product of 
high light stress, and inducing NPQ (McAusland et al., 2019). While violaxanthin de-
epoxidase and zeaxanthin epoxidase are enzymes involved in xanthophyll cycle  (Zeppel et 
al., Garcia-Molina and Leister, 2020). This cycle converts the pigment violaxanthin to 
zeaxanthin, zeaxanthin is more effective at dissipating light energy as heat than 
violaxanthin. Arabidopsis thaliana VPZ plants showed improved NPQ kinetics, but reduced 
growth under fluctuating light (Garcia-Molina and Leister, 2020). A similar result was also 
found in VPZ potato (Solanum tuberosum), where NPQ kinetics were improved compared to 
wild type, but tuber growth was reduced (Lehretz et al., 2022). However, VPZ tobacco 
(Nicotiana) plants have been found to have increased CO2 uptake and increased dry matter 
by up to 15% when grown in fluctuating light (Kromdijk et al., 2016). VPZ soybean (Glycine 
max) plants showed a 20% yield increase under field conditions (De Souza et al., 2022). It 
has been suggested that the differences seen in growth and yield between these different 
studies may be due to different levels of overexpression. Therefore, there is a need to 
optimize the expression level of the VPZ construct to the selected species (Khan et al., 
2024).  

Figure 3: A schematic showing the rate of NPQ relaxation after a sunfleck has passed in 
plants with slow NPQ kinetics and fast NPQ kinetics. The yellow and black bars at the 
top of the graph represents the presence and absence of a sunfleck respectively. This 
schematic is illustrative only and is not representative of real data. 
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Increasing stomatal kinetics has also been suggested as a method of improving 
photosynthetic efficiency particularly in dynamic light environments. Stomatal responses 
are an order of magnitude slower than photosynthetic responses (McAusland et al., 2016). 
Thus, slow stomatal opening upon entering a period of high light can delay photosynthetic 
induction (Figure 4). Species with elliptical shaped guard cells, which have slower opening 
kinetics, take a longer time to reach 95% CO2 assimilation than species with dumbbell 
shaped stomata. (McAusland et al., 2016).  

Plants that show clustering of their outward rectifying potassium (GORK) channel 
display faster stomatal kinetics. These plants had improved water efficiency and CO2 

assimilation (Horaruang et al., 2022). Plants with reduced stomatal density have been 
engineered these plants have reduced stomatal conductance and exhibit less water loss. 
Under water scarce conditions these plants are less adversely affected than wild type plants 
(Doheny-Adams et al., 2012).   
 

1.4 Role of stomata 
Stomata are pores on the surface of leaves surrounded by a pair of guard cells. Guard cells 
control the opening of stomata through the movement of ions (Figure 5) (Dietrich et al., 
2001). When ions enter guard cells; some of these ions are moved to the vacuole. Water will 
move into the vacuole with these ions. The movement of water into vacuole makes the 
guard cell turgid, this opens the pore. Open stomatal pores allow for the exchange of gases 
with the atmosphere. Stomatal opening is essential for the acquisition of CO2, used during 
photosynthesis in the CBB cycle. Stomata are driven to open under high light, low CO2, high 
temperatures and high humidity (low VPD) (Figure 6) (Pankasem et al., 2024). While 
stomata are driven to close under low light, high CO2, biotic stress and low humidity (high 
VPD) (Figure 6) (Pankasem et al., 2024). 

In addition to CO2 entering the leaf through open stomatal pores, water also leaves 
the leaf. Despite stomatal pores occupying only 3% of the leaf’s surface area, 98% of all CO2 
taken up and all water loss occurs through these pores (Lawson and Blatt, 2014). ET is 
responsible for recycling approximately 60% of land precipitation back to the atmosphere 
(Oki and Kanae, 2006). Plant mediated transpiration accounts for 65% of this ET (Good et al., 
2015). So, water loss through stomata has a key ecological function. However, plants have 
to carefully control water loss to prevent drought stress. This is done by integrating 
information on soil moisture and vapour pressure deficit (VPD) (Trugman et al., 2018). 
Vapour pressure deficit is a measure of air moisture, it is the difference between the 
amount of moisture in the air and the amount of moisture that the air can hold (Sulman et 
al., 2016).  

Stomata close when VPD is high, as the reduced humidity in the environment creates 
a larger osmotic potential. This would increase the rate of transpiration if stomata were left 
open. Closing stomata under these conditions allows plants to conserve water (Grossiord et 
al., 2020). This means that plants have to balance the need to conserve water with the need 
to open their stomata to take in CO2 for photosynthesis. VPD has risen, as a result of climate 
change. The increase in VPD between the years 1997-2020 was ten times greater than the 
increase in VPD between the years 1981-1996 (Liu et al., 2024). This has resulted in an 
increase in ET and it has been suggested as the reason behind ecosystem WUE being stable 
since 2001 (Flanagan and Farquhar, 2014). Despite the fact that an increase in CO2 
atmospheric concentration was expected to increase WUE.  
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Figure 5: A diagram of ion movement in and out of guard cells and the guard cell 
vacuole during the opening and closing of stomata. 

Figure 4: A schematic showing the rate of (A) induction of CO2 assimilation upon 
illumination and (B) a schematic showing the rate of water loss through open stomata 
during stomatal closure. These schematics are illustrative only and values are not 
representative of real data. 
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1.5 Stomata at night 
Nocturnal stomatal conductance (gn) has been found in a range of both C3 and C4 species, 
although the role of gn is not fully understood. Some of these species include important 
crops such as, wheat (Triticum aestivum), sunflower (Helianthus annuus), and cotton 
(Gossypium hirsutum L.) (Snyder et al., 2003, McAusland et al., 2023, Caird et al., 2007). As 
well as, the model plant species Arabidopsis thaliana (Christman et al., 2009). Nighttime 
stomatal conductance can be a large contributor to water loss. In wheat, gn results in 5 to 
18% of water loss occurring (McAusland et al., 2021).  

Some drivers of gs are similar between daytime and nighttime. In the day, high VPD 
has a negative effect on gs, this is typically characterised by a negative log relationship 
between VPD and gs (Oren et al., 1999). However, at night the relationship between gs and 
VPD appears to be species dependent. A negative effect of VPD on gn has been found in 
Populus angustifoli, but this effect was not seen in P. balsamifera, despite these species 
belonging to the same genus (Howard and Donovan, 2009). Some species display positive 
effects of VPD on gn, such as species within the genus Acer (Dawson et al., 2007). While in 
many tree species VPD has been found to have no effect on gn (Barbour et al., 2006). 
Although, overall a negative effect of VPD on gn has been observed, this is similar to daytime 
responses. This was found through a metanalysis looking at the response of stomata to VPD 
across all studies and species available (Chowdhury et al., 2022).   

During the day, guard cells respond to elevated CO2 conditions by closing stomatal 
pores (Koolmeister et al., 2024). Studies report differing responses of gn to high atmospheric 

Figure 6: A diagram showing the conditions under which stomata are induced to open 
and close. 
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CO2 concentrations. In Eucalyptus sideroxylon increases in CO2 concentration have a positive 
effect on gn(Zeppel et al., 2012).  Whilst studies in Arabidopsis thaliana found a negative 
effect of increased CO2 concentration on gn, similar to the response of stomata in the 
daytime (Costa et al., 2015). The differences between these studies are thought to be due to 
species specific differences.  

gn has been found to increase throughout the night. A metanalysis of 81 studies in 63 
different species found gn increased between 8 PM and 3 AM (Chowdhury et al., 2022). This 
trend was consistent across environments and was found in a range of different tree and 
crop species. Although the authors of this metanalysis partially attribute the change in gn to 
a decrease in VPD, commonly observed at night.  

 

1.6 Stomatal kinetics 
Slow stomatal opening and closing is proposed to lead to less efficient CO2 uptake and 
unnecessary water loss (Figure 4). Under conditions favourable to stomatal opening and 
photosynthesis, slow stomatal opening increases the time taken for the plants commence 
photosynthesis. In dynamic light environments the ability to rapidly initiate photosynthesis 
has a large impact on the daily amount of photosynthesis the plant is able to carry out. 
Additionally, when conditions become unfavourable for photosynthesis or under conditions 
that increase ET, slow stomatal closing increases the amount of time stomata are open and 
therefore increases water loss (Figure 4). This makes plants less water efficient.  

Stomatal kinetics can differ between plant families. Faster stomatal kinetics have 
been observed in the Poaceae family as these plants have a unique stomatal morphology. 
Most species have two kidney shaped guard cells, however Poaceae have dumbbell shaped 
guard cells, that are flanked by subsidiary cells (Figure 7) (Nunes et al., 2020). Dumbbell 
shaped stomata only require a small change to cell volume to induce stomatal opening. 
Additionally, the subsidiary cells provide ions to the guard cells, this increases the rate of 
osmotic flux and allows for faster stomatal movement (Charrier, 2022). Stomatal aperture is 
generally considered to have a greater effect on gs than stomata morphology, except for 
when the differences in stomatal morphology are great (Bertolino et al., 2019).  

 

 

Subsidiary cells

Dumbbell shaped stomata

Stomatal pore

Dumbbell shaped guard cells
Elliptical guard cells

Stomatal pore

Subsidiary cells

Dumbbell shaped stomata

Stomatal pore

Dumbbell shaped guard cells
Elliptical guard cells

Stomatal pore

(a) (b)

Figure 7: (a) A diagram of stomata in the Poaceae family, showing the dumbbell 
shape and the flanking subsidiary cells. (b) A diagram showing the elliptical guard 
cells found in plants outside the Poaceae family. These elliptical shaped stomata lack 
subsidiary cells.  
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In addition to stomatal morphology, stomatal kinetics has also been linked to stomatal 
density. Stomatal density refers to the number of stomata found on the surface of leaves; it 
is thought to be negatively correlated with stomatal size (Hetherington and Woodward, 
2003). This inverse relationship may be due to geometrical constraints, as it is structurally 
possible to have higher densities of smaller stomata, but not to have high densities of large 
stomata (Haworth et al., 2023). However, this inverse relationship could also have a 
functional purpose as stomatal density is altered by atmospheric CO2 concentration. Leaves 
developed under high CO2 concentrations have a higher stomatal density and smaller 
stomatal pores (de Boer et al., 2011). Analysis of herbarium and fossilized plant remains 
found that stomatal density and stomatal size have changed throughout history, in response 
to changes in atmospheric CO2 concentration (Franks and Beerling, 2009).  

A high stomatal density and small stomatal size has been associated with faster 
stomatal kinetics during opening and greater gs (Drake et al., 2013). Guard cell turgor 
pressure, which regulates stomatal open and closing, is controlled by ion flux and the 
subsequent osmotic adjustments. The speed of stomatal kinetics is determined by the 
capacity and speed of solute transport. Which in turn, is controlled by the density and 
activity of guard cell membrane transporters. Smaller stomata, have smaller guard cells, 
with a larger surface area to volume ratio, this increases the number of ion transporters in a 
given volume (Franks and Farquhar, 2007). As these ion transporters are responsible for ion 
flux, an increased number of ion transporters has been suggested as an underlying cause of 
smaller stomata having faster kinetics. Similarly to the subsidiary cells in the Poaceae family, 
this enables a quick increase of solute concentration in guard cells (Hetherington and 
Woodward, 2003). This increased rate of stomatal movements in plants with a higher 
stomatal density is a thought to help maximise WUE in dynamic light environments 
(Bertolino et al., 2019).  

 

1.7 Stomatal development 
The stomatal development pathway (Figure 8) starts with an asymmetric division that 
produces a meristemoid mother cell (MMC) (Geisler et al., 2000). The MMC will divide 
asymmetrically several times to produce a meristemoid cell and a larger sister cell, called a 
stomatal lineage guard cell (SLGC). The SLGC can terminally differentiate into a pavement 
cell. Alternatively, SLGCs can undergo an asymmetric spacing division (Bergmann and Sack, 
2007, Nadeau and Sack, 2002). This asymmetric division produces a satellite meristemoid 
cell that is orientated away from the existing stomatal precursor (Geisler et al., 2000). The 
orientation of these divisions ensures that stomata develop at least one cell apart, this is 
referred to as the one-cell spacing rule (Hara et al., 2007).  
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The meristemoid can undergo amplifying divisions, these are asymmetric divisions that 
produce a SLGC and regenerate the meristemoid. These amplifying divisions increase the 
total number of epidermal cells (Hara et al., 2009). After a number of amplifying divisions, 
the meristemoid loses its ability to undergo additional amplifying divisions. The meristemoid 
then undergoes a cell state transition to produce the guard mother cell (GMC). The GMC 
divides once, symmetrically, to produce two daughter cells. These daughter cells undergo a 
cell state transition to form two guard cells (Ohashi-Ito and Bergmann, 2006). 
 The asymmetric division of the MMC is triggered by the heterodimerization of the 
transcriptions factors SPEECHLESS (SPCH), MUTE, FAMA, INDUCER OF CBF EXPRESSION 1 
(ICE1), and SCREAM2 (SCRM2). SPCH and SCRM2 activate EPIDERMAL PATTERNING FACTOR 
2 (EPF2) signalling. EPF2 is a putative peptide ligand in the EPF/EPF-LIKE (EPFL) gene family. 
This gene family encodes cysteine rich peptides. EPF2 is recognised by the receptor kinase 
ERECTA (ER), this triggers a downstream mitogen-activated protein (MAP) kinase pathway. 
SPCH is phosphorylated by this MAP kinase pathway, resulting in its inhibition. This 
negatively impacts the heterodimerization of the five required transcription factors, thus 
inhibiting asymmetric division of the MMC. So, EPF2 plays a crucial role in the enforcement 
of the one-cell spacing rule. 

epf2 loss of function mutants struggle to enforce the one-cell spacing rule, thus 
these mutant plants have higher numbers of stomata (Figure 9). epf2 loss of function 
mutants also show clustering of stomata, this occurs when two or more stomata make 
direct contact. Stomatal clustering mutants show increased interaction between stomatal 

Figure 8: A diagram of the stomatal development pathway, showing cell types and 
regulators involved in the pathway. 
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pores (Brown and Escombe, 1901).  This increases diffusive resistance by up to 15%, 
resulting in decreased CO2 assimilation rates (Lehmann and Or, 2015). Additionally, epf2 
mutants fail to open under exposure to opening stimuli and show attenuated responses to 
closing stimuli (Papanatsiou et al., 2016). Small arrested stomatal lineage cells have been 
observed in epf2 mutants (Doheny-Adams et al., 2012). 

 
 

 
 
Overexpression of EPF2 reduces the number of stomatal lineage divisions, these plants have 
a lower stomatal density and a lower stomatal index than wild type plants (Hunt and Gray, 
2009). The stomatal index is a ratio of stomatal pores to epidermal cells in the plant 
epidermis. Plants with a low stomatal index have more pavement cells relative to stomatal 
pores than plants with a higher stomatal index (Woodward, 1987).  
 EPF1 is also an epidermal patterning factor in the EPF/EPFL gene family. Similar to 
EPF2, EPF1 also plays a crucial role in enforcing the one-cell spacing rule. EPF1 acts as a cell-
to-cell signal to prevent the development of stomata in neighbouring cells (Hara et al., 
2007). EPF1 is expressed in late-stage stomatal precursors, such as GMCs and late 
meristemoids. EPF1 may act by activating ERL1 to repress guard cell differentiation. ERL1 
activates inhibitors of MUTE and SPCH, antagonising the development of new guard cells 
(Herrmann and Torii, 2021).   
 epf1 loss of function mutants also show an increase in stomatal density alongside 
stomatal clustering, similarly to epf2 loss of function mutants. epf1epf2 loss of function 
double mutant plants have been created, these show an additive phenotype, with increased 
stomatal densities and clustering (Doheny-Adams et al., 2012). The increased stomatal 
densities observed are accompanied by a decrease in stomatal size.  

 
 

Wild type

epf1epf2

EPF2OE

Figure 9: A diagram showing the stomatal density and clustering found in wild type, 
epf1epf2 plants and EPF2OE plants.  

epf1epf2 

EPF2OE 
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1.8 EPF mutant studies  
1.8.1 Stomatal conductance 
Stomatal conductance is a major determinant of photosynthetic rates and yields (Faralli et 
al., 2019). Increased stomatal density has been linked to increased gs. gs measurements are 
done over a set area and are typically given per unit squared. If stomatal density in the 
measured area is high, then there are more stomata in this area to release water and take in 
CO2. Thus, plants with a higher stomatal density typically display higher gs values than plants 
with lower stomatal density. epf1epf2 loss of function mutants, which have an increased 
stomatal density, show increased operating stomatal conductance to water vapour (gw(op)). 
While EPF2 overexpressors, which show a decreased stomatal density, show a decreased 
gw(op) (Franks et al., 2015). 
 In addition to anatomical features, such as stomatal size and density, there are also 
biochemical and structural determinants of gs. Cell structural movements can change the 
shape and volume of guard cells. As turgor pressure controls stomatal opening, these 
changes in cell shape alter stomatal kinetics and gs. Actin related protein 2 (arp2) and arp3 
mutants show slower stomatal opening than wild type controls (Jiang et al., 2012). Showing 
the crucial role for the guard cell cytoskeleton in stomatal kinetics. 
 At higher temperatures VPD decreases and there is a corresponding increase in gs 

(Urban et al., 2017). Mechanisms for regulating gs by temperature are at least partly 
independent from mechanisms linked to water status and carbon metabolism (Urban et al., 
2017). Heat induced increases in gs can lead to drought induced mortality in water stressed 
plants (Marchin et al., 2022). This creates a precarious situation for the future, as 
temperature rises, expected due to climate change, could exacerbate the impact of 
expected water shortages on plants through increasing gs.  
 A study by Xiong et al. (2022b) looked at the impact of stomatal density on 
photosynthesis in fluctuating light, it used natural variation amongst rice (Oryza). It found 
that plants with a high density of small stomata display a greater gs. Arabidopsis thaliana 
EPF1 loss of function plants have also been studied under fluctuating light, these EPF1 
plants had a lower stomatal density and showed a faster stomatal conductance and a 
greater cumulative CO2 assimilation compared to wild type (Sakoda et al., 2020).  
 

1.8.2 Water use efficiency  
EPF2OE plants show an increased WUE and a similar potential rate of photosynthesis when 
compared to wild type controls (Franks et al., 2015, Ferguson et al., 2024). However in C3 
EPF2OE plants, a lower operating CO2 assimilation rate was observed (Franks et al., 2015). In 
C4 crops, EPF2OE plants show increased gs, WUE, and drought tolerance, similar to C3 crops. 
However, in contrast to C3 EPF2OE plants, C4 plants do not show the same reduction in CO2 
assimilation rate (Ferguson et al., 2024). This increase in WUE in EPF2OE plants is due to 
reduced gs. When plants have lower gs, they show lower rates of transpiration (Schlüter et 
al., 2003). If photosynthesis remains similar in these EPF2OE plants compared to wild type 
plants, then the EPF2OE plants can fix more CO2 per unit of water lost due to transpiration. 
This gives EPF2OE plants a higher instantaneous WUE (WUEinst), as WUEinst is defined as 
the net photosynthetic rate divided by the net transpiration rate (Hatfield and Dold, 2019).  

EPF1 overexpression plants in rice (Oryza) and wheat (Triticum) also show a reduced 
stomatal density, improved WUE and improved drought tolerance (Caine et al., 2019, Dunn 
et al., 2019). epf1epf2 loss of function mutants display a lower WUE than wild type, whilst 
operating CO2 assimilation rate was unchanged. 
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As EPF2OE plants show an increased WUE, suggestions have been made that 
decreasing stomatal density could be used as a tool to improve drought efficiency in crops 
(Franks et al., 2015). However, there are concerns that single gene modifications, such as 
those made to the EPF2 gene, could have negative pleiotropic effects on other metabolic 
and developmental processes (Flexas et al., 2021, Ferguson et al., 2024). The reduced CO2 
assimilation rates in C3 EPF2OE plants should also raise concerns over using EPF2OE 
mutation as a drought resistance strategy. Additionally, WUE in EPF2OE plants has not been 
looked at under fluctuating light conditions. It is known that dynamic light reduces WUE, 
and that this is exacerbated by slow stomatal closing (Eyland et al., 2021). As, stomatal 
conductivity has been found to be lower in EPF2OE plants than wild type, fluctuating light is 
likely to have a greater impact on EPF2OE plants than wild type plants (Franks et al., 2015). 
It is important to assess the impact of fluctuating light on WUE in EPF2OE plants if reducing 
stomatal density through EPF2OE mutation is being looked at as a method of improving 
crop drought tolerance.  

 

1.8.3 Root architecture 
A study of EPF2OE and epf2-1 plants found no differences in root system architecture in 
Arabidopsis thaliana (Mawodza et al., 2022), suggesting that there is not a link between 
stomatal density and root system architecture. However another study, also carried out in 
Arabidopsis thaliana, found that plants with a higher stomatal density and greater gs had a 
larger rooting area (Hepworth et al., 2016). The Hepworth et al. (2016) study suggested that 
the larger root area allowed plants with a greater stomatal density to offset the increased 
transpiration that it found in epf1epf2 mutant plants, through increasing water uptake by 
the plant. This could help to improve WUE in high stomatal density plants. The differences 
found in root system architecture between these two studies are thought to be due to 
differences in the age of the plants when studied and the type of soil used.  
 In rice (Oryza), EPF1 overexpression has been found to increase root cortical 
aerenchyma formation (Mohammed et al., 2019). Aerenchyma is tissue that contains air 
spaces, it develops in the plant root due to stressful conditions, such as, hypoxia, drought or 
nutrient deficiency (He et al., 1996, Yang et al., 2012, Abiko and Obara, 2014). Under low O2 
conditions the increased air spaces aid in O2 diffusion from the shoot to the root. However, 
EPF1 overexpression did not impact root growth, root elongation or root length when 
compared to wild type. This supports the Mawodza et al. (2022) study suggesting that EPF 
mutation does not impact root system architecture, although it does impact root tissue 
composition.  
 

1.9 Dynamic light environments 
Most plants, including crops, exist as part of a canopy. Canopy architecture can generate a 
patchy light environment with patches of sun, partial shade, and full shade. The level of light 
dynamicity in a canopy varies with canopy architecture. More errectophile (upright) 
canopies have a higher light canopy transmission, compared to more planophile (horizontal)  
canopies (Durand and Robson, 2023). In canopies, plants experience high levels of shading 
from neighbouring plants. Wind can cause rapid leaf movements that can quickly shade or 
quickly remove shade from plants. This creates a dynamic light environment for the plants 
in the canopy. 

Rapid leaf movements produced as a result of wind can create short periods of high 
light. This is caused by the removal of shade on a plant and are known as windflecks 
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(Burgess et al., 2021). Windflecks typically act on the second or sub-second scale. Longer 
periods of high light, called sunflecks, occur when the sun passes a gap in the canopy. These 
last minutes to hours (Evans, 1956). A brief period of reduced light intensity experienced by 
a leaf is called a shadefleck (Kaiser et al., 2018). For many parts of the canopy shadeflecks 
and sun/windflecks are both brief deviations from the baseline level of irradiance, not the 
two binary states under which plants exist. However, at the top of a canopy these are the 
two binary states in which a plant can exist (Retkute et al., 2018), plants at the top of the 
canopy do not have a baseline level of irradiance. This means that sun/windflecks will have 
a differing impact on photosynthesis based on position of the leaf in the canopy. Lower in 
the canopy the baseline irradiance will be lower, so during a sun/windfleck it would be 
expected that the change in magnitude of light intensity from the baseline would be 
greater.  

Sunflecks make an important contribution to plant photosynthesis, with 10-90% of 
daily photosynthesis occurring during sunflecks (Durand et al., 2021, Leakey et al., 2004). 
Sunflecks are longer and more intense in crop canopies than tree canopies. Thus, crop 
canopies experience a higher photosynthetically active radiation (PAR) increase per sunfleck 
than tree canopies (Durand and Robson, 2023). As many crops exist in these dynamic 
environments, their ability to maintain a high photosynthetic rate under such conditions is 
important for crop yields.   
 High light stress is one challenge that plants face in dynamic light environments. 
When plants experience a sunfleck, they experience a strong increase in PAR (Caine et al., 
2019), and they are often unable to use the additional light. This induces the high light 
stress response in plants (Alter et al., 2012). Slow NPQ kinetics reduces a plant’s 
photosynthetic efficiency in dynamic light environments, as it takes these plants longer to 
relax NPQ once the sunfleck has passed (Figure 3). The light stress induced by fluctuating 
light can cause photodamage, this is a permanent reduction in photosynthetic efficiency.  
Chloroplast movement has a key role in protecting plants in fluctuating light environments. 
Chloroplasts accumulate in areas with low light intensity to more efficiently capture 
available light (Wada and Kong, 2011). Then in periods of high light chloroplasts move 
perpendicular to the cell wall to avoid absorbing excess light (Cazzaniga et al., 2013).  
 The rate of CO2 assimilation in dynamic light environments can be reduced by slow 
stomatal kinetics (Eyland et al., 2021). When light intensity, evaporative demand and 
demand for CO2 are low, plants tend to decrease their stomatal aperture (Kaiser et al., 
2018). A plant’s ability to photosynthesise is reduced in low light intensities, so the benefit 
of having open stomata is reduced. When stomata are open, ET will still occur under shaded 
conditions. So, it is beneficial for plants to reduce their stomatal aperture in low light 
intensities to avoid unnecessary water loss. When a shadefleck has passed and the PAR 
incident on the leaf is greater, plants with slow stomata kinetics will take a while to increase 
their stomatal aperture. It will take longer for plants with slow stomatal kinetics to take in 
CO2 for fixation in photosynthesis (Figure 4). So, photosynthesis is not able to start 
instantaneously when a shadefleck passes. The slower the rate of stomatal opening, the 
longer the delay in starting photosynthesis.  

 
1.9.1 Stomatal kinetics and dynamic light 
Compared to plants grown in constant light, plants grown under fluctuating light conditions 
display reduced carbon gain and lower productivity (Slattery et al., 2017). Slattery et al. 
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(2017) suggest that improving stomatal closure kinetics in response to fluctuating light could 
improve canopy WUE and yield.   

Higher stomatal densities have been linked to increased photosynthetic 
performance under fluctuating light intensities. In highly dynamic light environments, there 
is typically a delay in photosynthetic response, this can take tens of minutes and this period 
is referred to as photosynthetic induction (Taylor and Long, 2017, Adachi et al., 2019). 
Photosynthetic induction in dynamic light environments is mainly limited by stomatal 
kinetics, with some additional limitation due to the electron transport rate and the 
activation of CBB cycle enzymes (Pearcy et al., 1990). 

Smaller stomata, which are correlated with higher stomatal densities, display faster 
stomatal kinetics (Franks and Farquhar, 2007). Under fluctuating light conditions a higher 
density of smaller stomata display a faster stomatal response when compared to plants with 
lower stomatal densities (Lawson and Blatt, 2014). Stomatal size has only been found to 
correlate with stomatal opening rate not with stomatal closing rate (Elliott-Kingston et al., 
2016). So, changes to stomatal size and density can only represent half of the picture when 
it comes to speeding up stomatal kinetics.   

Additionally, there is some uncertainty over the role that small stomata play in 
photosynthetic induction. Plants with lower stomatal density and a larger stomatal size may 
promote gs under low light (Doheny-Adams et al., 2012). Thus, decreasing stomatal delay 
during the initial phase, after light intensity increases. This uncertainty necessitates further 
study into the role that stomatal morphology plays in speeding up stomatal kinetics for 
dynamic light environments.  

Dynamic light environments are known to decrease plant WUE; this is due to slow 
stomatal closure after a sunfleck has passed. Under these conditions the plant will not be 
photosynthesising but stomatal will still be closing and water will be lost through these 
partially open stomata (Figure 4) (Eyland et al., 2021). This reduces the so called “crop per 
drop” and results in a lower plant WUE.  

A previous study in rice (Oryza) has found that plants with a high stomatal density 
display faster stomatal responses under fluctuating light (Xiong et al., 2022b). The faster 
stomatal responses led to faster photosynthetic induction rates and higher biomass 
accumulation. However, the plants with a greater stomata density display lower intrinsic 
WUE. The Xiong et al. (2022b) study looked at natural variation in rice plants, not at EPF 
mutant plants, the impact of fluctuating light on photosynthetic induction in these plants is 
unknown.  
 

1.10 Gaps in current knowledge  
Previous studies looking at stomatal density in the EPF mutant plants and have consistently 
found that the EPF2OE genotype has a lower abaxial stomatal density than the Col-0 and 
epf1epf2 genotype. An increased abaxial stomatal density relative to wild type is how 
epf1epf2 plants are identified. However, these studies do not look at the adaxial stomatal 
density in these genotypes and the impact of EPF genes on adaxial stomatal development is 
unknown. The stomatal development pathways for abaxial and adaxial stomatal 
development are different and it is not known if the EPF genes act in the adaxial stomatal 
development pathway. As, adaxial and abaxial guard cells use different potassium ion 
channels in stomatal closing, it is possible that stomatal conductivity differs between the 
two types of stomata (Wei et al., 2020). Despite this, studies measuring stomatal 
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conductivity in EPF plants look only at abaxial stomatal conductivity and little is known 
about the impact of EPF gene mutation adaxial stomatal conductivity.    
 Previous studies on EPF plants have not looked at this group under fluctuating light. 
Whilst studies on the impact of fluctuating light on stomatal density have not used EPF 
mutant plants, so the impact of EPF gene mutations in plants grown under fluctuating light 
is unknown. EPF overexpression is being considered as a mechanism to increase crop 
drought tolerance, so it is important to understand how fluctuating light impacts these 
mutant plants, as light in crop canopies is dynamic. 
  While stomatal conductivity has been studied in EPF mutant plants, it is not known 
how increased stomatal conductivity in the epf1epf2 mutants impacts photosynthesis in 
fluctuating light. A study by Xiong et al. (2022b) found that plants with a high density of 
small stomata display faster photosynthetic induction rates under fluctuating light. 
However, Xiong et al. (2022b) study looks at natural variation not EPF mutants, it is 
therefore important to address whether increased stomatal density through the epf1epf2 
loss of function gene mutation also shows an increase in photosynthetic induction under 
fluctuating light. A study by Sakoda et al. (2020) found that stomata conductance and 
photosynthetic induction were higher in Arabidopsis thaliana epf1 plants compared to wild 
type under fluctuating light. The Sakoda et al. (2020) study did not look at epf1epf2 
mutants. The impact of the additive epf1epf2 loss of function phenotype on CO2 assimilation 
in fluctuating light is unknown. As there has been previous study on the epf1 loss of function 
mutants studying the epf1epf2 plants under fluctuating light would allow for comparison of 
the impact of mutating both the epf1 and epf2 genes compared to just the epf1 gene.  

Most studies on WUE in EPF plants grow the plants under constant light, but 
fluctuating light is known to impact WUE. What is not known is if the reduction in WUE, 
normally observed under fluctuating light conditions, can be offset in epf1epf2 plants due to 
their higher abaxial stomatal density increasing photosynthetic induction. If WUE can be 
offset, then increasing stomatal density could be a method to increase WUE. This would 
contrast current thinking in the field which supports decreasing stomatal density to increase 
WUE. EPF2 over expression is being looked at as a mechanism to improve crop drought 
tolerance, as fields are dynamic light environments, it is important to understand how 
fluctuating light will impact WUE in EPF2OE plants. 
 Previous studies have come to different conclusions on the impact of EPF genes on 
root architecture and this is not a settled question, necessitating more study. Understanding 
the root architecture in EPF plants is needed to better understand the role of water uptake 
in drought tolerance in EPF plants. 

 
1.11 Aims and hypotheses  
In this study EPF2OE and epf1epf2 plants, which have mutant EPF genes, along with wild 
type Col-0 Arabidopsis thaliana were evaluated for their photosynthetic performance under 
three different light treatments. This study aimed to (i) explore the impact of stomata 
density on CO2 assimilation in dynamic light environments and (ii) explore the impact of 
stomatal density on intrinsic WUE.  

The hypotheses I’m testing in this study are (i) if plants have a higher stomatal density, 
then the plants will have greater stomatal conductance (gs), (ii) if plants have a higher 
stomatal density, then the plants will display faster photosynthetic induction, and (iii) if 
plants have a higher stomatal density, then the plants will have lower WUE. 
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2. Methods 
A timeline of measurements taken in each repeat of the experiment can be found in the 
appendix.  
 

2.1 Plant material and plant growth 
To assess the impact of stomatal density on a plant’s ability to cope with fluctuating light 
both low- and high-density stomatal mutant plants were studied. The plants used for this 
study had genetic alterations to their EPF genes; these are common mutants that have been 
studied before. However, the EPF mutant plants used in this study have not been used in 
fluctuating light studies previously. As such, the results of this study present novel 
information regarding the impact of fluctuating light on this commonly studied set of 
mutant plants. 

 Arabidopsis thaliana epf1epf2 and EPF2OE seeds were obtained from the Grey lab at 
The University of Sheffield and have been described by Hunt and Gray (2009) and by Hara et 
al. (2009). EPF2OE mutants were produced by Hunt and Gray (2009) by transforming a 
p35S:EPF2-TAP construct into agrobacterium. Arabidopsis thaliana plants were then 
transformed by floral dipping. The epf1epf2 double loss of function mutants were produced 
by Hara et al. (2009) by crossing homozygous epf1 mutants with homozygous epf2 mutants 
and the offspring were selfed. The efp1 and efp2 mutants used by Hara et al. (2009)  were 
produced through T-DNA insertion. 

The EPF2 over expressor was chosen over the EPF1 overexpressor as the EPF2 gene acts 
higher up in the stomatal development pathway than the EPF1 gene. Overexpressing the 
EPF1 gene results in leaves with stomatal precursors. These precursors form when cells start 
the stomatal development pathway but cannot continue the pathway due to repression 
from EPF1.  

The mutant plants and their background ecotype Col-0 were stratified by suspending 
them in 1 mL of H2O in 1.5 mL Eppendorf tubes for 48 hours at 5oC. Plants were grown in a 
growth room (The University of Nottingham) at 20oC/ 18oC in the daytime and nighttime 
respectively, in ambient CO2 (450 ppm) under well-watered conditions. Plants were grown 
with a 16 h day length (06:00 to 22:00). Half the plants (45 individuals) in the second and 
third repeats of this experiment were grown under shifted daytime conditions still with a 
16h day length (18:00 to 10:00), this allowed for nighttime measurements to be taken on 
these plants during the day.  

Plants were germinated under the constant light treatment in nursery pots. After 
two weeks these plants were transferred into individual 9cm pots (Soil: BP Substrate 2, pH: 
6.0 Fert g/l: 1.5) and moved into their respective light treatments. Five plants of each 
genotype were assigned to each light treatment, 90 plants were used in repeat one and 180 
plants were used in repeat two and three, due to additional nocturnal light treatments 
being added. Within each light treatment, the placement of plants was randomly assigned, 
this ensured that any variation in the availability of light within a light treatment was 
randomly distributed. In the first repeat of this experiment, plants spent the first two weeks 
in a different growth room to the one used for the rest of this experiment. This growth 
room (The University of Nottingham) had a 16h day length (06:00 to 22:00), at 20oC/ 18oC in 
day and night respectively, in ambient CO2 (450 ppm). Plants in this growth room were also 
grown under well-watered conditions. After two weeks of growth plants were moved from 
this growth room to the other growth room, where they were placed under their respective 
light treatments. 
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2.2 Light treatments 
Plants were grown under one of three different light treatments; this allowed for the impact 
of growth under fluctuating light to be assessed. Plants were subjected to one of three 
different light treatments (figure 10) provide by a Heliospectra DYNA light (Heliospectra, 
Sweden) set to white light at 100. Using artificial light allowed for the timing of fluctuations 
and the intensity of the light available to be controlled. It also allowed for the plants to be 
grown in a growth room, where temperature can also be controlled. However, regularly 
spaced artificial light fluctuations are a less accurate representation of field conditions, 
compared to growth in a green house or under artificial light recreating a natural light 
fluctuation pattern that has been previously measured in a crop canopy. 

All treatments provided a 30 minute ramp up phase and a 30 minute ramp down 
phase at the beginning and end of each day. This ramp up/down phase consisted of step 
wise increases/decreases in light intensity until the final light intensity was reached for the 
ramp up phase and until the light was turned off for the ramp down phase. For all daytime 
light treatments the ramp up phase started at 5:30 AM and the light intensity reached its 
maximal value at 6:00 AM. While the ramp down phase started at 21:30 PM and the light 
intensity reached zero at 22:00 PM. In the nighttime light treatments, the ramp up phase 
started at 17:30 PM and the light reached its maximal light intensity at 18:00 PM. While the 
ramp down phase started at 9:30 AM and the light intensity reached zero at 10:00 AM. 
Outside of the ramp up/down phase, the constant light treatment does not turn the light off 
or change the light intensity. The short fluctuating treatment turned the light on and off 
every 10 minutes. Whilst the long fluctuating treatment turned the light on and off every 30 
minutes. It was not possible to study light fluctuations on a shorter scale than 10 minutes 
using the Heliospectra DYNA lights, as this equipment limits the number of times the light 
can be turned on or off.  

Total light intensity across the day was the same for all light treatments. In order to 
do this, light intensity had to be lower in the constant light treatment as the light is on for a 
longer period of time over the course of the day. The total daily photon dose in all 
treatments was 124,620 μmol m-2, and the average photosynthetic photon flux density 
(PPFD) was 8.65x10-3 μmol cm-2s-1. The light intensity under the constant, short and long 
treatment was on average 134 μmol m-2 s-1, 275 μmol m-2 s-1, and 275 μmol m-2 s-1 
respectively when the light was switched on. In repeat two and repeat three of the 
experiment plants were grown under clear covers to reduce thrip damage. The clear covers 
also reduced the light intensity to an average of 27 μmol m-2 s-1, 40 μmol m-2 s-1, and 40 
μmol m-2 s-1, for the constant, short, and long light intensity respectively.  
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2.3 Plant area 
Plant area was measured to look at how light fluctuations and stomatal density impact plant 
growth. Increased photosynthetic performance is often reflected in an increased plant 
biomass and plant growth (Bengoa Luoni Sa and Driever Sm, 2025). Thus, measurements of 
plant growth can inform on the ability of plants to cope with light fluctuations. In repeat one 
of the experiment, after seedlings were transferred to individual pots, plants were 
photographed once every two weeks. Measuring the area changes only once every two 
weeks made it difficult to observe patterns in growth and changes in growth rate. Thus, the 
frequency of measurements was increased in repeat two and three of the experiment to 
twice a week. ImageJ was used to measure the area of the plant rosette in these 
photographs (Schneider et al., 2012). This was done by using the ruler in the photograph to 
set the scale, followed by changing the colour threshold to isolate the leaves from the 
background. The area of the isolated leaves was then measured using the measuring 
function to give the plant rosette area. Plant growth from the day of seedling transfer was 
then calculated by subtracting the measured area from the area of the plant on the day that 
it was transferred to the light treatment (two weeks). 

 
2.4 Chlorophyll fluorescence 
Chlorophyll fluorescence was measured at four weeks old (two weeks after transfer to the 
light treatments), using a FluorCam, model: FC800-222 (Photon systems instruments, Czech 
Republic). Plants were dark adapted for 40 minutes prior to measurements in the FluorCam.  
The protocol used provided a saturating pulse of light every minute for 50 minutes, this 
saturating light causes reaction centres to close preventing photochemistry from occurring. 
As photochemistry cannot occur, this saturating light is either dissipated through NPQ or is 

Figure 10: Line diagrams showing the total light intensity in each of the light 
treatments. The total integrated light received by plants in each light treatment was 
kept constant across the day. 
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used to fluoresce chlorophyll. Due to this, measurements of chlorophyll florescence can be 
used to calculate the NPQ during light adaptation (NPQ_Ln). An actinic light intensity of 

2,000 mol m-2s-1 was used in the FlourCam protocol, with periods of light, interspersed 
with periods of no light. This showed both NPQ induction and relaxation. NPQ is induced 
during light stress by the plant, looking at the levels of NPQ induced and at the rate at which 
induction and relaxation of NPQ occurs informs on the ability of the plant to withstand light 
stress. If fluctuating light has a priming effect on plants, then differences in NPQ between 
the light treatments would be expected. 

Chlorophyll fluorescence was also measured using a Dual Pam, model: Dual-DB 
(Walz, Germany). Compared to the FlourCam, the Dual Pam has a faster switching time, 
enabling chlorophyll florescence to be measured under quickly fluctuating light. This allows 
for plants to be assessed for their ability to cope with rapid light fluctuations similar to wind 
flecks. Two different protocols, A and B, were used at three weeks and four weeks after 
transfer to light treatment respectively. In both protocols actinic light was provided by 

arrays of 635 nm light-emitting diodes at intensities of 272 mol m-2s-1 for the high light and 

15 mol m-2s-1 for the low light. Saturating pulses of light at an intensity of 7044 μmol 
photons m-2s-1 were delivered every minute in both protocols, this saturating light was the 
measuring light that determined chlorophyll florescence. Protocol A had a five minute warm 
up phase, after this the protocol delivered pulses of actinic light switching between the low 
and high light intensity every minute. Protocol B had a five minute warm up phase, after this 
the protocol delivered pulses of actinic light switching between the low and high light 
intensity every second. Protocol B is simulating wind flecks where light intensity can rapidly 
fluctuate due to leaf movements. While protocol A is simulating longer periods of high light 
intensity that may be found in field conditions, these could be caused by gaps in cloud 
cover, movements in the position of the sun, or by gaps in the canopy cover.   
 

2.5 Chlorophyll assay 
Chlorophyll content was measured to check if differences seen in photosynthesis and NPQ 
between the plants were due to differences in chlorophyll content. Leaves were sampled at 
five weeks old and frozen with liquid nitrogen. The samples were weighed and 1ml of 80% 
acetone and silica beads were added to samples prior to grinding in a FastPrep-24TM (MP 
Biomedicals, USA). Samples were centrifuged, model: HERAEUS PICO17 Centrifuge (Thermo 
scientific, USA) for five minutes at 3,000 rpm. 2ml of 80% acetone and 1 ml of sample were 
added to a glass cuvette. The sample was measured in a spectrophotometer, model: Jenway 
6305 Spectrophotometer (Jenway, UK) at absorbances A645nm and A663nm. Chlorophyll a 
and b content, as well as total chlorophyll content and chlorophyll a/b ratio were calculated 
using equation 2, 3,4, and 5 respectively.  
 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎 = (12.7 × A663 − 2.69 × A645) ×
3

100
× mass of leaf (g)    (2) 

 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝𝑦𝑙𝑙 𝑏 = (22.9 × A645 − 4.86 × A663) ×
3

1000
× mass of leaf (g)    (3) 

 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎 + 𝑏 (
𝑚𝑔

𝑔
) = [8.02 × A663 + 20.20xA645] × 3/1000 × mass of leaf (g) (4) 
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𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎/𝑏 𝑟𝑎𝑡𝑖𝑜 =
[12.7xA663 − 2.69xA645]×

3

1000
×mass of leaf (g) 

[22.9xA645 − 4.86xA663 ] ×
3

1000
×mass of leaf (g)

     (5) 

 

 
2.6 Gas exchange 
Stomatal conductivity was measured on the abaxial and adaxial sides of leaves using a 
porometer, model: LI-600 (LI-COR, USA). The porometer was clamped onto one leaf per 
plant, with the side of the leaf that was being measured facing downwards. The porometer 
compares flow rate and water vapour that enters and leaves the chamber to calculate the 
leaf’s stomatal conductance to water. Measurements were taken under ambient light, 
which was measured by the quantum sensor on the porometer. All daytime measurements 
were conducted between 9 AM and 12 PM and all nighttime measurements were 
conducted between 13 PM and 15 PM at five weeks after the plants were transfer to the 
light treatments.  
 CO2 assimilation measurements were taken as these measurements inform on the 
light independent stage of photosynthesis; this stage was chosen as it is directly impacted 
by gas exchange and stomatal conductivity. So, if photosynthesis was limited due to low 
stomatal conductivity, the impact of this would be observed in the light independent stage 
through CO2 assimilation measurements. Conversely if light availability was the limiting 
factor for photosynthesis, this would be observed in the light dependent stage, which can 
be measured by measuring oxygen production (Holloway-Phillips, 2018). 

CO2 assimilation and the rate of stomatal induction were measured using a gas 
exchange analyser, model: LI-6800 (LI-COR, USA). The gas exchange analyser chamber was 
clamped onto 1 leaf per plant. 2mm gaskets were used on this chamber due to the small 
size of the leaves, using a smaller gasket size allowed for more of the leaf chamber to be 
filled, which increases the reliability of the results. This chamber contains a detector that 
can detect the difference between the CO2 and H2O in the air stream before and after this 
air is passed through the sample chamber. These differences are used to calculate CO2 
assimilation, along with evaporation and stomatal conductance. The protocol measured 
plants at 15 μmol m-2s-1 light intensity for 15 minutes, followed by 15 minutes at 150 μmol 
m-2s-1. Plants were measured at 25oC, humidity 60%, and 400 ppm CO2 at five and six weeks 
after transfer to light treatments. Photosynthetic induction was calculated using equation 5. 
Photosynthetic induction was only looked at in repeat two and repeat three of the 
experiment, this was because the leaves on plants in repeat one of the experiment were too 
small to be placed in the gas exchange analyser leaf chamber. The photosynthetic induction 
data from repeat two and three of the experiment were separated as there were large 
differences in the data collected between the repeats. 
 

𝑃ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑐 𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  
𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝐶𝑂2 𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑖𝑜𝑛

𝑇𝑖𝑚𝑒 𝑡𝑎𝑘𝑒𝑛 𝑡𝑜 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝐶𝑂2 𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑖𝑜𝑛
    (5) 

 

2.7 Stomatal density 
Stomatal density was measured when the plants were seven weeks old. Dental resin 
(Coltene Whaledent, Switzerland) was applied to the abaxial and adaxial sides of fully 
expanded leaves. Nail varnish peels were taken from the set resin, using clear tape which 
was placed onto a microscope slide. One stomatal impression was taken per plant. 
Microscope slides were analysed using a Leica 2 light microscope (Leica microsystems, 
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United Kingdom) and three images were taken per slide. The number of stomata in each 
image was manually counted. The number of stomata counted was divided by the area from 
which the count was taken in mm2, to give the stomatal density per mm2.  
 

2.8 Carbon isotope analysis 

Leaf samples were taken eight weeks after transfer to the light treatments. Samples were 
weighed and dried for 45 hours at 70oC. 2 mm silica beads were added to 1.5 mL tubes 
along with the plant samples. The tubes were placed in a FastPrep-24TM tissue homogenizer 
(MP Biomedicals, USA) for milling. 2mg of each sample was weighed into ultra clean pressed 
tin capsules. Carbon and nitrogen isotope analysis was carried out using an Elementar vario 
ISOTOPE cube elemental analyser (EA) coupled to an isoprime precisION isotope ratio mass 
spectrometer (IRMS) with an onboard centrION continuous flow interface system. Carbon 

isotope values were used to calculate  values using equation 6, where 𝛿13C𝑎 is the 
variation in carbon isotope composition in the atmosphere and 𝛿13C𝑝 is variation in the 

carbon isotope composition in the sample (Ma et al., 2022). A value of -8 was used for 

𝛿13C𝑎.  values are used to estimate intrinsic water use efficiency (WUEi), plants with lower 

 values have a greater WUEi.  
WUEi was looked at in this study over WUEinst, which looks at the ratio between 

transpiration rate and the rate of carbon assimilation. WUEinst is calculated by dividing the 
operating CO2 assimilation rate by the evaporation rate, both of these values can be 
measured using a gas exchange analyser. WUEinst looks at WUE under certain 
environmental conditions, e.g humidity. On the other hand, WUEi looks at the ratio 
between carbon assimilation and stomatal conductance, this looks at the plants’ inherent 
capacity for carbon gain relative to water loss through stomata. WUEi was chosen for this 
study as it only looks at water loss through stomata not whole plant transpiration. 
 

    ∆ =  
𝛿13𝐶𝑎−𝛿13𝐶𝑝

1+𝛿13𝐶𝑝
      (6) 

 

 
 
2.9 Root architecture analysis 
Root architecture was analysed to see if differences in WUE between genotypes were due 
to differences in water uptake through roots as opposed to differences in evaporation 
through stomata. Seeds were sterilised using 50% bleach solution following the protocol 
outlined in Lindsey et al. (2017). 10 seeds per genotype were sown on square petri dishes 
(120x120mm) containing 0.5 Murashige and Skoog (MS) medium. The medium was 
prepared following the protocol outlined in Duncombe et al. (2020) with 10 μl of Triton 
added. This is a non-ionic surfactant, that helps seeds absorb water more effectively.  

Plates were left at 5oC for 24 hours before being moved into the growth room. The 
growth room had 16-hour day length (06:00 to 22:00) or (18:00 to 10:00), at 20oC/ 18oC in 
ambient CO2 (450 ppm). Plates were left to germinate for six days under the constant 
growth treatment, before being moved into their respective light treatments, where they 
were left for a further 13 days. Plates were then imaged using an inhouse built semi-
automatic imaging setup and software as described in Bagley et al. (2020). Root system 
architecture was quantified using EZ-Root-VIS (Shahzad et al., 2018). Total root length, the 
number of lateral roots, and the total length of lateral roots were studied, and all values 
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were given as the combined total for the 10 Arabidopsis thaliana plants on each plate. This 
was done due to the difficulties in separating out the roots belonging to different plants.     
 

2.10 Statistical analysis 
All statistical tests were carried out using the R programming language available from the 
Comprehensive R Archive Network family of internet sites. A two-way analysis of variance 
(ANOVA) was calculated for comparisons between more than two groups, when the 
residuals where normally distributed. If residuals where not normally distributed the 
Kruskal-Wallis test was used instead as it is a non-parametric alternative. The normality of 
residuals was looked at using a Shapiro-Wilk test, where the residuals were considered 
normally distributed if p>0.05. A list of the models analysed can be found in the appendix. A 
p value of 0.05 or less was considered significant for all statistical tests ran. Tukey’s Honestly 
Significant Difference test was used for post-Hoc tests and the Student's t-Test was used for 
pairwise comparisons between light treatments and genotypes for data with normally 
distributed residuals. Where residuals were not normally distributed, a Wilcox test was used 
for pairwise comparisons, as it is a non-parametric test.   

For analysis on rosette plant growth, the midway point (three weeks) was used for 
statistical analysis. This was because some plants died in later stages of the experiment and 
destructive measurements reduced the rosette area in other plants.  
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3.0 Results 
3.1 Plant rosette growth was greatest under the constant light treatment 
Plants grown under the constant light treatment grew the largest in repeats two and three 
of the experiment (figure 11). In repeat one, plants grown under the long light treatment 
grew both the largest and the smallest. Whilst, in repeat three plants grown under the long 
light treatment displayed the smallest growth. In repeat two, plants grown under the short 
light treatment grew the smallest.  
 Plant rosette area in the first week after seedling transfer shows a smaller range 
compared to plant rosette area at five weeks across all genotypes and light treatments. In 
repeat two of the experiment the rosette area rapidly increases around day 18, this isn’t 
seen in repeat three of the experiment where plants show a more linear growth rate. The 
growth rate cannot be observed from repeat one as measurements were only taken once 
every other week, so there are not enough data points.  
 

 
   

 
 
 
 

 
 
3.2 Light treatment and genotype had an impact on plant growth 
The rosette plant growth at the midway point (three weeks after seedling transfer) was 
used for statistical analysis. Area data from repeat one was normally distributed, whilst data 
from repeats two and three were not normally distributed. The light treatment a plant was 
grown under had a significant impact on the plant rosette area (p<0.05) in repeat two, but 
not in repeat one or repeat three. A Wilcox test showed that there was significant 
difference between plant growth in the constant light compared to both fluctuating 
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Figure 11: Scatter plots showing the growth in rosette area from the size on the day of 
seedling transfer against time measured in weeks for repeat one (A) and in days (B) (C) for 
repeat two and three. All values depicted are represented as the mean. Repeat one had five 
replicates per genotype per light treatment, with 45 plants total. Repeat two and three had 
10 replicates used for each genotype in each light treatment, with 90 plants studied in total.  
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treatments. However, there was not a significant difference in rosette growth between the 
plants in the two fluctuating light treatments. Genotype was not found to have a significant 
impact on the rosette area growth of the plants in repeat two and three. In repeat one, 
genotype was found to have a significant impact on plant rosette growth (p<0.05). 

At the mid-way point (three weeks after seedling transfer) in repeat one of the 
experiment, Col-0 plants showed the greatest average plant rosette growth (Figure 12). 
Growth in Col-0 plants was significantly greater than growth in the EPF2OE plants (p<0.05). 
There was no significant difference between growth in the Col-0 plants and the epf1epf2 
plants. EPF2OE plants displayed the smallest plant rosette growth, but this growth was not 
significantly smaller than the growth in the efp1epf2 plants. In repeats two and three, plants 
grown under the constant light treatment displayed greatest rosette growth. In repeat two 
the growth in the constant light treatment was significantly greater than the growth in the 
long and the short fluctuating light treatments (p<0.05). Plants grown under the two 
fluctuating light treatments show similar levels of growth at the mid-way point in both 
repeat two and repeat three of the experiment.  
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3.3 Stomatal density was greater in epf1epf2 plants compared to Col-0 and 
EPF2OE plants 
In all light treatments the stomatal density was significantly higher in the epf1epf2 genotype 
when compared to both Col-0 and EPF2OE genotypes (p<0.5) (Figure 13). In all three light 
treatments the Col-0 and EPF2OE genotypes did not display significantly different stomatal 
densities.  
 

3.4 The difference between abaxial stomatal density and adaxial stomatal 
density is smaller in the EPF mutant plants compared to wild type 
There is a significant difference in stomatal density between the abaxial and adaxial sides of 
the leaf (p<0.05). The EPF2OE and epf1epf2 mutants show a smaller difference between the 
stomatal density in the abaxial and adaxial sides of the leaf in all light treatments. In the 
short light treatment only the Col-0 genotype shows a significant difference in the stomatal  
density between the abaxial and adaxial sides of the leaf. In the long fluctuating light 
treatment, all genotypes show a significant difference in stomatal density between the 
abaxial and adaxial sides of the leaf. While in the constant light treatment, all genotypes 
show no significant difference between the stomatal density on the abaxial and adaxial 
sides of the leaf.       

Figure 12: Boxplots comparing the plant rosette area growth at three weeks after the 
transfer of seedlings to individual pots. (A), (B) and (C) compare plant rosette growth in 
repeat one, two, and three of the experiment respectively. Pairwise comparisons 
between the light treatments in (B) and (C) were calculated using a Wilcox test, these 
are shown above the boxplots. Kruskal Wallis tests comparing growth between 
genotypes are displayed at the top of the plot in (B) and (C). In (A) pairwise 
comparisons between light treatments were calculated using a Students’ T-test and an 
ANOVA was used to compared growth between the genotypes. p values from the 
ANOVA are displayed at the top of the graph in (A). Different tests were used in (A) 
compared to (B) and (C) because the data in repeat one is normally distributed whilst 
the data in repeat two and three of the experiment was not normally distributed. 
Repeat one had five replicates per genotype per light treatment, with 45 plants total. 
Repeat two and three had 10 replicates used for each genotype in each light 
treatment, with 90 plants studied in total.  
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3.5 epf1epf2 mutants display a higher WUEi than Col-0 and EPF2OE 
In the constant light treatment and the long fluctuating light treatment, epf1epf2 displays a 
significantly lower stable carbon isotope discrimination value compared to Col-0 and 
EPF2OE (p<0.05) (Figure 14). Under the short fluctuating light treatment epf1epf2 displays a 
significantly lower stable carbon isotope discrimination value than EPF2OE (p<0.05), but not 
Col-0. Stable carbon isotope discrimination is a proxy for intrinsic WUE, with a lower stable 
carbon isotope discrimination value (more negative) indicating a greater WUEi.  

 
3.6 Plants under constant light display greater WUEi 
Plants grown under constant light have a significantly lower mean stable carbon isotope 
discrimination value (p<0.05), compared to plants grown under the short and long 
fluctuating light treatments. Plants grown under long fluctuating light display a lower mean 
stable carbon isotope discrimination value compared to the short light treatment, -0.776 
and -0.775 respectively, although this difference isn’t significant.  

 
 

Figure 13: A Boxplot showing the stomatal density per mm2 for the abaxial and adaxial 
side of the leaf for each genotype in each light treatment. The p values above the 
boxplots are from a Wilcox test comparing the stomatal densities between genotypes. 
There were 13-24 replicates used for each genotype in each light treatment, with 168 
plants studied in total.  
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3.7 Abaxial stomatal conductivity was higher than adaxial stomatal 
conductivity 
The side of the leaf measured had a significant effect on stomatal conductivity (p<0.05), 
with abaxial stomatal conductivity being significantly greater than adaxial stomatal 
conductivity in all three genotypes (Figure 15). The difference in stomatal conductivity 
between the abaxial and the adaxial sides of the leaf was greatest in the epf1epf2 mutant.  

 
3.8 There was not a difference between daytime and nighttime stomatal 
conductivity  
The time of day does not have a significant effect on the stomatal conductivity displayed. 
Although average daytime stomatal conductivity was found to be higher than average 
nighttime stomatal conductivity (Figure 16). The difference between daytime and nighttime 
stomatal conductivity, is most pronounced in the EPF2OE genotype, and least pronounced 
in the Col-0 genotype.  

 
 

Figure 14: A bar graph showing the mean stable carbon isotope discrimination value for 
each genotype in each light treatment. Error bars represent the standard deviation from 
the mean. Asterisks below the bar graphs indicate the results from a pairwise t-test 
between light treatments, where * denotes a p value of 0.05 of less, ** denotes a p value 
of 0.01 or less, and *** denotes a p value of 0.001 or less. There were 5-9 replicates used 
for each genotype in each light treatment, with 57 plants studied in total.  
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3.9 The epf1epf2 genotype displays the highest stomatal conductivity 
On the abaxial side of the leaf the epf1epf2 genotype displays a significantly higher stomatal 
conductivity compared to the Col-0 and EPF2OE genotypes (p<0.05). There was no 
significant difference in stomata conductivity between the Col-0 and EPF2OE genotypes. 
There was also not a significant effect of genotype on adaxial stomata conductivity. The light 
treatment a plant was in also did not have a significant impact on the stomatal conductivity 
displayed by the plant. 
 
 

 
 
 

 
 
 
 
 
 

Figure 15: A boxplot comparing the stomatal conductivity values between the abaxial 
and the adaxial side of the leaf in each genotype. p values from a pairwise Wilcox test 
between genotypes are displayed above the box plots. p values from a Wilcox test 
between the abaxial and adaxial values within each genotype are displayed beneath 
the boxplots. There were 5-11 replicates used for each genotype in each light 
treatment, with 75 plants studied in total.  
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3.10 Genotype, but not light treatment, has a significant effect on daytime 
photosynthetic induction 
In repeat three of the experiment, genotype had a significant effect on photosynthetic 
induction (p<0.05). The Col-0 genotype shows a lower daytime photosynthetic induction 
rate compared to the daytime photosynthetic induction rate in the epf1epf2 genotype and 
the EPF2OE genotype in the constant and long light treatments (Figure 18). However, the 
EPF2OE plants displayed a lower daytime photosynthetic induction rate than Col-0 in the 
short light treatment. The epf1epf2 genotype has the highest daytime photosynthetic 
induction rate of the three genotypes in each light treatment. The light treatment a plant 
was grown under did not have a significant effect on daytime photosynthetic induction in 
repeat three. Additionally, neither light treatment nor genotype had a significant effect on 
the nighttime photosynthetic induction rate in repeat three.  
 In repeat two neither light treatment nor genotype had a significant effect on 
daytime or nighttime photosynthetic induction (Figure 17). Despite not being significant, the 
epf1epf2 genotype had the highest daytime photosynthetic induction rate in each of the 
three light treatments in repeat two. The Col-0 genotype had the lowest daytime 
photosynthetic induction rate in the constant light treatment in repeat two, with the 
EPF2OE genotype having the lowest daytime photosynthetic induction rate in the long and 
short fluctuating light treatments. The epf1epf2 genotype had the lowest nighttime 
photosynthetic induction rate in all three light treatments in repeat two. The Col-0 genotype 

Figure 16: A boxplot comparing the stomatal conductivity values between the daytime 
and the nighttime in each genotype. p values from a pairwise Wilcox test between 
genotypes are displayed above the box plots. p values from a Wilcox test between the 
daytime and nighttime stomatal conductivity values within each genotype are displayed 
beneath the boxplots. There were 24-26 replicates used for each genotype, with 26 
plants studied during the daytime and 44 plants studied during the nighttime, 75 plants 
in total were studied. 
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had the highest nighttime photosynthetic rate in the constant light treatment in repeat two. 
Whilst, the EPF2OE genotype had the highest nighttime photosynthetic induction rate in the 
long and short fluctuating light treatments. Large error bars for the photosynthetic 
measurements show high variability between measured photosynthetic induction between 
plants of the same genotype in the same light treatment.  
 

  
 
 
 
 
 

 

Figure 17: A bar graph showing the daytime and nighttime photosynthetic induction rate 
in each light treatment for each genotype in repeat two of the experiment. The genotype 
for each bar is written below the bar. There were 1-3 replicates used for each genotype, in 
each light treatment with 18 plants studied during the daytime and 19 plants studied 
during the nighttime, 37 plants in total were studied. 
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3.11 Mean CO2 assimilation was lower in plants grown under the short 
fluctuating light treatment 
Plants grown under the short fluctuating light treatment displayed the lowest average CO2 
assimilation rates in their respective genotypes, with the exception of nighttime carbon 
assimilation in repeat three (Figure 19). Although light treatment did not have a significant 
effect on mean CO2 assimilation at either of the light intensities measured.  
 Plants with the epf1epf2 genotype, grown under constant light treatment had the 
highest mean CO2 assimilation in repeat two, in both the daytime and the nighttime. 
Genotype was also found to not have a significant effect on mean CO2 assimilation, so this 
greater carbon assimilation seen in the epf1epf2 genotype is also not significant. The 
EPF2OE plants grown under constant light had the highest mean CO2 assimilation in repeat 
three in both the daytime and the nighttime, although again this was not significant. 
 

Figure 18: A bar graph showing the daytime and nighttime photosynthetic induction rate 
in each light treatment for each genotype in repeat three of the experiment. The 
genotype for each bar is written below the bar. There were 2-5 replicates used for each 
genotype, in each light treatment with 27 plants studied during the daytime and 32 plants 
studied during the nighttime, 59 plants in total were studied. 
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3.12 Daytime carbon assimilation is higher than nighttime carbon 
assimilation under low light 
The time of day (daytime vs nighttime) had a significant effect on the average carbon 

assimilation in 15 mol m-2s-1 of light (p<0.05), but not in 150 mol m-2s-1 of light (Figure 

20). When measured under low light (15 mol m-2s-1) daytime carbon assimilation is higher 
than nighttime carbon assimilation in all light treatments in the Col-0 genotype, but not the 

epf1epf2 and the EPF2OE genotype. Under high light (150 mol) nighttime carbon 
assimilation was lower in all genotypes in the long fluctuating and constant light treatments, 
but nighttime carbon assimilation was higher in the short light treatment. The exceptions to 
this are the epf1epf2 genotype in repeat two, where daytime carbon assimilation is higher 
than nighttime in the short fluctuating light treatment. As well as the EPF2OE genotype in 
the long fluctuating light treatment in repeat two, where nighttime carbon assimilation is 
higher than daytime carbon assimilation.  
 

Figure 19: Graphs showing the average daytime (A and B) and nighttime (C and D) carbon 
assimilation against time for both repeat two (A and C) and repeat three (B and D). The 
black line at 900 seconds shows the time point when the light intensity in the LI-COR 

chamber was increased from 15 mols m-2s-1 to 150 mols m-2s-1. In repeat two (A and C) 
there were 1-3 replicates used for each genotype, with 37 plants studied in total. In 
repeat three (B and D) there were 2-5 replicates used for each genotype, in each light 
treatment with 59 plants studied in total.  
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3.13 Plants grown under the constant light treatment show lower levels of 
NPQ induction under light stress 
The light treatment a plant is grown under has a significant effect on the NPQ level induced 
during light stress (p<0.05) (Figure 21). Plants grown under the long light treatment display 
the highest levels of NPQ, followed by plants grown under the short light treatment. Plants 
grown under the constant light treatment display the lowest levels of NPQ. A post hoc 
analysis showed that there was a significant difference between the fluctuating light 
treatments and the constant light treatment, but that there was a not a significant 
difference the two fluctuating light treatments.  

 

Figure 20: Bar graphs showing the carbon assimilation measured in 15 mol m-2s-1 light 

intensity (A and C) and 150 mol m-2s-1 light intensity (B and D) in repeat two (A and B) 
and repeat three (C and D). Nighttime measurements are denoted with an N. In repeat 
two (A and B) there were 1-3 replicates used for each genotype, in each light treatment, 
with 37 plants studied in total. In repeat three (C and D) there were 2-5 replicates used 
for each genotype, in each light treatment with 59 plants studied in total.  
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3.14 Differences between light treatments were significant under one second 
light fluctuations 
When measured with the Dual pam under the one second light fluctuations the light 
treatment the plant was grown under had a significant effect on the NPQ value (p<0.05), 
whilst the genotype of the plant did not have a significant effect on the NPQ value. There 
was a significant difference between the NPQ value induced in plants grown under the 
constant and long light treatments and between the long and short light treatments. 
However, there was not a significant difference between the NPQ values induced in plants 
grown under the constant and short light treatments. Under the one second fluctuations, 
plants grown under the long light treatment had the highest level of NPQ induction, 
followed by plants grown under the short light treatment. Plants grown under the constant 
light treatment displayed the lowest level of NPQ induction under one second light 
fluctuations. Under the one minute fluctuations neither the genotype of the plant nor the 
light treatment it was grown under had a significant effect on the average NPQ value 
measured (Figure 22). Under one minute light fluctuations most plants showed very similar 

Figure 21: A graph showing the average NPQ value over time during light adaptation.  
The yellow and black bars above the graph represent the periods of light and no light 

respectively. An actinic light intensity of 2,000 mol m-2s-1 was used. Five replicates 
were used for each genotype in each light treatment, with 45 plants studied in total.  
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rates of NPQ induction and relaxation and similar NPQ levels regardless of genotype or the 
light treatment they were grown under. Col-0 plants grown under the short light treatment 
are the exception to this, these plants reach lower maximal levels of NPQ and higher 
minimal levels of NPQ. These plants also have a slower rate for NPQ induction and  
relaxation.  
 

  
 
 
 
 
 
 

 
 
 
 
3.15 The constant light treatment displays lower a chlorophyll a/b ratio in 
the EPF2OE genotype 
Light treatment had a significant effect on the chlorophyll a/b ratio (p<005) (Figure 23), but 
only in the EPF2OE genotype. EPF2OE plants grown in the constant light treatment had a 
significantly lower chlorophyll a/b ratio than plants grown in the long fluctuating light 
treatment. A pairwise student’s t-test showed that there was not a significant difference in 
chlorophyll a/b ratio between plants grown in the short fluctuating and constant light 
treatments, in the EPF2OE genotype. The EPF2OE genotype grown in the constant light 
treatment did not have significantly different chlorophyll b content, chlorophyll a content or 

Figure 22: Graphs showing average NPQ values over time under one second 
fluctuations in light intensity (A) and one minute fluctuations in light intensity (B). The 
black line at 300 seconds represents the end of the five minute warm up phase and 
the beginning of the actinic light fluctuation program. For the one second light 
fluctuation program (A) 4-10 replicates were used for each genotype in each light 
treatment and 64 plants in total were studied. For the one minute light fluctuation 
program (B) 3-9 replicates were used for each genotype in each light treatment and 48 
plants in total were studied.  
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chlorophyll a and b content combined compared to plants in the fluctuating light 
treatments.  

 
 
 

 
 
 
3.16 Total root length differed between plants grown in the daytime and 
plants grown in the nighttime 
There was a significant difference in total root length between the plants grown during the 
day and the plants grown during the night under shifted daytime conditions (18:00 to 10:00) 
(p<0.05). However, there was not a significant difference in the number of lateral roots or 
the total lateral root length between plants grown in the night and plants grown during the 
day. The total root length was higher in plants grown during the night for all plants except 
the Col-0 and epf1epf2 genotype grown under the constant light. Differences between light 
treatments and between genotypes were not significant. 
   
 
 

Figure 23: Boxplots showing the chlorophyll a (A), chlorophyll b (B), and chlorophyll a and 
b (C) content and the ratio of chlorophyll a to chlorophyll b content (D). There were 2-12 
replicates used for each genotype and 78 plants were studied in total. 
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Figure 24: Bar graphs showing the total root length (A), the total number of lateral roots 
(B), and the total lateral root length (C) for each genotype in each light treatment. The p 
values above the bars are from a pairwise student’s t-test between the genotypes. Plants 
grown in shifted light conditions are denoted with an N. 10 plants of each genotype were 
sown per plant; all values are given as the total value across all 10 plants on each plate. 
180 plants in total were studied. 
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4. Discussion 
This study aimed to look at the impact that stomatal density has on photosynthesis in 
fluctuating light conditions. It sought to test the hypothesis that having a greater stomatal 
density would allow for greater stomatal kinetics and a reduced stomatal response time to 
changing light conditions. The high stomatal density epf1epf2 mutant, was tested against 
wild type Col-0 plants and the EPF2OE low stomatal density mutant. The WUE of these 
genotypes was also examined to test the hypothesis that having a lower stomatal density 
would lead to plants with an improved WUE. This hypothesis was tested as it has previously 
been asserted that decreasing plant stomatal density, through mutations to genes like EPF2, 
could be used to increase plant WUE and improve drought tolerance. 
 The findings of this study indicate that the epf1epf2 mutants have a greater stomatal 
conductivity and have greater rates of daytime photosynthetic induction. The epf1epf2 
mutants also displays the highest photosynthetic induction under the short fluctuating light 
treatment. Thus, the epf1epf2 mutants are able to better use the available light when grown 
under short light fluctuations. Additionally, the data suggest that the epf1epf2 mutants 
display the greatest WUEi. This disagrees with the hypothesis that plants with a lower 
stomatal density will display a greater WUEi. It also challenges current ideas around 
improving drought resistance through reducing a plant’s stomatal density.  
 

4.1 The genotype of a plant did not impact its’ growth  
The genotype of a plant did not a have a significant effect on the growth of the plant in 
repeat two or repeat three of the experiment. Additionally, in all of the repeats of the 
experiment plants grew best under constant light regardless of genotype, as shown by the 
plant rosette area at the three-week mark (Figure 12). In repeat one genotype did impact 
plant growth, but in this repeat, measurements were taken less frequently, and the plants 
sustained the greatest amount of thrip damage. In repeat one plants were moved between 
growth rooms at two weeks old, during the move these plants were subjected to cold stress. 
Plants subjected to cold stress have been found to show reduced growth (Ding et al., 2024). 
Additionally, cold stress has been shown to induce stomatal closure (Agurla et al., 2018). 
This suggests that the exposure to cold stress in repeat one not only decreased overall plant 
growth relative to plant growth in repeat two and three, but that it also had a genotype 
specific effect. Cold temperatures can cause an imbalance in the water status of a plant, 
closing stomata upon exposure to cold stress can protect plants from cold induced water 
loss. These differences in cold stress induced stomatal closure may explain differences 
observed in growth between the genotypes in repeat one, as only plants in repeat one of 
the experiment were exposed to cold stress. This makes the area measurements from 
repeat one of the experiment unreliable and it is likely that genotype does not impact 
growth when plants are not exposed to thrip damage or cold stress, as was found in repeat 
two and repeat three.  
 A study by Doheny-Adams et al. (2012) compared rosette area in Col-0, EPF2OE, and 
epf1epf2 Arabidopsis thaliana plants, they found that growth was largest in the EPF2OE 
plants and smallest in the epf1epf2 plants. Which is at odds with the results from this study 
which found that there was no significant impact of genotype on plant rosette area growth. 
A key difference between these two studies are the conditions that the plants were grown 
under. The Doheny-Adams et al. (2012) study was looking at drought tolerance while this 
study was looking at growth under light fluctuations. In the Doheny-Adams et al. (2012) 
study plants were grown at either 30% soil water conditions or 70% soil water conditions, 
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whereas in this study, plants were grown under well-watered conditions. The genotypes 
tested had genetic alterations to genes involved in the control of stomatal density and 
stomata play a role in transpiration. Thus, it is expected that differences in soil water 
concentration will affect plant growth. This likely explains why the conclusions between 
these two studies differ. 

Results differ between different repeats of the experiment; thrip infestations in 
repeat one and three of the experiment likely had an impact on this. These infestations 
caused substantial damage to plants. Plant herbivory by these thrips reduced the plant 
rosette area, thus distorting plant growth measurements. Repeat one was the most impact 
by thrip damage, if thrips target plants with genome specificity, this could explain the 
impact of genotype on plant rosette area that was found in repeat one of the experiment 
but not in repeat two or repeat three of the experiment. Thrip infestation has been linked to 
a reduction in stomatal conductivity in damaged leaves however, no previous studies have 
linked thrip herbivory rates with stomatal density or the EPF genes (Ellsworth et al., 1995).  

 Additionally, in repeat one of this experiment growth measurements were taken 
every other week, however, in repeat two and three of this experiment growth 
measurements were taken twice a week. This makes the results between repeats of the 
experiments difficult to compare. The light intensity the plants were grown under also 
varied between repeats of the experiment. Covers were added to reduce thrip damage in 
repeats two and three. These covers reduced the light intensity for repeat two and repeat 
three from 134 μmol m-2s-1 and 275 μmol m-2s-1 for the constant and fluctuating light 
treatments to 27 μmol m-2s-1 and 40 μmol m-2s-1 respectively. The differences in light 
intensity between repeats of the experiment could also explain the differences in growth 
between the experiments. Due to the large differences seen, repeats of the experiment 
have been analysed separately.  

 

4.2 Constant light led to the greatest plant growth 
The light treatment a plant was grown under did have a significant effect on plant growth, 
with plants grown under constant light displaying the greatest rosette area in repeat two 
and repeat three of the experiment. Differences between plant growth at the three-week 
point were more pronounced between the fluctuating light treatments and the constant 
light than between the two fluctuating light treatments. This finding agrees with previous 
studies on fluctuating light and plant growth in Arabidopsis thaliana, which found that plant 
growth under fluctuating light is lower than plant growth under constant light, even when 
the light intensity in the constant light treatment is lower than the light intensity in the 
fluctuating light treatment (Vialet-Chabrand et al., 2017).  
 Plants grown under constant light are likely to display greater rosette area growth 
than plants grown under fluctuating light. As under constant light, stomata will remain 
open, unless a factor other than fluctuating light triggers them to close, and photosynthesis 
will remain on. While under fluctuating light, plants will turn off photosynthesis and close 
stomata during the dark period, photosynthesis is then induced, and stomata are opened 
during the light period. So, under fluctuating light some of the available PAR will be 
unutilised, as photosynthesis will still be inducing and stomata still opening for a period of 
time while light is available. This decrease in PAR utilisation, in fluctuating light, is likely 
responsible for the decreased growth seen in the fluctuating light treatments.  
 The difference in plant growth between the three light treatments increased over 
the course of the experiment. With the difference in rosette area being larger towards the 
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end of the experiment, than at the beginning of the experiment. This differs from the Vialet-
Chabrand et al. (2017) study which found that the greatest difference in rosette area 
between light treatments was in the middle of the study, with the rosette areas converging 
across light treatments at the beginning and at the end of the experiment. The differing 
results between these studies could be due to the thrip infestation in this experiment 
reducing the rosette area in some plants and thus distorting the differences in plant growth 
between the light treatments. The rosette area in the constant light treatment, may be 
lower due to increased thrip infection in this light treatment. The light intensity was lower in 
the constant light treatment; this has been linked to reduced induction of type VI glandular 
trichomes (Escobar-Bravo et al., 2018). These trichomes play an important role in defence 
against thrips.  
 The differences between these studies could also have been due to different light 
intensities being used. The highest light intensity used in this study was 40 μmol m-2s-1 in 
repeat two and repeat three, and 275 μmol m-2s-1 in repeat one. While the highest light 
intensity used in the Vialet-Chabrand et al. (2017) study was 460 μmol m-2s-1, this large 
difference in light intensity likely contributed the differences seen in plant growth between 
the studies. Plants in this study were all germinated under the constant light treatment, 
while the plants in the Vialet-Chabrand et al. (2017) study were germinated under both 
constant and fluctuating light treatments. This could have also contributed to the 
differences seen in plant growth between the studies, as light availability plays a role in 
regulating seed germination (Yang et al., 2020).  
 

4.3 The epf1epf2 genotype has the greatest stomatal density  
This study found that the epf1epf2 genotype had a greater stomatal density than the Col-0 
and the EPF2OE genotype on both the abaxial and the adaxial sides of the leaf in all the light 
treatments. This agrees with many previous studies that have also found that the epf1epf2 
genotypes show a greater stomatal density than the Col-0 genotype and confirms the 
genotype (Franks et al., 2015, Hunt and Gray, 2009, Dow et al., 2014). This result was 
expected, due to the role of EPF genes as negative regulators of stomatal development. 
Additionally, it verifies that creating epf1epf2 loss of function mutants does lead to an 
increased stomatal density. 
 However, this study found that the EPF2OE genotype does not have a significantly 
lower stomatal density then the Col-0 genotype on either the abaxial or the adaxial side of 
the leaf. This was unexpected as the EPF2 gene is a negative regulator of stomatal 
development, over expressing the EPF2 gene has previously been found to decrease 
stomatal density. Stomatal density has been previously linked to water availability, with 
stomatal density being lower under water scarce conditions (Xu and Zhou, 2008). Large 
differences between stomatal density in the Col-0 and EPF2OE genotype found in previous 
studies may be exacerbated by water stress, while plants in this study were grown under 
well-watered conditions.  

Light is known to play a role in the regulation of stomatal development, with light 
exposure being shown to significantly increase the number of stomata per unit area (Wei et 
al., 2020). All the light treatments used in this study had the same daily photon dose, so 
there should not be a difference in the amount of light received by plants regardless of the 
light treatment they experienced. This likely explains why there was not a significant effect 
of light treatment on stomatal density. However, it is possible that the stress caused by light 
fluctuations negatively impacted light absorption, through the induction of NPQ (Niu et al., 
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2023). This could result in lower light absorbance in the short light treatment, causing a 
lower number of stomata per unit area. The Col-0 and EPF2OE genotype display a lower 
abaxial stomatal density in the short light treatment compared to the constant light 
treatment, this could be a result of the impact of short fluctuating light on stomatal 
development. This is not seen in the epf1epf2 genotype, but this may be due to an 
increased photosynthetic rate, allowing for more of the available light to be used and 
reducing the dissipation of light through NPQ. 

Whilst displaying a lower abaxial stomatal density, the EPF2OE mutant seems to be 
able to offset this by increasing its adaxial stomatal density. This suggests that abaxial and 
adaxial surfaces of the leaf are not independent of each other, which agrees with a study by 
Mott and Peak (2018) which found that artificially reducing gas exchange on the adaxial 
surface led to abaxial stomata opening. However, this finding disagrees with a study by Wall 
et al. (2022) that suggested that there was no link between the two sides of the leaf. The 
Wall et al. (2022) study suggested this as they found that blocking the abaxial stomata did 
not result in compensation by the adaxial stomata. The authors of the Wall et al. (2022) 
study suggest that the difference seen between their results and the results of the Mott and 
Peak (2018) were species specific. The Wall et al. (2022) study was carried out on Triticum 

aestivum (Wheat), while the Mott and Peak (2018) study was carried out on Xanthium 
strumarium (Cocklebur). Wheat is a member of the Poaceae family and as such will have 
different stomatal morphology to cocklebur plants. The difference in stomatal morphology 
could also explain why the findings of this study agree with the Mott and Peak (2018) study 
as Arabidopsis thaliana is also not a member of the Poaceae family. This suggests that the 
two sides of the leaf are able to communicate with each other, and that this ability has been 
lost in the Poaceae family. Further study will be needed to verify this. 
 

4.4 EPF genes have different roles in abaxial and adaxial stomatal 
development 
Mean adaxial EPF2OE stomatal conductance is higher than mean adaxial Col-0 stomatal 
conductance. The EPF2OE genotype also shows a smaller difference between the abaxial 
and adaxial stomatal densities compared to the other genotypes. Adaxial EPF2OE stomatal 
density was expected to be lower than epf1epf2 and Col-0 adaxial stomatal density, due to 
the role that the EPF2 gene plays as a negative regulator in the stomatal development 
pathway. The deviation from this expectation indicates that the EPF2 gene plays a different 
role in the abaxial and adaxial stomatal development pathways. There are clearly 
differences in the ways that the EPF2 gene acts it the abaxial and adaxial stomatal 
development pathways, and differing regulation in these pathways has been previously 
observed (Jalakas et al., 2024, Hronková et al., 2015). Overexpressing the EPF2 gene gives 
different results on the two sides of the leaf, highlighting the need for more studies to look 
at both sides of the leaf, as there are clearly differences in how the abaxial and adaxial 
stomata develop.  
 This reduced difference between the abaxial and adaxial stomatal densities suggests 
that the EPF2OE genotype may be overcompensating for a reduced abaxial stomatal density 
by increasing their adaxial stomatal density. Thus, minimising the reduction in total stomatal 
density caused by EPF2 gene overexpression.  
 Reduced stomatal density through over expression of the EPF2 gene has previously 
been suggested as method of reducing water loss and improving plant WUE. As 
transpiration occurs through stomata, it has been suggested that reducing stomatal density 
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will reduce transpiration and improve plant water usage (Franks et al., 2015, Liu et al., 2021, 
Robertson et al., 2023). However, if EPF2OE plants can overcompensate for reduced abaxial 
stomatal density by increasing adaxial stomatal density then they cannot be looked at as a 
target for increasing plant WUE.   

 
4.5 High stomatal density gives greater plant water usage 
Despite previous findings that the low stomatal density mutant EPF2OE has an improved 
WUE (Franks et al., 2015). This study found that the WUEi was greatest in the high stomatal 
density mutant epf1epf2, while EPF2OE had the lowest WUEi in the constant and short light 
treatment. EPF2OE and Col-0 had the same WUEi in the long fluctuating light treatment. 
Thus, the results of this study find the opposite to the Franks et al. (2015) study, which 
suggested that a lower stomatal density improves WUE. The differences between these 
studies are likely due to different methods being used to look at WUE. In this study WUEi 

was looked at using  values as a proxy, the  values are calculated using carbon isotope 
discrimination. During photosynthesis, plants discriminate against 13C in favour of 12C 
carbon. The variation in 13C composition between the photosynthetic products and the 
atmosphere can act as a proxy for the number of carbon atoms fixed per molecule of water 

lost. With lower (more negative)  values indicating a greater WUEi. The Franks et al. (2015) 
study measured WUEinst, this was done by dividing the photosynthetic rate by the 
transpiration rate (Hatfield and Dold, 2019). The WUEi method allows for comparison 
between the genotypes on the basis of only stomatal density, while WUEinst also includes 
other factors that influence water loss, for example humidity (Ye et al., 2020). These 
differences between the two measurements likely explain the different conclusions of the 
two studies.  

The results of this study also disagree with a study by Xiong et al. (2022b) which 
found that under fluctuating light, plants with a greater stomatal density display a lower 
WUE. The Xiong et al. (2022b) study grew rice (Oryza) plants outside under natural 
irradence. The differences seen in water use efficeincy bewteen the Xiong et al. (2022b) 
study and this study are likely due to differences in the type of fluctuating light used. This 
study used artificial light with regularly timed periods where the light was off, whilst the 
Xiong et al. (2022b) study used natural light with any fluctuations in light being due to 
chance. Thus, the light will have fluctuated more in this study than the Xiong et al. (2022b) 
study, exacerbating the impact of stomatal kinetics on WUE in this study.   
 Smaller stomata are often associated with having faster stomatal kinetics, due to 
having a greater guard cell transporter to cell volume ratio. Stomatal size and density are 
inversely proportional, so high stomatal density genotypes like epf1epf2 are expected to 
have faster stomatal kinetics. Faster stomatal kinetics will allow plants to close their 
stomata faster when light is not available, to reduce transpiration when photosynthesis 
cannot occur (Figure 4). Hence, plants with a greater stomatal density and faster stomatal 
kinetics in fluctuating light are expected to have a greater WUE than plants with a lower 
stomatal density and slower stomatal kinetics. This could explain why the epf1epf2 
genotype has the greatest WUEi in the fluctuating light treatments. Although it does not 
explain why the epf1epf2 genotype also has the greatest WUEi in the constant light 
treatment. Plants in this experiment were grown under well-watered conditions. Under 
these conditions, stomata would not be induced to close due to low water potential and are 
likely to be open. The epf1epf2 genotype would have more open stomata and this is 
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expected to facilitate more CO2 uptake which could increase photosynthetic rates, boosting 
WUEi in this genotype under the constant light treatment. 

 
4.6 Plants have greater water use efficiency under constant light  
Plants grown under constant light are significantly more water use efficient than plants 
grown under either of the fluctuating light treatments. During the dark periods in the 
fluctuating light treatment, photosynthesis cannot occur as there is no available light. 
Stomata respond to changing light intensity, but there is a period between the light turning 
off and stomata closing where stomata will be open and water will be lost through them 
(Figure 4), but where no photosynthesis is occurring. This will reduce the amount of carbon 
atoms fixed per molecule of water lost, thus fluctuating light reduces the WUE of plants 
compared to constant light. Most studies looking at WUEi in fluctuating light environments 
do not compare this to the WUEi in constant light environments. Instead, it has been 
assumed plants grown under constant light have a greater WUE than plants grown under 
fluctuating light, which this study has shown. 

However, a study by Kimura et al. (2020) compared WUEi in plants grown under 
short light fluctuations and plants grown under long light fluctuations. The Kimura et al. 
(2020) study found that WUEi in wild type Arabidopsis thaliana was greater in the short light 
fluctuations than under the long light fluctuations. Suggesting that long light fluctuations 
have a greater impact on WUEi than short light fluctuations. This disagrees with what was 
found in this study. In this study there was not a significant difference in the WUEi between 
plants in the long and short fluctuating light treatment, differences in WUEi were only 
observed between plants in the constant light and plants in fluctuating light treatments. The 
light fluctuations used in the Kimura et al. (2020) study were recreations of measured light 
fluctuations in a rice field for the long fluctuations. While the light fluctuations in the short 
light treatment were recreations of measured light fluctuations on a forest floor. As these 
are recreations of measured light fluctuations, they will not occur at regular times or occur 
for set periods of time, unlike the fluctuations used in this study. The light intensities used, 
and the total daily irradiance received by plants also differed between the studies. These 
differences in light regime are likely responsible for the differences seen in WUEi in 
fluctuating light between this study and the Kimura et al. (2020) study.  
 

4.7 A greater stomatal density increases stomatal conductivity 
The high stomatal density mutant epf1epf2 displayed the greatest abaxial stomatal 
conductivity. This was expected as stomatal conductivity, a measure of the rate at which 
gasses pass through stomata, is measured per unit area. Hence, it is expected that plants 
with more stomata per unit area will have a greater rate of gas exchange per unit area. This 
finding agrees with other studies that have also found that the epf1epf2 high stomatal 
density genotype displays a greater stomatal conductance compared to wild type 
(Hepworth et al., 2015). This increase in stomatal conductivity is not exclusive to the 
epf1epf2 genotype, with the low root hair, high stomatal density mutant rs14 rhd6 rsl1 also 
displaying a greater stomatal conductivity compared to wild type Arabidopsis thaliana 
(Hepworth et al., 2016). This indicates that the increased stomatal conductivity is not due to 
pleiotropic effects in the epf1epf2 mutant but is instead due to the increased stomatal 
density caused by mutations to the EPF1 and EPF2 genes.   
 However, the low stomatal density mutant EPF2OE did not display a significantly 
lower abaxial stomatal conductivity than wild type. The wild type displayed the lowest 
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stomatal conductivity, which was not expected. However, previous studies have found that 
under water stress the EPF2OE genotype displays a greater stomatal conductivity than 
expected (Hepworth et al., 2015). While plants in this study were well-watered, the exact 
amount of water given to plants throughout this study was not controlled. If plants were 
water stressed, this may have contributed to the higher-than-expected stomatal 
conductivity exhibited by the EPF2OE genotype. Although water stress would not explain 
why the Col-0 genotype displayed the lowest stomatal conductance. As under water stress 
conditions the epf1epf2 genotype would be expected to display the lowest stomatal 
conductance, and under non-water stressed conditions EPF2OE would be expected to show 
the lowest stomatal conductance.  

The EPF2OE genotype displays a greater adaxial stomatal conductivity than Col-0. 
This is likely due to the increased adaxial stomatal density seen in the EPF2OE genotype. 
These additional adaxial stomata that were observed in the EPF2OE genotype could have a 
function in gas exchange, increasing the total EPF2OE stomatal conductivity. However, the 
cause of the higher abaxial stomatal conductance in the EPF2OE genotype compared to the 
Col-0 genotype is unclear. 
 Across all three genotypes the adaxial side of the leaf displayed lower stomatal 
conductivity than the abaxial side of the leaf. This was expected as for all the genotypes, 
except the EPF2OE plants grown under the long light treatment, as the abaxial stomatal 
density was greater than the adaxial stomatal density in the majority of plants. The 
difference between mean abaxial and mean adaxial stomatal conductivity was smallest in 
the EPF2OE genotype. This is expected due to the higher adaxial stomatal density in the 
EPF2OE genotype. This means that the additional adaxial stomata in the EPF2OE genotype 
are functional, and they have a role in gas exchange. Similarly to adaxial stomatal density, 
adaxial stomatal conductance is rarely studied. This again highlights the need for more 
research into adaxial stomata and their function. One study did compare adaxial and abaxial 
stomatal density in Arabidopsis thaliana, it found that abaxial stomatal conductance was 
higher than adaxial stomatal conductance (Driesen et al., 2023). This supports what was 
seen in this study, where abaxial stomatal conductance was also higher than adaxial 
stomatal conductance. However, the Driesen et al (2023) study did not look at the EPF2OE 
or the efp1epf2 mutants. 
 The genotype of the plant was not found to have a significant effect on adaxial 
stomata conductivity. This is despite there being significant differences in the adaxial 
stomatal density between genotypes. This was unexpected, as a higher stomatal density per 
mm2 should result in higher gas exchange through stomata per mm2. However, this does 
support the idea that adaxial and abaxial stomata have different functional roles. This 
theory has been previously supported by Wang et al. (1998) which found that abaxial and 
adaxial stomata had differing responses to abscisic acid and calcium ions, both of which are 
common stimuli for stomatal closure.  
 

4.8 Stomatal conductivity was not different between the daytime and 
nighttime 

Across all three genotypes there was not a significant difference between the stomatal 
conductivity during the daytime and during the nighttime. Although daytime stomatal 
conductivity was higher than nighttime stomatal conductivity in all three genotypes. The 
fact that daytime and nighttime stomatal conductivity did not significantly differ was 
unexpected, as stomata are predicted to close at night. This stomatal closure is thought to 
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limit transpiration and save water, to improve plant fitness (Caird et al., 2007). Thus, it was 
expected that stomatal conductivity would be higher in the day than in the night, while this 
was observed it was not significant. This result was likely seen as daytime and nighttime 
measurements were not taken on the same plants. Differences in watering and subsequent 
differences in water potential between the plants measured in the day and the plants 
measured in the night likely explains why differences were not seen between the daytime 
and nighttime measurements. The temperature in the growth room was reduced at night; 
mimicking the natural decrease in temperature observed at nighttime. Thus the higher than 
expected nighttime stomatal conductivity was unlikely to be due to a need for stomatal 
cooling (Gommers, 2020). Under water scarce conditions, plants reduce their stomatal 
conductivity to limit water loss. So, if plants were water stressed when measured they 
would display a lower stomata conductivity than seen under well-watered conditions. Plants 
in this study were meant to be well-watered, but the water given to plants wasn’t measured 
and so the water level plants received will have varied between light compartments. Thus, 
water stress will have differed between the plants measured for nighttime and daytime 
stomatal conductivity, this could explain the differences seen in stomatal conductivity 
between these plants.    

Previously, it was thought that stomata close fully at night. However, total nighttime 
stomatal closure would result in no nighttime stomatal conductivity, as gasses would not be 
able to move through these closed stomata. Therefore, there must be some degree of 
stomatal openness at nighttime to explain this nighttime stomatal conductivity. Nighttime 
stomatal conductivity has also been found in other studies, looking at a range of different 
species (Resco de Dios et al., 2019) (Yu et al., 2019). A number of different theories have 
been developed to explain why plants display this nighttime stomatal openness. One of 
these theories is partial stomatal closure, so called “leaky stomata” (Barbour et al., 2006). 
The “leaky stomata” theory states that fully closing stomata can be energetically expensive 
for plants, so plants will only fully close their stomata when under water stress conditions 
(Wang et al., 2021). It has also been hypothesized that partial nighttime stomatal openness 
occurs due to the need for transpiration. This hypothesis states that transpiration is needed 
to deliver nutrients and oxygen to cells in the plant (Dawson et al., 2007). Transpiration is 
also used to lower leaf temperature, in a process known as leaf cooling (Coupel-Ledru et al., 
2016). Plants in this study will not have been heat stressed, and thus leaf cooling is unlikely 
to be the reason for the nighttime stomatal conductance observed in this study. Another 
theory states that having partially open stomata at night could help to prevent a toxic build-
up of CO2, which could interfere with plant metabolism (Marks and Lechowicz, 2007). Lastly, 
it has been hypothesised that plants open their stomata before sunrise to facilitate 
photosynthesis earlier in the day (Resco de Dios et al., 2016). However, this is unlikely to be 
the reason for the nighttime stomatal conductance observed in this study, as nighttime 
measurements in this study were taken towards the beginning of the night, not towards the 
end of the night.   

The stomatal conductivity in the daytime and nighttime follows the same patterns. 
In both the daytime and the nighttime, the stomatal conductivity was highest in the 
epf1epf2 genotype and lowest in the Col-0 genotype. This aligns with findings from a study 
by Chieppa et al. (2021) where a higher nighttime stomatal conductivity was associated with 
a higher daytime stomatal conductivity. The Chieppa et al. (2021) study also linked a higher 
stomatal density with a higher daytime and nighttime stomatal conductivity, which agrees 
with the findings of this study.  
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4.9 Daytime photosynthetic induction was highest in the epf1epf2 genotype 
The epf1epf2 genotype displayed the fastest daytime induction rate in each light treatment. 
This agrees with findings by Sakoda et al. (2020), which found that efp1 mutants displayed 
faster rates of photosynthetic induction. These findings were expected as photosynthetic 
induction rate was predicted to be faster in plants with faster stomatal kinetics. As, these 
plants can quickly increase their stomatal aperture in response to the light intensity 
increasing. An increased stomatal aperture is linked to an increase in gas exchange. Quickly 
increasing gas exchange in plants where CO2 concentration is the limiting factor for 
photosynthetic rate can increase the photosynthetic rate (Kaiser, 2009). The epf1epf2 
genotype has a greater abaxial stomatal density and stomatal density is inversely 
proportional to stomatal size (Hetherington and Woodward, 2003). So, whilst not measured 
in this study, previous studies have found that the epf1epf2 genotype has smaller stomata 
(Franks et al., 2015). Leaves with smaller stomata have been found to display higher rates of 
gas exchange (Drake et al., 2013). These past findings suggest that the high density, small 
stomata mutant epf1epf2 would be expected to display greater stomata kinetics, and thus 
higher rates of photosynthetic induction. This was observed in this study for the daytime 
photosynthetic induction. 

The EPF2OE genotype was expected to show the lowest photosynthetic induction 
rate, but this was only seen in the fluctuating light treatments, not in the constant light 
treatment. Previous studies have shown that genotypes with a lower stomatal density 
display slower stomatal kinetics when grown under constant light (Xiong et al., 2022b). 
Photosynthetic induction rates are impacted by light intensity, but also by VPD and CO2 
concentration. The daytime photosynthetic induction rate in Col-0 was lower than the 
EPF2OE mutants in constant light in repeat two of the experiment, which was unexpected. 
While it isn’t fully clear why this result was observed, it may be due to a high CO2 
concentration, high VPD or drought stress during measurements. As any of these  
environmental conditions would promote stomata closure, this would act against the 
increased light intensity stimulating the stomata to open (Araújo et al., 2011).  

Most studies investigating the impact of stomatal density on photosynthetic 
induction in fluctuating light intensities have only looked at plants grown under constant 
light and measured under fluctuating light. They have not looked at plants grown and 
measured under fluctuating light, as this study does. The method used in other studies 
means that any impact of growing under fluctuating light is missed. These impacts on 
photosynthetic induction could be positive, for example a priming response, or negative, for 
example a light induced stress response (Marler, 2020, Vialet-Chabrand et al., 2017). The 
daytime photosynthetic induction rate is lowest in the short fluctuating light treatment. This 
suggests that growing under short fluctuating light reduces a plant’s ability to induce 
photosynthesis upon an increase in light intensity. So instead of priming plants to quickly 
induce photosynthesis upon an increased light intensity, growing under the short fluctuating 
light treatment actually stresses the plant. This light stress reduces the plant’s ability to 
respond to increases in light intensity and delays photosynthetic induction. The daytime 
photosynthetic induction rate in the short light treatment is highest in the epf1epf2 
genotype. This suggests that the epf1epf2 genotype is best able cope with the short 
fluctuating light treatment, as the photosynthetic induction rate is least impacted by short 
fluctuating light in the epf1epf2 genotype. However, the differences in photosynthetic 
induction rates between light treatments are not significant.  
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A study by Soleh et al. (2016) found that differences in photosynthetic induction 
between different soybean genotypes were mostly due to the activation speed of the 
carboxylation process. The carboxylation process involves the incorporation of CO2 to RuBP, 
this is catalysed by RuBisCo (Soleh et al., 2016). The activation speed of the carboxylation 
process will be impacted by both the carboxylation capacity of the rubisco enzyme, and by 
the availability of CO2. This supports the findings of this study that having a greater stomatal 
density, and hence a greater abaxial stomatal conductance, which increases the ability of 
the plant to take in CO2, will increase the plant photosynthetic induction rate.  
 

4.10 Photosynthetic induction differs in the nighttime compared to the 
daytime 
Nighttime photosynthetic induction is poorly understood. In the dark photosynthesis cannot 
occur, so photosynthesis occurring during the night is due to artificial light being given to 
the plant. Photosynthetic induction rates during the nighttime, do not just reflect the ability 
of a plant to respond to increases in light intensity. This is due to the impact of the circadian 
clock on the expression of genes required for photosynthesis. Genes involved in light 
harvesting, such as the chlorophyll a/b binding protein (LHCB), cycle with a circadian period 
(Kloppstech, 1985). This means that during the day there are higher levels of LHCB available, 
and plants can better use the available light, this should theoretically increase the 
photosynthetic induction rate in the daytime relative to the nighttime. This was not what 
was observed in this study, with some rates of photosynthetic induction being higher during 
the day and some being lower during the day. In repeat two of the experiment the 
nighttime photosynthetic rate was lower in the long fluctuating and constant light 
treatment, with the exception of Col-0 plants grown under the constant light treatment. A 
reduced nighttime photosynthetic rate would be expected if photosynthetic induction was 
influenced by the circadian clock. However, the nighttime photosynthetic induction rate was 
higher than the daytime photosynthetic induction rate for plants in the short fluctuating 
light treatment across all genotypes in repeat two and repeat three. If the short fluctuating 
light treatment induces stress in the plants, that reduces the photosynthetic induction rate, 
a period without this stress during the night, when the light is off, will induce less stress in 
the plant than is seen during the daytime. This “low stress” period during the night likely 
allows plants grown in the short fluctuating light treatment, which causes the highest 
amount of light stress, to induce photosynthesis faster during the nighttime.  
 The effect of this “low stress” period is also seen with the average carbon 
assimilation results, with the daytime carbon assimilation being higher than the nighttime 
carbon assimilation in the constant and long fluctuation light treatment. Whilst the 
nighttime carbon assimilation for plants grown in the short fluctuating light treatment, is 
higher than the daytime carbon assimilation. This again is likely due to there being less light 
stress at nighttime compared to daytime for plant in the short fluctuating light treatment. 
This means that during the nighttime plants have had time to recover from the light stress 
before measurements of carbon assimilation are taken.  

The differences in nighttime photosynthetic induction rates between the genotypes 
do not follow an expected pattern. As, the EPF2OE genotype displays the highest nighttime 
photosynthetic induction rate in the long fluctuating light treatment in repeat two and 
three, when it would be expected to show the lowest photosynthetic induction rate. The 
Col-0 genotype displays the highest nighttime photosynthetic induction rate in the constant 
light treatment in both repeats. The epf1epf2 genotype displays the lowest nighttime 
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photosynthetic induction rate in the long fluctuating light treatment, but the highest in the 
short fluctuating light treatment in repeat two.  
 

4.11 Fluctuating light induced light stress in plants 
Average daytime carbon assimilation was lowest in plants grown under the short fluctuating 
light treatment. This reduction in carbon assimilation is likely seen due to the short 
fluctuating light treatment causing light stress within the plant. Plants grown under 
fluctuating light conditions, in previous studies, have been found to have a slow growth rate 
in early development, this was hypothesised to be due to these plants not being able to fully 
utilise the light energy absorbed for carbon fixation (Vialet-Chabrand et al., 2017). The 
plants with the highest average daytime carbon assimilation were grown under the constant 
light treatment, with the exception of the Col-0 genotype under low light in repeat three, 
this supports the idea that fluctuating light induces light stress which impacts the carbon 
assimilation in these plants.  
 The NPQ levels induced during one second light fluctuations were lower in plants 
grown under the constant light treatments, than in plants grown under the fluctuating light 
treatment. This supports the idea that growth under light fluctuations induces light stress in 
the plant and negatively impacts the plant’s ability to cope with light fluctuations, as 
opposed to priming the plant to better cope with light fluctuations. Plants grown under the 
constant light treatment also displayed lower NPQ induction under one minute light 
fluctuations in the FlourCam, suggesting that these plants are best able to handle the light 
stress. This supports the idea that growing plants under light fluctuations negatively impacts 
a plants ability to tolerate fluctuating light, instead of priming plants for future fluctuations.   

This is at odds with a previous study by Marler (2020), which found that light flecks 
increased the amount of photosynthesis a plant was able to carry out during a subsequent 
light fleck. So, the Marler (2020) study supports a priming effect of fluctuating light during 
plant growth on a plant’s ability to photosynthesise and cope with light stress in subsequent 
periods of transient high light. This study disagrees with Marler (2020), as a priming effect of 
the fluctuating light treatments has not been observed in this study. In the Marler (2020) 
study, natural light was used with artificial shading to create varying levels of shade. The 
study was conducted in a greenhouse, with the light intensity and the spectral quality of 
light varying depending on the weather. However, in this study all the light used was 
artificial and so the intensity and length of high periods of light could be controlled. The 
priming light flecks experienced by plants in the Marler (2020) study were more frequent 
and shorter in duration than the periods of light used in fluctuating light treatments in this 
study. These differences in the intensity, duration, and frequency of light fluctuations likely 
explains the differences found in the priming capabilities of fluctuating light between the 
Marler (2020) study and this study. The Marler (2020) study also uses periods of high light 
interspersed with periods of low light, while this study uses periods of light interspersed 
with periods of no light. The transition from no light to light, may induce more stress within 
a plant than the transition from low light to high light. Thus, the light regime use in this 
study may have induced more stress than the light regime used in the Marler (2020) study, 
preventing the priming effect from being observed.  

Fluctuating light has been shown to induce long term acclimation responses in plants 
within a few hours (Terashima et al., 2005). These acclimation responses include cell 
elongation and shoot elongation; these are shade avoidance responses that aim to move 
the leaf out of the shaded region (Terashima et al., 2005). However, shade avoidance 
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responses will not improve plant performance under the fluctuating light used in this study 
as there is not an unshaded region into which the plant can grow. This lack of an unshaded 
region in the light treatments, rending one type of acclimation not possible, could explain 
why priming by fluctuating light was not seen in this study. As if long-term acclimation to 
shade did occur but as there was no higher light intensity that the plant could grow into the 
positive effects of this acclimation to fluctuating light would be lost. This shows the 
importance of testing plants under field conditions as it is not always possible to accurately 
replicate the dynamic light environments found in crop canopies in a growth room.  

The light treatments only had a significant impact on NPQ in this study when 
measured with a FlourCam and the Dual Pam with one second fluctuations, but not when 
measured with a Dual Pam with one minute fluctuations. The different results observed 
between the different methods are unlikely due to differences in the duration of 
fluctuations between the Dual Pam protocols. As at the end of the warmup phase before 
the light fluctuation programs began the genotypes with the highest and lowest NPQ levels 
differed between the two Dual Pam protocols. This suggests that differences seen during 
fluctuations were not due to differences in the fluctuations themselves as they were 
present before the actinic light fluctuation programs began.  

 

4.12 The EPF2OE genotype adjusts its’ chlorophyll content to acclimate to 
dynamic light conditions 
When grown under the long fluctuating light treatment the EPF2OE genotype has a higher 
chlorophyll a/b ratio than it does when grown under the other light treatments. However, 
levels of chlorophyll a and b in the EPF2OE genotype are not affected by the light 
treatments. Chlorophyll a is the primary light harvesting pigment used by Arabidopsis 
thaliana, while chlorophyll b is an accessory pigment. Chlorophyll b primarily absorbs light 
energy in the blue region of the light spectrum; chlorophyll b then transfers this light energy 
to the chlorophyll a pigments (Tanaka and Tanaka, 2011). While chlorophyll a pigments 
absorb in the blue-violet and red regions of the light spectrum. The chlorophyll a pigment is 
essential to photochemistry and is common to nearly all oxygenic photosynthetic organisms 
(Tanaka and Tanaka, 2011). Chlorophyll a can be converted into chlorophyll b through the 
chlorophyll cycle, thus the ratio of chlorophyll a to chlorophyll b can be informative into 
how this cycle is running in different plants. The chlorophyll a/b ratio was higher in the long 
light treatment for the EPF2OE genotype. This may be due to chlorophyll b pigments being 
converted to chlorophyll a pigments via the chlorophyll cycle (Ito et al., 1996). As despite 
the chlorophyll a and chlorophyll b content not being significantly different between the 
constant and long light treatment in the EPF2OE genotype, the average chlorophyll a 
content is higher in the long light treatment compared to the constant light treatment. Little 
is understood about what regulates the forward reaction (conversion of chlorophyll a to 
chlorophyll b) of the chlorophyll cycle, but high chlorophyll a/b ratios have been linked to 
plant acclimation to high light stress (Tanaka and Tanaka, 2011, Kitajima and Hogan, 2003). 
The low chlorophyll a/b ratio seen in the constant light in the EPF2OE genotype could be 
due to the low light intensity used for this light treatment, as chlorophyll b synthesis is 
enhanced under low light intensities (Kume et al., 2018). Chlorophyll b is more efficient at 
absorbing light energy at low light intensities, so in the constant light treatment the EPF2OE 
genotype is able to acclimate to a low light intensity by reducing the chlorophyll a content 
relative to the chlorophyll b content. Low chlorophyll b content has been linked to an 
increased sensitivity to photoinhibition in plants (Leverenz et al., 1992). The EPF2OE plants 
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grown in constant light display high chlorophyll b content relative to chlorophyll a content, 
so would be expected to show a reduced sensitivity to photoinhibition.  
 A previous study found that silencing of the EPF1 gene does not have a significant 
effect on chlorophyll content (He et al., 2025). This agrees with the findings of this study, as 
total chlorophyll content was not significantly different in the epf1epf2 genotype. There are 
no previous studies linking EPF genes to chlorophyll a/b ratios or the chlorophyll cycle, so 
the reason why the chlorophyll a/b ratios acclimate to the light treatment in some 
genotypes but not in other genotypes is unknown. As acclimation is only observed in the 
mutant genotypes, there may have been unknown off target or pleiotropic effects of 
mutations to the EPF genes.    

 
4.13 Differences in WUE were not due to differences in root growth 
The genotype and the light treatment the plants were grown under were found not to have 
a significant impact on root growth or architecture. Root growth can impact WUE in plants 
by altering the plant water uptake depth. Increased water uptake depth is linked to a 
reduced WUE (Li et al., 2025). As, there are no significant differences in root growth 
amongst the different genotypes or light treatments, differences in root growth between 
plants are not responsible for differences in WUE seen between the genotypes and the light 
treatments in this study. This means that differences seen in WUE are likely due to factors 
affecting the stomata and stomatal kinetics. Studies in other species have also found that 
plant performance under drought conditions was best explained by anatomical traits of 
stomata, xylem, and veins (Jhaveri et al., 2024). The Jhaveri et al. (2024) study found 
investing in below ground tissue did not aid in plant growth during drought, indicating that 
differences in root growth did not improve plant WUE.  
 Previous studies have disagreed with each other about the impact of the EPF genes 
on root growth. This study agrees with the Mohammed et al. (2019) study and the 
Mawodza et al. (2022) study that the EPF2OE and the epf1epf2 genotypes does not display 
significantly different root growth or root architecture. However it disagrees with the 
Hepworth et al. (2016) study which found that plants with a higher stomatal density 
displayed a larger rooting area. The Hepworth et al. (2016) study suggests that the epf1epf2 
genotype should show greater root growth, which was not what was found in this study. 
The Hepworth et al. (2016) study and this study used similar methods to study root 
architecture. Both studies used Arabidopsis thaliana grown on Murashige and Skoog 
medium. However the  Hepworth et al. (2016) study used shorter day conditions (9 hours 
compared to 16 hours), the seeds in the Hepworth et al. (2016) study were also stratified for 
a greater length of time. Day length is known to impact root growth, with plants growing 
under longer day conditions displaying greater root systems (Xu et al., 2023). The longer day 
length in this study compared to the Hepworth et al. (2016) study could explain why 
differing results were found. The impact of stratification time on the root architecture and 
growth is unclear.  
 Total root growth differed significantly between the plants grown during the day and 
the plants grown during the night. The circadian clock is known to play a role in regulating 
root elongation, with root elongation peaking at dawn (Yazdanbakhsh et al., 2011). Growing 
plants in the night could have a negative effect on the circadian regulation of genes involved 
in root elongation, this is because exogenous cues such as temperature can be used as 
entrainment signals for the circadian clock (Bustillo-Avendaño et al., 2022). The lower 
temperatures in the night in the growth room could be counteracting the light signals giving 
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the plant conflicting messages about the time of day. This could have a negative effect on 
the circadian control of root elongation in the nighttime plants, causing differences in root 
length between the daytime and the nighttime plants. Lateral root development has 
previously been found to be controlled by the circadian clock (Voß et al., 2015). Thus, it 
would be expected for there to also be a difference in the number of lateral roots between 
the daytime and the nighttime plants, which was not observed.  
 

4.14 Future studies 
To better understand the implications of these results, future studies could address the role 
of adaxial stomata in the low stomatal density plants. This study has shown that adaxial 
stomata in the EPF2OE mutant display a greater stomatal conductivity compared to adaxial 
stomata in the other genotypes. In the EPF2OE genotype adaxial stomata behave in a 
manner similar to that of abaxial stomata. Future studies could use a range of low stomatal 
density plants to check if the adaxial stomata display this increased stomatal conductivity 
only in EPF2OE plants or if this is seen in all low stomatal density plants. Investigating low 
stomatal density mutants could also aid in the discovery of genes involved in the adaxial 
stomatal development pathway, as the regulation of this pathway is believed to be 
controlled by different genes to those that regulate the abaxial stomatal development 
pathway (Jalakas et al., 2024). If increased adaxial stomatal conductivity is only seen in the 
EPF2OE plants, then this could elucidate a role for the EPF2 gene in the response of adaxial 
stomata to opening and closing stimuli. If the increased stomatal conductivity is seen in all 
low stomatal density mutants, then the higher adaxial stomatal conductivity is more likely to 
represent a compensatory increase in adaxial stomatal conductivity to offset a lower abaxial 
stomatal conductivity in low stomatal density mutants. Additionally, this study found that 
the EPF1 and EPF2 genes play a different role in the abaxial stomatal development pathway 
than they do in the adaxial stomatal development pathway. EPF genes are known to play a 
regulatory role in the abaxial stomatal development pathway, but their role in the adaxial 
stomatal pathway is unclear. Further research on this is needed, especially as it seems that 
adaxial stomata can compensate in plants with a reduced abaxial stomata density. Thus, 
understanding what controls development of adaxial stomata could help in the discovery of 
any internal signals between the abaxial and adaxial stomatal development pathways.   
 The low stomatal density mutant, EPF2OE, was found to have a low chlorophyll a/b 
ratio under constant light. This suggests that EPF2 favours the forward reaction of the 
chlorophyll cycle lowering the chlorophyll a/b ratio. As increasing EPF2 expression under 
constant light results in less chlorophyll a relative to chlorophyll b, as chlorophyll a is used in 
the forward reaction to produce chlorophyll b. However, the EPF2 gene does not have a 
known role in the chlorophyll cycle. Further research is needed to see if there is any 
interaction between EPF2 and known components of the chlorophyll cycle that could 
promote the forward reaction of the chlorophyll cycle. This would show whether the 
EPF2OE plants show a lower chlorophyll a/b ratio due to a direct role of EPF2 in the 
chlorophyll cycle or whether the low chlorophyll a/b ratio is due to another cause, such as 
pleiotropic effects. 
 This study differed from other studies looking at dynamic light environments, as the 
light fluctuations used went from no light to light. Other studies, such as the Marler (2020) 
study, fluctuated light intensities from low to high, as opposed to on to off. This study found 
a differing priming effect of growing under fluctuating light treatments than the Marler 
(2020) study. Studies investigating the differences between plants growing in on/off light 
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fluctuations compared to low/high light fluctuations would be useful in determining 
whether standardisation of light fluctuations used in dynamic light research is necessary. 
Currently studies vary in whether they use on/off or low/high light fluctuations making 
results difficult to compare as the impact of this difference is currently unknown. Knowing 
the impact of this difference is also important as many tools used for measuring the impact 
of dynamic light use low/high light fluctuations, not on/off fluctuations. If there is a large 
difference between the impact on a plant of on/off light fluctuations compared low/high 
light fluctuations, measuring tools will also need to be standardised to allow for better 
comparison of results taken using different measuring tools.  
 Nighttime photosynthetic rates were found in this study to differ from daytime 
photosynthetic rates. Little is known about the regulation of nighttime photosynthesis. The 
role of the circadian clock in controlling photosynthetic induction rates during the night is 
not fully understood. There are a number of important genes involved in photosynthesis 
that are controlled by the circadian clock. To test the impact of circadian clock genes on 
nighttime photosynthesis, future studies could look at daytime and nighttime 
photosynthesis in circadian clock mutants. This would allow the impact of these circadian 
genes on photosynthetic regulation to be assessed. Transcription assays looking at the level 
of gene transcripts for key photosynthetic genes at night would help show which circadian 
clock gated photosynthesis genes were responsible for the regulation of photosynthesis at 
nighttime. This would help to identify candidate photosynthetic circadian clock genes for 
mutation studies. In the short light treatment, the nighttime photosynthetic rate exceeded 
that of the daytime photosynthetic rate. Carrying out these transcription assays under 
different light treatments would allow for testing of the causes of higher nighttime 
photosynthetic rate under the short light treatment. As, this could either be due to 
differences in the expression of circadian clock genes, or it could be due to reduced light 
stress at nighttime.  

 
4.15 Implications of these findings for crop plants 
The key problem that this research aimed to address was does increasing stomatal density 
improve a plant’s photosynthetic performance under dynamic light conditions. This is an 
important question to address as plants grown in the field have to deal with fluctuating light 
environments. Light is critical to photosynthesis, so it is important to understand how 
rapidly changing light intensity impacts photosynthesis. Crops in some parts of the world are 
increasingly at risk of drought, due to climate change causing rising temperatures. In 
response to this, it has been suggested that stomatal density in crops could be reduced to 
improve WUE (Franks et al., 2015). It is important to understand how reducing stomatal 
density would impact photosynthesis under the fluctuating light conditions that would be 
found in the field. This study has shown that reducing stomatal density does not improve 
WUE under fluctuating light conditions. This calls into question the usefulness of reducing 
stomatal density to improve WUE, if this increased efficiency is not observed under the 
fluctuating light and is unlikely to be observed in field conditions. It is likely that under field 
conditions drought tolerance in plants with a lower stomatal density would be increased, 
but this would be at the expense of yield due to a lower photosynthetic induction rate. This 
study also found that high stomatal density plants were best able to cope with the short 
fluctuating light treatment, although all genotypes faired best under the constant light 
treatment. This suggests that reducing stomatal density in order to cope with drought, as 



 65 

suggested in the Franks et al. (2015) paper, could have a negative impact on photosynthesis 
under field conditions, which would negatively impact yield. 
 A study in rice (Oryza) plants by Xiong et al. (2022b) looked at the impact of stomatal 
density on photosynthetic induction under fluctuating light. The Xiong et al. (2022b) study 
found that plants with a higher stomatal density had faster rates of stomatal responses to 
changes in light intensity and faster rates of photosynthetic induction. The plants with 
greater stomatal densities also exhibited greater WUE. This supports what was found in this 
study that the high stomatal density epf1epf2 mutants displayed a greater photosynthetic 
induction rate and a greater WUE under fluctuating light compared to wild type and low 
stomatal density mutants. The Xiong et al. (2022b) study looked at 12 rice (Oryza) genotypes 
that displayed natural variation in stomatal density, it did not look at EPF gene mutants. The 
fact that the results in this study and the results in the Xiong et al. (2022b) study agree with 
each other suggests that these findings are likely to be consistent across different species, 
with different types of stomatal morphology and across both natural variation in stomatal 
density and variation due to mutations in genes involved in the stomatal development 
pathway. Whilst the impact of stomatal density on photosynthesis in fluctuating light 
environments needs to be tested in other crop species to see if the same conclusions are 
drawn, the agreement between this study and the Xiong et al. (2022b) study suggests that 
the conclusions drawn from this study are likely to be applicable to a range of different crop 
species and to both natural and mutation caused variation in stomatal density.  
 Most previous studies using EPF mutant plants, have use Arabidopsis thaliana, as 
this study also does. Arabidopsis thaliana plants are amphistomatous, this means that they 
have stomata present on both their abaxial and their adaxial surface (Jalakas et al., 2024). 
However, most plants are hypostomatous, meaning that they only have stomata present on 
their abaxial surface or that they only have few stomata present on their adaxial surface 
(Drake et al., 2019). As little is known about adaxial stomata and it is still unclear whether 
there is signalling between abaxial and adaxial stomatal development, with studies coming 
to different conclusions, studies need to be carried out in amphistomatous and 
hypostomatous crop species. This is because we do not fully understand how the presence 
of adaxial stomata in Arabidopsis thaliana is impacting the stomatal density and kinetics of 
abaxial stomata.  

Studies conducted in rice (Oryza) EPF mutant plants, looking at OsEPF loss of 
function mutations have found that OsEPF genes have a role in the stomatal development 
pathway with OsEPF loss of function mutants displaying a greater stomatal density (Xiong et 
al., 2022a). However, these OsEPF loss of function mutants also displayed a role in the 
development of the awn. The awn is an organ found in some grass species that is thought to 
have a role in herbivory defence and seed dispersal (Suganami et al., 2024). Hence, when 
using EPF gene mutations to alter stomatal density in crop plants the role of EPF genes in 
other developmental pathways also needs to be considered.  
 Most studies looking at the role EPF genes in crop plants have focused on members 
of the Poaceae family, this is because the Poaceae family contains economically important 
crops, such as, wheat (Triticum), barley (Hordeum), and rice (Oryza) (Yoshioka et al., 2017) 
(Hughes et al., 2017) (Caine et al., 2019). These studies in Poaceae crops have found that 
over expressing EPF genes to reduce stomatal density improves drought tolerance (Hughes 
et al., 2017) (Caine et al., 2019). This is at odds with what was observed in this study, where 
plants with the highest stomatal density displayed the greatest WUE. However, plants in this 
study were grown under fluctuating light, whilst the plants in the Hughes et al. (2017) and 
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the Caine et al. (2019) study were grown under constant light in a growth chamber, this is 
not reflective of field conditions. The results from this study suggest that fluctuating light 
reduces the WUE in plants with a low stomatal density, due to a slow photosynthetic 
induction rate in these plants. This highlights the importance of studying plants under field 
conditions, where the light environment is dynamic.  

There have been few studies on EPF mutant plants in crops outside of the Poaceae 
family. It is important to study these crops as they will have a different stomatal 
morphology to plants in the Poaceae family. Studies in crop plants from non-Poaceae 
families will be important to verify that EPF genes behave in the same manner in these 
crops as they do in Arabidopsis thaliana.  

A study of the impact of fluctuating light on drought tolerance in rice (Oryza) found a 
link between the response of stomata to fluctuating light and the WUE of these plants in the 
field (Qu et al., 2016). The Qu et al. (2016) study found that plants with a faster stomatal 
closing response relative to the stomatal opening response under fluctuating light displayed 
a greater WUE. The Qu et al. (2016) study demonstrated the trade-off for plants between 
maximising photosynthetic light use efficiency which is greatest with faster stomatal 
opening and reducing water loss which is greatest with faster stomatal closing. Additionally, 
the Qu et al. (2016) study raises the important point that stomatal opening and closing 
times can be different from each other. This study looked at stomatal response to increasing 
light intensity through measurements of CO2 assimilation, thus it only looked at stomatal 
opening not stomatal closure. As stomatal opening and closure responses can be different, 
they should both be looked at in future studies. The Qu et al. (2016) study looks at rice  
plants, the authors makes the point that rice plants are typically grown in paddy fields, 
which are wet environments. These conditions favour optimisation of stomatal responses 
for photosynthetic light use efficiency over WUE in rice plants. As such the growth 
environment of crops needs to be considered when attempts to improve drought tolerance 
through altering stomata are made.  
 In summary, the primary implication of these findings for crops is that any research 
done on the WUE of crop plants with a reduced stomatal density needs to be done under 
field conditions and needs to take into account the normal growth environment of the crop 
species used. The current view in the field that stomatal density can be reduced to improve 
WUE and drought tolerance ignores the negative impact that low stomatal density has on 
photosynthetic induction under fluctuating light conditions.  

This prompts the need to find alternative methods to increase crop drought 
tolerance due to the risk of drought in the future as a result of climate change. As it is 
unlikely that reducing stomatal density will improve drought tolerance when tested in the 
field without negatively impacting yield due to reduced photosynthetic induction rates in 
low stomatal density plants. A potentially more promising path to increasing crop drought 
tolerance could be through increasing stomatal kinetics. There are a number of different 
methods through which this could be done, one of which is to express light gated potassium 
ion channels in guard cells. A study by Papanatsiou et al. (2019) did this in Arabidopsis 
thaliana, the plants possessing light gated potassium ion channels displayed a greater 
biomass under fluctuating light without impacting the plants WUE. So, changing the ion 
channels in guard cells does improve plant drought tolerance under fluctuating light, but it 
also required gene editing, which is a controversial technique that is not allowed in many 
countries.  
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5.Conclusion 
This study aimed to address two main questions: what is the impact of stomatal density on 
CO2 assimilation in dynamic light environments and what is the impact of stomatal density 
on intrinsic WUE? The results of this study indicate that plants with an increased stomatal 
density are better able to cope with dynamic light environments. As, the epf1epf2 genotype 
displayed the greatest CO2 assimilation and daytime photosynthetic induction in the short 
light treatment. This agrees with hypothesis two of this study that if plants have a higher 
stomatal density, then they will display faster rate of photosynthetic induction.  

The epf1epf2 genotype displayed a greater abaxial stomatal conductivity, this 
partially agrees with hypothesis one of this study that if plants have a higher stomatal 
density, then they will have greater gs. However, genotype was not found to cause a 
difference in stomatal conductivity on the adaxial side of the leaf. This increased abaxial 
stomatal conductivity allows high stomatal density plants to maintain a high intercellular 
CO2 concentration. So, when photosynthesis is able to occur, during light periods, the CO2 
required for photosynthesis is already inside the plant.  

Whilst the epf1epf2 genotype does the best in the short light treatment compared to 
other genotypes, all genotypes fair best in the constant light treatment. This is because 
growth in dynamic light environments does not prime plants for future light fluctuations, 
instead it causes light stress within the plants. This light stress reduces the plants’ 
photosynthetic capabilities and increases NPQ in subsequent light fluctuations. 
 In addition to displaying greater resilience to dynamic light environments, plants 
with an increased stomatal density also display greater WUE. This is at odds with findings of 
previous studies, which have suggested that reducing stomatal density could be used as a 
strategy to increase drought tolerance in plants by increasing the plants WUE. It is also at 
odds with hypothesis three of this study, which is that if plants have a higher stomatal 
density, then the plants will have lower WUE. As, the epf1epf2 genotype displays the 
highest photosynthetic induction rate, the higher WUE can be accounted for by an 
increased carbon fixation efficiency. This increases the molecules of CO2 that can be fixed 
per molecule of water lost. Root growth and architecture do not differ between the 
genotype or the light treatments studied so differences in WUE can be confidently 
attributed to differences in shoot side process, such as differences in stomatal conductivity.  

This increase in adaxial stomatal density in the EPF2OE genotype suggests that 
overexpressing the EPF2 gene is not the most effective way to reduce stomatal density. The 
findings of this study highlight the importance of studying the adaxial stomata, the adaxial 
stomatal density and conductivity are rarely looked at in studies of EPF mutant plants. The 
adaxial stomatal development pathway is also poorly understood, although it is known to be 
different to the abaxial stomatal development pathway (Jalakas et al., 2024). Due to this, we 
do not know the role that EPF genes play in the adaxial stomatal development pathway. 

This study grew plants under fluctuating light, as well as measuring plants under 
fluctuating light. This method showed that instead of having a priming effect on plants, 
growth under dynamic light induces a greater degree of light stress on plants compared to 
plants grown under constant light. Many studies looking at photosynthesis under dynamic 
light only measure under dynamic light they do not grow the plants under dynamic light. 
These studies miss the impact of acclimation to fluctuating light.  

Carbon assimilation was chosen as the method by which photosynthetic performance 
was assessed, thus focusing on the light independent aspect of photosynthesis. This allowed 
for gas exchange through stomata to be analysed, but it missed any changes in light capture 
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due to changes in chlorophyll content. The carbon assimilation method was chosen as 
differences in gas exchange were expected due to the differing stomata densities between 
the genotypes. Whilst differences in chlorophyll content were not expected. As, the 
mutated EPF genes have a known role in the abaxial stomatal development pathway but are 
seemingly unconnected to the chlorophyll cycle.  

The findings of this study have indicated that low stomatal density plants may be 
able to compensate for a lower abaxial stomatal density by increasing their adaxial stomatal 
density. This is important as it calls into question our ability to create plants with fewer 
stomata. It also raises important questions about the role of EPF genes in adaxial stomatal 
development. Adaxial stomata are rarely studied, and little is known about what regulates 
their development. This study has repeatedly showed the importance of measuring 
stomatal conductivity and density on the abaxial and adaxial sides of the leaf in EPF mutant 
plants. As the impact of EPF gene alteration on plant stomatal density differs between the 
abaxial and adaxial side of the leaf. Adaxial stomatal conductivity is frequently ignored in 
other studies as it is lower than abaxial stomatal conductivity, so it is thought of as 
negligible. Despite being lower, adaxial stomatal conductivity can still give useful insights 
into gas exchange in plants. This was shown in this study where, although adaxial stomatal 
conductivity was lower than abaxial stomatal conductivity, the gap between adaxial and 
abaxial stomatal conductivity between genotypes was informative. Hence this study has 
shown that there are key differences between the abaxial and adaxial sides of the stomata, 
and that going forward studies need to be carried out on both sides of the leaf.  

This study also finds that the epf1epf2 high stomatal density mutants are better able 
to cope with dynamic light environments compared to wildtype plants. epf1epf2 plants also 
show greater WUE. This suggests that increasing stomatal density may represent a method 
to improve plant photosynthetic performance in field conditions and to boost drought 
tolerance. Few studies have previously looked at the impact of fluctuating light on WUE and 
the results of this study suggest that high stomatal density improves WUE in fluctuating 
light. This challenges previous assertions that reducing stomatal density improves WUE and 
highlights the importance of studying plants in dynamic light environments.  
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7. Appendix  
7.1 Timeline 

 
 
 
 
 
7.2 Statistical models  
The following models were analysed by ANOVA: 
Water use efficiency ~ Light+ Genotype  
Photosynthetic induction ~ Genotype + Light treatment + Time of day 
CO2 assimilation at high light intensity ~ Genotype + Light treatment +Time of day 
Chlorophyll a content ~ Genotype + Light treatment 
Chlorophyll b content ~ Genotype + Light treatment 
Chlorophyll a+ b content ~ Genotype + Light treatment 
Chlorophyll a/b ratio ~ Genotype + Light treatment 
 
 
The following groups were compared using a Kruskal-Wallis test as the data was not 
normally distributed: 
Plant rosette area ~ Genotype                                                                        
Plant rosette area ~ Light treatment   
Stomata per mm2 ~ Genotype 
Stomata per mm2 ~ Light treatment 
Stomata per mm2 ~ Side of leaf 
Stomatal conductivity ~ Genotype 
Stomatal conductivity ~ Light treatment 
Stomatal conductivity ~ Side of leaf 
CO2 assimilation ~ Genotype 
CO2 assimilation ~ Light treatment 
CO2 assimilation ~ Time of day 
CO2 assimilation ~ Light intensity   
CO2 assimilation at low light intensity ~ Genotype  
CO2 assimilation at low light intensity ~ Light treatment  
CO2 assimilation at low light intensity ~ Time of day 
NPQ (measured in FlourCam) ~ Time of day 
NPQ (measured in FlourCam) ~ Genotype 
NPQ (measured in FlourCam) ~ Light treatment 
NPQ (Dual Pam, one second fluctuations) ~ Genotype 
NPQ (Dual Pam, one second fluctuations) ~ Light treatment 
NPQ (Dual Pam, one minute fluctuations) ~ Genotype 
NPQ (Dual Pam, one minute fluctuations) ~ Light treatment 
Total root length ~ Genotype 
Total root length ~ Light treatment 

Figure 20: A timeline of measurements taken in each repeat of the experiment. 
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Number of lateral roots ~ Genotype 
Number of lateral roots ~ Light treatment 
Total lateral root length ~ Genotype 
Total lateral root length ~ Light treatment  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


