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SUMMARY 

Guard cells controls the stomata through which exchange of gas takes place by balancing 

between CO2 uptake for photosynthesis and water loss through transpiration leading to 

ultimate plant water use efficiency (WUE). Climate change is predicted to lead to greater 

temperatures and reduced water availability resulting in adverse effect on plant 

productivity. Sustainable agriculture will therefore require a major reduction in plant 

water use hence stomata have become potential target for manipulation. Understanding 

the signal mechanisms of stomata in response to these changing environmental conditions 

is therefore critically important. In order to facilitate an understanding of stomatal 

regulation and how it is influenced by the surrounding mesophyll cells, we have used two 

approaches to find a possible coordination that links mesophyll and guard cell 

metabolism through the use of stomatal physiology and genetic engineering. The first 

approach used a novel epidermal mesophyll transfer experiment to monitor stomatal 

responses to dynamic environmental changes with and without the mesophyll present. 

The second approach used new molecular tools and techniques to manipulate chloroplast 

metabolism specifically in the guard cells to elucidate mesophyll-derived signals that 

coordinate mesophyll CO2 demands with stomatal behaviour towards crop improvement. 

The results presented have shown guard cells plays a role in stomatal function even 

though the degree of responsiveness is slower than when the mesophyll is present. 

Furthermore, the molecular approach demonstrated using Arabidopsis plants 

overexpressing Rieske and SBPase resulted in substantial and significant impacts on plant 

development coupled with increases in photosynthetic efficiency of photosystem II in the 

early stages of seedling development. The result obtained proves more opportunities 

await the exploitation of guard cells metabolism towards the improvement of plants.  
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ABBREVIATIONS 

ATP             Adenosine -5-triphosphate   

BASTA        Glofusinate ammonium herbicide 

bp                Base pair 

CAM            Crassulacean acid metabolism 

cDNA           Complementary DNA 

Ci                 Intercellular CO2 concentration  

DNA            Deoxyribonucleic acid 

EDTA          Ethylenediaminetetraacetic Acid Tetrasodium Salt  

ETC             Electron transport chain 

Kn               Kanamycin 

LB               Luria Broth 

MS              Murashige and Skoog basal media 

NAD            Nicotinamide adenine dinucleotide 

NADP          Nicotinamide adenine dinucleotide phosphate  

PCR             Polymerase chain reaction 

PEPc,           Phosphoenolpyruvate carboxylase 

PPDK          Pyruvate orthophosphate dikinase 

qRT-PCR     Quantitative reverse transcriptase polymerase chain reaction 

RNA            Ribonucleic acid 

Rubisco        Ribulose-1,5-bisphosphate carboxylase/oxygenase 

RuBP           Ribulose-1,5-bisphosphate 

RT-PCR       Reverse transcriptase polymerase chain reaction 

WT             Wild type  
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CHAPTER 1: INTRODUCTION 

Climate change is predicted to lead to greater temperatures and reduced water availability 

as a result of increasing global CO2 concentration, which is anticipated to double by the 

end of this century (Keeling et al., 2010, Keenan et al., 2014). Global surface temperature 

is predicted to rise by 2.6–4.8°C by the end of this century according to IPCC, 2013. The 

increase in temperature will lead to increases in evaporative demand which in turn will 

decreases soil moisture and subsequently results in reduced water availability for plants 

leading to a decline in plant productivity (Anderegg et al., 2013, Park Williams et al., 

2012). Reduced water availability severely damages crops and results in major yield 

losses (Zhu and Assmann, 2017) and has been shown to cause more yield losses than any 

other single biotic or abiotic factor globally (Boyer, 1982). Sustainable agriculture will 

require a major reduction in plant water use in many areas as fresh water available for 

crops will decrease due to climate change and the predicted increase in global water 

usage due to increasing global population (World Water Organization, 2010). 

Additionally severe drought plays a critical role in carbon cycling with the loss of carbon 

sinks resulting from widespread crop mortality in all vegetation types across all 

continents observed in the past few decades (Ciais et al., 2005, Anderegg et al., 2012, 

Reichstein et al., 2013, Allen et al., 2010). Therefore, in order to maintain crop 

productivity to feed the growing population, it is necessary to develop new crop varieties 

or identify potential targets for manipulating plants for improved water use and 

productivity. A key target is to produce future crop plants that have the ability to maintain 

productivity if not increase productivity amidst all these predicted changes in climatic 

conditions (Jezek and Blatt, 2017, Lawson et al., 2011). Stomata and their behaviour have 

affected global fluxes of CO2 and H2O, with an estimated 300 x 10
15

 g of CO2 and 35 x 

10
18

 g of H2O vapour passing through stomata of leaves every year (Hetherington and 
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Woodward, 2003a). As stomatal conductance determines the flux of gases between the 

inside of the leaf and the external atmosphere and therefore greatly influence 

photosynthetic carbon assimilation and water use, stomata are potential unexploited 

targets. Understanding the structure, function and signalling mechanism in stomata in 

response to these changing environmental conditions is therefore critically important if 

we are to manipulate the processes (Buckley, 2005, Hetherington and Woodward, 2003b, 

Bergmann and Sack, 2007). Figure 1.1 below shows the guard cells that controls stomatal 

size and the targeted enzymes manipulated in the chloroplast of the guard cells. Uses of 

these enzymes are described in further chapter. 
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Figure 1. 1.Guard cell as a potential tool for manipulation. (A) guard cells from an 

epidermal peel showing chloroplasts which are the site of photosynthesis and the stomata 

through which exchange of gas takes place. The guard cells control the stomatal pore i.e 

the opening and closing of the stomata. (B) Schematic diagram of a single chloroplast 

illustrating (a) the thylakoid membrane where electron transport chain takes place. The 

cytochrome b6f between the PSII and PSI shuttles electron which is used for the synthesis 

of NADPH and ATP as energy for fuelling the Calvin cycle. (b) Calvin Cycle found in 

the stroma of the chloroplast where sedoheptulose-1, 7-bisphosphatase (SBPase) a key 

component in the regeneration of RuBP in the Calvin cycle functions. 

 

Stomata has therefore attracted the attention of scientists for almost three centuries 

(Meidner and Willmer, 1993), and a great deal of knowledge related to the structure, 

development, and physiology of stomata have so been acquired (Bergmann and Sack, 

2007, Buckley, 2005, Berry et al., 2010) nevertheless, there are still many unanswered 

questions regarding signalling pathways, osmoregulation and the co-ordination between 

stomatal behaviour and mesophyll photosynthesis. For an optimal plant productivity and 

water use efficiency (defined at the leaf level as the ratio of carbon gained relative to 
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water lost) stomata must open and close to environmental stimuli and internal signal to 

balance CO2 uptake for photosynthesis (A) with water lost through transpiration (E) for 

optimal plant productivity and plant water use efficiency (WUE = A/E (Lawson & Blatt, 

2014). A strong correlation between mesophyll photosynthesis (A) and stomatal 

conductance (gs) has often been observed (Messinger et al., 2006, Wong et al., 1979); 

however, the underlying mechanisms or possible signals that promote this relationship are 

not entirely understood and are currently being studied (Lawson and Blatt, 2014, Lawson 

et al., 2014c, Lawson and Weyers, 1999, Terashima et al., 2016). Although the strong 

relationship between A and gs is conserved, it is not always constant (Lawson and Blatt, 

2014) and under fluctuating environmental conditions, stomatal responses to changing 

conditions are often slower than those of the photosynthetic responses (Barradas and 

Jones, 1996, Lawson and Blatt, 2014a) leading to a disconnect between A and gs that 

impacts on productivity and water use efficiency (WUE). In order to balance between 

carbon supply and the ability to optimise or sustain plant growth in an ever fluctuating 

environment, a full understanding of these responses requires as well new approaches that 

integrate both molecular and physiological approaches (Lawson and Blatt, 2014a, Smith 

and Stitt, 2007). Boyer (1982) has long emphasized that genetic potentials for yield lies 

unrealized and the need for better adaptation of plants to climatic factors in which the 

plants are grown are still enormous.  

In view of this, the epidermal peel experiments provides a way to assess stomatal 

responses in the epidermis relative to intact leaves in order to find a possible mechanism 

coordinating stomata with mesophyll resulting in both improvement of WUE and plant 

productivity. Similarly, manipulating the guard cells aims to elucidate the role of guard 

cell chloroplasts on stomatal function through the production of transgenic plants with 

altered expression of the Calvin cycle enzyme Sedoheptulose-1,7-bisphosphatase 
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(SBPase) a key component in the regeneration of RuBP in the Calvin cycle and 

cytochrome b6f (Rieske), a key component of the electron transport used towards ATP 

production. The effect of these manipulations will be evaluated and assessed 

physiologically towards possible improvement of plant productivity (Lawson and 

Weyers, 1999). 

1.1. Stomatal regulation of gas exchange 

The external surfaces of most herbaceous and woody plants are covered with a waxy 

cuticle layer impermeable to water vapour and CO2 therefore all gaseous exchange 

between the external environment and the internal leaf must pass through stomatal pores 

(Berry et al., 2010, Shtein et al., 2017, Edwards et al., 1998, Hetherington and 

Woodward, 2003a). Stomata (singular, stoma) are minute adjustable pores found in large 

numbers on surfaces of most aerial parts (stems, leaves, flowers and fruits) of higher 

plants but not on aerial roots (Tichá, 1982). Apart from the central role of stomata in 

regulating gas exchange between the inside of the leaf and the external environment 

(Cowan and Troughton, 1971), stomatal behaviour also influences transpiration, leaf 

cooling and metabolites fluxes (Brownlee, 2001, Lake et al., 2001, Jia and Zhang, 2008) 

as well as acting as a barrier to harmful substances/pollutants such as ozone and 

pathogens (Meidner and Mansfield, 1968, Mansfield and Majernik, 1970). Stomata in 

most plants can be found both on the upper (adaxial) and lower (abaxial) surfaces and are 

called amphistomaceous however, stomata are usually more abundant on the abaxial 

surface (Tichá, 1982). In some species especially trees, stomata are only found on the 

lower surface (i.e. the leaf is hypostomatous), while in aquatic plants, they are only found 

on the upper surfaces (and the leaf is termed epistomaceous). Stomata vary widely in 

density and size and consist of a pore bordered by a pair of cells called the guard cells. In 
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some species specialised adjacent epidermal cells termed subsidiary cells surround the 

guard cell and all together make up the stomatal complex (Willmer and Fricker, 1996). 

Subsidiary cells play a role in guard cell functioning by reinforcing or protecting the 

stomatal cells given that plant cells are relatively rigid due to the cellulose cell walls. 

Because the stomata must expand and contract, subsidiary cells afford a cushioning effect 

for the adjoining rigid cells from the stomatal expansions and contractions (Ferry, 2008). 

Most importantly, subsidiary cells greatly assist in regulating stomatal behaviour. Franks 

and Farquhar (2007) showed that maximum stomatal aperture (and therefore gs) could not 

be obtained in some species of wheat without a substantial reduction in subsidiary cell 

turgor pressure and a reduction in the mechanical advantage of the subsidiary cells to 

close stomata. These findings illustrated that rapid stomatal movement in species with 

dumb-bell shaped guard cells is facilitated by a “see-sawing” of turgor pressure between 

subsidiary and guard cells during stomatal opening. This work highlight the importance 

of the mechanical properties of stomata in their performance for regulations of gas-

exchange regulation, however relatively little is known about these properties vary across 

different species (Franks and Farquhar, 2007). Recently an experiment supported this 

hypothesis by showcasing the role of subsidiary cells in stomatal behaviour in grasses 

was published in Science (Raissig et al., 2017). In this study a transcriptions factor was 

manipulated that resulted in Brachypodium plants without subsidiary cells. Stomata in 

these plants had reduced stomatal aperture and lower fresh weight (Raissig et al., 2017). 

Thus, it was suggested that the manipulation of subsidiary cell formation and function in 

crops may be an effective approach to enhance plant performance.  

Both the rapidity of stomatal function and the magnitude of the gs are important for plant 

productivity and plant water use and therefore understanding the mechanisms and 

signalling processes and pathways that underlie stomatal responses to changing 
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environmental condition is essential if these are to be targets for manipulation to 

optimised co-ordination between mesophyll demands for CO2 and water loss.  

1.2 Stomatal response to environmental factors and internal cues  

Stomata have a complex signal transduction networks which enables them to respond to 

endogenous and environmental signals promoting opening and closing of the stomatal 

pore within time scales of seconds to hours (Assmann and Wang, 2001, Assmann and 

Jegla, 2016). 

The balance between CO2 uptake and transpiration rate depends on stomatal responses 

to these factors and is important for synchronizing stomatal behaviour relative to 

mesophyll demands for CO₂. Stomatal behaviour is influenced by variables such as light, 

[CO2], humidity, pathogens, abscisic acid (ABA) and temperature (Vavasseur and 

Raghavendra, 2005, Kim et al., 2004).  

Stomata in leaves respond rapidly and reversibly to both light and intercellular CO2 

concentration (Ci) (Fujita et al., 2013). However as stated above, these responses vary in 

magnitude among and within species under different growth conditions (Doi et al., 2015, 

Talbott and Zeiger, 1998, Talbott and Zeiger, 1996). Stomatal responses will therefore be 

focused on light and intercellular CO2 because of their importance to photosynthesis. 

1.2.1 Stomatal responses to light 

Stomata respond to light through the activation of pigments and photoreceptors. This 

happens through the absorption of light by these pigments in the guard cell chloroplasts 

resulting in proton extrusion thereby activating a specific plasma membrane proton pump 

and causing membrane hyperpolarization. This leads to ion transport K
+
 influx and 
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subsequent swelling of the guard cells resulting in stomatal opening (Shimazaki and 

Zeiger, 1985).  

The spectral quality of light modulates the mechanisms of osmotic accumulation in guard 

cells and include potassium uptake, photosynthetic sugar production, and starch 

breakdown (Talbott and Zeiger, 1993). Suetsugu et al. (2014) demonstrated that guard 

cell chloroplasts provide ATP and/or reducing equivalents that mediate blue light-

dependent stomatal opening and hence suggested that they indirectly monitor 

photosynthetic CO2 fixation in mesophyll chloroplasts by absorbing light in the 

epidermis. Recently, Horrer et al. (2016) provided a direct link of stomatal response to 

blue light and starch degradation mediated by the action of β-amylase 1 (BAM1) and α-

amylase 3 (AMY3)-enzymes. These enzymes under normal circumstances do not require 

starch breakdown in the night of other leaf tissues. The pathway was found to be under 

the control of the phototropin-dependent blue-light signalling and correlated with the 

plasma membrane H
+
- ATPase activity.  

1.2.2 Stomatal response to [CO2] 

Stomatal conductance is also mediated by the CO2 concentration inside the leaf (internal 

CO2 concentration, Ci (Mott 1988) which is also determined by the photosynthetic rate. 

As a result, increased photosynthetic activities decrease Ci to which stomata respond by 

opening (Assmann and Shimazaki, 1999, Mott, 1988). Stomatal opening is stimulated 

when the internal CO2 concentrations decreases for example, with increasing A, whilst 

increasing Ci induces stomatal closure (Mansfield et al., 1990, Assmann and Shimazaki, 

1999). The stomatal response to Ci has often been assumed to be the mechanism that co-

ordinates A and gs in order to balance CO2 uptake to optimising mesophyll carbon 

demands without unnecessarily losing excess water (Lawson, 2009, Lawson and Blatt, 

2014, Mott, 1988). It is assumed that stomata respond to a constant ratio of atmospheric 
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CO2 to Ci of about ⅔ atmospheric CO2 (Mott, 1988). However several studies have 

argued that changes in Ci are often too small to account for the changes in stomatal 

aperture. This is supported by reports of stomatal responses to PPFD when Ci is held 

constant (Lawson et al., 2008, Messinger et al., 2006, Wang and Song, 2008). The 

challenge however is whether this signal is sensed directly by guard cells and/or by the 

mesophyll (Assmann and Shimazaki, 1999, Lawson et al., 2011) or whether a 

combination of the two contributes to the response. Recently, Jakobson et al. (2016) 

demonstrated the deletion of mitogen-activated protein (map) kinase 12 (MPK12) showed 

a lack of CO2  insensitivity in plant suggesting a new function for plant MPKs as protein 

kinase inhibitors and a mechanism through which guard cell CO2 signaling controls plant 

water management.  

Hiyama et al. (2017)  demonstrated the involvement of two kinases; (convergence of blue 

light and CO2 1 and 2 (CBC1/CBC2) which function in the signalling pathways of 

phototropins and high leaf temperature1 (HT1). CBC1/CBC2 interacted with and are 

phosphorylated by HT1. Hence, they proposed that CBCs mediates stomatal aperture 

through the integration of signals from blue light and CO2 which also acts as a 

convergence site for signals from blue light and low CO2.  

Genetic mutants especially in Arabidopsis have identified and characterized signal 

transduction mechanisms and those with impaired stomatal response to [CO2] have 

already begun to reveal the mechanisms that mediate CO2 regulation of stomatal 

conductance. It cannot be emphasised enough that the involvement of guard cell 

photosynthesis demands genetic analyses by guard cell-specific impairment of 

photosynthesis, Lawson (2009).  
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1.3 Guard cell osmoregulation 

Guard cells are highly specialised and complex structures possessing complex signal 

transduction networks, membrane ion transport capability and modified metabolic 

pathways (Assmann and Wang, 2001). As stated previously, stomatal aperture is 

controlled by reversible changes in the concentration of osmolytes in guard cells which is 

regulated by the ongoing metabolism of the surrounding guard cells influenced both by 

endogenous and environmental signals (Daloso et al., 2016). Stomatal opening is 

achieved when the accumulation of osmotica lowers the water potential promoting the 

inflow of water into the guard cell vacuoles which leads to the swelling of guard cells 

thereby opening the stomatal pore. Similarly in the same way but in opposite direction, 

stomatal closure occurs when guard cells release ions into the cell wall and the 

consequent efflux of water leading to reduction in volume. These dynamic changes in 

volume and structure results in stomatal movements (Andres et al., 2014, Berry et al., 

2010, Gao et al., 2015). 

There have been many decades of research that have focused on guard cell 

osmoregulation and many pathways put forward with evidence for all of these.                         

The key osmotically active solutes inorganic ions such as Potassium (K
+
) and Chloride 

(Cl
−
) with malate

2−
 and sucrose function as the main organic solutes.                         

Where and how these osmotically active solutes are generated and taken up into the guard 

cells has also been subject of intense debate, with K
+
 and Cl

−
 assumed to be taken up 

from the apoplast, whilst sucrose and  malate
2−

 could be imported from the mesophyll or 

synthesized internally in the guard cells themselves, from starch degradation or guard cell 

CO2 fixation (Roelfsema and Hedrich, 2005, Horrer et al., 2016, Lawson et al., Vavasseur 

and Raghavendra, 2005, Lawson, 2009).  As stated earlier, a deeper and better 

understanding of the mechanisms of signal transduction pathway could provide targets 
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for manipulation. Although  there are still may gaps in our knowledge regarding stomatal 

regulation, as well as sensory and signalling mechanisms of guard cells, there is 

considerable information available on stomatal responses to various environmental 

stimuli, guard cell osmoregulation and mechanisms of movement. Below a historical 

account of  the various osmoregulatory pathways and solutes involved stomatal 

regulation is provided which not only demonstrates the wealth of information but also 

hints at extreme plasticiy in guard cell function.  

1.3.1 Starch-sugar theory 

In the early 20th century, researchers supported the hypothesis that sucrose was the only 

osmolyte required for stomatal opening which was produced by starch breakdown in the 

guard cells (Lloyd, 1908). The starch-sugar hypothesis is based on the fact that in the 

dark inactive starch is accumulated and stored in the guard cells which is subsequently 

converted to active sugar during the day in the light (Lloyd, 1908). This was first 

observed by the fact that open stomata in the light period had less starch than closed 

stomata at night time. The sugars produced from starch breakdown increases the osmotic 

potential of guard cells which results in water uptake and increase turgor pressure of the 

guard cells thereby opening stomata. However, the disappearance of starch in the guard 

cells has also been linked to contribute to the development of carbon skeleton  needed for 

the synthesis of organic anions such as malate, to act as counter ions to K
+
 uptake to 

support stomatal opening (Outlaw and Lowry, 1977). Although, in 1960, the starch-sugar 

hypothesis was replaced by the K
+
-malate theory along with the counter ions 

malate
2−

 and/or Cl
−
 (Allaway, 1973, Schnabl, 1980), the sucrose paradox was revisited 

when Macrobbie and co-workers showed that K
+
 and counter ions could not provide all 

the osmoticum for stomatal opening (MacRobbie, 1987). Additionally, the reported 

decline in K
+
 ion concentration during stomatal opening along with a simultaneous 
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increase in sucrose concentration later in the day led to the suggestion that K
+
 is 

important for stomatal opening early in the day and replaced by sucrose later on in the 

day (Schroeder et al., 2001, Talbott and Zeiger, 1993). These findings demonstrates that 

osmoregulation in guard cells depends on at least two different osmoregulatory pathways, 

K
+
 transport and sucrose metabolism that occurs at different times of the day (Talbott and 

Zeiger, 1993).                          

1.3.2 Potassium chloride-malate theory  

The Potassium-malate theory replaced the starch-sugar theory in 1960 (Imamura, 1943, 

Fischer and Hsiao, 1968, Raschke, 1975). This became the accepted and main guard cell 

osmoregulatory pathway and is still often considered the exclusive mechanism for 

regulating stomatal aperture. Starch breakdown has long been associated with the 

synthesis of malate (Ogawa et al., 1978). As a result of high accumulation of starch and 

PEP carboxylase in guard cells, this led to the suggestion by many that this is the only or 

major pathway of CO2 fixation in guard cells (Ogawa et al., 1978). The importance of 

malate in guard cell osmoregulation has been demonstrated by blue light induced 

stomatal opening which resulted in severe impairment of A. thaliana 

phosphoglucomutase mutant, as a result of negligible starch accumulation in guard cell 

chloroplasts (Lasceve et al., 1997). Addition of chloride (Cl
-
) in the medium rescues the 

stomatal aperture of the mutant compared with wild-type plants suggesting that starch 

degradation in guard cells provides carbon for the accumulation of a counter-ion to 

potassium, probably malate
2-

 (Lasceve et al., 1997). This has further been supported by 

the recent work of Horrer et al. (2016) which estimates that half of the starch degraded in 

guard cells is sufficient to provide carbon for rapid malate synthesis under blue light. 

Additional support for the involvement or importance of PEPc in stomatal opening has 

also come from the work of (Cousins et al., 2007) who conducted an experiment on PEPc 
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deficient mutant of Amaranthus edulis and reported reduced rates of stomatal opening 

and gs compared with the wild types. 

Despite all these recent findings and the undisputed importance of K
+
 and its counter ions 

uptake in stomatal opening, studies still showed it cannot solely account for the increase 

in osmotic pressure necessary for stomatal aperture which was based on the findings of 

Tallman and Zeiger (1988a) who suggested and demonstrated that the general assumption 

of K
+
 and its counter ions as the universal osmoticum was not the case for 

osmoregulatory stomatal opening but rather, their data showed that sugars arising from 

photosynthesis and from starch degradation were additional osmotica. Similar results 

were also demonstrated in Vicia faba guard cells that took up approximately 2 pmol of 

K
+
 during stomatal opening which is less than the 4.5 MPa expected to fully open stomata 

even if it was still balanced by the accumulation of similar amounts of counter ions 

(Cl
−
 and/or malate

2−
),(Chen et al., 2012, Fischer, 1968b). 

Apart from malate being the predominant anion in plants during stomatal responses, there 

are evidences that support roles played by other carboxylates. Pyruvate is one of such 

which has been involved in metabolic pathways. Pyruvate has long been implicated in the 

regulation of stomatal function where it showed its effect as a negative regulator of ABA 

by an induced inhibition of stomatal opening in the light (Raghavendra et al, 1976). 

Recently, a putative pyruvate carrier (NRGA1), was identified to negatively 

regulates ABA-induced signalling in guard cell and a disruption of this resulted in an 

increased in ABA sensitivity in stomatal movements (Li et al., 2014).                          

Nonetheless, sucrose was again put forward as the most likely additional solute to support 

stomatal opening (MacRobbie, 1987, Tallman and Zeiger, 1988b). 
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 1.4 Guard cell chloroplasts 

Photosynthesis takes place primarily in the mesophyll tissue as epidermal cells generally 

lack chloroplasts. However, guard cells, which developed from protodermal cells, also 

contain photosynthetically active chloroplasts in most but not all species (Outlaw et al., 

1981, Zeiger et al., 1981, Shimazaki et al., 1982, Zemel and Gepstein, 1985, Gotow et al., 

1988b). The number of chloroplasts in each guard cell depends on the species (Wilmer 

and Fricker, 1996, Lawson et al., 2003c). Majority of species contain between 10-15 

chloroplasts per guard cell (Humble and Raschke, 1971) compared with 30-70 in a 

palisade mesophyll cell, however in some species like the Selaginella, the number of 

chloroplasts per guard cell is only 3-6 (Allaway and Milthorpe, 2012) whilst in some 

species, up to 100 can be found e.g Polypodium vulgar (Stevens and Martin, 1978). 

However, guard cells of Paphiopedium spp completely lacks chloroplasts but still 

maintains functional stomata (Nelson and Mayo, 1975) suggesting that they may not be 

essential for stomatal function. Guard cell chloroplasts are smaller and have less granum 

hence could be said to be less developed than the mesophyll cells. Guard cell chloroplasts 

have a reduced thylakoid network and chlorophyll contents compared to the mesophyll 

(Shimazaki and Okayama, 1990) and have functional photosystems I and II, electron 

transport, oxygen evolution and photophosphorylation (Gotow, 1998, Lawson et al., 

2002). 

Calvin cycle activity has been demonstrated in guard cells, although the activity of 

ribulose bisphosphate oxygenase carboxylase (Rubisco) has been reported to be lower 

compared with mesophyll. The role of guard cell chloroplasts and the amount and 

importance of guard cell photosynthesis is a controversial topic with different reports in 

different species and from different laboratories. This could be due to the complex and 

functional plasticity of guard cell osmoregulation and signalling pathways coupled with 
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the possible multiple roles for which may vary depending on conditions or time of the 

day (Zeiger et al., 2002). Therefore elucidating the role of the guard cell chloroplasts and 

guard cell photosynthesis presents a serious challenge for researchers in the field.  

The following roles have been proposed for guard cell chloroplasts.  

1. Electron transport in guard cells are capable of producing ATP used in osmoregulation 

(Schwartz and Zeiger, 1984, Shimazaki and Zeiger, 1985, Daloso et al., 2015). 

2. Photosynthetic carbon assimilation within guard cells produces osmotically active 

sugars (Madhavan and Smith, 1982, Zemel and Gepstein, 1985, Shimazaki and Zeiger, 

1985, Gotow et al., 1988b)  

3. Chloroplasts are involved in blue-light signalling and response (Frechilla et al., 2004, 

Zeiger and Zhu, 1998). 

4. Starch stored in the chloroplasts (either produced from carbon assimilation in the guard 

cell chloroplasts, or imported from the mesophyll) is available to synthesize malate as a 

counter ion to K 
+
or is degraded into sucrose. 

1.4.1 Electron transport in guard cells 

Studies have provided evidence for linear electron transport, photophosphorylation in the 

guard cells and that the rates of these processes are dependent on CO2 concentrations 

(Hipkins et al., 1983, Shimazaki and Zeiger, 1985, Willmer and Fricker, 1996, Tsionsky 

et al., 1997). Furthermore, a role of guard cell photosynthetic electron transport in red 

light-induced stomatal opening has been proposed (Olsen et al., 2002, Suetsugu et al., 

2014a). The quantum efficiency for PSII photochemistry in guard cells has been shown to 

the rate of 70 to 80% that of mesophyll cells when subjected to a wide range of light 

levels suggesting a similarity of operation in mechanisms in both guard and mesophyll 
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cell (Baker et al., 2001, Lawson et al., 2002). The pigment composition of guard cells is 

similar to that of the mesophyll cells and the rates of cyclic electron flow observed in 

guard cell protoplasts of V. faba  supported by high PSI activity compared with the 

mesophyll (Lurie, 1977) which leads to enhance ATP production. Such electron transport 

rate could provide sufficient energy to drive ions for stomatal opening in the absence of 

CO2 fixation. This however did not agree with the work of Shimazaki and Zeiger (1985) 

who did not observe a high PSl activity in guard cells of Vicia fab. Using the high-

resolution chlorophyll fluorescence imaging , (Lawson et al., 2002, Lawson et al., 

2003a) found that Rubisco acts as a major sink for the products of electron transport 

suggesting that guard cell electron transport can be mediated by [CO2] and that Calvin 

Cycle activity do take place in the guard cell (Melis and Zeiger, 1982a) which,                         

eliminates photorespiration by CO2-concentrating mechanism in the guard cells. 

However, PSII photochemistry responded to changes in oxygen concentration in guard 

cells, suggesting that Rubisco activity was a sink for the end products of electron 

transport in A. caudatus in guard cells but not in mesophyll cells (Ueno, 2001).  

A sink for the products of electron transport in photosynthesis is evident under red light 

However blue light- induced stomatal opening is thought to not be dependent on the 

products of guard cell electron transport (Schwartz and Zeiger, 1984). 

1.4.2 Photosynthetic CO2 fixation in guard cell 

There have been several conflicting reports in the literature concerning the capacity of 

photosynthetic carbon reduction in guard cell chloroplasts and its importance in stomatal 

function (Shimazaki et al., 1989; Outlaw, 1989; reviewed by Lawson 2009). Early studies 

provided little evidence of Calvin cycle activity in guard cells and demonstrated that CO2 

is incorporated as malate (Raschke and Dittrich, 1977). Evidence for a lack of Calvin 

cycle activity was provided by Raschke and Dittrich (1977), who showed that radioactive 
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3-PGA/Rubisco activity was present in epidermal peels of the same tissues when they 

were exposed to 
14

CO2. Subsequent experiments demonstrated that guard cell 

chloroplasts lacked ribulose-1,5-bisphosphate carboxylase (RuBPC) and ribulose-5-

phosphate kinase (Ru5PK) activity (Outlaw and Manchester, 1979) and other key 

enzymes (Outlaw and Manchester, 1979, Schnabl, 1981) for the photosynthetic carbon 

reduction pathway. These findings concluded that there was insignificant Rubisco 

activity, confirming the conclusion of Hampp et al. (1982) that photo-reduction of CO2 

by guard cells was absent.  

Despite the above findings of lack of carbon fixation in the guard cell chloroplasts, 

studies in the last two-three decades have shown that photosynthetic carbon fixation takes 

place in the guard cells. For instance, studies have shown that guard cells contain Rubisco 

(Madhavan and Smith, 1982, Zemel and Gepstein, 1985) and several other key Calvin 

cycle enzymes (Shimazaki and Zeiger, 1985, Gotow, 1998). Chlorophyll florescence 

measurements in guard cells of intact leaves (Lawson et al 2001; 2002) and epidermal 

peels have shown distinct features associated with Calvin cycle activity (Melis and 

Zeiger, 1982b). The demonstration of photorespiration and CO2 fixation in single guard 

cells by chlorophyll fluorescence kinetics measurement (Cardon and Berry, 1992), the 

dichlorophenyl  dimethyl urea (DCMU) sensitivity of sucrose accumulation in guard cells 

from sonicated epidermal peels incubated under red light (Poffenroth et al., 1992b) 

indicated the ability of the guard cell chloroplasts to fix carbon. Zeiger et al, (2002) also 

detected significant Calvin cycle activity and demonstrated that it was osmotically 

important without the breakdown of starch (Talbott and Zeiger, 1993, Tallman and 

Zeiger, 1988a) for stomatal function. Carbon dioxide uptake into 3-PGA and ribulose 1,5-

bisphosphate along with evidence for guard cell production of sucrose during red light-

induced stomatal opening in V. faba, where no starch breakdown was observed and sugar 
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import was ruled out as a result of the use of epidermal peels (Gotow et al., 1988a, 

Poffenroth et al., 1992a, Talbott and Zeiger, 1993, Tallman and Zeiger, 1988a). 

Significant reduction in photosynthetic efficiency in guard cells of antisense SBPase 

tobacco plants suggested that the Calvin cycle was the major sink for the end products of 

electron transport (Lawson et al., 2008b)  

Despite the evidence outlined above many other reports have suggested that the rates are 

too low for any functional significance (Outlaw, 1989; Outlaw et al., 1982) with the 

contribution to osmotic requirements for stomatal opening only about 2% (Reckmann et 

al., 1990) but a later report by Poffenroth et al. (1992a) reported this figure to be about 

40%.  

However, in the last few decades, more evidence for guard cells carbon reduction has 

been published. For instance, tobacco plants with reduced levels of Rubisco had been 

found with substantially low photosynthetic capacity and with stomatal responses to light 

and changing [CO2] similar to those of the wild type (Baroli et al., 2008b, von 

Caemmerer et al., 2004). Additionally, Wang et al. (2014a) Arabidopsis plants lacking 

guard cell chloroplasts were 30% to 40% smaller than that of plants with guard cell 

chloroplasts and suggested that this was likely due to reduced phosphorylation levels in 

the guard cells.  

The recent work of Daloso et al., (2015) using transgenic tobacco showed that guard cells 

are able to fix CO2 via both Rubisco and phosphoenolpyruvate carboxylase (PEPc) where 

stomatal opening occurred without exogenous application of K
+
 or sucrose and with no 

evidence of starch breakdown, suggesting that guard cells fix carbon via photosynthesis. 

The study further suggested that both enzymes play roles in guard cell metabolism but 

their roles may be dependent on time or environmental factors. Further evidence for PEPc 
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in stomatal function came from studies on transgenic C3 potato. Over expression of PEPc 

resulting in an increase in the rate of stomatal opening,whereas antisense PEPc 

expression reduced stomatal opening rates respectively (Gehlen et al., 1996). 

A source for guard cell sucrose has also shown to result from gluconeogenesis and high 

expression of gluconeogenesis-related genes such as PEPc, phosphoenolpyruvate 

carboxykinase (PCK) and cytosolic malate dehydrogenase have been demonstrated in 

guard cells which suggested the likelihood of sucrose being produced via 

gluconeogenesis after CO2 fixation by PEPc and OAA decarboxylation by PCK 

(Eastmond et al., 2015). This is in agreement of PEPc as an alternative for carbon fixation 

in the absence of carbon fixation by Rubisco in guard cell (Willmer and Ditrich 1974, 

Raschke and Dittrich, 1977, Outlaw 1990). Antunes et al. (2012a) in his study also 

supported the hypothesis that alterations in partitioning of sucrose between storage and 

breakdown may affect stomatal function. In agreement with this hypothesis, solanum 

tuberosum plants expressing an antisense construct targeted against sucrose synthase 3 

(SuSy3) had a lower stomatal conductance compared with WT controls. The decrease in 

gs resulted in a slight reduction in CO2 fixation and increase in WUE. On the other hand, 

plants with increased guard cell acid invertase activity caused by the introduction of the 

SUC2 gene had a greater stomatal conductance, increased CO2 fixation and decreased 

WUE. These results highlighted the important role that sucrose plays in guard cell 

function and indicates the feasibility of enhancing plant WUE through the manipulation 

of guard cell sucrose metabolism. 

Similarly, Daloso et al. (2016a) characterised the function of isoform 3 of sucrose 

synthase (SUS3) in transgenic Nicotiana tabacum plants overexpressing SUS3 under the 

control of the guard cell specific promoter, KST1 and investigated the changes in guard 

cell metabolism during the dark to light transition. Overexpression of guard cell-specific 
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SUS3 led to increased SUS activity, greater stomatal aperture, stomatal conductance, 

transpiration rate, net photosynthetic rate and growth. These results suggested that 

sucrose breakdown provide substrate for the provision of organic acids towards stomatal 

function and further suggested that the manipulation of guard cell metabolism may 

represent potential for an effective plant growth improvement. 

Genetic manipulation of guard cell sucrose metabolism has contributed important 

evidence for the role of sucrose, starch and triacylglycerols in stomatal movements 

(Daloso et al., 2015; Horrer et al., 2016; McLachlan et al., 2016). 

 Light-stimulated increases in PEPc activity have been demonstrated with enhanced 

malate accumulation and increased NADP or NAD-dependent MDH activity, which 

facilitates the reduction of OAA to malate (Rao and Anderson, 1983, Scheibe et al., 

1990).  

 A recent study of gene expression in guard cells of C3 and C4 species revealed low 

expression of C4 genes in C3 guard cells suggesting limited carbon fixation via PEPc. 

Additionally, the gene expression of C4 plants showed similar gene expression patterns to 

those of C4 mesophyll cells, indicating a role for C4 genes in guard cell regulation in 

C4 plants (Aubry et al., 2016). 

All the above have demonstrated that guard cell photosynthesis exists and either supplies 

the energy for the proton pumps and/or produces solutes that contributes to guard cell 

osmoregulation of stomatal behaviour, however more further studies using recent 

advances in molecular technology, such as cell-specific promoters are highly needed to 

fully elucidate the role of guard cell photosynthesis in stomatal function (Lawson, 2009; 

Lawson and Blatt, 2014). 
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1.4.3 Guard cell chloroplasts in blue-light signalling: 

Blue light exerts the most pronounced effect on stomatal opening as it stimulates 

potassium and chloride uptake with starch hydrolysis producing malate (Tallman and 

Zeiger, 1988a, Talbott and Zeiger, 1993, Horrer et al., 2016).The process of stomatal 

opening in response to blue light occurs when the blue light receptors (phototropins 1 & 

2) activate plasma membrane H
+
-ATPases (Kinoshita et al., 2001). Activated H

+
-ATPase 

induces hyperpolarization of the plasma membrane thereby leading to K
+
 uptake via the 

K
+

in channels, (Kinoshita and Shimazaki, 2002).  

Suetsugu et al. (2014b) demonstrated that the end products of electron transport (ATP and 

NADPH) in guard cells are essential for blue light responses which showed by the 

application of DSMU inhibited red light-enhanced and blue light-induced opening of 

Arabidopsis stomata but did not affect H
+
-ATPase in response to blue light but both red 

light and blue light-dependent stomatal opening were inhibited in intact leaves. However, 

blue light responses is not universal though as some species lack the blue light induced 

opening Adiantum caillus-veneris despite having a functional plasma membrane H
+
-

ATPase and phototropins does not open in blue light (Doi et al., 2006). 

1.5 Co-ordination between guard and mesophyll cells 

For optimal plant growth, stomata must be able to balance between supply of CO2 for 

photosynthesis and the plant’s need to remain hydrated for maximum growth (Wong, 

1979, Farquhar et al., 1978) which are generally observed in steady-state. However, in the 

fluctuating environment, photosynthetic responses are an order of magnitude slower  

which means that A and gs  are not always co-ordinated (Pearcy, 1990, Pearcy and Way, 

2012). In C3 plants for instance, the photosynthetic rate can adjust in seconds to 

increasing irradiance but the slow response in stomata can restrict CO2 diffusion and 
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negatively impact on photosynthesis (Barradas and Jones, 1996, Tinoco-Ojanguren and 

Pearcy, 1993, Lawson et al., 2012). Plants therefore experience short and long term 

fluctuations in PPFD to which A and gs respond. The temporal disconnect between the 

stomatal conductance (gs) and carbon assimilation (A) means that carbon gain relative to 

water loss is far from optimal (Lawson & Blatt, 2014). Stomatal limitation can limit up to 

20%, which can impact substantially on crop yields (Farquhar and Sharkey, 1982, Jones, 

1998). Amplitude and rapidity of stomatal movements are therefore potential targets to 

look out for when improving A and gs. The relationship between A and gs is shown on Fig 

1.1 where dark adapted plants subjected to a step change in light exhibited 

nonsynchronous effect of A and gs leading to loss in carbon and water gain (Lawson and 

Blatt, 2014). 

 

 

 



23 
 

 

Figure 1. 2. Relationship between carbon assimilation (A) and stomatal conductance 

(gs) subjected to 100 µmol m
-2

s
-1 

and 1000 µmol m
-2

s
-1 

of light. Leaves were first 

equilibrated at a PPFD of 100 μmol m
-2

 s
-1

until both A and gs reached steady state (first 

shaded part). Once steady state was achieved, PPFD was increased to 1000 μmol m
-2

 s
-1

 

for 1 hour showing complete disconnect of A and gs  where gs response was slower than A. 

On returning to the initial light of 100μmol m
-2

 s
-1

, A immediately decreased while again 

gs took time to reach steady stage showing great difference and lack of coordination 

leading to drastic effect on photosynthetic carbon assimilation and WUE. The red shaded 

part indicates carbon loss while the blue shaded part indicates water loss (Lawson and 

Blatt, 2014).  

 

It is generally assumed that the internal CO2 concentration inside the leaf (Ci) enables 

stomatal behaviour to be coordinated with mesophyll photosynthetic rates (Mott, 1988). 

As photosynthesis increases, Ci is lowered which results in stomatal opening however 

when photosynthesis decreases Ci increases leading to stomatal closure. 

However, it is now believed that the large changes observed in gs could not be accredited 

to Ci alone (Farquhar et al., 1978, Morison and Jarvis, 1983, Raschke and Schnabl, 1978). 

Several studies have also demonstrated changes in stomatal conductance (gs) in response 
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to light, even when Ci was held constant (Lawson et al., 2008b, Matrosova et al., 2015, 

Wang et al., 2008). This supported previous work that suggested a signal is transferred 

from the mesophyll to guard cells (Lee and Bowling, 1992, Mott, 2009, Mott et al., 2014, 

Mott et al., 2008b). Health and Russell in 1954 suggested that a chemical or signal 

transmitted from the mesophyll was responsible for guard and mesophyll cells 

coordination. Fig. 1.3 below shows possible mesophyll-driven signals that connect 

stomata with the mesophyll. 

 

 

 

 

 

 



25 
 

 

Figure 1. 3 Schematic diagram of a leaf cross section showing possible mechanisms 

that connect mesophyll and guard cells that affect stomatal behaviour (a). CO2 

absorbed from the atmosphere through the stomatal pore diffuses towards the mesophyll 

cells (green line), where it is used for photosynthesis (A). Sucrose (Suc - represented by red 

dots) moves from the mesophyll cells (MC) toward the phloem (Ph). Water (blue arrows) 

coming out of the xylem (Xy) move toward the guard cells and evaporate (Tr) to the 

atmosphere. Some of the apoplastic Suc (red line) is carried by the transpiration stream 

toward the guard cells (GC) and accumulates at the GC.The diagram includes additional 

potential effectors (such as Ci, metabolites and aqueous- versus vopour-carried signals). 

(b) Schematic diagram of the primary metabolism in GC and the potential effects. Suc 

may accumulate at the GC cell wall (red dots), and may have an extracellular osmotic 

effect. Suc may enter the GC via Suc transporters (blue circle) or might be cleaved in the 

apoplast into glucose (Glc) and fructose (Fru) that also enter GC via hexose specific 

transporter (blue circle). In the cytosol, Suc may have an osmotic effect. Photosynthesis 
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in GC yields triose-phosphates (triose-P) which may be converted to starch within the 

chloroplast or exported to the cytoplasm, where it might be converted to Suc or malate. 

Starch degradation may also contribute to Suc and malate accumulation. The cytosolic 

Glc and Fru obtained from Suc cleavage or from starch degradation must be 

phosphorylated into Glc-P and Fru-P to be further metabolized. Phosphorylation of Glc 

and Fru by hexokinases (HXK) may generate a signal that closes stomata.C–cuticle; E–

epidermis; MC – mesophyll cell; GC – guard cell; A– photosynthesis; Xy– xylem; Ph–

phloem; gm–mesophyll conductance to CO2; Ci–substomatalCO2 concentration; Tr – 

transpiration; ATP– adenosine triphosphate; NADPH–Nicotinamide adenine dinucleotide 

phosphate; RuBP– Ribulose 1, 5-bisphosphate; Glc-P–glucose phosphate; HXK – 

hexokinase;  Suc–sucrose; Triose-P–triose phosphate; White circles and white arrows 

represent mesophyll- driven signals affecting stomatal movement; Red dots and lines 

represent sucrose paths; Blue faded arrows represent the flow of water from xylem 

toward the stomata; Green arrow represent CO2 movement; Blue circles represent 

transporters; Green circles represent the effect on stomatal aperture. Copied from Lawson 

et al., 2014. 

 

 Recently, Matrosova et al. (2015) found the role of Ci in stomatal responses to red light 

using Arabidopsis mutants. Mutants with impaired low CO2-induced stomatal opening 

was shown to be essential for red light stomatal opening, which has shown that 

photosynthetic reductions in Ci contribute to stomatal opening in response to light. On the 

other hand, mutants which typically exhibit slow stomatal responses to [CO2], responded 

more strongly to red light than to low [CO2], suggesting that other processes other than 

low Ci are involved in red light-induced stomatal opening (Matrosova et al., 2015). This 

study concluded that red light responses can be mediated both by independent and 

dependent reduction in Ci concentration. 

Mott et al. (2008b) demonstrated that stomata in epidermal strips responded much less to 

changes in light and [CO2] than epidermal strips that where placed back onto mesophylls. 

These experiments formed the basis of their suggestion that there is a signal transduction 

pathway from the mesophyll to the guard cell which aid stomatal opening. The metabolite 

or signal was suggested to be a product of photosynthesis which balances photosynthetic 
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limitation between Rubisco and electron transport (Wong et al., 1979, Messinger et al., 

2006).  

Nelson and Mayo (1975) observed that stomata or guard cells devoid of chloroplasts open 

normally in the light which suggested that chlorophyll of mesophyll are sensitive to red 

light hence the transfer of signal from the mesophyll to guard cells. Support for a 

mesophyll-driven signal also came from the inability of the stomata to respond to red 

light in peels (Lee and Bowling, 1992) or slower responses than in mesophyll (Roelfsema 

et al., 2002, Olsen et al., 2002). Apoplast transfer of mesophyll signals has resulted in 

stomatal opening and shown to be dependent on photosynthesis (Fujita et al., 2013b). 

This substance was named to be sucrose by Lu et al. (1997a) who summarised their 

findings as follows (a) multiple sucrose pools in mesophyll cells, (b) a localized 

mesophyll-apoplast region that exchanges with phloem and stomata, and (c) mesophyll-

derived suc in guard-cell walls sufficient to diminish stomatal opening. Hence, they 

concluded that multiple physiological factors are integrated in the attenuation of stomatal 

aperture size by this previously unrecognized mechanism. 

Furthermore, attempts to understand the link between mesophyll and guard cell 

metabolism have been employed through the use of genetic engineering combined with 

stomatal physiology and mesophyll function (Nilson and Assmann, 2007). Through the 

advancement of biotechnology, it is now relatively straight forward to employ cell-

specific or tissue specific transcriptomic assays which enables specific and individual cell 

mechanisms to be studied facilitating a complete understanding of stomatal regulation 

and how it is influenced by the surrounding mesophyll cells. This represents an important 

step towards finding mechanisms to produce plants with greater water use efficiency 

(Yang et al., 2005, Gago et al., 2016, Lawson et al., 2014b) . Examples of such 
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manipulation are numerous among which is the use of tobacco antisense SBPase plant. 

Lawson et al. (2008a) demonstrated the relationship between CO2 assimilation rate and 

stomatal conductance under mixed blue/red light and red light alone and found stomatal 

opening to be fast in transgenics compared to wild type and final stomatal conductance 

was higher in the antisense plants. The results showed that light-induced opening or high 

CO2 mediated closure was not dependent on the photosynthetic capacity but on 

photosynthetic electron transport or its end products.  

Sucrose has long been proposed to be a metabolite connecting between mesophyll and 

guard cells (Gotow et al., 1988, Reckmann et al., 1990, Poffenroth et al., 1992, Muschak 

et al., 1999).This has been supported by research on transgenic plants overexpressing 

hexokinase specifically in guard cells which have been shown to have accelerated 

stomatal closure (Kelly et al, 2013). These findings suggested that sucrose produced by 

mesophyll photosynthesis is carried through the apoplast to the guard cells, where an 

osmotic effect due to overloading of sucrose in the guard cell walls closes the stomata 

(Kang et al., 2007, Lu et al., 1997, Lu et al., 1995, Outlaw and De Vlieghere-He, 2001).  

Stomatal conductance in an Arabidopsis mutant with a loss of function of the trafficking 

protein SYP121 led to greater WUE but reduced CO2 assimilation that impaired growth 

(Eisenach et al., 2012). Reduction in sucrose synthese 3 (SuSy3) in Solanum tuberosum 

reduced stomatal conductance leading to an increased WUE but the lower gs also 

restricted carbon assimilation (Antunes et al., 2012b). Tanaka et al. (2013) showed that 

stomagen (EPLF9), increased stomatal density and resulted in an increase in assimilation 

rate by 30% however transpiration rate increased by 50% which led to a reduction in 

WUE. However, some manipulation appear to be beneficial for example high WUE was 

achieved by a 20% reduction in transpiration and gs without a cost in CO2 assimilation 
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rate was reported in Arabidopsis loss of function GT-2LIKE1 (GTL1) mutants (Yoo et 

al., 2010).  

The manipulation of carboxylates metabolism have also been demonstrated of the 

importance of organic acids in coordinating stomatal behaviour with mesophyll which 

was recently showcased by studies where higher stomatal conductance were observed in 

plants with increased accumulation of malate in comparison to the plants lacking a 

functional AtALMT12 malate channel which has a lower gs (Medeiros et al., 2016, Gago 

et al., 2016).                          

These recent studies have all shown clearly a role for mesophyll regulation of stomatal 

aperture by importing organic acids from the mesophyll for osmotic adjustments as well 

as the production of ATP providing the energy required for the proton pumps involved in 

guard cell osmoregulation. Therefore, the genetic manipulation of metabolites involved in 

metabolism and photosynthetic enzymes in the guard cells themselves could also lead to 

changes in stomatal behaviour and potentially improve photosynthesis and water use 

efficiency in plants (Santelia and Lawson, 2016).  

1.6. Advances, tools and techniques for guard cells manipulation towards stomatal 

function:  

Recent developments in technology has opened opportunities to explore guard cell 

signalling and mechanisms that co-ordinates stomatal responses with mesophyll demands 

for CO2 and therefore potentials for regulating WUE and enhancing plant productivity. 

Models are now available to assess temporal relationship between A and gs (Vialet-

Chabrand et al., 2016) within a limited time. Efficient, simple and fast cloning techniques 

are available for the design of desired single or multiple genes to be expressed in plants 

for genetic manipulation of metabolites involved in photosynthetic metabolism which 



30 
 

could lead to changes in stomatal behaviour and potentially improve photosynthesis and 

water use efficiency in plants. 

Specific cell metabolisms in guard and mesophyll cells can now be targeted and the 

possible coordination between mesophyll metabolites in relation to stomatal functions 

determined. The development of guard cell specific promoters has made these 

manipulation of expression of specific gene transcripts possible which provides 

opportunities to manipulate guard cell specific metabolisms or specific stomatal traits in 

order to elucidate mesophyll-stomatal interactions. Guard cell specific promoters 

combined with specific organelle transit peptides allow the elucidation of the roles of 

specific transcripts involved in electron transport, ion channel function, carbohydrate 

biosynthesis to be evaluated on a cell by cell basis (Lawson and Blatt, 2014). These tools 

allow the role of these transcripts in the coordination of guard and mesophyll cells with 

stomatal interaction to be determined experimentally (Lawson and Blatt, 2014a). For 

instance,  KST1 and MYB60  promoters, which are guard cell specific promoters 

developed by Müller-Röber et al. (1995) have been used to drive the expression of target 

genes specifically in guard cells. The use of a specific guard cell promoter has 

demonstrated an excellent use by Wang et al. (2014) demonstrating an enhanced light-

induced stomatal opening, greater photosynthesis and improved growth rate in 

Arabidopsis over expressing H
+
-ATPase amidst others. 

Current research efforts towards improvement of plant productivity have focussed on 

improved photosynthetic carbon assimilation by overexpression and down regulation or 

antisense technology of photosynthetic enzymes. Prior studies have targeted both the 

Calvin cycle and electron transport chain enzymes to expressions in order to identify their 

control on carbon assimilation (Raines, 2003, Lefebvre et al., 2005, Simkin et al., 2017c). 

It is now possible to demonstrate single or more enzyme transformations which have 
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shown to enhanced photosynthetic rates in varieties of crops. For instance, increased 

sedoheptulose-1,7-bisphosphatase activity resulted in tobacco plants with improvements 

in carbon assimilation by 6–12% (Lefebvre et al., 2005, Lawson et al., 2008b). It is in line 

with this that we aim to elucidate the role of the guard cells chloroplasts on stomatal 

function and in coordination with the mesophyll by using both physiological and 

molecular means.   

Aim 

To use both physiological and molecular approaches: 

 Physiological approach will employ the use of the novel specifically 

designed environment control chamber (the epidermal-mesophyll transfer 

experiment) to examine the co-ordinated response between mesophyll 

photosynthesis and guard cell photosynthesis or to investigate stomatal 

responses in peel epidermis relative to intact leaves  

 To use guard cell specific promoters (Myb60 and KST1) to drive expression 

specifically in the guard cells in order to produce transgenic plants with 

manipulation in electron transport chain and Calvin cycle activity. 

Objectives 

 Characterize stomatal responses in epidermal peels and intact leaves of 

CAM (Kalanchoë fedtschenkoi) and C3 (Vicia faba) species. 

 Assess co-ordinated responses between stomata and underlying mesophyll 

using C3 and CAM plants  
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 Conduct infra-red gas analysis to examine the effect of irradiance and CO
2
 

concentrations on mesophyll photosynthesis and stomatal conductance in 

CAM (Kalanchoë fedtschenkoi) and C3 (Vicia faba) species 

 To use guard cell specific promoters (Myb60 and KST1) to produce 

transgenic plants with manipulation in electron transport chain and Calvin 

cycle activity in the guard cells.  

 To perform stomatal kinetics such as stomatal conductance/assimilation 

(A/gs) curves, A/q curves, assimilation/ internal CO2 (A/Ci) curves in order 

to assess impact on stomata in regard to WUE and plant productivity of the 

generated transgenic lines. 

 To conduct physiological analysis using the chlorophyll fluorescense and 

High resolution chlorophyll fluorescence imaging to quantify  alterations in 

guard and mesophyll photosynthesis efficiency in transgenic and non-

transgenic Arabidopsis (Arabidopsis thaliana) and tobacco (Nicotiana 

tabacum) plants to changing environmental conditions including light and 

CO2 concentrations.  
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CHAPTER TWO: MATERIALS AND METHODS 

 MOLECULAR  BIOLOGY TECHNIQUES: 

2.1 Primer design 

Primers were designed based on the sequences of the genes of interest Sedoheptulose 1,7- 

bisphosphatase (SBPase) and Cytochrome b6f complex (Rieske) in Arabidopsis.  SBPase 

and Rieske genes were flanked by BsaI and BpiI restriction sites and using PCR 

amplification of their coding sequences. Fusion sites overlapping with coding sequences 

have a start codon with AATG at the 5’ ends and GCTT at the 3’ end so as to minimize 

changes to encoded proteins (Weber et al., 2011). Therefore, AATG is included in the 

forward primer while AAGC is included in the reverse primer. Primers for noncoding 

modules, fusion site sequences GGAG, TACT, GCTT and CGCT were all positioned in 

all non-translated sequences but chosen to enable efficient and nonpalindromic cloning. 

Standardized transcription units of all the level were flanked  by these specific fusion 

sites as described by (Weber et al., 2011). PCR primers were also designed by including 

the four base pair (CACC) necessary for TOPO directional cloning on the 5’ end of the 

forward primer. This was done in such a way that our gene of interest fused and 

expressed with the recognition site of the entry vector. Details of primers are shown in the 

appendix. In addition to the geneious tool used for designing primers, Primer3 

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi) and the NCBI tool 

(http://www.ncbi.nlm.nih.gov/tools/primerblast/ 

index.cgi?ORGANISM=9606&INPUT_SEQUENCE=NM_001618.3&log$=seqview_bo

x_primer) were also utilised. 

http://biotools.umassmed.edu/bioapps/primer3_www.cgi
http://www.ncbi.nlm.nih.gov/tools/primerblast/
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2.2 Cloning Sedoheptulose-1, 7-bisphosphatase (SBPase) and cytochrome b6f 

(Rieske) genes using Golden gate technology  

The sequences of the genes of interest SBPase (AT3655800) and Rieske (AT 4G03280 

Arabidopsis thaliana were retrieved from the TAIR database and primers designed as 

previously described. The plasmid vectors used for the plant transformation were 

constructed using the golden gate cloning and the Moclo system (Engler et al., 2008, 

Weber et al., 2011). The construct design for the sense and antisence plasmid vectors 

allowed efficient assembly of multiple DNA fragments in a single reaction based on the 

type IIs restriction enzyme that cut outside of recognition site allowing fragments to be 

ligated into products lacking the original restriction site and leaving no unwanted 

sequences in the final constructs (Engler et al., 2008). This made the assembly of 

constructs of each transcriptional units to be expressed hence multiple desired genes 

assembled seamlessly in a one-pot one-step cloning reaction. The golden gate assembly 

enabled promoter (PU), coding sequences (SC) and terminator (T) assembled together 

seamlessly and expression driven by the highly specific guard cells promoters  KST1 

(NP001275475) (Müller-Röber et al., 1995a, Kelly et al., 2013, Galbiati et al., 2008) and 

AtMYB60 (At1g08810) (Cominelli et al., 2005, Rusconi et al., 2013). All DNA fragment 

of interest from an entry clones were transferred into their expression vector pAGM4723 

without any unwanted sequences in the final construct. All sequences of expression 

vectors were confirmed by sequencing (samples analysed by source bioscience). 

2.3 Golden gate DNA assembly protocol 

DNA plasmid concentration of each assembly piece was measured and diluted to100 

ng/μl using a Nano Drop 
® 

Spectrophotometer ND-1000 (Peqlab, Erlangen). 100 ng of 

vector backbone and 100 ng of 1 μl of each assembly piece was added to assembly 
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reaction mixture in a single tube containing 1.5 μl 10x NEB T4 Buffer (Promega 106: 

300 mM Tris-HCl pH 7.8, 100 mM MgCl2, 100 mM DTT, 10 mM ATP), buffer 3 (106: 

500 mM Tris-HCl pH 7.9, 100 mM MgCl2, 1000 mM NaCl, 10 mM DTT) (New England 

Biolabs),  0.15 μl 100x BSA (New England Biolabs), 1 μl BsaI (for level 1 assembly) and 

1 μl BpiI (for level 2 assembly) all from New England Biolabs, 1 μl NEB T4 ligase 

(Promega), 1 μl vector backbone (100 ng/μl.) and dH20 to a total volume of 15 μl. 

Bearing in mind the use of a high concentration ligase is essential and also BsaI is only 

10% active at 37 °C without the addition of BSA. The assembly reaction was performed 

in a thermocycler (Engler et al. 2009) as follows; 3 min at 37 °C, 4 min at 16°C for 25 

cycles followed by 5 min at 50°C and 5 min at 80°C for 1 cycle. 

The assembled construct was transformed into 20 μl of competent E. coli.  

2.4 Preparation of E. coli chemically competent cells (CaCl2 method) 

The preparation was done by following the method of Calcagno, (2013). A single colony 

of Echerichia coli (E.coli) cells (TOP-10) was used to inoculate 10 ml of luria broth. LB 

broth composed of (10g Bacto-tryptone, 5g yeast extract, 10g NaCl) and shaken 

overnight to grow at 37°C. The 10 ml culture was used to inoculate 100ml of LB broth in 

the ratio (1:100), which had been kept under the same conditions and cells were then 

collected by centrifugation (10 min at 4°C) and resuspended in 10 ml of ice cold CaCl2 

solution (60 mM CaCl2, 15% glycerol, 10 mM Piperazine-1,4-bis (2-ethanesulfonic Acid) 

(PIPES) pH 7). This was repeated three times and then cells were incubated on ice for 30 

min. Finally, the cells were spun down for 5 min at 4°C and the pellet resuspended in 4 

mL of CaCl2 solution. The cells were used immediately or aliquoted in microcentrifuge 

tubes (50–200 μl) which were then stored at -80°C for future use. 
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2.5 Transformation of E. coli competent cells (heat shock) 

For the transformation of E. coli chemically competent cells, the method described by 

Sambrook and Russel (2001) was used. 1–2 μl of plasmid DNA (100–200ng/μl) was 

added to 50-200 μl of CaCl2 competent cells and mixed very gently and incubated on ice 

for 30 min. The cells were heat-shocked in a water bath at 42°C for 50–90 seconds and 

placed on ice for 2 min. Immediately after, 500–800 μL of room temperature SOB (2% 

w/v bacto-tryptone, 0.5% w/v bacto-yeast extract,8.56 mM NaCl, 2.5 mM KCl in H2O) 

or SOC (SOB + 10 mM MgCl2 or 20 mM MgSO4, 20 mM glucose)  medium was added 

and  the cells incubated at 37°C with gentle shaking. The cells were then spun down and 

resuspended in smaller volume (100-150 μl) which was plated on selective media 

overnight for colony development and placed at 37°C.  

2.6 Polymerase chain reaction (PCR) 

PCR reactions were performed in 0.2 ml PCR tubes using 10X DreamTaq 0.5 μl of 20 

mM stock per each 25 μL PCR reaction (Thermo Scientific), 1.5 μL of 10 pmol μl
-1

 stock 

primer solution per each PCR reaction,1–2 μl of DNA and dNTPs 0.5 μl of 10 mM stock 

per each 25 μl PCR reaction (Thermo Scientific), and the recommended amount of 

enzyme and buffer with water (see appendix for PCR reaction mix). The volume of the 

reactions was made up to 15 μL. Cycle conditions were mostly at 35 depending on the 

size of the fragment to be amplified.  

2.7 Agarose gel electrophoresis of nucleic acids 

Nucleic acids were separated for analysis using gel electrophoresis. 1% agarose gels were 

prepared and ran at 100 volts for 40 min (150 ml gels). Tris-borate buffer (TBE: 89 mM 

Tris, 89 mM Boric acid, 2mM EDTA) or Tris-acetate buffer (TAE: 40 mM Tris ultrapure, 

20 mM Acetic acid glacial, 1 mM EDTA.Na2) was used for the preparation of the gels 
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and as running buffer in the tanks respectively. Safe view nucleic acid (NBS Biologicals) 

was added to the gel for nucleic acid visualization under UV or blue light respectively. 

2.8 Plasmid DNA preparations 

High quality/purity plasmid DNA used for sequencing was extracted from E. coli cells 

using Qiagen mini plasmid preparation kit (Thermor scientific) according to the 

manufacturer’s instructions or as follows. From a transformed E. coli cell, a single colony 

from a fresh plate was used to inoculate 10 ml of LB plus antibiotics (50 μg/mL 

kanamycin) and grown overnight at 37°C. 3–10 ml of the culture were spun down and the 

cells resuspended thoroughly in 250 μL Buffer P1 containing RNase. After this, 250 μl of 

Buffer P2 was added and the contents mixed thoroughly by inverting the tube 4–6 times. 

After this, 350 μl Buffer N3 was added and mixed immediately and thoroughly by 

inverting the tube again 4–6 times. The lysed cells were then centrifuged for 10 min at 

maximum speed in a table top microcentrifuge. The supernatant was then recovered and 

applied to the Qiagen prep spin column by decanting or pipetting. The column was then 

spun at maximum speed for 45 sec, and the flow-through discarded. The column was then 

washed by adding 0.5 mL Buffer PB and centrifuged for 30–60s. The column rewashed 

again by adding 0.75 ml Buffer PE and centrifuging for 30–60s, discarding the flow-

through, and centrifuging for an additional 1 min to remove residual wash buffer. The 

column was transferred into a clean 1.5 ml tube and 50 μl of Buffer EB (10 mM Tris·Cl, 

pH8.5) or water added to its centre. This was incubated at room temperature for 1 min, 

and then finally centrifuged for 1 min. Purified Plasmid DNA was stored at -20°C. 
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2.9 Preparation of  Agrobacterium tumefaciens competent cells and transformation 

by electroporation 

Preparation of Agrobacterium tumefaciens strains, LBA 4404 (for tobacco) and GV3101 

(for Arabidopsis) competent cells and transformation using electroporation were 

accomplished following the protocol described by Sambrook and Russel (2001). A single 

colony from a fresh plate was inoculated into 10 ml of LB plus antibiotics (50 μg/mL 

rifampicin for all strains, plus 25 μg/mL gentamicin for GV3101 or 30 μg/mL 

streptomycin for LBA 4404) and allowed to grow for 48 h at 28°C with vigorous shaking. 

The stationary culture was quickly chilled on ice and then spun down for 15 min at 4°C 

and 3000 g. The cells were then suspended in 10 ml of ice cold sterile double distilled 

water (ddH2O), and centrifuged again for 15 min at 4°C and 3000g. This wash was 

repeated 4 times, after which the cells were finally resuspended in 200 μl of ice cold 

sterile 10% glycerol. The competent cells were used straight away or aliquoted in 40 μL 

aliquots in 1.5 mL tubes and immediately stored at -80°C.  

For the transformation of the competent cells, 1–2 μL of plasmid DNA were gently 

mixed into the tube and this mixture placed into an ice-cold electroporation cuvette. The 

cells were then electroporated at 2500 V using an EasyJect Prima electroporator 

(EQUIBIO). The cuvette was then immediately removed and 1ml of ice-cold SOC or LB 

media added. The culture was put in a new 1.5 mL tube and incubated at 28°C under 

gentle shaking for approximately 2h. Finally 100–200μL of cells were spread onto LB 

plates with antibiotics and the transformants allowed to grow at 28°C for 48 hours after 

which successful colonies were selected. 
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2.10 Single colony PCR screening of E. coli and Agrobacterium  

Single colony PCR screening of E. coli and Agrobacterium were carried out where DNA 

was released by dipping into the PCR mix a tip dipped in the middle of a fresh colony 

obtained from the transformed E.coli or Agrobacterium colonies to the PCR reaction. Gel 

electrophoresis was used to determination fragment sizes afterward. 

2.11 Screening of mutants 

Arabidopsis and tobacco mutants were identified by PCR screening. The different 

forward and reverse primers were used for all the genes in the construct. The different 

forward and reverse primers for coding sequences of genes of interest were as follows.  

For genes in the construct, pL2B-BAR-(pMYB60)-ASNtSBPase, the forward primer is 5’ 

ACAAGTTGCTTTTCGACGCATT 3’ while the reverse primer is 5’ 

GTCTTGGAGCTCAGGTACTTCC 3’, for the gene in construct pL2B-BAR-

(pKST)ASNtSBPase, the forward  primer  is 5’ ACAAGTTGCTTTTCGACGCATT 3’ 

while the reverse primer is 5’ GTCTTGGAGCTCAGGTACTTCC 3’,   For gene in 

construct pL2B-BAR-(pKST)AtSBPase, the forward primers is 5’ 

TGTCAAGCACGGACTTGTGT 3’  while the reverse primer is 5’ 

TACACACTGCGATACACCGG 3’. For gene in construct pL2B-BAR-(pKST) 

AtRieske, the forward primer is 5’ ATTCCGCTGCAACTACATCG 3’ while the reverse 

primer is 5’ATTCCGCTGCAACTACATCG 3’, For the gene in construct pL2B-BAR-

(pKST) ASNtRieske, the forward primer is 5’ ATGGCTCAAAACTCATCCACCT 3’ 

while the reverse primer is 5’ AGTCTGTTTCAACCCATGGGAC 3’. For the gene in 

construct pL2B-BAR-(pKST)YFP, the forward primer is 5’ 

CTGAGTGGCTCCTTCAACGT 3’ while the reverse primer is 5’ 

CCATCCTGGTCGAGCTGGAC 3’. For the gene in the construct pL2B-BAR-
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(pMYB60)-ASNtSBPase-(pMYB60)YFP, the forward primer is 5’ 

ACAAGTTGCTTTTCGACGCATT 3’ while the reverse primer is 5’ 

TTGGCAGTTGGAGATGTCACAT 3’. For the gene in the construct pL2B-BAR-

(pKST) ASNtSBPase-(pKST) YFP, the forward primer is 5’ 

ACAAGTTGCTTTTCGACGCATT 3’ while the reverse primer is 5’ 

TTGGCAGTTGGAGATGTCACAT 3’. For the gene in the construct pL2B-BAR-

(pKST)AtSBPase-(pKST)YFP, the forward primer is 5’ CTTCCACTGGACCTCCCATG 

3’ while the reverse primer is 5’ TACACACTGCGATACACCGG 3’. For the gene in the 

construct pL2B-BAR-(pKST)AtRieske-(pKST)YFP, the forward primer is 5’ 

ATTCCGCTGCAACTACATCG 3’ while the reverse primer is 5’ 

AACGCCCAAGGAAGAGTCGT 3’ and finally for construct pL2B-BAR-

(pKST)ASNtRieske-(pKST)YFP, the forward primer is 5’ 

ATGGCTCAAAACTCATCCACCT 3’ while the reverse primer is  

5’AACACAACCAAGGTGAGTACAC 3’.  

Arabidopsis stable transformants carrying the transgenes were also screened using 

antibiotic and/or herbicide. Plants were germinated on agar plates containing 50 μg/mL of 

kanamycin and 50 μg/mL of glufosinate-ammonium (BASTA; Bayer Crop Science Ltd). 

For seeds germinated in soil the soil was treated with  0.82 mM of glufosinate-

ammonium and were watered with this until selection were obvious and seedling selected 

plants transplanted into individual pots. The presence of the transgene were reconfirmed 

by genomic DNA PCR screening. For more detail on the primers and annealing 

temperatures used and the amplification sizes kindly see Appendix section. 
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2.12 Plant DNA preparation 

Genomic DNA extraction was prepared by grinding a leaf disc of about the size of a lid 

of a 1.5mL microcentrifuge tube. 200 μL of Extraction Buffer (200 mM Tris-HCl pH7.5, 

250 mM NaCl, 25 mM EDTA, 0.5% SDS) was added to it. This was incubated for 2 min 

at room temperature and then spun down for 5 min at maximum speed in a conventional 

table top microcentrifuge. The supernatant was carefully recovered into a new tube and 

precipitated. Thereafter, 150 μl of  isopropanol was added and mixed by inverting the 

tube several times. This was followed by two centrifugations for 10 min each. The 

supernatant was recovered and allowed to air dry (approximately 15 min). Finally the 

DNA was resuspended in 50 μl of TE Buffer (10 mM Tris-Cl, pH 7.5, 1 mM EDTA). 

This DNA was either used immediately or stored at -20°C. (protocol modified from 

Edwards et al., 1991). 

2.13 RNA extraction 

Total plant RNA was extracted from Arabidopsis and tobacco leaf samples using the 

NucleoSpin® RNA Plant Kit (Macherey-Nagel, Germany). Approximately 100 mg of 

fresh tissue was ground in liquid N2 using mortar and pestles, and then put in 1.5 mL 

tubes which was used immediately or stored at -80°C for later use. RNA was then 

extracted according to the manufacturer’s instruction.  

2.14 RT-PCR 

 RNA transcripts were converted to cDNA using RevertAid reverse transcriptase from 

ThermoScientific. This was carried out following the confirmation of absence of genomic 

DNA in the RNA samples. The synthesis was performed by adding 1 μL of oligo dTs for 

each sample, 1 μg of total RNA was diluted to 11μL ( RNA- free water) to make a final 

volume of 12 μL. The sample was heated at 65°C for 10 min and then quickly chilled on 
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ice for 10 min. The contents of the tube were collected at the bottom by brief 

centrifugation and the following added 4 μL of 5X reaction buffer, 2 μL dNTPs, 1 μL 

reverse transcriptase and 1 μL of water making a total volume of 20 μL. The reaction was 

centrifuged (30 secs) one more time and incubated at 42°C for 60 min followed by 

inactivation of the enzyme by incubating for 10 min at 70°C. This cDNA was used as 

template for PCR amplification (semiquantitative RT-PCR or qRT-PCR) immediately or 

stored at -20°C. 

2.15 qRT-PCR 

Quantitative reverse transcription PCR (qRT-PCR) reactions were performed using 

SYBR Green (Bio-line) detection chemistry and run in triplicate on 96-well plates 

(Greiner, UK) using an iCycler iQ thermocycler (Bio- Rad). Reactions were prepared in a 

total volume of 15 μL containing the following: 2 μL of cDNA (equivalent to 0.05 μg/μL 

of RNA), 7.5 μL of SensiFast SYBR taq ready mix (Bio-line) and 0.5 μL of forward and 

reverse primers each. Blank controls were run in triplicate for each master mix. The 

cycling conditions were set as follows: initial denaturation step of 95°C for 10 min to 

activate the polymerase, followed by 45 cycles of denaturation at 95°C for 15 s, 

annealing at 60°C for 30 s and  extension at 72°C for 30 s. The amplification process was 

followed by a melting curve analysis, ranging from 60°C to 90°C, with temperature 

increase steps of 0.1°C every 10 s. All other parameters (baseline and threshold cycles 

(Ct) were automatically determined by the Bio-Rad iQ Software 3.0. The possibility of 

genomic DNA contamination in the qRT-PCR assays was controlled by means of RT-

minus amplification reactions (for each of the RNA samples, a quantity equivalent to the 

cDNA used in the amplification reactions was amplified by qRT-PCR using each set of 

primers). The PCR efficiency was determined for each primer pair in its optimal 
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concentration with the DART-PCR workbook (Peirson et al., 2003), which uses 

fluorescence data captured during the exponential phase of each amplification reaction. 

All other analysis of the data collected was done using the relative expression software 

tool (REST) for group-wise comparison and statistical analysis of relative expression 

results in real-time PCR version 2009 (Pfaffl et al., 2002).  

2.16 qPCR for determination of transgene copy number by iDNA genetics. 

After PCR analysis were carried out to confirm the presence of the selective marker bar 

gene(conferring BASTA resistance) for lines deriving from transformation with the 

constructs, Quantitative real-time PCR was carried out by iDna genetics in order to 

estimate copy numbers leading to the yield of homozygous plants by method similar to 

(Bartlett et al., 2008). Primers from the sequence of the BAR gene (with a FAM reporter) 

and the internal positive control (IPC, with a VIC reporter) were amplified together in a 

multiplex reaction (The PCR cycling conditions were 50°C 2 minutes hold, 95°C 10 

minutes (enzyme activation), 40 cycles of 95°C 15 seconds, 60°C  of 60 seconds. 

Fluorescence from the FAM and VIC fluorochromes was measured during each 60°C 

cycle and the Ct values obtained. The difference between the Ct values for the BAR gene 

and the IPC  (the DeltaCt) was used to allocate the assayed samples into groups with the 

same gene copy number. 

 PHYSIOLOGICAL AND MOLECULAR GROWTH MEASUREMENTS AND 

ANALYSIS 

2.17 Plant growth 

The in vitro seedling growth of Arabidopsis and wild-type tobacco plants were surface 

sterilized and  plated on sterile agar medium containing ½ strength Murashige and Skoog 

incorporated with kanamycin (50 mg/ml) and BASTA (50 mg/ml).  Kanamycin/BASTA-



44 
 

resistant primary transformants with established root systems were transferred to soil 

(Levington F2, Fisons, Ipswich,UK) and allowed to self-fertilize yielding T1 progeny. 

Subsequent lines of interest from both Arabidopsis and tobacco were identified by PCR 

and iDNA technology. Wild-type plants used in this study were a combined group of WT 

and untransformed null segregants from the SBPase and Rieske lines verified by iDNA.  

For experimental study, WT Arabidopsis thaliana ecotypes Columbia (Col-0) and 

transgenics seeds were placed in 4°C for 2 days for stratification (in order to encourage 

uniform germination) before moving into the growth chambers. The growth chambers 

conditions were maintained at 22°C at an irradiance of 130 μmol photons m
–2

 s
–1

,under 

short day  (photoperiod of 8 h light/16 h dark, relative humidity (RD) 50% or long day 

conditions  (photoperiod of 16 h light/8 h dark) or in the greenhouse for tobacco. Plants 

were transferred to individual 5cm pots for Arabidopsis and 8 cm pots for tobacco 

containing compost. Tobacco plants were cultivated in a controlled  greenhouse 

environment (16 h photoperiod, 25–30/20 °C day/ night, and natural light supplemented 

with high-pressure sodium light bulbs, giving between 200–350 μmol m
–2

 s
–1

 (low light), 

600–1 400 μmol m
–2

 s
–1

 (high light respectively). Plant positions were randomized and 

trays rotated daily under the light with watering done 3 times a week and an additional 

nutrient medium (Hoagland and Arnon, 1950) given whenever needed. 

2.18 Seed sterilization 

Tobacco and Arabidopsis seeds were sterilized following a modified protocol based on 

those described by Aronsson and Jarvis (2002) and Aronsson and Jarvis (2011). Seeds 

were surface sterilized by a series of washes of which they were submerged in 70% 

ethanol for 3 min. Following this, they were rinsed with sterile water and then submerged 

in 4% bleach + Tween 20 (1 drop in 50 mL) for 15 m and agitating frequently. Finally the 
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bleach was removed and the seeds were rinsed 3 to 5 times with sterile water. These 

seeds were placed on sterile filter paper inside the flow hood and allowed to air dry. 

Seeds were then sown on agar plates immediately or stored in the final rinse water at 4°C 

for stratification. Tobacco seeds were sown immediately on plates and placed in the 

growth chamber.  

2.19 Arabidopsis plant transformation 

The construct plasmids were introduced into wild-type Columbia (Col-0) Arabidopsis 

(Arabidopsis thaliana) by floral dipping using strain of Agrobacterium tumefaciens 

GV3101. The Arabidopsis plant transformation was achieved using the floral dipping 

method described in Clough Steven and Bent Andrew (2008). Plants were grown in 

growth chambers approximately 7 weeks in short day length at which time they were 

flowering. The first bolts were clipped to encourage proliferation of many secondary 

bolts and plants were dipped 10 days after this, 10 ml cultures of the strains carrying the 

genes of interest were grown overnight  at 37°C in LB with antibiotics (rifampicin 50 μg 

mL-1, gentamicin 25 μg mL-1, kanamycin 50 μg/ml. These were used the next day to 

inoculate a 500 mL culture in a 1:100 proportion. These cultures were grown under the 

same conditions for approximately 24 hours until they reached stationary phase. The 

bacteria were then spun down (3000 g for 15–20 min) and resuspended in a 5% sucrose 

solution. Before dipping, 0.05% (500 μL/L) Silwet L-77 was added. Following the 

addition of silwet the whole inflorescences were dipped in the bacterial suspension for 2 

to 3 seconds, with gentle agitation. The plants were then placed in large containers and 

covered with autoclave bags to maintain high humidity and left in the dark at 18°C for 16 

to 24 hours. After this period, the plants were returned to the greenhouse and grown 

normally. The seed were harvested when dried and the transformants selected using 
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antibiotics (50 μg ml-1 Kn or herbicide selectable marker (0.82 mM of glufosinate-

ammonium). For antibiotic selection, plants were grown on plates containing the 

antibiotic(s) for 10–15 days or in soil watered with glufosinate-ammonium until selection 

was carried out. 

2.20 Tobacco plant transformation 

The construct plasmids were introduced into wild-type tobacco (Nicotiana tabacum) L.cv 

Samsun using Agrobacterium tumefaciens LBA 4404 via-disc transformation (Horsch et 

al., 1989). Freshly transformed Agrobacterium plate was used to start a 10 ml culture and 

grown overnight at 28°C. The next day, 2-4 ml of the overnight culture was again used to 

start a 150ml culture (with antibiotics incorporated) and grown at 28° C for 

approximately 24h. Following this, the cells were harvested by dividing cultures into 50 

ml sterile falcons and centrifuged at 3000g for 15-20 min (room temperature). Cells were 

suspended in same volume of liquid MS. Explants from leave tissue of 6-8 weeks old 

tobacco plantlets were used. Leaves explants were incubated with the Agrobacterium (10-

30 min) and placed upside down (abaxial face up) onto plates (no antibiotics) after which 

the plates were put in growth chamber (22-14°C, 16h light) for 48 h. Leaf explants were 

transferred unto fresh media plates with antibiotics (50 ug ml
-1 

BASTA to select the 

transformed cells, and 400 ug ml
-1 

Cefotaxime to control the Agrobacterium), BAP 

(10mg/ml) and NAA (10mg/ml) of hormones. Explants were maintained in the growth 

chamber and media refreshed every 7-10 days until shoots develop. After 14-20 days, a 

second change of media was changed to BAP (10mg/ml) and IAA (10mg/ml) in order to 

facilitate growth if necessary. Once shoots have started to differentiate they were moved 

into tall plates (magenta pots) containing MS media plus BASTA. After the plants have 

developed roots, they were transferred into soil indiviodually..  
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2.21 Fluorescence microscopy to assess cell specific expression.  

Several of the constructs were designed with a YPF cassette included. To check cell 

specific (guard cell specific) expression of the construct, leaf tissue from T0/T1 were 

subjected to high resolution chlorophyll fluorescence and confocal microscopy to detect 

YFP. Small (about 1/2cm) leaf samples were cut from the leaf and mounted on a slide 

and covered with a # 1.5 cover slip being taking care to avoid damaging the tissue. For 

live image acquisition, a high resolution microscopy and Nikon A1si inverted confocal 

microscope equipped with filters for YFP analysis were used. YFP images were acquired 

by exiting at 515 nm LEDs and emission collected with a band pass filter (530 ± 20 nm) 

for the high resolution microscope while YFP images for Nikon Alsi were acquired by 

exiting at 488nm with lasers and its emission collected at 530nm. Chlorophyll auto 

fluorescence was exited at 480 nm with emission collected at 685 nm which allowed to 

distinguish between the two signals. A 4X and 40X objective were used with a numerical 

aperture (N.A.) of 1.4.  

2.22 Chlorophyll Fluorescence imaging 

Chlorophyll fluorescence measurements were performed on 3-7 weeks-old of 

Arabidopsis plants seedlings grown in a controlled environment chamber at 130 μmol 

mol
–2

 s
–1

 and ambient (400 μmol mol–1) [CO2]. Images of chlorophyll a fluorescence 

were obtained by using a CF Imager (Technologica Ltd., Colchester, UK) described by 

Barbagallo et al. (2003). Plants were dark adapted for 30 min before a minimal 

fluorescence (Fo) measurement was obtained using a weak measuring pulse. After which 

a 800 ms saturating pules of  5800 μmol photons m
2
 s

1
 was used to capture maximal 

fluorescence (Fm) and the two images used to determine the maximum quantum 

efficiency of PSII photochemistry (Fv/Fm = Fm-Fo/Fm). Plants were then exposed to an 
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actinic light of 500 μmol photons m
-2 

s
-1 

for 35 min and steady-state F’ was continuously 

monitored, and a saturating pulse applied at 2 min intervals to measure maximum 

fluorescence in the light (Fm’). These images were used to determine the operating 

efficiency of PSII (Fq’/Fm’= [Fm’- F’] /Fm’) over time and the induction of steady state 

photosynthesis after which a light response curve protocol was established using the 

following light levels 0, 50, 100, 200, 300, 500, 750, 900, 1000,1600,2000 with Fq’/Fm’ 

captured after 2 min at each light level. Relaxation kinetics were determined after the 

light response curve by turning off the light and monitoring Fv/Fm every 2 minutes until 

the original value of Fv/Fm had been restored.  

2.23 Leaf and rosette area calculations 

Chlorophyll fluorescence imaging was used to calculate the leaf areas also at the time of 

analysis and pictures were taken at weeks 3, 4, 5 and 7. Rosette areas were calculated by 

the imager.  

Gas exchange analysis 

2.24. A/Ci curve 

The response of assimilation rate of CO2 (A) to intercellular CO2 concentration (Ci) was 

determined at saturating light level (1500 μmol photons m
2
 s

1
) and a leaf temperature of 

25 ± 1.5 °C, using a portable gas exchange system (LI-COR 6400; LI-COR, Lincoln, 

NE). Photosynthetic carbon fixation rates were measured at a range of CO2 

concentrations (from 0 to 1500 μmol mol for Arabidopsis). Measurements were started at 

ambient CO2 concentration (Ca; 400 μmol mol
1
, at which the plants had grown) after 

which Ca was decreased in four steps to 50 μmol mol
1
 (400, 300, 200, 100 and 50 μmol 

mol
1
) and then returned to near ambient levels to confirm the original rate could be 



49 
 

regained (again in four steps, 150, 250, 350 and 450 μmol mol
1
). After this, the Ca was 

increased step wise to 1500 μmol mol
1
 for completion of the curve in five steps (550, 

700, 900, 1100, 1500 and 2000 μmol mol
1
). The data obtained from these measurements 

was used to calculate the maximum carboxylation rate (Vcmax) and maximum electron 

transport flow (Jmax) using the equations of von Caemmerer and Farquhar (1981). These 

values were then used to estimate Vcmax and Jmax (Sharkey et al., 2007).  

2.25. Dynamic and diurnal response to light of photosynthesis 

The temporal response of  leaf  photosynthesis (A) and stomatal conductance (gs) were 

measured to a single step change in light using plants previously adapted to dark (either 

predawn or 30 min dark adaptation). Leaves were first equilibrated at a PPFD of 100 

μmol m
-2

 s
-1 

until both A and gs reached steady state, once steady state was achieved, 

PPFD was increased to 1000 μmol m
-2

 s
-1

 for 1 hour and  then returned to 100μmol m
-2

 s
-1

 

for 30. A and gs were recorded every 1min. The  leaf cuvette was maintained at 400 μmol 

mol m
-1

 CO2 concentration (Ca), a leaf temperature of 20ºC (±2ºC) and a VPD of 1 0. 

±05 kPa.   

2.26 Statistical analysis 

The significance of data obtained from the image were statistically tested by one way 

ANOVA followed by a Post Hoc-Turkey alpha (0.05). Differences between means were 

also analysed  using the student t-Test: sample for means where only two groups were 

compared (Excel 2013). 
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CHAPTER THREE: 

EPIDERMAL-MESOPHYLL TRANSFER EXPERIMENT TO DETERMINE THE 

INFLUENCE OF MESOPHYLL ON STOMATAL FUNCTION AND 

BEHAVIOUR. 

INTRODUCTION 

Stomatal behaviour regulates gas exchange at the leaf atmosphere boundary determining 

CO2 uptake for photosynthesis and water loss through transpiration (Willmer and Fricker, 

1996) and therefore balance the supply of CO2 for photosynthesis with transpiration for 

maintained plant water status and maximum plant growth (Wong, 1979). As mentioned in 

chapter one, stomatal opening and closing are brought about by changes in turgor 

pressure within the guard cells as a result of the accumulation or loss of potassium (K
+
) 

ions and organic solutes such as malate or sucrose. Guard cells also contain chloroplasts 

capable of performing electron transport (Lawson et al., 2002, Lawson et al., 2003b) 

which could provide a source of energy (ATP) to drive stomata open or use this energy 

for CO2 fixation leading to the production of sucrose as an osmotica for stomatal 

movements. Alternatively it has been suggested that guard cell chloroplasts could provide 

a signalling mechanism that enables stomatal behaviour to be co-ordinated with 

underlying demands of the mesophyll (Muschak et al., 1999, Poffenroth et al., 1992, 

Reckmann et al., 1990). It is well established that there is a high degree of coordination 

between the stomatal conductance and mesophyll demand for CO2 (Wong et al., 1979) 

but the mechanism for this is not entirely known. The fact that stomatal responses to light 

intensity and changes in CO2 concentration in guard cells of detached leaf epidermis to be 

different from those in the intact leaves (Mott et al., 2008a, Fujita et al., 2013, Lee and 

Bowling, 1992, Schwartz et al., 1988) suggesting that presence of the mesophyll greatly 
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influences stomatal behaviour (Mott et al., 2008, Wong, 1979, Lee and Bowling, 1992). 

As a result, approaches have been made in an effort to unravel the mechanisms 

coordinating stomatal responses with mesophyll photosynthesis using a variety of 

approaches.  

The epidermal peel-mesophyll transfer (Mott et al., 2013, Mott et al., 2008) is one such 

approach designed to unravel the influence or signals from the mesophyll that may play a 

role in coordinating stomatal behaviour with mesophyll demand for CO2. Epidermal–

mesophyll transfer experiment, rely on removing the epidermis from one plant and 

placing it on mesophyll (with the epidermis removed) of another plant type or that of the 

same plant type but in which the mesophyll has been subjected to different environmental 

conditions (Mott et al., 2013, Mott et al., 2008). This novel experimental approach was 

the basis of the research presented in this chapter, in order to assess stomatal responses in 

the epidermis (where the under lying mesophyll influence is removed) and comparing it 

with the epidermis of a plant grafted on top of mesophyll of another plant. The aim was to 

determine whether the guard cells themselves have a mechanism that co-ordinate 

stomatal response with that of the mesophyll. In order to determine the extent of 

mesophyll influence on stomatal behaviour, the epidermal peel-mesophyll transfer 

approach exploited plants with different photosynthetic pathways which include C3 and 

CAM. In C3 plants, stomata open with light during the day and close at night or under 

conditions of high [CO2], whilst stomata in CAM plants do the reverse; stomata opens at 

night for CO2 uptake and closes during the day when the evaporative demand is high 

(Cockburn et al., 1979). It has often been assumed that day time stomatal closure in CAM 

plants is due to the high CO2 concentration inside the leaf when the malate stored 

overnight is decarboxylated (Cockburn et al., 1979). Therefore using mesophyll from 

these two different photosynthetic types provides an ideal experimental platform to probe 
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the influence of the mesophyll on stomatal behaviour. Additionally, the Hartwell 

Laboratory in Liverpool produced transgenic CAM plants in which the expression of 

different key enzymes in the CAM photosynthetic pathway had been manipulated. 

Incorporating these plants into our experimental setup provided an additional tool kit for 

exploring the influence of mesophyll photosynthesis on stomatal behaviour. Before 

proceeding, it is important to first briefly explain CAM metabolism. 

3.1. CAM metabolism  

Crassulacean acid metabolism (CAM) differs from C3 photosynthesis with nocturnal 

uptake of CO2 and the fixation by phosphoenolpyruvate carboxylase, PEPc (Osmond, 

1978, Dayanandan and Kaufman, 1975, Borland et al., 2014). CO2 is stored in the 

vacuole in the form of an organic acid, usually malic acid and decarboxylated during the 

day time behind closed stomata and fixed by Rubisco in the light (Nobel, 1991). CAM 

plants are adapted to minimise water loss and thriving in water stressed environment 

when evaporative demand is high. CAM plants uses water input of only 20% of that 

required by C3 or C4 crops hence are grown in areas where precipitation is typically 

insufficient to support C3 or C4 crops as well as are adapted to marginal lands which are 

poor naturally (Borland et al., 2011). Thus, exploring the agricultural uses of CAM 

species could have great potential in marginal lands where global warming continues to 

reduce suitable arable lands due to limited water resources availability (Borland et al., 

2014). Hence, engineering CAM metabolism into C3 might be of great potential towards 

increasing greater plant water use efficiency in the future (Franco et al., 1999). Since the 

understanding of the mechanism between CO2 assimilation rate and stomatal conductance 

is still a challenge, a high demand to model global CO2 and water exchange has become a 

necessity thereby putting CAM species into the light. CAM species can and may 
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therefore be used as model experimental system to examine stomatal responses through 

their varying photosynthetic biochemistry (von Caemmerer and Griffiths, 2009a).  

The main enzymes used for CO2 fixation and the pathway of CO2 fixation differ between 

C3 and CAM plants. Atmospheric CO2 fixation in CAM plants occurs at night via 

phosphoenolpyruvate carboxylase (PEPc) and malate dehydrogenase (MDH), generating 

malate, which is stored as malic acid in the vacuole. During the day malic acid is released 

from the vacuole and decarboxylated by decarboxylases enzymes (e.g. NAD- Malic 

enzyme or phosphoenolpyruvate carboxykinase PCK (Dever et al., 2015). The release of 

CO2 behind closed stomata is fixed by Rubisco in the Calvin cycle and the high 

concentrates CO2 at the site of Rubisco acts as a temporal concentrating mechanism. 

Pyruvate orthophosphate dikinase (PPDK) is one of the enzymes that catalyze two key 

steps during light-period malate decarboxylation that occurs during secondary CO2 

fixation in some Crassulacean acid metabolism (CAM) species. The by product from 

decarboxylation, pyruvate is recycled by the enzymes pyruvate orthophosphate dikinase 

(PPDK)(Borland et al., 2009).  

CAM photosynthesis can be distinguished by four phases (Osmond, 1978). Phase one is 

fixation of atmospheric CO2 by PEPc to form malic acid which is stored in the vacuoles, 

often referred to as nocturnal acidification. Phase two is the transition phase of CO2 

fixation by PEPc to fixation by Rubisco which can occur in the early mornings if the 

plant is not too water stressed and the stomata are able to open a little. Malic acid is 

decarboxylated during the light period to release CO2 internally for re-fixation by 

Rubisco during phase three which light driven electron transport provides the energy and 

reductant for this process. The final phase IV occurs late in the photoperiod when stomata 

may reopen (depending on plant water status) and C3 photosynthesis by Rubisco can 

occur (Fig.3.1) (Cushman and Bohnert, 1999). 
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Figure 3. 1. Phases of CAM metabolism showing net CO2 uptake and malate content. 

Phase 1 as indicated above occurred during the hours of the night when CO2 is stored in 

the form of malic acid indicated by dark bar, Phase II occurs early mornings which is the 

transition from PEPc to Rubisco while phases III occurs in the afternoon when malate is 

decaboxylated to CO2 and phaselV occurs late evenings when C3 photosynthetic 

mechanism is displayed. Dotted lines represent malate content and normal line represent 

CO2 content. Typical CAM metabolism exhibits strictly phases I &III (opening in the 

night and closure in the light),(copied from Cushman and Burnant, 1999). 

 

Aims 

The overall aim of the work in this chapter was to determine the influence and presence 

of mesophyll on stomatal function and behaviour.  The approach used epidermal peels 

from different plant material either in isolation or grafted onto mesophyll from the same 

or different plants and subjected these to changes in light intensity and CO2 and assess 

stomatal response.  
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Hypotheses  

 

 Stomatal responses to changes in light intensity and [CO2] will be different in 

epidermal peels where the influence of the mesophyll has been removed 

compared with stomatal responses in intact leaves, suggesting a mesophyll-

derived signal.  

 Stomatal responses to changes in light and [CO2] in CAM plants will be different 

to those in C3 plants with stomata of C3 plants opening in the light and closing in 

the dark whilst CAM plants close during the light period and open in the dark. 

 Altering CAM photosynthesis through transgenic manipulation in the pyruvate 

orthophosphate dikanase (PPDK) will influence stomatal responses to light and 

CO2. 

Objectives: 

 To characterize stomatal responses in intact leaves and epidermal peels (where the 

influence of the mesophyll has been removed) of Vicia faba and Kalanchoë 

fedtschenkoi to changes in light intensity and CO2 concentration using a specially 

designed environment control chamber attached to a microscope.  

 Explore the co-ordinated responses between stomatal behaviour and the 

underlying mesophyll in C3 and CAM plants using epidermal-mesophyll transfer 

experiment and determine the influence of mesophyll driven signals on stomatal 

behaviour.  

  Use infra-red gas analysis to examine the effect of irradiance and CO2 

concentrations on mesophyll photosynthesis and stomatal conductance in CAM 

species Kalanchoë fedtschenkoi, the C3 species Vicia faba and in transgenic CAM 

species of pyruvate phosphodikanase (PPDK)  
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3. 2. Materials and Methods  

In addition to the general materials and methods chapter and for clarity purposes, this 

section will have its own separate materials and method. 

3.2.1 Plant material and growth conditions 

Seeds of broad bean Vicia faba L. (long pod) were planted in pots containing commercial 

potting soil (seed and modular compost plus sand, (Levington F2, Fisons, Ipswich, UK). 

The compost contained the following nutrient composition N:144; P:73; K:239. Plants of 

V. faba and Kalanchoë fedtschenkoi were grown in a controlled growth chamber (F1-

totron PG660, Sanyo Gallenkamp Plc) at 64% humidity and temperature 23-24°C under 

photoperiod of 12hrs PPFD (380-400 µm of light) using halogen quartz iodide lamps 

(Powerstar HQ1-TS 250 W/NDL, Osram, Munich) and 12 hrs of darkness at 19°C for 1-5 

weeks and watered 2-3 times weekly. 

Wild type CAM, Kalanchoë fedtschenkoi and transgenic PPDK (ortholog of At4g15530) 

were grown under the same conditions as above but watered once weekly. Wild type  

Kalanchoë fedtschenkoi and transgenic (PPDK) plants were propagated from leaf margin 

adventitious obtained from the University of Liverpool which were later transferred to 

soil (same as the compost for V.faba). Plants were initially grown in greenhouse 

environment (16 h photoperiod, 25–30/20 °C day/ night, and natural light supplemented 

with high-pressure sodium light bulbs, giving between 200–350 μmol m
–2

 s
–1

 (low light), 

600–1 400 μmol m
–2

 s
–1

 (high light)  respectively). Prior to all experiments, plants were 

transferred and remained for 14 days in a climate-controlled plant growth cabinet as 

described above for the Vicia in order to acclimate. 

Two growth chambers were used for growing the plants. One chamber was programmed 

for the lights to come on at 9 am and switched off at 9 pm and from here on, this will be 

referred to as light/standard chamber, whilst the second chamber was programmed with 
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lights coming on at 9 pm and going off at 9 am and from here on will be referred to as the 

dark/reverse chamber. Using both these chambers enable plant material to be selected 

from the complete diel period.  

3.2.2 Peeling method of plant material and incubation medium 

Fully expanded leaves were excised from the plant and placed on a glass slide and cut 

with a razor blade into lamina strips (between the major veins on the leaf in order to 

avoid the peels being contaminated by mesophyll). A tab was made on the lamina by 

cutting through the upper epidermis without damaging the lower epidermis. The leaf 

section was turned over and the epidermal strips were peeled manually from the lower 

surface (abaxial) using the tab of the leaf according to the method of Weyers and Travis, 

1981. For measurements on isolated epidermal peels the peel were placed directly in 

incubation buffer. The incubation medium of 50mM KCL+10mM PIPES-KOH (pH 6.8) 

was prepared freshly each day (Weyers and Meidner, 1990). For epidermal-mesophyll 

experiments, peels were removed from the mesophylls and placed back onto mesophyll 

with the epidermis removed from a leaf of the same species or a different species or 

mutant. Control leaf segments were prepared from intact detached leaves cut into 1 x 1 

cm square and the abaxial side viewed directly. All plant materials were kept hydrated 

with incubation medium and inside the chamber.  

3.2.3 Experimental setup of the novel epidermal-mesophyll transfer 

The sample chamber consisted of two aluminium blocks mounted on a purpose built 

microscope stage.  An aperture on the top of the chamber was allowed entry of the long-

distance objective (x40, Leica Ltd).  A condom with the tip removed was mounted around 

the circumference of the aperture and attached to the objective to gas seal the chamber. 

Gas conditions in the chamber were controlled using a setup that consisted of two large 

cylinders (CO2-free air) and (10% CO2 air) passed through a mass flow controller (EL-
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flow, Bronkhorst high tech, New Market UK) used to provide air containing the selected 

CO2 concentration at a flow rate of 200 ml min
-1

. Licor (L1-820, Licor Biosciences, 

Lincoln, Nebraska) was used to monitor the concentrations of CO2 inside the incubation 

chamber as well. Chamber temperature was controlled by a circulated cooler that 

maintained the temperature at 23°C. The plant material was placed in the chamber and 

subjected to different light intensity of either 0 µmol m
-2

s
-1

 and 400 µmol m
-2

s
-1

 and CO2 

concentration was maintained at either  (120 µmol mol
-1

 and 650 µmol mol
-1

). The 

protocol used were as follows : light intensity of PPFD (400 µmol m
-2

 s
-1

) + [CO2] (120 

µmol mol
-1

) were first applied for a period of 1 hour with continuous monitoring and 

recording of stomatal sizes (after 5-10 mins) after which it was changed to darkness + 

[CO2] of 120 µmol mol
-1 

for another 1 hour, and then returned back to the initial 

conditions of PPFD (400 µmol m
-2

 s
-1

) + (120 µmol mol
-1) 

for an hour. Again light 

intensity of PPFD (400 µmol m
-2

 s
-1

) + high [CO2] of 650 µmol mol
-1

 were applied  for 

another hour then finally, PPFD (400 µmol m
-2

 s
-1

) + [CO2] of 120 µmol mol
-1

were 

applied for the last hour.
 

Stomatal apertures were measured using a (Leica DMRX Leitz 567030 Wetzler 

Germany) with a long focal objective lens (50X). The epidermal peels were kept from 

drying out by placing a tube connected to a syringe and inserted into the chamber and 

buffer dropped into the system at a rate of 1 drop per min. Digitalised photo images of 

stomata were obtained using image-analysis hardware and software (Bresser Microcam 

5.0MP GmbH & Co Gutenberger Rhede-Germany) connected to a computer where the 

measurements were recorded every 5-10 min over the 5-7 h measuring period. Below, 

Fig. 3.2 is a schematic diagram of the experimental set up. 
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Figure 3.2. Experimental setup of the novel epidermal-mesophyll transfer. A 

schematic diagram illustrating the set up consisting of aluminium chamber mounted on a 

microscope stage. Gas conditions consisting of two large cylinders (CO2-free air) and 

(10% CO2 air) passed through a mass flow controller. A computer system installed with 

the mass flow controllers software or Licor was used to monitor the concentrations of 

CO2 inside the incubation chamber. Chamber temperature was controlled by a circulated 

cooler that maintained the temperature at 23°C. Digitalised photo images of stomata were 

obtained using image-analysis hardware and software connected to a computer. Top and 

bottom light sources used to give light at desired intensity. 

 

3.2.4 Gas exchange experiments 

Attached leaves from whole plants of Vicia faba and Kalanchoë fedtschenkoi (wild type 

and transgenic) were used to measure carbon assimilation (A) and stomatal conductance 

(gs) in response to change in light and CO2 concentrations following a similar protocol 

used for the epidermal peel transfer experiments. Measurement were made using a 

portable gas exchange system (CIRAS 2, PP systems, Hitchin, Hertsfordshire,UK) and 

recorded every 1 min for 5 h using the same protocol as the one in the experimental set 

up. 
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3.2.5 Statistical Analysis
 

The data are shown as means of ± SE of five independent experiments and differences 

between means were analysed using the student t-Test: sample for means. 

RESULTS 

3.3. Diel stomatal responses in isolated epidermis and whole leaves.  

Diel stomatal behaviour were assessed in both isolated epidermal peels incubated in 

buffer and whole attached plant leaves using gas exchange in both the C3 plant (Vicia 

faba) and wild CAM as well as the transgenic CAM manipulated in levels of PPDK with 

5% of the wild-type. 

3.3.1 Diel stoma behaviour in C3 and CAM (WT and PPDK) plants 

The diel stomatal response in C3 and CAM epidermal peels isolated from the mesophyll 

were determined by measuring the aperture of individual stoma (taken from new peel at 

each measurement over the course of a day. The stomatal response in Vicia faba over the 

diel period (Fig.3.3) displayed a typical and expected pattern of stomatal behaviour, 

consistent with previous observations in many C3 plants. Stomata opened in the light 

during the diurnal period and closed in the dark. Stomatal aperture increased through the 

diurnal light period and reached a maximum aperture of around 20.8 µm after 6 hours at 

300 µmol m
-2

 s
-1

 PFPD. When light was switch off at the end of the diel period stomatal 

aperture reduced rapidly reaching a minimum value of 7.6 µm almost immediately which 

was generally maintained through the nocturnal period albeit with some fluctuation in the 

aperture.  
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Figure 3. 3. Diel stomatal aperture in Vicia faba. Measurements were taken from 

individual stoma of a leaf segment of biological replicates. The leaf sections placed in a 

specially designed gas chamber to control the conditions during measurements. Chamber 

conditions maintained at [CO2] of 400 µmol mol
-1

 and photosynthetic photon flux density 

(PPFD) of 400 µmol
-2

s
-1

. Stomatal measurement were taken every hour. White and black 

boxes represent light and dark respectively. Values are means of five replicates (± SE). 

 

Wild CAM (Kalonchoe fedtchenkoi) also displayed a typical pattern for CAM plants, 

with opposite responses to those observed in the C3 plant. Stomatal opening during the 

nocturnal phase of the diel period, and closed in the light over the diurnal period. The 

greatest stomatal aperture of 5.6 µm was recorded after 4h into the dark period, whilst the 

lowest stomatal aperture of 3.0 µm was observed after 3 hrs in the light period. It was 

also observed in general that stomatal apertures in Vicia faba were greater than those 

observed in Kalanchoë fedtschenkoi (Fig 3.4a). 

However, the stomatal behaviour in the transgenic CAM plants manipulated in pyruvate 

phosphodikanase (PPDK) on Fig 3.4b displayed a more varied and somewhat different 

pattern compared with the WT CAM plants with similar apertures observed in both the 

nocturnal and diurnal periods. Stomata opened during both periods with the highest stoma 
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aperture of 4.3 µm recorded after 4h into the dark period and of 4.5 µm in the light 

respectively, whilst the lowest stomatal aperture of 1.7 µm was observed after 3 hrs in the 

dark period and 2.7 in the light period. 
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Figure 3. 4. Diel stomatal aperture in (a) WT CAM and (b) CAM pyruvate 

orthophosphate dikinase (PPDK). Measurements were taken from individual of leaf 

segments of biological replicates. The leaf sections were placed in a specially designed 

gas chamber to control the conditions during measurements and conditions maintained at 

[CO2] of 400 µmol mol
-1

 and photosynthetic photon flux density (PPFD) of 400 µmol
-2

s
-

1
. Stomatal measurement were taken every hour. White and black boxes represent light 

and dark respectively. Values are means of five replicates (± SE). 
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3.3.2 Diel whole leaf gas exchange in C3 and CAM (WT and PPDK) plants 

The diel whole leaf gas exchange measurements enabled both CO2 assimilation rate (A) 

and stomatal conductance (gs) to be determined in Vicia faba (C3), wild type CAM and 

transgenic CAM, (PPDK).  

In Vicia faba (C3) (Fig. 3.5), photosynthetic carbon fixation rate increased during the 

diurnal period reaching values of Ca. 8 and 12 µmol m
-2

 s
-1

 in the reverse and standard 

illumination cabinet respectively. In the dark/reverse cabinet, this rate was maintained for 

the majority of the diurnal period, however A in the light/standard illumination cabinet 

initially was greater than that of the dark/reverse growth cabinet and decreased half way 

through the diurnal period dropping to a value similar to the dark/reverse cabinet around 

8 µmol m
-2

 s
-1

. Stomatal conductance follows a similar pattern, increasing the light to a 

maximum value of about 300-400 mmol m
-2

 s
-1

 at the start of the light period before 

gradually decreasing over the course of the diurnal period (Fig 3.5b &d). However, in the 

dark, as expected no photosynthetic activity took place and stomatal conductance 

remained relatively low with an average nigh-time stomatal conductance of 40 mmol m
-2

 

s
-1

.
 
Similar patterns of gs and A were observed in plant grown in either the standard or 

reverse light cabinets illustrating that the different cabinet did not affect the growth of the 

plants or the diel pattern of gas exchange which also showed the coordination between A 

and gs. 
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Figure 3. 5. Diel whole leaf gas exchange measurements of Vicia Faba (a) 
photosynthetic carbon assimilation rates and (b) stomatal conductance in reverse cabinet 

and (c) Photosynthetic carbon assimilation rates and (d) stomatal conductance in standard 

cabinet of Vicia faba plants. The chamber conditions maintained [CO2] of 400 µmol mol
-

1
 and photosynthetic photon flux density (PPFD) of 400 µmol

-2
s

-1
. White boxes represent 

light (400 µmol m
-2

s
-1

) while grey boxes represent darkness. Dotted lines separate light 

and dark period. Data are means of five replicates (± SE). 

 

However, the diel measurements of gas exchange in Kalonchoe fedtschenkoi (CAM) were 

completely different to those of the C3 plants (Fig 3.6). Photosynthetic carbon fixation 

rate increased during the nocturnal period reaching values of 3.8 and 5.2µmol m
-2

 s
-1

 in 

the light/standard and dark/reverse illumination cabinet respectively. Following the peak 

A decreased for the remainder of nocturnal period reaching zero µmol m
-2

 s
-1

 in both 

cabinets by the end of the dark period. However there was a slight increase in A observed 

in some part of the diurnal period reaching a value of 1.8 and 1.6 µmol m
-2

 s
-1

 in the 

standard and reverse cabinets respectively. Stomatal conductance follows a similar 

pattern, increasing to a maximum value of about 25-35 mmol m
-2

 s
-1

 in the dark period 

before gradually decreasing over the course of the diurnal period (Fig 3.6b &d). 



66 
 

However, in the light as stomatal conductance remained relatively low with an average 

day-time stomatal conductance of 10-15 mmol m
-2

 s
-1

.
 
Similar patterns of gs and A were 

observed in plant grown in either the standard or reverse light cabinets illustrating also 

that the different cabinet did not affect the growth of the plants or the diel pattern of gas 

exchange. Rates of A and gs were much lower than those observed in the C3 plants. 

 

Figure 3. 6. Diel whole leaf gas exchange measurements of WT CAM (a) 
Photosynthetic carbon assimilation rates and (b) stomatal conductance in standard cabinet 

and (c) Photosynthetic carbon assimilation rates and (d) stomatal conductance in reverse 

cabinet of wt CAM plants. The chamber conditions maintained [CO2] of 400 µmol mol
-1

 

and photosynthetic photon flux density (PPFD) of 400 µmol
-2

s
-1

. White boxes represent 

light (400 µmol m
-2

s
-1

) while grey boxes represent darkness. Data are means of five 

replicates (± SE). 

 

 

However, the effect of diel CO2 concentration of 400 µmol mol
-1

 and photosynthetic 

photon flux density (PPFD) of 400 µmol
-2

s
-1

 on stomatal responses in the transgenic 

PPDK did not utilize the same core WT CAM diel response over either in the nocturnal 

or diurnal period (Fig 3.7). 
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Figure 3. 7. Diel whole leaf gas exchange measurements of pyruvate orthophosphate 

dikinase (PPDK). (a) Photosynthetic carbon assimilation rates and (b) stomatal 

conductance in reverse cabinet and (c) photosynthetic carbon assimilation rates and (d) 

stomatal conductance in standard cabinet of PPDK CAM (Kalonchoe fedschenkoi) plants. 

The chamber conditions maintained [CO2] of 400 µmol mol
-1

 and photosynthetic photon 

flux density (PPFD) of 400 µmol
-2

s
-1

. White boxes represent light (400 µmol m
-2

s
-1

) 

while grey boxes represent darkness. Dotted lines separate light and dark period and data 

are means of five replicates (± SE). 

 

The photosynthetic carbon fixation rate displayed a somewhat different pattern from the 

typical CAM wild type plants and similar responses were observed in both the nocturnal 

and daytime periods. Stomata opened during both periods with the greatest stoma 

aperture of 1.0µmol m
-2

 s
-1

 recorded in the reverse cabinet whilst the lowest stomatal 

aperture of -0.5µmol m
-2

 s
-1

 was observed.  In the standard cabinet, stomata also opened 

during both periods with the greatest stoma aperture of 2.5 µmol m
-2

 s
-1

 recorded whilst 

the lowest stomatal aperture of 0.0µmol m
-2

 s
-1

 was observed. Rates of stomatal 

conductance mirrored the pattern of A although the values of gs were much lower than 

those observed in CAM wild type.  
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3.4. Functional stomatal responses to changes in light and [CO2] in isolated 

epidermal peel, epidermal-mesophyll transfer, detached and whole leaf gas 

exchange  

Despite the fact that guard cells can photosynthesize on their own, the accumulation of 

mesophyll-derived metabolites act as signals which contribute to the regulation of 

stomatal movement (Lee and Bowling, 1993, Mott et al., 2013, Mott et al., 2008a, Daloso 

et al., 2017). It has long been hypothesized that the breakdown of starch, sucrose and 

lipids is an important mechanism during stomatal opening, which may aid in the 

production of ATP through glycolysis. Accumulation of osmolytes such as sugars and 

malate have been suggested to acts as signalling components that connect mesophyll 

photosynthesis with stomata or guard cell behaviour (Gotow et al., 1988a, Poffenroth et 

al., 1992a, Wong et al., 1979). 

3.4.1. Funtional stoma response in epidermal peel, epidermal-mesophyll transfer and 

detached leaf in Vicia faba, WT CAM and PPDK  

In this section, stomatal function in responses to light and [CO2] were examined in 

epidermal peels in which the influence of the mesophyll has been removed and in 

material in which peels have been grafted onto mesophyll tissue from either the same 

plant or a different species (Fig 3.8). 
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Figure 3. 8. Stomatal response to change in PPFD and CO2 concentration in C3 and 

CAM (a) epidermal peel of Vicia faba; (b) epidermal peels of Kalonchoe fedschenkoi;(c) 

epidermal-mesophyll experiment of Vicia faba strip grafted on CAM mesophyll and (d) 

whole detached leaf of Vicia faba. Stomata responded significantly to all conditions as 

indicated in the graph (d). The chamber conditions were maintained at the following: 

light/ [CO2] of 120 µmol mol 
-1

: Dark/[CO2] of 120 µmol mol 
-1

 light/ [CO2] of 120 µmol 

mol 
-1

: light/[CO2] of 650 µmol mol
-1

 and light/ [CO2] of 120 µmol mol
-1

. White and dark 

boxes represent light (400 µmol m
-2

s
-1

) and dark respectively. Dotted lines represent 

change from one light level/[CO2] to another. Data are means of five replicates (± SE). 

  

 

 

Fig. 3.8a shows the result of an isolated epidermal peel of Vicia faba. Stoma opened with 

400 µmol m
-2

s
-1

 light and a [CO2] of 120 µmol mol
-1

 reaching a maximum aperture of 

about 9.0µm. When light was turned off aperture decreased significantly to 3.9 µm by the 

end of the dark period. Stomatal aperture was restored to about 6. 0 µm when light turn 
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back on. When [CO2] was increased a small decrease in aperture was observed which 

increased when CO2 was returned to the low concentration of 120 µmol mol
-1

. 

Stomata in CAM epidermal peels responded to light by opening aperture reaching a 

maximum aperture of 8.4 µm by the end of the dark period (Fig. 3.8b). When the light 

was turned off stomata closed a little reducing aperture to 7.2 um, and this decrease in 

aperture continued when CO2 concentration was increase to 650 µmol mol
-1

. However, 

when the CO2 concentration of the air being bubbled into the buffer was decreased from 

650 µmol mol
-1

to 120 µmol mol
-1 

, stomata responded by increasing aperture.  

When the epidermal peel from Vicia faba was grafted on to the mesophyll from a CAM 

plant (Fig. 3.8c), stomata opened during the first hour of the experiment in the light with 

aperture reaching 12.6µm. When light was removed stomatal aperture decreased slightly 

to about 10µm. However no significant changes in aperture were apparent when CO2 

concentration was increased although an increase in aperture from 10.8µm to 13.0 µm 

was observed when [CO2] was changed from high CO2 concentration of 650 µmol mol
-1

 

to low CO2 concentration of 120 µmol mol
-1

. 

The stomatal behaviour in a detached leaf of Vicia faba (Fig.3.8d,) clearly demonstrates 

large stomatal responses to all the conditions of light and darkness, low and high CO2 

concentrations. Stomata within two and a half hours demonstrated the pattern shown in 

Fig.3.8d due to the rapid response to change in light and CO2 concentrations (opening and 

closing respectively). Within 30-35 min, stomata reached a significant aperture of 

19.6µm and responded to darkness by reducing significantly aperture to 12.4µm. When 

the light was resumed, stomata opened reaching an aperture of 21.4 µm after 90 min. 

When [CO2] was increased to 650 µmol mol
-1

 stomatal aperture decreased to 13.0 µm. 

Changing [CO2] back to the original level of 120 µmol mol
-1

 resulted in a rise in aperture 

significantly to 18.8 µm.  
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Fig. 3.9 below shows the stomatal movement during the detached leaf experiment. 

 

 

Figure 3. 9. Influence of mesophyll to individual stoma opening. Slides of increasing 

stoma opening in the detached leaf of Vicia Faba  after every 5 mins ( refer to Fig 3.7d 

above) in controlled environment chamber. Condition were maintained at PPFD of 400 

µmol m
-2

s
-1

 and [CO2] of 120 µmol mol
-1

. 

 

 

3.4.2 Stomatal and photosynthetic responses in Vicia faba, WT CAM and  transgenic 

CAM (PPDK) plants in response to changes in light and CO2 concentrations. 

Functional whole leaf plant gas exchange analysis was performed on the same plants used 

above in the epidermal peel-mesophyll experiment in order to assess if gs responded in a 

similar manner as individual stoma. Carbon assimilation (A) in the light/standard cabinet 

(Fig. 3.9a) where plants were subjected to 12 h of dark prior to the gas exchange 

measurements ranged between 3.5-3.9 µmol CO2 m
-2

s
-1

 (highest value) at [CO2] of 120 

µmol mol
-1

 m
-2

s
-1

 and in the light while lowest value was around -1.8 µmol CO2 m
-2

s
-1

 in 

the dark. However, when [CO2] was increased to 650 µmol mol
-1

 m
-2

s
-1

, as expected A 

increased, reaching about 16.6 µmol CO2 m
-2

s
-1

.         
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Figure 3. 10. Gas exchange measurements in Vicia faba (a) Photosynthetic carbon 

assimilation rates and (b) stomatal conductance of Vicia faba subjected to 12 hr darkness 

prior to experiment from the standard cabinet while (c) carbon assimilation and (d) 

stomatal conductance subjected to 12 hr light from the reverse cabinet in response to 

changes in Photon flux density (PPFD) and [CO2] as indicated. The chamber conditions 

were maintained at light/ [CO2] of 120 µmol mol 
-1

: Dark/[CO2] of 120 µmol mol 
-1

: 

light/ [CO2] of 120 µmol mol 
-1

: light/[CO2] of 650 µmol mol
-1

 and light/ [CO2] of 120 

µmol mol
-1

. White and dark boxes represent light (400 µmol m
-2

s
-1

) and dark 

respectively. Dotted lines represent change from one light level/[CO2] to another. Data 

are means of five replicates (± SE). 

 

 

Similarly, in the dark/reverse cabinet where plants were subjected to 12 h of light prior to 

the gas exchange measurements. A ranged between 2.5-3.3 µmol (highest value) at [CO2] 

of 120 µmol mol
-1

 m
-2

s
-1

 and in the light while lowest value was around to -2.4 µmol CO2 

m
-2

s
-1

 in the dark. Increasing [CO2] to 650 µmol mol
-1

 increased A to 18.7 µmol m
-2

s
-
 (Fig 

3.9c). Stomatal conductance (gs) in both cabinets responded very similar and mirrored the 

pattern of A. Although the pattern in behaviour are similar, there are situation where it is 

obvious that gs responded to changes in light intensity and [CO2] more slowly or with 

lags that resulted in a non-coordinated response. For example the increase in gs in the first 

phase (initial 50 min at the beginning) of the response in Fig. 3.10 b, whilst A remains 
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stable (Fig. 3.10 a), had reached its steady state, gs was still increasing showing that the 

diel correlation between A and gs can be perturbed by modulation of the length of  light or 

dark phases as experienced in the short term (Hennessey and Field, 1991). It is also 

interesting to note that gs continued to increase even while in the dark (Fig. 3.10d). 

Similar experiment performed on the CAM plants from the two different cabinets showed 

the effect of nocturnal and diurnal period on both A and gs (Fig. 3.11). The gas exchange 

result of carbon assimilation and stomatal conductance in response to change in light 

intensity and [CO2] in the wild CAM showed a distinct difference between the plants 

grown in the two different cabinet in which they were subjected to either 12 h of darkness 

in the light/ standard cabinet prior to experiment or 12 h light in the dark/ reverse cabinet 

prior to the analyses.  
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Figure 3. 11 Gas exchange measurements of WT CAM (a) photosynthetic carbon 

assimilation rates and (b) stomatal conductance of plants grown in the standard cabinet  

subjected to 12 h darkness prior to experiment while (c) carbon assimilation and (d) 

stomatal conductance from WT CAM from the reverse cabinet subjected to 12 h of light 

prior to measurements. The chamber conditions were maintained at the following: light/ 

[CO2] of 120 µmol mol 
-1

: Dark/[CO2] of 120 µmol mol 
-1

 light/ [CO2] of 120 µmol mol 
-

1
: light/[CO2] of 650 µmol mol

-1
 and light/ [CO2] of 120 µmol mol

-1
. White and dark 

boxes represent light (400 µmol m
-2

s
-1

) and dark respectively. Dotted lines represent 

change from one light level/[CO2] to another. Data are means of five replicates (± SE). 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3. 12.  Gas exchange measurements of pyruvate orthophosphate dikinase 

(PPDK) transgenic CAM (a) Photosynthetic carbon assimilation rates and (b) stomatal 
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conductance of transgenic grown in the standard cabinet and subjected to 12 h darkness 

prior to experiment while (c) carbon assimilation and (d) stomatal conductance from the 

reverse cabinet subjected to 12 h of light prior to measurements.The chamber conditions 

were maintained at the following: light/ [CO2] of 120 µmol mol 
-1

: Dark/[CO2] of 120 

µmol mol 
-1

 light/ [CO2] of 120 µmol mol 
-1

: light/[CO2] of 650 µmol mol
-1

 and light/ 

[CO2] of 120 µmol mol
-1

. White and dark boxes represent light (400 µmol m
-2

s
-1

) and 

dark respectively. Dotted lines represent change from one light level/[CO2] to another. 

Data are means of five replicates (± SE). 

  

In plant grown in the dark/reverse cabinet that had been subjected to 12 h light prior to 

the measurements. Assimilation rate ranged between -0.3 to -0.8µmol CO2 m
-2

s
-1

 (highest 

value) at [CO2] of 120 µmol mol
-1

 m
-2

s
-1

 and in the light. However, when light was 

removed, assimilation decreased to -3.8 µmol CO2 m
-2

s
-1

 in the dark. When [CO2] was 

increased to 650 µmol mol
-1

 m
-2

s
-1

, as expected A increased, reaching about 2.5 µmol 

CO2 m
-2

s
-1

. 

Stomatal conductance was also much more sensitive in plant measured from the 

dark/reverse cabinet previously been subjected to 12 h light compared with the plants 

from the light/standard cabinet which had experienced 12h darkness preceding the 

experiment showing little or no response at all (Figs. 3.11a & b).  

Similar, gas exchange experiment was performed on PPDK plants from the two different 

cabinet showed the effect of nocturnal and diurnal period on both A and gs (Fig 3.12). 

Results in Fig.3.12c showed plant grown in the dark/reverse cabinet that had been 

subjected to 12 h light prior to the measurements. Assimilation rate ranged between -0.3 

to -0.6µmol CO2 m
-2

s
-1

 (highest value) at [CO2] of 120 µmol mol
-1

 m
-2

s
-1

 and in the light 

however, when light was removed, assimilation decreased to -0.8 µmol CO2 m
-2

s
-1

. When 

[CO2] was increased to 650 µmol mol
-1

 m
-2

s
-1

, as expected A increased, reaching about 

1.5 µmol CO2 m
-2

s
-1

. 
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Measurements taken from the standard chamber (Fig.3.12a) shows carbon assimilation 

similar in pattern to the measurement from the reverse chamber even though to a lesser 

degree. Stomatal conductance (gs) increased under light and low [CO2] and decreased 

under darkness and high [CO2] as illustrated in Fig 3.12b & d respectively. Again, 

stomata from the light were more sensitive than those from the dark as in the wild CAM. 
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DISCUSSION 

The coordination between stomatal conductance and mesophyll photosynthesis is 

important to help maximise WUE and plant productivity (Lawson et al., 2014b). It is well 

known that stomatal conductance correlates with photosynthesis (Wong, 1979) which 

balances CO
2
 uptake for photosynthesis (A) and stomatal conductance (gs) to meet the 

plant’s need to remain fully hydrated for optimal growth whilst maintaining sufficient 

CO2 for mesophyll photosynthesis (Cowan and Troughton, 1971, Wong et al., 1979). 

Stomata have complex signal transduction networks which qualifies them for rapid 

changes in guard cell turgor in response to endogenous and environmental signals which 

promotes opening and closing of the stomatal pore within time scales of seconds to hours 

(Assmann and Wang, 2001). However, what is not clear is the mechanism(s) that co-

ordinate gs and A and the influence of the mesophyll on stomatal behaviour in this co-

ordination. To date it has been assumed that the concentration of CO2 inside the leaf (Ci) 

is maintained at a constant ratio between the concentration of CO2 inside the leaf and that 

of the surrounding atmosphere Ci:Ca ratio;  (Ball and berry, 1982, Mott et al., 1988) and 

this drives a co-ordinated response of gs with A. However, several studies have suggested 

that stomatal responses to Ci are too small to account for the large changes in gs that have 

been observed in response to light (Raschke, 1975, Farquhar and Raschke, 1978, Sharkey 

and Raschke, 1981, Farquhar and Sharkey, 1982). Additionally several studies have 

reported stomatal response to changing light intensity even when Ci is held constant 

(Messinger et al., 2006, Lawson et al., 2008b, Wang and Song, 2008).  Further evidence 

against a Ci mechanism that co-ordinates gs with A is from studies that have examined 

stomatal behaviour in transgenic plants with reduced levels of photosynthesis and shown 

stomatal responses to changing light despite high Ci values (Baroli et al., 2008a, von 

Caemmerer et al., 2004, Lawson et al., 2008b). Take together all of these studies suggest 
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that Ci cannot be the only signal that co-ordinates gs with A. Several reports have 

suggested a mesophyll driven signal is responsible for the co-ordination between A and 

gs. Chloroplastic ATP, NADPH and RuBP have all been proposed to be the possible 

candidates for the mesophyll signal (Lee and Bowling, 1992, Wong et al., 1979, Zeiger 

and Zhu, 1998, Tominaga et al., 2001). Other possibilities include malate and sugars 

transported from the mesophyll which will be discussed later in this section.  

In this study, a comparison between stomatal responses to changing light intensity and 

[CO2] were examined in epidermal peels and intact leaves in two plant species with 

different photosynthetic pathways, C3 (Vicia faba) which opens in the light and closes 

stomata in the dark and CAM (Kalanchoë fedtschenkoi) which closes stomata in the light 

and opens in the dark. Following the protocols developed by Mott et al., (2008) 

epidermal-mesophyll transfer experiments were undertaken to determine if different types 

of photosynthetic pathways influenced stomatal responses. As it is well-established that 

circadian rhythms influence stomatal behaviour (Dodd et al., 2005) diurnal measurements 

of stomatal aperture from epidermal peels (Fig. 3.3 & 3.4 and gas exchange 

measurements of gs (Fig. 3.5 - 3.7) from both plant types showed that there were diel 

patterns of behaviour in stomatal behaviour. However, stomatal aperture changed little 

during the initial 6h of the diurnal period in both Vicia faba and Kalanchoe fedtschenkoi 

which means that there would be little influence on circadian driven changes in stomatal 

aperture in the subsequent epidermal mesophyll transfer experiments. The similar diel 

patterns of behaviour between peels and intact plants confirm that the protocol used for 

isolating and measuring the epidermal peels was appropriate and stomata responded 

similar to intact leaves. The observed whole leaf diel response of stomata in CAM plants 

in which levels of PPDK were greatly reduced (Dever et al., 2015) showed a close 

coordination between A and gs but displayed stomatal opening and closing both in the 
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light and dark periods (Fig.3.7). This could be due to the plastic nature of CAM 

metabolism in these plants, or the reduced levels of PPDK removed the CAM 

dependency and facilitating more C3 carbon uptake processes (Dever et al., 2015).  

Differences in stomatal responses to various environmental stimuli (including light 

intensity and CO2 concentration) in epidermal strips and intact leaf have been reported 

previously in literature (Willmer and Dittrich, 1974, Travis and Mansfield, 1979, Lee and 

Bowling, 1995). For instance Schwartz et al. (1988) and Travis and Mansfield (1979) 

demonstrated that although stomata in epidermal peels were able to open in response to 

light intensity and low [CO2] the change in stomatal aperture was much less than that 

observed in intact leaves. However, others have argued that stomata in isolated epidermal 

peels do not respond to light and [CO2] in the guard cell (Mott et al., 2008a, Lee and 

Bowling, 1992, Fujita et al., 2013b), suggesting an important role of the mesophyll in 

stomatal response.  

In response to changes in light intensity and [CO2], stomata in epidermal peels of Vicia 

faba  (Fig.3.8a), responded, albeit with lesser magnitude of change and reduced 

sensitivity, as expected and similar to the intact leaf (Fig. 3.8d), agreeing with reports that 

stomata respond and function when in isolation, (Meidner and Mansfield, 1968, Outlaw 

et al., 1981, Webb et al., 1996, Willmer and Fricker, 1996), but showed different 

responses than in intact leaves and the magnitude and/or speed of the stomatal responses 

are not the same as when the mesophyll is present (Schwartz et al. (1988) Travis and 

Mansfield (1979). Wang et al., (2014) found lower guard cell ATP levels in isolated 

epidermis compared with intact leaves, which they accredited to the weaker stomatal 

opening response to white light in the epidermis. Their results provide evidence that both 

guard cell chloroplasts and mesophyll contribute to the ATP source for H
+
 extrusion by 

guard cells for osmoregulation.  
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The fact that stomata opened in darkness in the CAM plants is in agreement with what is 

known about stomatal behaviour in CAM, that due to the different photosynthetic 

pathway stomata generally open at night and fix CO2 into organic acids which are stored 

and released through the day when stomata are closed. Stomatal closure through the day 

has often been attributed to diel changes in Ci, with stomata opening at night as PEPc 

starts to draw down CO2 during the dark assimilation of internal CO2 (Cockburn et al., 

1979). However, what is intriguing is an opening response to darkness was also observed 

in the stomata in epidermal peels, when the influence of the mesophyll is removed (Fig 

3.8b). This suggests that darkness is sensed directly in the guard cells which has not 

previously been reported. The dampened stomatal response to changing in [CO2] in the 

epidermal peels (in both Vicia and Kalenchoe) compared with the intact leaves points to a 

role of Ci in these responses and signalling pathways (Mott 1988). The fact that stomata 

in Vicia epidermal peels placed on CAM mesophyll (Fig. 3.8c) behaved more like C3 

stomata than CAM (i.e. the fact that the stomata opened with light) questions the 

mesophyll role in stomatal responses. Having said this, the fact that the stomata remained 

open and did not close when light was reduced and an increase in aperture was observed 

when CO2 concentration was decreased at the end of the measurement period, along with 

the fact that in general, the stomatal apertures were all great than in the isolate peel (Fig. 

3.8a) does point to a role for mesophyll driven consumption of CO2. Rubisco fixation of 

CO2 would be expected in CAM plants in the light, particular when the mesophyll is 

removed and the temporal CO2 concentrating mechanism has been removed (von 

Caemmerer and Griffiths, 2009). These finding from the epidermal peel transfer 

experiment do not entirely agree with those of  Mott et al, (2008) who found that when 

stomata in isolated epidermis of T. pallida and P.sativum when placed on an exposed 

mesophyll from a leaf of the same species or a different species, they regained 
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responsiveness to light and CO2. The stomatal responses reported here are less evident, 

however, it should be noted that the the work of Mott et al., (2008) did not include CAM 

mesophyll which behaves very different to C3.  

The measurements (Fig 3.8d) on the detached whole leaf clearly demonstrated an 

excellent responses between gs and A as well as rapid responses unlike those recorded on 

the isolated epidermis or the peels grafted onto mesophyll. These finding indicate that 

stomata are influenced by the underlying mesophyll, however this could simply be due to 

mesophyll photosynthetic consumption of CO2 altering Ci leading to stomatal opening 

and closing in response to changes in light and [CO2] or it could be that sucrose produced 

in the meosphyll plays a key role in stomatal osmoregulation (Kelly et al., 2013) 

synchronising stomata with mesophyll. It is also worthy to mention here that the response 

in the intact detached leaf aside from being very rapid in response to light and CO2 

changes, stomata failed to respond to either light nor [CO2] at a certain point in the 

experiment (result not shown) which could possibly be due to an effort to balance or 

coordinate A and gs in order to check excess transpiration. This could probably be (in 

addition to Ci) due to accumulation of sucrose in the walls of the guard cells that were not 

translocated to other parts of the plant (since the plant was a detached one) hence the 

shutdown of the stomatal walls. This is an interesting finding in this experiment which 

seemed to be in line with the many hypothesised theories of a mesophyll-derived 

signal(s). Recalling again, several studies have argued that changes in Ci are often too 

small to account for the large changes that occurs in stomatal aperture which has even 

been demonstrated by stomatal responses to PPFD even when Ci is held constant 

(Lawson et al., 2008; Messinger et al., 2006; Wang et al., 2008). von Caemmerer and 

Griffiths (2009b) has also demonstrated that high intercellular CO2 is not the sole cause 

for stomatal closure during phase lll of CAM. 
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Sucrose has been hypothesised as a metabolite connecting stomatal behaviour with 

mesophyll demands for CO2 and important for co-ordinating response in the two. For a 

long time it was initially thought that K
+
 and its counter ions were the universal 

osmoticum for osmoregulatory stomatal opening(Fischer, 1968a), however when several 

studies (MacRobbie & Lettau, 1980) showed that potassium-malate fluxes could not 

account for all the osmotic required for stomatal opening a role for sucrose was revisited.  

Tallman and Zeiger (1988) suggested that  K
+
 and its counter ions including malate were 

important for early morning stomatal opening but that sucrose was the dominant osmotic 

for maintaining stomatal conductance late in the afternoon. Apoplastic sucrose has also 

been proposed to co-ordinate mesophyll photosynthesis with stomatal behaviour (Kang et 

al., 2007a). Lu et al. (1997a) implied the presence of multiple sucrose pools in mesophyll 

cells which are a localized mesophyll-apoplast region that exchanges with phloem and 

stomata, and mesophyll-derived sucrose in guard-cell walls which excess of it is able to 

diminish stomatal opening. Fujita et al, (2013) also suggested that stomata close as a 

result of high apoplastic sucrose concentration when mesophyll sucrose efflux exceeds 

translocation. When photosynthesis is high and sucrose production, exceed the capacity 

of the phloem to translocate the sucrose, the apoplast sucrose content increases and 

travels in the apoplast to the guard cells were the sucrose acts as an osmotic and reduces 

stomatal aperture (Kang et al., 2007a) see review by Lawson et al, (2014). The role of 

apoplastic sugar concentration have also been linked to  hexokinase (HXK) a sugar-

phosphorylating enyzmes in guard cells by Kelly et al, (2013) who found an increased 

expression of hexokinase (HXK) accelerated stomatal closure. 

Fig 3.10 and Fig. 3.11 illustrate stomatal and photosynthetic responses to the step 

changes in light intensity and [CO2] in Vicia (Fig. 3.10) and Kalenchoe (Fig. 3.11) grown 

in either the light/standard cabinet or the dark/reverse cabinet. The identical 
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photosynthetic responses in Vicia illustrate that the different 12h pre-treatment did affect 

the potential photosynthetic rates. However what was interesting was the fact that 

stomatal conductance was clearly co-ordinated with A in the plants grown in the light 

standard cabinet (with some indication of slow stomatal response limiting assimilation 

rates (Lawson & Blatt, 2014). Although gs and A were also well co-ordinated in the 

dark/reverse cabinet grown plants in the end period of the measurements, gs increase in 

with light but unexpectedly continued to increase even when the light was turned off 

suggesting that gs could respond to darkness as well.   

The considerable differences in both A and gs responses to light intensity and [CO2] in the 

CAM plants grown in the two different cabinet illustrate the considerable diel impact of 

CAM pathway on physiology (Borland et al., 2014). The plants taken from the 

light/standard cabinets (Figs.3.11a& b) which have prior to the experiment been 

subjected to 12h of darkness, had stomata that were mostly unresponsive. As seen in (Fig 

3.11 c & d) it is obvious that the response of CAM that was subjected to 12 hours of light 

prior to gas analysis were more responsive than the CAM from the dark. An possible 

explanation for this is that decarboxylation of malate in the proceeding 12h has left the 

plants without any carbon stores left and that because these plants are well watered, 

carbon fixation can occur via Rubisco and therefore stomata respond similar to those in a 

C3 plant (Franco et al., 1999). High light would reduce Ci to which stomata would 

respond, as well as responding to light directly through both the blue and red light 

pathways (Shimazaki et al 2007).This is supported by the similarity in the response of A 

with gs suggesting stomatal limitation of CO2 diffusion and A. These data strongly 

suggest that the mesophyll photosynthetic behaviour plays a key role in stomatal 

behaviour but indicates a Ci driven responses rather than a mesophyll specific metabolite 

signal.  
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The observed whole leaf diel response of stomata in CAM plants in which levels of 

PPDK were greatly reduced (Dever et al. 2016) and had a 5% that of wild type showed a 

close coordination between A and gs but displayed stomatal opening and closing both in 

the light and dark periods (Fig.3.11 below). These finding are similar to those of von 

Caemmerer and Griffiths (2009a) who investigated the diurnal variation 

of stomatal sensitivity to [CO2] and light in two CAM Kalanchoe species (with different 

degrees of CAM) and found that stomata opened in K.  pinnata in response to a reduced 

[CO2] in the dark and in the latter half of the light period while in K. daigremontiana 

which is more succulent and considered welded to the CAM metabolism phases, stomata 

did not respond to a decreased CO2 in the light when stomata were closed, even when the 

supply of internal CO2 was experimentally reduced. They concluded that stomatal closure 

and the variability in the responsiveness of stomata to CO2 could be explained by the 

existence of a CO2 sensor which interacts with other signalling pathways (von 

Caemmerer & Griffiths, 2009).  
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CHAPTER FOUR: 

DESIGN AND DEVELOPMENT OF GOLDEN GATE CONSTRUCTS TO 

MANIPULATE EXPRESSION OF CYTOCHROME B6F (RIESKE) AND 

SEDOHEPTULOSE-1,7-BISPHOSPHATASE (SBPASE) IN ARABIDOPSIS 

THALIANA AND NICOTIANA TOBACCUM  PLANTS. 

INTRODUCTION 

The manipulation of photosynthetic enzymes in carbon metabolism have resulted in a 

great impact on the photosynthetic rates in plant (Lawson et al., 2008b, Lawson et al., 

2002, Lefebvre et al., 2005, Raines, 2011, Simkin et al., 2017a, Simkin et al., 2015, von 

Caemmerer and Furbank, 2016). Quite a number of studies have been carried out on the 

regulation of carbohydrate metabolism in photosynthetic CO2 fixation in plants and these 

have led to several reports of improved photosynthetic capacity leading to increased crop 

productivity and yield (Raines, 2011, Raines, 2006, Ding et al., 2016, Lefebvre et al., 

2005, Long et al., 2006, von Caemmerer and Evans, 2010).  

An electron transport chain is a series of complex reactions that transfers 

electrons from electron donors to electron acceptors alongside the transfer of 

protons H
+
 ions across a membrane. The cytochrome b6f complex also known as the 

plastoquinol-plastocyanin reductase is an enzyme found in the electron transport chain on 

the thylakoid membrane (Berg et al, 2007). In photosynthesis, the cytochrome b6f 

complex catalyze the transfer of electrons between the two photosynthetic reaction center 

Photosystems II and Photosystem I, while at the same time, transferring protons across 

the thylakoid used to synthesize ATP from ADP for the Calvin Cycle (Stroebel et al., 

2003, Yamashita et al., 2007). Rieske is an iron-sulphur protein of the Cytochrome b6f 

complex (Rieske et al., 1964) and it is a clustered 2Fe-2S found in plants, animals, and 
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bacteria.The cytochrome b6f despite its genetic and structural complexity, has been 

manipulated through the antisense expression of the RieskeFeS protein which showed 

reduction in electron transport chain. Additionally, the use of cytochrome b6f complex 

inhibitors have suggested that the RieskeFeS protein is important for the successful 

assembly and optimal function of the cytochrome b6f complex and electron transport 

(Price et al., 1998, Kirchhoff et al., 2000, Kirchhoff et al., 2017). Recently overexpression 

of the Rieske FeS protein in Arabidopsis resulted in substantial improvements of 

quantum efficiency of PSI and PSII and electron transport which lead to significant 

impacts on plant yield (Simkin et al., 2017b) .  

The Calvin cycle is a pathway primarily for carbon fixation in chloroplasts of C3 plants. 

This process has three stages, where carboxylation which is the first stage is a process of 

accepting CO2 by an acceptor molecule, ribulose-1,5-bisphosphate (RuBP) and is aided 

by the enzyme ribulose-1,5-bisphosphate carboxylase/ oxygenase (Rubisco). The second 

stage is the reduction phase that produces triose phosphate by consuming ATP and 

NADPH produced by the ETC. The third and final stage is the regenerative phase, in 

which triose phosphates are used to produce back RuBP. In the cycle, the triose 

phosphates are key intermediates, and they are also available for allocation to either the 

starch or sucrose biosynthetic pathway (Geiger and Servaites, 1994, Woodrow and Berry, 

1988). Balance within the cycle is therefore very important in order to avoid exhaustion 

of these phosphates hence, the catalytic activities of certain enzymes within the cycle are 

highly regulated (Raines et al., 1999). In particular, the activity of sedoheptulose-1,7-

bisphosphatase (SBPase) is regulated by the redox potential via the ferredoxin/ 

thioredoxin system, which modulates the enzyme activities in response to light/dark 

conditions (Buchanan, 1991). In the regenerative phase of the Calvin cycle, SBPase is 

part of the enzyme that catalyze irreversible reactions (Koßmann et al., 1994). SBPase 
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catalyses the dephosphorylation of sedoheptulose-1,7-bisphosphate in the regenerative 

phase of the Calvin cycle to sedoheptulose-7-bisphosphate. 

Transgenic approaches have demonstrated striking results of the manipulation of the 

Calvin cycle where energy conversion led to increasing yield potential (Long et al., 2006, 

Raines, 2003, Raines, 2006, Raines, 2011, Zhu et al., 2007). Additionally, others have 

also revealed and shown the importance of SBPase by demonstrating that minimal 

reductions or the disruption of SBPase and some certain genes has shown to impact 

negatively on carbon assimilation and growth, thereby demonstrating the enzyme’s 

control over photosynthetic efficiency (Ding et al., 2016, Harrison et al., 1998, Lawson et 

al., 2006, Raines et al., 1999, Raines and Paul, 2006, Koßmann et al., 1994).  

No doubt therefore these studies imply that improvements in photosynthesis may be 

achieved through overexpressing the activity of individual enzymes. Already, evidences 

supporting this hypothesis from single manipulations have been demonstrated from 

transgenic tobacco plants over-expressing SBPase (Lefebvre et al., 2005) and also the 

combined multigene approach of over-expressing SBPase and FBPA (Simkin et al 2015). 

These photosynthetic manipulations resulted in increased carbon assimilation, enhanced 

growth and increased cumulative biomass hence the genetic potentials that lies thereby. It 

is therefore obvious that number of sense and antisense plants with increased and reduced 

levels of SBPase and Rieske have varying photosynthetic capacity and have altered 

carbohydrate status at the whole leaf level thus, leading to modifications in growth and 

development.  

This influence of manipulated electron transport and Calvin cycle on stomatal responses 

to CO2 concentration and photon flux density can be determined physiologically in the 

guard cells specifically as well as how stomatal responses contribute to the capacity of 

guard cell function (Lawson, 2009, Lawson and Blatt, 2014a, Lawson et al., 2014a). 
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This chapter describes the design and construction of eleven sense and antisence 

constructs of these enzymes for use in both Arabidopsis thaliana and Nicotiana tobaccum 

specifically in the guard cells. Expression vectors from the cloning strategy ‘Golden gate’ 

where used to generate these constructs with guard cell specific promotors. Constructs 

were designed to alter expression of the SBPase and Rieske genes in a cell specific 

manner driven by the KST1 and MYB60 promoters. YFP tags were also included in 

several construct to demonstrate cell specificity.   

4.1 Golden-gate Modular cloning technology. 

The ability to assemble multiple or complex DNA molecules containing large number of 

genetic elements is key and an essential part of genetic engineering. Golden gate cloning 

technique also known as the Moclo or modular cloning allows highly efficient directional 

assembly of multiple DNA fragments in a single reaction (Engler et al, 2009, Weber et 

al.,2011). The principle of Golden gate cloning makes it possible for constructs or 

multiple desired genes assembled seamlessly by using the type lls restriction enzyme in a 

one-pot one-step cloning reaction (Weber et al, 2011 ). Type IIs restriction enzyme which 

is the basis of this cloning strategy cut outside of recognition site and fragments ligated 

easily  into a product lacking the original restriction site allowing any DNA fragment of 

interest from an entry clone to be transferred into an expression vector without any 

unwanted sequences in the final construct (Engler et al., 2008). However, as previously 

explain in materials and methods chapter, fusion sites overlapping with coding sequences 

are carefully chosen so as to minimize changes to encoded proteins. The figure below 

(Fig.4.1) illustrates the standardized assembly of this unique cloning system.  
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Figure 4. 1. General assemblage of standardized modular cloning system. (A) level 0 

modules of cloned or sequenced genetic elements such as promoters (P), 5’ untranslated 

regions (U), signal peptides (SP), coding sequences (CDS) and terminators (T). (B) level 

1 transcription units assembled from level 0 modules using a one-pot one-step cloning 

reaction.  Level one (1) flanked by compatible fusion sites consisting of 4 nucleotides of 

choice (boxed) flanked by a type IIS enzyme Bsa1.  (C) Multigene constructs assembled 

in a second cloning step from the transcription units. The transcription unit for the cytolic 

protein was assembled from 4 modules rather than 5, using a CDS module cloned 

between fusion sites AATG and GCTT. Diagram modified from Weber et al, 2011. 

 

The modular cloning strategy allows systematic assembly of complete transcription units 

and of multigene constructs from basic standardized modules as exemplified above. 

Various levels and components are described below. 
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4.1.1 Level 0 modules 

All level 0 destination vectors are based on a pUC19 backbone which confer a 

spectinomycin resistance (Sp
R
). Our genes of interest (SBPase and Rieske) consisted of 

eight (8) level 0 fragments in the SC position of the destination vectors; pL0M-SC-

NtRieske, pL0M-SC-ASNtRieske, pL0M-SC-NtSBPase, pL0M-SC-ASNtSBPase, 

pL0M-SC-AtRieske, pL0M-SC-AS-AtRieske, pL0M-SC-AtSBPase and pL0M-SC–

AtSBPase. While promoters KST1 (pL0M-PU-KST1) and AtMYB60 (pL0M-PU-

AtMYB60) in the PU position of destination vectors and terminator, pL0M-T-HSP. The 

positions in the destination vectors were created to allow the possibility of creating or 

cloning two or more genetic standardized element as a single module (PU instead P, U, 

and SC instead of S,C). All level zero (0) were synthesized but cloning of level 0 modules 

were done by the PCR-amplification of the designated sequences. Additional level 0 

construct were designed to determine guard cell specific expression, with YFP 

(pICSL80014 ). These were all systematically assembled into level 1 constructs with the 

incorporated guard cell specific promoters. Below is a table of the constructs at the level 

0 modules. 
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Table 4. 1. List of level 0 standardised modules.  

   

ID/CODE 

name 
Standard name Full Name 

EC23044a 
pL0M-SC-

AtSBPase 

EC23044a pL0M-SC-

AtSBPase 

EC23045a 
pL0M-SC-

AtRieske 

EC23045a pL0M-SC-

AtRieske 

EC23149 pL0M-PU-KST1 
EC23149 pL0M-PU-

KST1 

EC23151 
pL0M-PU-

AtMYB60 

EC23151 pL0M-PU-

AtMYB60 

TL0015 
pL0M-SC-

NtRieske 

TL0015 pL0M-SC-

NtRieske 

TL0001 
pL0M-SC-

ASNtRieske 

TL0001 pL0M-SC-

ASNtRieske 

TL0002 
pL0M-SC-

ASNtSBPase 

TL0002 pL0M-SC-

ASNtSBPase 

pICSL80014 pL0M-SC-YFP 
pICSL80014 pL0M-SC-

YFP 

EC15320 
EC15320 (pL0M-

T-HSP) 
EC15320 (pL0M-T-HSP) 

 

Level 0 standardized modules were synthesized. 

RESULTS 

4.2. Level 1 modules 

Level one (1) modules were created by the assembly of compatible sets of sequenced 

level 0 above which were assembled into a level 1 destination vector with Golden gate 

reaction using the enzyme BsaI. These consisted of the backbones, promoters, coding 

sequences and terminators. The backbone for level 1 modules confer an ampicillin 

resistance with fusion sites compatible from one vector to the next so that multiple level 1 

modules were directionally cloned together and into a level 2 destination vector. Table 

4.2 shows how the transcriptional units of all level 1 were assembled into level one 

backbones. A bioinformatic software called geneious was used in designing the 

constructs or plasmid maps and also to determine the exact fragment sizes in base pairs of 
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all the constructs. Fig. 4.3 and 4.4 were used as examples for the level one (1) construct.  

All the level one constructs were also sequenced and the expected inserts confirmed for 

all with the correct sequences at the cloning junctions Fig. 4.3b. See appendix for 

sequencing result. 

 

Table 4. 2. Summary of level one constructs. White background consisting of level 1 

construct of genetic element of promoters (red background), coding sequences (orange 

background) and terminators (blue background) assembled into level one backbone 

(yellow background). 

 

 

 

Fig. 4.2 below Illustrates the specific fusion sites used here in ligating the promoters, 

coding sequences and the terminators towards building or assembling all the level 1 

constructs (as shown above) seamlessly. The KST1 promoter which is a partial segment 

of the potato (Solanum tuberosum) is specifically used to drive expression in the guard cells  

of potato, tomato (Solanum lycopersicum), citrus (C. sinensis and Poncirus 

trifoliata) and Arabidopsis (Arabidopsis thaliana). 
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Figure 4. 2. Illustration of level one transcription unit assembly. Level 0 standardized 

modules of promoter (pL0M-PU-KST1), coding sequence (pL0M-SC-AtRieske) and 

terminator (pL0M-T-HSP) into a level one backbone (EC47811, pL1V-R2). Destination 

vectors for the 3 standard elements (pL0-PU, pL0-SC and pL0-T) were made possible by 

cloning two genetic elements as a single module, for example promoter and 5’ 

untranslated region were cloned as a single module using destination vector pL0-PU 

while coding sequence cloned in a vector pL0-SC rather than in vector pL0-C. The 

modules are flanked by standard compatible sequence overhangs known as fusion sites 

composed of 4 nucleotide sequences (boxed).  

 

 

 

 

Additional level 1 constructs were designed to determine guard cell specific expression, 

with YFP (pICSL80014 pL0M-SC-YFP). Figures 4.2 and 4.3 below are construct 

plasmids of pL1M-R2-pKST1-AtSBPase-tHSP and pL1M-R2-pKST1-AtRieske-tHSP. 
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Figure 4. 3. Construct map for level one plasmid pL1M-R2-pKST1-AtSBPase-tHSP 

for over-expression of SBPase in plants. (a) Standardized modules of promoter (pL0M-

PU-KST1), coding sequence (pL0M-SC-AtSBPase and terminator (pL0M-T-HSP) 

assembled into a level one backbone EC47811 (pL1V-R2). Plasmid consists of 5’ PU 

overhang for golden gate synthesis fusion sites with 4 nucleotide sequences (as indicated 

in Fig 4.2). Primers for synthesis annealed to specific sites for efficient cloning. (b) 

Sequencing alignment of the gene of interest (thick black bar with forward and reverse 

primers used) within the DNA fragment of interest. Multiple alignments was performed 

using Clustal omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) and geneious software  

www.geneious.com. See appendix for sequence result. 

 

(b) 

REV 

FWD 

(a) 

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.geneious.com/
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Figure 4. 4. Construct map for level one plasmid pL1M-R2-pKST1-AtRieske-tHSP 

for over-expression of Rieske in plants. (a) Standardized modules of promoter (pL0M-

PU-KST1), coding sequence (pL0M-SC-AtRieske and terminator (pL0M-T-HSP) 

assembled into a level one backbone EC47811 (pL1V-R2). Plasmid consists of 5’ PU 

overhang for golden gate synthesis fusion sites with 4 nucleotide sequences (as indicated 

in Fig 4.2). Primers for synthesis annealed to specific sites for efficient cloning. (b) 

Sequencing alignment of the gene of interest (thick black unexpanded bar with forward 

and reverse primers used) within the DNA fragment of interest. Multiple alignments was 

performed using Clustal omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) and geneious 

software www.geneious.com.  See appendix for sequence result. 

FWD 

REV 

(b) 

(a) 

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.geneious.com/
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 4.3 Multigene constructs or level two 

In the same way level 1 modules were cloned from standardized modules, multiple 

transcriptional units of level 1 modules were directionally cloned into a level 2 

destination vector. Level 2 constructs were designed in such a way that the upstream 

fusion sites are compatible with the upstream fusion site of a corresponding level 1 

module. This reduces the need for re-cloning of the same transcription unit for different 

positions (Weber et al, 2011). However, the downstream fusion site is unique to level 2 

destination vectors (GGGA) because of the addition of end-linkers (pELE-n) which 

connect the GGGA fusion site with the fusion site of the last assembled transcription unit 

in the DNA fragment. All level 2 constructs confer a kanamycin resistance and encode a 

red colour selectable marker. The end linkers plasmid however, confer an ampicillin 

resistance like the level 1 constructs but flanked by BpiI sites. Therefore, multigene level 

2 constructs are assembled with BpiI from the chosen level 1 modules, a matching end-

linker and a level 2 destination vector. Two steps of digestion and ligation can therefore 

be replaced by a single restriction-ligation step (Weber et al, 2011).  

 

The table 4.3 below summarises the level 2 constructs assembled from level one 

transcription units, backbones and end-linkers. The last four rows are the list of primers 

used, together with the expected and exact sizes assessed. The geneious software as 

previously used in level 1 was as well used to design and assess the final level 2 

construct. Due to the large sizes of the fragments of interest, PCR reactions were divided 

into two (first and second reaction). Forward primers for each reaction are at the top of 

the columns.  
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Table 4. 3. Reaction summary (PCR) of all the level two constructs being assembled 

(white columns). The last four columns (orange and blue) indicates the primers used for 

the first and second reaction with their expected sizes respectively to be transformed in 

both Arabidopsis thaliana and Nicotiana tobaccum plants. The column in green indicates 

constructs tagged with the YFP in addition for cell specificity. 

 

 

 

Figs. 4.5-4.7 show some examples of the plasmid maps (out of the eleven constructs) 

constructed by the geneious for level 2 constructs. The construction by the geneious 

determines the exact fragment sizes to be expected in base pairs of all the constructs (This 

information was used to check using PCR and the gels).  

 

 

 

ID/Code Standard name  Backbone Basta R2 (Level 1) R3 pELE-n Scr-BAR-3'-

FP (1st 

reaction)

Fragment 

sizes

pL1m-R-

Fprimer & 

Seq- YFP-

FP (2nd 

reaction)

 Fragment 

sizes

1
TL0040

pL2B-BAR-

(pMYB60)-

ASNtSBPase

TL0028 pL1M-R2-

pMYB60-

ASNtSBPase-HSP

qPCR-

NtSBPase-

RP2 805

qPCR-

NtSBPase-

FP2 2240

2
TL0042

pL2B-BAR-

(pKST)ASNtSBPase

TL0025 pL1M-R2-

pKST1-ASNtSBPase-

tHSP

qPCR-

NtSBPase-

RP2 854

qPCR-

NtSBPase-

FP2 2132

3
TL0043

pL2B-BAR-

(pKST)AtSBPase

TL0037 pL1M-R2-

pKST1-AtSBPase-

tHSP

Scr-

AtSBPase-

3'-FP 682

Scr-

AtSBPase-

RP 2429

4
TL0044

pL2B-BAR-

(pKST)AtRieske

TL0031 pL1M-R2-

pKST1-AtRieske-

tHSP

qPCR-

AtRieske-

FP 512

Scr-

AtRieske-

RP 1718

5
TL0045

pL2B-BAR-

(pKST)ASNtRieske

TL0034 pL1M-R2-

pKST1-ASNtRieske-

tHSP

qPCR-

NtRieske-

RP1 1033

qPCR-

NtRieske-

FP2 1699

6
TL0046

pL2B-BAR-

(pKST)YFP

TL0022 pL1M-R2-

pKST1-YFP-tHSP

Seq-YFP-

FP 1039

7

TL0041

pL2B-BAR-

(pMYB60)-

ASNtSBPase-

(pMYB60)YFP

TL0028 pL1M-R2-

pMYB60-

ASNtSBPase-HSP

TL0010        

pL1M-R3-

pMYB60-

YFP-HSP

qPCR-

NtSBPase-

RP1 1320

qPCR-

NtSBPase-

FP2 3034

8
TL0047

pL2B-BAR-

(pKST)ASNtSBPase-

(pKST)YFP

TL0025 pL1M-R2-

pKST1-ASNtSBPase-

tHSP

qPCR-

NtSBPase-

RP1 1329

qPCR-

NtSBPase-

FP2 2933

9
TL0048

pL2B-BAR-

(pKST)AtSBPase-

(pKST)YFP

TL0037 pL1M-R2-

pKST1-AtSBPase-

tHSP

Scr-

AtSBPase-

3'-FP 687

Scr-

AtSBPase-

5'-RP 2681

10
TL0049

pL2B-BAR-

(pKST)AtRieske-

(pKST)YFP

TL0031 pL1M-R2-

pKST1-AtRieske-

tHSP

qPCR-

AtRieske-

FP 513

Scr-

AtRieske-

RP 2698

11
TL0050

pL2B-BAR-

(pKST)ASNtRieske-

(pKST)YFP

TL0034 pL1M-R2-

pKST1-ASNtRieske-

tHSP

qPCR-

NtRieske-

RP2 868

qPCR-

NtRieske-

FP2 2506

pAGM472

3                

(pL2B 

backbone)

EC15324  

pL1M-R1-

pNOS-BAR-

tNOS 

EC41744  

(pL1M-ELE-

2)

pAGM472

3                

(pL2B 

backbone)

EC15324  

pL1M-R1-

pNOS-BAR-

tNOS 

EC41766              

pL1M-ELE-

3
TL0023            

pL1M-R3-

pKST1-YFP-

tHSP
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Figure 4. 5 .Construct map for level two plasmid (pL2B-BAR-(pMYB60-

ASNtSBPase-tHSP) for expression of SBPase in plants. (a) Plasmid contains the 

genetic modules of level one assembled together with MYB60 promoter, ASNtSBPase 

coding sequences and terminator.The expression vector produced also carries the NPTII 

genes for kanamycin selection in bacteria and the BAR gene as a selective marker for 

herbicide selection in plants. (b1) first reaction with Scr-Bar-3’-FP as the forward primer 

and qpcr-NtSBPase-RP2 as the reverse primer yielding 805bp as expected of the 

construct. (b2) second reaction using pL1M-R-Fprimer and qpcr-NtSBPase-FP2 as 

forward and reverse primers respectively yielding exact DNA fragment size of 2240bp. 

Construct designed by geneious www.geneious.com. 

 

 

qpcr-NtSBPase-
RP2  (805) TL0040 

 qpcr-NtSBPase-
FP2 (2240) TL0040 3000 

1000 

500 

3000 

1000 

500 

Scr-Bar-3’-FP pL1M-R-Fprimer MW MW (b2) 

(a) 

(b1) 

http://www.geneious.com/
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Figure 4. 6. Construct map for level two plasmid (pL2B-BAR-(pMYB60)-

ASNtSBPase-(pMYB60)YFP) for expression of SBPase in plants. (a) Plasmid 

contains the genetic modules of level one assembled together of MYB60 promoter,  

ASNtSBPase coding sequences, bar gene with its respective  promoter and terminator for 

herbicide selection and the YFP together with its promoter and terminator for the yellow 

fluorescence protein expression in guard cells. (b1) First reaction with Scr-Bar-3’-FP as 

the forward primer and qpcr-NtSBPase-RP1 as the reverse primer yielding 1320bp as 

expected of the construct. (b2), second reaction using Seq-YFP-FP and qpcr-NtSBPase-

FP2 for forward and reverse primers respectively yielding exact DNA fragment size of 

3034bp. The expression vector produced also carries the NPTII genes for kanamycin 

selection in bacteria. Construct designed by geneious www.geneious.com  

 

 TL0041 qpcr-NtSBPase-FP2 (3034)  

(b1) 

(a) 

TL0041 qpcr-NtSBPase-RP1 
(1320) 

MW  Scr-Bar-3’-FP 

 TL0041 qpcr-NtSBPase-FP2 (3034)  

MW Seq-YFP-FP (b2) 

http://www.geneious.com/
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Figure 4. 7. Construct map for level two plasmid (pL2B-BAR-(pKST1)-AtSBPase) 

for over-expression of SBPase in plants. (a) Plasmid contains the genetic modules of 

level one assembled together of KST1 promoter followed by AtSBPase coding sequences 

and terminator. The expression vector produced also carries the NPTII genes for 

kanamycin selection in bacteria and the BAR gene as a selective marker for Basta 

herbicide selection in plants. (b1) First reaction with Scr-Bar-3’-FP as the forward primer 

and Scr-AtSBPase-3’-FP as the reverse primer yielding 682bp as expected of the 

construct. (b2) Second reaction using and pL1M-R-Fprimer and scr-AtSBPase--RP for 

forward and reverse primers respectively yielding exact DNA fragment size of 2429bp. 

The expression vector produced also carries the NPTII genes for kanamycin selection in 

bacteria. Construct designed by geneious www.geneious.com. 

 TL0043 scr-AtSBPase-3’-FP 
(682)  

(b1
) 

Scr-Bar-3’-FP MW 

 TL0043 scr-AtSBPase--RP  

(2429)  

pL1M-R-Fprimer (b2) MW 

(a) 

http://www.geneious.com/
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All constructs were used as templates in order to amplify the desired fragment which 

were transformed in TOP 10 competent E.coli. The construction of all level two (table 

4.3) were successfully transformed in TOP 10 competent E.coli. Evidence for all 

constructs are shown on Figs 4.9 and 4.10 in colony PCR/gel respectively. 

4.4 Transformed E.coli colony selection  

The efficiency of golden gate cloning technique was demonstrated by the positive growth 

of transformed E.coli colonies in (Fig 4.8). Growth yielded more of white colonies than 

orange colonies indicating high and efficient transformation. Furthermore, all white 

colonies picked and tested by PCR showed positive which affirmed successful 

transformation. Fig 4.8 below shows the transformation efficiency indicated by colour 

selection. Few orange colonies indicates nontransformed construct. 
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Figure 4. 8. Selection on plates showing cloning efficiency of level two constructs (a) 

pL2B-BAR-(pKST)AtRieske and  (b) pL2B-BAR-(pKST)AtSBPase-(pKST)YFP of an 

overnight luxuriant growth of transformed E .coli cells. Majority of colonies (white) 

indicates transformed cells while few (orange colonies) indicates untransformed cells. 

The selection of colonies were performed on plate incorporated with kanamycin (50 

μg/mL) and grown overnight at 37°C. Scale bar 2cm. 

 

4.4.1 Selection and determination of fragment sizes in E .coli colonies  

The colony PCR results showing exact fragment sizes transformed and analyzed by gel 

electrophoresis for the first and second reaction are presented below on Fig. 4.9 and 4.10. 

The codes represents the construct as listed on table 4.3. All three and in some cases six 

colonies selected per construct showed positive. The fragments of interest were amplified 

using DNA Polymerase and bands of interest yielded exact base pairs as expected. 
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Figure 4. 9.  Colony-PCR (first reaction) of the eleven constructs analysed by gel 

electrophoresis. The presence of the fragments of interest were cloned and checked 

using the forward primer Sc-Bar-3’-FP and reverse primers (see table 4.3 above) for 

complete list of reverse primers used for amplification of each construct fragments.The 

fragments of interest yielded bands as expected in all the colonies selected per construct 

(denoted here by their codes). TL0040 (1-3) 805bp, TL0042 (4-6) 854bp, TL0043 (7-9) 

682bp, TL0044 (10-12) 512bp, TL0045 (13-15) 1033bp, TL0046 (16-18)1039bp,TL0041 

(19-24)1320bp, TL0047 (25-30) 1329bp, TL0048 (31-33) 687bp, TL0049 (34-36) 513bp 

and TL0050 (37-39) 868bp. Samples run alongside a molecular weight marker DNA 

generular ladder mix from thermos scientific MW in base pairs.   
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Figure 4. 10. Colony-PCR (second reaction) of the eleven constructs analyzed by gel. 

The presence of the fragments of interest were cloned and checked using the forward 

primer pL1M R-Fprimer and Seq-YFP-FP and reverse primers (see table 4.3 complete list 

of primers for amplification of such fragments. The fragments of interest yielded bands as 

expected in all the colonies selected per construct. TL0040 (1-3) 2240bp, TL0042 (4-6) 

2132bp, TL0043 (7-9) 2429bp TL0044 (10-12) 1718bp, TL0045 (13-15) 1699bp, 

TL0046 (16-18) negative control,TL0041 (19-24) 3034, TL0047 (25-30) 2933bp,TL0048 

(31-33) 2681bp, TL0049 (34-36) 2698bp and TL0050 (37-39) 2501bp. Samples run 

alongside a molecular weight marker (DNA generular ladder mix from thermos 

scientific) MW in base pairs. 
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4.5. Selection and determination of fragment sizes in Agrobacterium colonies  

The transformation of Agrobacterium tumefaciens strains LBA 4404 for tobacco and  

GV3101 for Arabidopsis by electroporation were carried out for final transfer of the 

constructs into plants. Figs. 4.11 (in Arabidopsis plants) and 4.12 (in tobacco plants) 

show the final confirmation of the presence of the constructs to be transferred into the 

plants. These yielded the same desired fragments sizes as the E.coli plasmids that were 

sequenced. Agrobacterium colonies carrying desired constructs of interest were screened 

by PCR and DNA polymerase amplified expected sizes of fragments. 

 

 

 

 

 

 

 

 

 

 

Figure 4. 11.Colony PCR analysis of Agrobacterium  in Arabidopsis constructs. The 

presence of the fragments of interest were checked using the same primers used for the E. 

coli transformation, forward primer Sc-Bar-3’-FP and reverse primers for amplification 

of such fragments. The fragments of interes (in four constructs above) yielded bands as 

expected in all the colonies selected per construct. TL0046 (1-3)1039bp, TL0042 (4-6) 

854bp, TL0044 (7-9) 682bp and TL0045 (10-12) 1033bp. PCR products run alongside 

molecular weight markers ( DNA generular ladder mix from thermoscientific) MW in 

base pairs  
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Figure 4. 12. Colony PCR analysis of Agrobacterium in tobacco constructs. The 

presence of the fragments of interest were cloned and checked using the forward primer 

Sc-Bar-3’-FP and reverse primers for amplification of such fragments. The fragments of 

interest (in two constructs above) yielded bands as expected in all the colonies selected 

per construct. TL0046 (1-6)1039bp and TL0041 (7-12) 1320bp. PCR products run 

alongside molecular weight markers ( DNA generular ladder mix from thermoscientific) 

MW in base pairs.  
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DISCUSSION 

 Desired phenotypes are generated by multiple combinations of various coding sequences. 

This however, does not necessarily need to operate at genome level but methods that 

allow generation of constructs containing enough genes for pathway engineering (Weber 

at al, 2011).  

This chapter has utilized optimal efficiency of constructing raw pieces of DNA that 

allowed the assembly of its discrete functional genetic materials as evidently shown. The 

Golden gate technique has also simplified the assemblage of these constructs coupled 

with minimal number of cloning steps and times required.  

The construct design which was based on the principles of having a set of compatible 

overhangs or fusion sites, specific colour selection indicating presence of successful 

transformation and  specific antibiotic selection markers have all been demonstrated in 

this chapter thereby yielding successful transformation. These have all yielded the desired 

results as shown on Figs 4.3 and 4.4 used as examples for the level one constructs 

indicated by the assembling of the modules into transcription units of the level one. The 

assemblage of level one modules into level two (Fig 4.5-4.7) and Fig 4.9 showing the 

efficiency of the cloning where white successful colonies dominated the untransformed 

ones agreeing with Engler et al (2008) confirming the high efficiency of this technique.  

Overall, Fig 4.11 and 4.12 showing the colony PCR of all the constructs indicated the 

DNA fragment sizes as expected. The presence and size of the bands of all the constructs 

have further confirmed the functionality of these constructs in the plant system that will 

be shown in the subsequent chapter. 

The following chapter therefore describes the production of transgenic homozygous  

Arabidopsis and tobacco plants coupled with its characterization of these plants using the 
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constructs presented in this chapter. These will also present the potential these plants will 

have for the future advances exploiting guard cell functions.  
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CHAPTER FIVE 

 

PRODUCTION AND CHARACTERISATION OF TRANSGENIC (ARABIDOPSIS 

THALIANA AND NICOTIANA TOBACCUM) PLANTS MANIPULATED WITH 

EXPRESSION OF CYTOCHROME B6F (RIESKE) AND SEDOHEPTULOSE-1,7-

BISPHOSPHATASE (SBPASE). 

 

INTRODUCTION 

Stomata play a vital role in photosynthesis by serving as a medium for gas exchange. 

Improving photosynthesis has shown and can contribute toward greater food security in 

the coming decades as a result of climate change and world population increase. Hence, 

increasing photosynthesis will mean improving stomatal functions towards achieving 

greater WUE and plant productivity. Lawson and Blatt (2014) highlighted of an 

importance of having greater knowledge and understanding of the physiological and 

molecular mechanisms that mediates the speed of stomata and coordination with 

mesophyll demands for CO2 towards achieving this crucial goal. Genetic mutants 

especially in Arabidopsis have already begun to reveal the mechanisms that mediate 

regulation of stomatal conductance (Kelly et al., 2013, Azoulay-Shemer et al., 2015, 

Wang et al., 2014a). 

Transgenic plants with guard cells specific manipulation are therefore important for 

identification and characterisation of the signal transduction mechanisms that mediate 

such regulation of stomatal conductance. It is thus obvious that the statement made by 

Lawson, (2009) cannot be emphasised enough that the understanding of mechanisms 

coordinating A and gs demands cell to cell basis of molecular analysis. Therefore, guard 
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cell photosynthesis demands genetic analyses by guard cell-specific manipulation of 

photosynthesis. Multiple targets have been identified and could be manipulated to aid 

more understanding to maximize crop production. Some of these targets are the SBPase 

and Rieske enzymes which have demonstrated of their significance in controlling 

photosynthetic processes. 

This chapter describes the process of generation or production and characterisation of 

these transgenic homozygous plants from the constructs presented in the previous 

chapter. Full-length tobacco and Arabidopsis SBPase (AT3655800) and Rieske (AT 

4G03280) were used to generate expression constructs described  and subsequent 

transformation by Agrobacterium carrying these desired constructs were transformed into 

our Arabidopsis and tobacco genome plant. All homozygous lines were compared to the 

wild type (Col-0) in the Arabidopsis plants while tobacco transgenic plants compared to 

both nontransformed azygous controls recovered from the segregating population verified 

by iDNA (Bartlett et al., 2008). Three to five independent lines were identified for each 

construct from both Arabidopsis and tobacco plants. 

For order and clarity purposes, these will be presented separately starting with the 

Arabidopsis plant. 

 

RESULTS 

AS5.1 Selection of Arabidopsis transformants 

Transformed floral plants in the Arabidopsis plants were allowed to mature to seed.  

Seeds were collected and planted for the screening of the T1 generation and selection of 

positive transformants achieved. Selection of positive transformants was identified by the 
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application of BASTA watered on the soil in which the T1 germinated seedlings as 

transformants were resistant to the herbicide. Image below on Fig 5.1. 

.  

Figure 5. 1. Hebicide (BASTA) selection of transformed Arabidopsis plants. 

Resistant transformants were selected by growing on soil and spraying with BASTA 

(presence of bar gene confers resistance to the glofusinate ammonium herbicide BASTA). 

(a) WT control showing complete death of cotyledons grown on BASTA, (b) WT control 

grown without BASTA and (c) selection of resistant transformants grown on soil watered 

with BASTA. Plants growth conditions maintained under controlled-environment growth 

room with (22°C, 8 h light, 16 h dark cycle). White scale bar represents 1cm. 

. 

 

 

The resulting successful transgenic plants (T1 generation) were selected on the herbicide 

glofusinate ammonium (BASTA) and subsequent screening for homozygous lines began 

by PCR followed by confirmation by iDNA technology.  

5.2 DNA analysis of T1 generation plants. 

The result (selected transformed T1 plants) from Fig 5.1 above and tissues from 

individual plants were check for the presence of the transgene by PCR analysis. The 

result of the DNA analysis produced PCR fragment sizes exactly as the gene of interest in 

all the lines screened. The constructs pL2-BAR-(pKST1)-AtRieske-tHSP (512bp) and 

pL2B-BAR-(pKST1)-AtSBPase-YFP-tHSP (687bp) presented below (Fig.5. 2) used as 
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examples of all constructs have shown all ten lines selected positive for the presence of 

the transgene. 

 

 

 

 

 

 

Figure 5. 2. Genomic DNA PCR screening of transformants for presence of the 

transgene. The presence of transgenes were checked by PCR analysis of genomic DNA 

of T1 plants pL2-BAR-(pKST1)-AtRieske-tHSP(512bp) and pL2B-BAR-(pKST1)-

AtSBPase-YFP-tHSP (687bp).Ten lines were screened per construct. WT DNA 

(WT+red) and plasmid DNA containing the gene of interest (P+) were used as negative 

and positive controls respectively. PCR products were run alongside molecular weight 

marker (DNA generuler ladder mix from thermoscientific) in base pairs. 

 

5.3. Identification and assessment of copy numbers in Arabidopsis thaliana Rieske  

vand SBPase plants.  

iDNA technology was used to determine  Arabidopsis T-DNA insertion copy numbers. 

All constructs were confirmed to have T-DNA and constructs with lesser copy numbers 

or inserts (1 at most) from first generation were carried forward for the next generation 

selection.  See result in appendix. 

5.3.1 Fluorescence Microscopy to detect YFP expression in guard cells  

SBPase and Rieske YFP mutants T1 plants were rapidly screened for the presence and 

localization of the yellow fluorescence protein (YFP) specifically in guard cells using 

high resolution chlorophyll fluorescence microscope. Constructs fused to the yellow 

fluorescence protein confirmed that expressions driven by the cells specific promoters 

were confined to the guard cells. In total, all 83 plants analysed were found with 
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detectable levels of YFP expression. Constructs tagged with either the MYB60 promoter 

or KST1 promoter revealed the guard cells with the YFP in them while wild type control 

had no signal. The Fig 5.3 below shows this.   

 

   

      

Figure 5. 3. Specific YFP expression in the guard cell of T1 generation. Localization 

of the YFP in the chloroplasts of guard cells of Arabidopsis transformants. (a) Wild type 

(Col-0) tissue showing no signal while (b) Expression of the constructs tagged with YFP 

and driven by the MYB60 promoter in (pL2B-BAR-(pMYB60)-ASNtSBPase-

(pMYB60)YFP)-tHSP and (c) KST1 promoter in pL2B-BAR-(pKST1)-AtSBPase-

(pKST1)YFP-tHSP in leaf tissue were checked using the High resolution microscope. 

Images acquired by exiting with 515 nm LEDs and emission collected with a band pass 

filter 530 ± 20).  

 

Table 5.1 below combines both the successful outcome of plants selected for screening 

with PCR and the high resolution microscope. This also illustrates the efficiency of the 

guard cell specific promoters KST1 and MYB60. All the plants of T1 generation selected 

for both processes were found positive. 
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Constructs

No of 

transformed 

plants 

selected on 

Basta

No of screened 

plants

No of positive 

plants

No of screened 

plants
No of positive 

plants

pL2B-BAR-(pKST)YFP 17 10 10 17 17

pL2B-BAR-(pMYB60)-

ASNtSBPase-

(pMYB60)YFP

9 9 8 8 8

pL2B-BAR-

(pKST)ASNtSBPase-

(pKST)YFP

20 10 10 20 20

pL2B-BAR-

(pKST)AtRieske-

(pKST)YFP

13 10 10 13 13

pL2B-BAR-

(pKST)ASNtRieske-

(pKST)YFP

15 10 10 15 15

pL2B-BAR-

(pKST)AtSBPase-

(pKST)YFP

16 10 10 16 16

PCR  screened and positive 

plants

YFP Microscopy screened and 

positive plants

Table 5. 1. Number of transformants and positive lines expressing YFP in the guard 

cells of a leaf tissue under the guard cells specific promoters MYB60 and KST1. 

 

 

 

 

 

Combined PCR and YFP analysis of T1 generation of Arabidopsis plants. DNA 

analysis of Transformed plants of T1 generation yielded all positive results as indicated 

above and the YFP microscopy also yielded all positive outcome of the selected 

transformed plants. 9-17 independent lines were screened. 

 

 

 

The selection of large number of independent lines makes possible repeatable analysis of 

the results. Independent lines are designed to minimize the effects of single independent 

variable which increases the reliability of the results, often through a comparison between 

lines.  

Furthermore, confocal microscope was also used to gain high resolution images of the 

cell specific expression in T2 generation plants. A Nikon A1si inverted confocal 

microscope was used to visualize cell specific expression. Expression of the YFP in the 

guard cells specifically can be clearly seen in this Fig .5.4 below. The lack of signal in the 
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control plants further proves the specificity of the YFP signal only in the chloroplasts of 

the guard cells (Fig 5.4).  

 

 

 

 

 Figure 5. 4. Specific YFP expression in the guard cell of T2 generation. Localization 

of the YFP in the chloroplasts of guard cells in T2 generation of Arabidopsis 

transformants (pL2B-BAR-(pKST1)-AtRieske-(pKST1)YFP (a) YFP flourescense, (b) 

YFP/Chlorophyll flourescense merged (c) bright field (up Expression of the constructs 

tagged with YFP  and driven by the KST1 promoter in leaf  tissue were checked using 

Nikon A1si inverted confocal microscope. YFP images were acquired by exiting at 

488nm with lasers and emission collected at 530nm. Chlorophyll auto fluorescence exited 

at 480 nm with emission collected at 685 nm. 

  

 

 

Having confirmed the presence of the constructs in the guard cells of the plants, 

homozygous T3 plants were further carried forward for physiological analysis. The 

following plants with the constructs 4-(pL2B-BAR-(pKST1)-AtRieske-tHSP,  6-(pL2B-

BAR-(pKST1)-AtSBPase-tHSP, 9-(pL2- BAR- (pKST1)-AtRieske-tHSP-YFP-tHSP) and 
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11-(pL2B-BAR-(pKST1)-AtSBPase-YFP-tHSP) were selected for characterisation in the 

Arabidopsis plants. The numbers 4, 6, 9 and 11 attached to the construct represents 

constructs names in short form. For instance 4 means construct pL2B-BAR-(pKST1)-

AtRieske-tHSP which is also written as 4-(pL2B-BAR-(pKST1)-AtRieske-tHSP. 

Subsequent numbers that followed represent independent lines e. g 4.3.1. 

5.4 Physiological analysis 

5.4. 1 Photosystem ll operating efficiency and growth analysis 

The first obvious thing observed in the transgenic lines was the clear evidence of 

phenotypes in all the four constructs selected for further analysis. 

Observations revealed developmental phenotypes in the early stage of plants growth 

between the WT and transgenic lines. Fig 5.5-5.8 below shows the phenotype evident 

between the WT and the mutant within each construct of four weeks old plants. The total 

rosettes or leaf area of the transgenic plant of the lines within the construct 4-pL2B-BAR-

(pKST1)-AtRieske-tHSP evidently showed larger leaf area.  
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Figure 5. 5. Growth phenotype of  WT and homozygous mutant lines of construct  4- 

(pL2B-BAR-(pKST1)-AtRieske-tHSP plants grown on Soil.4–weeks old plants were 

germinated and grown for 14 days on soil before picked out and transferred individually 

to pots. Plants were grown under identical conditions in a controlled-environment growth 

room with (22°C, 8 h light, 16h dark cycle). Arabidopsis thaliana (Col-0) WT and mutant 

lines are shown. White scale bar represents 5 cm. 

 

 

 

The following phenotype observed in the construct 6 which is the same as 6-(pL2B-BAR-

(pKST1)-AtSBPase-tHSP below shows the phenotype evident between the WT and the 

mutant lines within the construct. The construct 6-(pL2B-BAR-(pKST1)-AtSBPase-tHSP 

evidently showed larger leaf area as shown below (Fig. 5. 6). 
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Figure 5. 6. Growth phenotype of WT and homozygous mutant lines of construct  6- 

(pL2B-BAR-(pKST1)-AtSBPase-tHSP plants grown on Soil. 4–weeks old plants were 

germinated and grown for 14 days on soil before picked out and transferred to soil. Plants 

were grown under identical conditions in a controlled-environment growth room with 

(22°C, 8 h light,16h dark cycle). Arabidopsis thaliana (Col-0) WT and mutant lines are 

shown. White scale bar represents 5 cm. 

 

 

 

The construct (Fig 5.7) below which is a Rieske construct but tagged with the YFP 9-

pL2-pKST1-AtRieske-tHSP-YFP-tHSP also exhibited a remarkable difference between 

the WT and transgenic lines as those above. Transgenic lines evidently showed larger leaf 

area. 
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Figure 5. 7.  Growth phenotype of WT and homozygous mutant lines of construct 9-

(pL2-pKST1-AtRieske-tHSP-YFP-tHSP) plants grown on Soil. 4–weeks old plants 

were germinated and grown for 10–14 days on soil before picked out and transferred to 

soil. Plants were grown under identical conditions in a controlled-environment growth 

room with (22°C, 8 h light, 16 h dark cycle). Arabidopsis thaliana (Col-0) WT and 

mutants lines are shown. White scale bar represents 5 cm. 

 

 

 Finally, the construct 11-(pL2B-BAR-(pKST1)-AtSBPase-YFP-tHSP), an SBPase 

construct tagged with YFP also showed a remarkable phenotype between the WT and 

transgenic lines as all the constructs. Transgenic lines evidently showed larger leaf areas 

(Fig 5.8) below. 
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Figure 5. 8. Growth phenotype of WT and homozygous mutant lines of construct  

11- (pL2B-BAR-(pKST1)-AtSBPase-YFP-tHSP) grown on soil..4–weeks old plants 

were germinated and grown for 14 days on soil before picked out and transferred to soil. 

Plants were grown under identical conditions in a controlled-environment growth room 

with (22°C, 8 h light, 16 h dark cycle). Arabidopsis thaliana (Col-0) WT and mutants 

lines are shown. White scale bar represents 5 cm. 

 

Chlorophyll fluorescence imaging was also performed on the plants and the operating 

efficiecny of PSII photochemistry (Fq’/Fm’) determined. Chlorophyll fluorescence 

imaging of WT and mutant lines of construct 4-(pL2B-BAR-(pKST1)-AtRieske-tHSP 

(Fig. 5.9) to changes in light intensity subjected to 150 µmol m 
-2

s
-1

 and 600 µmol m 
-2

s
-1 

showed significant differences between the wild type and mutants in the first 3 and 4 

weeks of recording confirming also the phenotype found in the images observed above. 

However, as the plants advanced in the next 2-3 weeks, the reductions in Fq’/Fm’ of the 

wild type seemed to catch up with the transgenic lines in all constructs suggesting that the 

expression of these genes might be most critical in their early stages of development. 
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There were no significant differences found in the later weeks of the experiment between 

the wild type and the transgenics. 

 
 

Figure 5. 9. Chlorophyll fluorescence imaging comparison of WT and mutant lines 

of construct 4-(pL2B-BAR-(pKST1)-AtRieske-tHSP to changes in light intensity. The 

maximum PSII operating efficiency (Fq’/Fm’) values of the whole plant subjected to 

(a)150 µmol m -2s-1 and (b) 600 µmol m -2s-1 were measured. Plants were germinated 

and grown for 14 days on soil before picked out and transferred to individual pot on soil. 

These were grown for additional 5 weeks under identical conditions in a controlled 

environment growth room (22°C, 8 h light,16 h dark cycle). Arabidopsis thaliana (Col-0) 

WT and mutants individual lines of the construct 4-(pL2B-BAR-(pKST1)-AtRieske-

tHSP measured. Data were obtained using 10-15 individual plants from 3 independent 

transgenic lines and are derived from weeks 3, 4, 5 and 7. Columns represent mean 

values, and standard errors are displayed respectively. Significant differences between 

WT and lines (P< 0.05) at weeks 3 and 4 at 150 µmol m -2s-. Each line was significantly 

different from wild type WT. At higher light level of 600 µmol m -2s-.1 no difference 

between the wild type and transgenic found in all the lines. 
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Similarly, chlorophyll fluorescence imaging of WT and mutant lines of construct 6- 

pL2B-BAR-(pKST1)-AtSBPase-tHSP  to changes in light intensity subjected to 150 

µmol m 
-2

s
-1

 and 600 µmol m 
-2

s
-1 

showed significant differences between the wild type 

and mutants in the first 3 and 4 weeks of recording (Fig.5.10). 
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Figure 5. 10. Chlorophyll fluorescence imaging comparison of WT and mutant lines 

of pL2-BAR--KST1-AtRieske-tHSP-YFP-tHSP construct to changes in light 

intensity. The maximum PSII operating efficiency (Fq’/Fm’) values of the whole plant  

subjected to  (a)150 µmol m 
-2

s
-1

 and (b) 600 µmol m 
-2

s
-1 

were measured. Plants were 

germinated and grown for 14 days on soil before picked out and transferred to individual 

pot on soil. These were grown for additional 5 weeks under identical conditions in a 

controlled environment growth room (22°C, 8 h light, 16 h dark cycle). Arabidopsis 

thaliana (Col-0) WT and mutants lines of the construct 9-pL2-BAR--KST1-AtRieske-

tHSP-YFP-tHSP measured in weeks. Data were obtained using 10-15 individual plants 

from 5 independent transgenic lines and are derived from weeks 3, 4, 5 and 7. Columns 

represent mean values, and standard errors are displayed respectively. Significant 

differences between WT and transgenic lines(P < 0.05) at weeks 3 (9.1.3 and 9.7.3) and  

week 4 (all lines) at 150 µmol m 
-2

s
-1 

of light intensity. Each line was significantly 

different from wild type WT.  At higher light level of 600 µmol m 
-2

s
-.1

 however, there 

was no difference found between the wild type and transgenic in all the lines. 
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Figure 5. 11 Chlorophyll fluorescence imaging comparison of WT and mutant lines 

of pL2B-BAR-(pKST1)-AtSBPase-tHSP construct to changes in light intensity. The 

maximum PSII operating efficiency (Fq’/Fm’) values of the whole plant subjected to 

(a)150 µmol m 
-2

s
-1

 and  (b) 600 µmol m 
-2

s
-1 

were measured. Plants were germinated and 

grown for 14 days on soil before picked out and transferred to individual pot on soil. 

These were grown for additional 5 weeks under identical conditions in a controlled 

environment growth room (22°C, 8 h light, 16 h dark cycle). Arabidopsis thaliana (Col-

0) WT and mutants representing individual lines of the construct 6- (pL2B-BAR-

(pKST1)-AtSBPase-tHSP measured in weeks. Data were obtained using 10-15 individual 

plants from 3 independent transgenic lines and are derived from weeks 3, 4, 5 and 7. 

Columns represent mean values, and standard errors are displayed respectively. 

Significant differences (P < 0.05) between WT and transgenic lines at weeks 3 (6.5.4 

line) and week 4 (Each line was significantly different from wild type WT) at 150 µmol 

m 
-2

s
-. 

of light. At higher light level of 600 µmol m 
-2

s
-.1

 no difference found between the 

wild type and transgenic in all the lines. 

 

 

Similarly, operating efficiecny of PSII photochemistry (Fq’/Fm’) of WT and mutant lines 

of construct 9-pL2-BAR--KST1-AtRieske-tHSP-YFP-tHSP to changes in light intensity 
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subjected to 150 µmol m 
-2

s
-1

 and 600 µmol m 
-2

s
-1 

showed significant differences 

between the wild type and mutants in the first 3 and 4 weeks of recording (Fig.5.11) 

below 

 

 

 

 

Similarly, operating efficiecny of PSII photochemistry (Fq’/Fm’) of WT and mutant lines 

of construct 11-pL2B-BAR-(pKST1)-AtSBPase-YFP-tHSP to changes in light intensity 

subjected to 150 µmol m 
-2

s
-1

 and 600 µmol m 
-2

s
-1 

showed significant differences 

between the wild type and mutants in the first 3 and 4 weeks of recording (Fig.5.12) 

below. 
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Figure 5. 12. Chlorophyll fluorescence imaging comparison of WT and mutant lines 

of pL2B-BAR-(pKST1)-AtSBPase-YFP-tHSP construct to changes in light 

intensity.The maximum PSII operating efficiency (Fq’/Fm’) values of the whole plant 

subjected to (a)150 µmol m 
-2

s
-1

 and (b) 600 µmol m 
-2

s
-1 

were measured. Plants were 

germinated and grown for 14 days on soil before picked out and transferred to individual 

pot on soil. These were grown for additional 5 weeks under identical conditions in a 

controlled environment growth room (22°C, 8 h light, 16 h dark cycle). Arabidopsis 

thaliana(Col-0) WT and mutants lines of the construct 11-(pL2B-BAR-(pKST1)-

AtSBPase-YFP-tHSP) measured in weeks. Data were obtained using 10-15 individual 

plants from 3 independent transgenic lines and are derived from weeks 3, 4, 5 and 7. 

Columns represent mean values, and standard errors are displayed respectively. 

Significant differences between WT and transgenic lines (P< 0.05) at weeks 3 

(line11.11.6) and week 4 (line 11.12.5) at 150 µmol m 
-2

s
-1

. At higher light level of 600 

µmol m 
-2

s
-.1

 however, there was no difference found between the wild type and 

transgenic in all the lines. 
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Chlorophyll fluorescence imaging used to determine the maximum PSII operating 

efficiency of photosynthesis ( Fq’/Fm’ ) values of the whole plant was also used to 

capture images at the time of analysis (Fig. 5.13). These images further tells more of the 

PSII efficiency differences indicated by colours from the scale which ranges from green 

(lowest value) to orange (highest value). The more the value, the more efficient is the 

PSII efficiency. Images likewise show the growth differences which were evident 

between the wild type and transgenic lines. The PSll photosynthetic differences of all the 

four constructs at week 3 is shown in the figure below which clearly showed a faster 

growth phenotype with larger rosettes in the transgenic lines than the wild type.   
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Figure 5. 13. Photosynthetic efficiency of PSll operating systems of images captured 

of WT and homozygous mutant Arabidopsis plants. 3–weeks old plants were 

germinated and grown for 14 days on soil before picked out and transferred to individual 

pots on soil. Plants were grown under identical conditions in a controlled-environment 

growth room with (22°C, 8 h light, 16 h dark cycle). Arabidopsis thaliana (Col-0) WT 

and mutants are shown. 4-( pL2B- BAR-pKST1-AtRieske) 6- (pL2B-BAR-(pKST1)-

AtSBPase), 9-(pL2-pKST1-AtRieske-tHSP-YFP) and 11- (pL2B-BAR-(pKST1)-

AtSBPase-YFP) with their respective lines in the third generation. Scale bars represent 

5cm and Fq’/Fm’ values represented by colours as indicated. 

Likewise, the photosynthetic efficiency of PSll operating systems of 5 weeks old plants 

are shown below and  values of Fq’/Fm’ exhibited ( Fig 5.14) shown on the scale. At this 

point of week five, the growth phenotype was clearly evident,as well with  rosettes area 

of the transgenic larger than those of the wild type (Figure 5.14). 



129 
 

 

Figure 5. 14. Photosynthetic efficiency of PSll operating systems of images captured 

of WT and homozygous mutant Arabidopsis plants. 5-weeks old plants were 

germinated and grown for 14 days on soil before picked out and transferred to soil. Plants 

were grown under identical conditions in a controlled-environment growth room with 

(22°C, 8 h light, 16 h dark cycle). Arabidopsis thaliana (Col-0) WT and mutants are 

shown. 4-( pL2B- BAR-pKST1-AtRieske) 6- (pL2B-BAR-(pKST1)-AtSBPase), 9-(pL2-

pKST1-AtRieske-tHSP-YFP) 11-(pL2B-BAR-(pKST1)-AtSBPase-YFP) with their 

respective lines in the third generation. Scale bars represent 5cm and Fq’/Fm’ values 

represented by colours as indicated. 

 

 

 

Evaluation of the impact of the growth of the transgenic lines on plant development 

compared to wild type Col-0  were also carried out using the Chlorophyll fluorescence 

imager to determine the rosettes area from the images. Chlorophyll fluorescence imaging 

used to determine the maximum PSII operating efficiency of photosynthesis ( Fq’/Fm’ ) 

values of the whole plant was also used to calculate the leaf area at the time of analysis.  
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Growth was slower in the wild type in the early stages as seen above (Fig 5.13 and 5.14).  

However, as the plants advanced ( week 7), the reductions in rosette area of the wild type 

seemed to catch up with the transgenic lines which might again be implying that the 

expression of these two genes might be more active in early developmental stages. This 

impact on plant growth can be seen clearly on Fig. 5.15 below. 

 

 

 

Figure 5. 15. Growth comparism of WT and homozygous mutant plants grown on 

soil. 7–weeks old plants were germinated and grown for 14 days on soil before picked out 

and transferred to soil. Wild type leaf area quickly catches up with the transgenic plants 

in the later weeks of growth.  Plants were grown under identical conditions in a 

controlled-environment growth room with (22°C, 8 h light, 16 h dark cycle). Arabidopsis 

thaliana (Col-0) WT and mutants are shown. 4-( pL2B- BAR-pKST1-AtRieske) 6- 

(pL2B-BAR-(pKST1)-AtSBPase), 9-(pL2-pKST1-AtRieske-tHSP-YFP) 11- (pL2B-

BAR-(pKST1)-AtSBPase-YFP) with their respective lines in the third generation. Scale 

bar represent 5cm. 
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Figures 5.16 and 5.17 displays and summarises the comparison of the growth rates of WT 

and homozygous mutant lines grown for the whole periods of 7 weeks. Each graph 

displays the lines within a construct compared to the WT. The growth resulted in 

significant differences (P< 0.05) between the wild type and mutants in the first 1 to 5 

weeks of recording confirming also the phenotype found, however later on in the weeks 

again, the reduction in rosettes area of the wild type plants in the initial weeks were 

compensated leading to minimal differences in leaf areas of all plants (see Fig. 5.16) 

above. There were no significant differences found in the later weeks unlike the initial 

weeks of the experiment.  
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Figure 5. 16. Comparison of the growth rates of WT and homozygous mutant plants 
grown on soil. Plants were germinated and grown for 14 days on soil before picked out 

and transferred to individual pots on soil. Plants’ growth conditions were maintained at  

22°C, 8 h light, 16 h dark cycle. Arabidopsis thaliana (Col-0) WT and mutants are 

shown. Chlorophyll fluorescence imaging was used to calculate the leaf areas at the time 

of analysis and pictures taken at weeks 3, 4, 5 and 7 and rosettes area calculated from 

these. (a) WT and construct 4-.(pL2B-BAR-(pKST1)-AtRieske- tHSP-YFP) while (b) 

WT and construct 6- (pL2B-BAR-(pKST1)-AtSBPase-tHSP-YFP), with their respective 

lines. Error bars represent SE n=10–15 replicates per line. 
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Figure 5. 17. Comparison of the growth rates of WT and homozygous mutant plants 

grown on soil. Plants were germinated and grown for 14 days on soil before picked out 

and transferred to individual pots on soil. Plants’ condition were maintained at 22°C, 8 h 

light, 16 h dark cycle). Arabidopsis thaliana (Col-0) WT and mutants are shown. 

Chlorophyll fluorescence imaging was used to calculate the leaf areas at the time of 

analysis. Pictures were taken at weeks 3, 4, 5 and 7 and rosette areas calculated from 

these. (a) WT and 9-(pL2B-BAR-(pKST1)-AtRieske-tHSP-YFP) while (b) WT and 11- 

(pL2B-BAR-(pKST1)-AtSBPase-tHSP-YFP) with their respective lines. Error bars 

represent SE n=10–15 replicates per line. 
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5.4.2 Physiological studies of mutant lines revealed no reductions in photosynthetic 

capacity 

In order to assess the impact of the expression of the SBPase and Rieske in the guard 

cells of matured plants, assimilation rates (A) as a function of  intercellular [CO2] or 

substomatal CO2 concentration (Ci) was determined for all lines and WT. (Figure 5.18 

&5.19). 

The maximum assimilation rate of wild type was 15.82 μmol m
-2

s
-1 

achieved at a Ci value 

of 800 μmol m
-2

s
-1 

which was also the saturation point. This maximum A value was 

maintained albeit slight variation with increasing Ci. Similarly, the range between the 

Rieske construct (b) were similar among all the lines with the highest value in line B6f4.6 

with 17.24 μmol m
-2

s
-1

 of assimilation rate. Result revealed that even though there seem 

to be differences between the wild type and Rieske, lines B6f 4.6, there was no significant 

difference when analysed.  

Similarly, the lines within construct SBPase (c) had values similar to the Rieske with a 

line (SBPase 6.8) having highest assimilation rate value of 17.18 μmol m
-2

s
-1 

which 

seemed higher than the wild type but again, there was no significant difference when 

analysed. These results suggests that at the leaf level photosynthesis, there was no 

differences or phenotype observed simply because manipulation was carried out at the 

cellular level which yielded no significant difference compared to the whole leaf. 
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Figure 5. 18. Photosynthetic carbon assimilation rates at different CO2 

concentrations (A/Ci) in (a) b6f (Rieske) and wild type plants construct 4-( pL2B- 

BAR-pKST1-AtRieske-tHSP)  and (b) b6f (Rieske) and wild type plants construct 9-

(pL2-pKST1-AtRieske-tHSP-YFP). Wild-type (WT) and transgenic plants grown in 

controlled-environment conditions with a light intensity 130 mmol m
-2

 s-
1
 under  an 8h 

light/16h dark cycle at 22°C for 7 weeks at saturating light levels of (1,000 mmol m
-2

 s
-1

). 

Error bars represent ±SD n=6–8 replicate per line. 
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Figure 5.19. Photosynthetic carbon assimilation rates at different CO2 

concentrations (A/Ci) in SBPase plants. (a) SBPase and wild type constructs 6- 

(pL2B-BAR-(pKST1)-AtSBPase-tHSP-) and (b) SBPaseand wild type construct 11- 

(pL2B-BAR-(pKST1)-AtSBPase-tHSP-YFP). Wild-type (WT) and transgenic plants 

grown in controlled-environment conditions with a light intensity 130 mmol m
-2

 s-
1
 under  

an 8h light/16h dark cycle at 22°C for 7 weeks at saturating light levels of (1,000 mmol 

m
-2

 s
-1

). Error bars represent ±SD n=6–8 replicate per line. 
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From these response curves, the maximum light-saturated rate of photosynthesis (Asat) of 

transgenic were shown to be not significantly different when compared to WT plants (Fig 

5. 20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20. Maximum light-saturated rate of photosynthesis (Asat) of WT and 

transgenics. Data derived from the A/Ci response curves using the equations by von 

Caemmerer and Farquhar (1981). Values represent 5-8 plants from 3–4 individual lines 

for each construct set. Lines over-expressing SBPase and Rieske are represented. Error 

bars SD n=6–8 replicates per line. 

 

 

 

The physiological parameters Vcmax and Jmax, which describe the maximum velocity of 

Rubisco and the regeneration of RuBP respectively were also estimated (Fig 5.21). The 

capacity for regeneration of the CO2 acceptor molecule RuBP as shown from the analysis 

of the A/Ci response curves also yielded no difference between the WT and the transgenic 

lines (SBPase and Rieske). Interestingly, in all of the lines, Jmax was also found to have no 

difference between the wild type and transgenics.  

w
t

R
ie

s
k
e
 9

_
6

R
ie

s
k
e
 9

_
1

R
ie

s
k
e
 9

_
7

R
ie

s
k
e
 9

_
1
5

S
B

P
a
s
e
1
1
_
1
1

S
P

B
a
s
e
 1

1
_
1
2

S
B

P
a
s
e
 1

1
_
1

R
ie

s
k
e
 4

_
3

R
ie

s
k
e
 4

_
4

R
ie

s
k
e
 4

_
6

S
B

P
a
s
e
 6

_
9

S
B

P
A

s
e
 6

_
5

S
B

P
A

s
e
 6

_
8

A
sa

t 
(µ

m
o
l m

-2
 s

-1
)

0

2

4

6

8

10

12

14



138 
 

 

Figure 5. 21. Vcmax (Rubisco activity) and Jmax (electron transport activity) of WT 

and trangenics. Data derived from the A/Ci response curves using the equations by von 

Caemmerer and Farquhar (1981). Values represent 5-8 plants from 3–4 individual lines 

for each construct. Lines over-expressing SBPase and Rieske are represented. Error bars 

+SD n=6–8 replicates per line. 

 

 

The result of the operating efficiency of PSII photochemistry Fq’/Fm’ of matured of 6-7 

weeks old plant overtime which ran a simultaneous protocol comprising of the induction 

to steady state, light response curve and relaxation response of the transgenic lines and 

wild type were analysed. All results exhibited closely related values as shown on the 

figures 5.22-5.24 below. An induction to steady state of photosynthesis is shown below 

(Fig.22). 
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Figure 5.22. Chlorophyll fluorescence imaging of the induction of steady state 

photosynthesis of mature plant (6–7weeks) to determine the operating efficiency of 

PSII photochemistry ( Fq’/Fm’) from a minimal fluorescence (Fo) and maximal 

fluorescence (Fm). Plants were dark adapted for 30 min followed by 500 μmol m
-2

 s
-1

 

light. Data are derived from images of F’ and Fm’ taken from WT and transgenic lines of 

(a) SBPase construct and (b) Rieske constructs. Error bars represent ±SD 3-5 replicates 

per line. 

 

The light response curves also yielded no significant difference between the wild type 

and the transgenic lines below (Fig 5.23). 
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Figure 5. 23. Chlorophyll fluorescence imaging of the light response curves of 

mature plants (6–7weeks) to determine the operating efficiency of PSII photochemistry 

( Fq’/Fm’). Reading taken from plants dark adapted for 30 min followed by light levels of 

0, 50, 100, 200, 300, 500, 750, 900, 1000,1600, 2000. Data were derived from images of 

F’ and Fm’ taken from WT and transgenic lines of (a) SBPase construct and (b) Rieske 

constructs. Error bars represent ±SD 3-5 replicates per line. 

 

 

The relaxation kinetics determined after the light response curve by turning off the light 

in order to regain back to original value of Fv/Fm yielded similarly. No significant 

differences were observed between the wild type and transgenics responses (Fig. 5.24).  
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Figure 5. 24. Chlorophyll fluorescence imaging of relaxation kinetics of mature 

plants (6–7weeks) to determine the operating efficiency of PSII photochemistry ( 

Fq’/Fm’). Reading taken from plants dark adapted for 30 min and monitoring Fv/Fm 

every 2 minutes until the original value of Fv/Fm restored.Data were derived from images 

of F’ and Fm’ taken from WT and transgenic lines of (a) SBPase construct and (b) Rieske 

constructs. Error bars represent ±SD 3-5 replicates per line. 

5.4.3 An investigation into dynamic response of A and gs to step changes in light 

Light is a dynamic variable and considered most important environmental factor 

influencing both stomatal behaviour and photosynthetic rate. To investigate the temporal 

variation responses in A and gs to light change, the speed of stomatal responses and 

magnitude of change in coordination with A was determined. It is a well-established fact 

that slow stomatal responses limits A hence resulting in substantial loss in photosynthetic 

rates in the long run (Lawson and Blatt, 2014). However, McAusland et al., (2016) 
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illustrated that short-term improvements in A could be gained by enhancing the rapidity 

of stomatal responses and coordination with A. They further highlighted that close 

proximity between stomatal conductance and carbon assimilation has the potential to 

achieve a substantial improvement in WUE.  

Based on this, a step change temporal response to light where the coordination between 

carbon assimilation and stomatal conductance determined in the transgenic lines 

generated and the wild type plants.  

The result of plants exposed at an initial PPFD of 100 μmol m
-2

 s
-1

 and then subjected to a 

high light intensity of approximately 1000 μmol m-2 s-1 for an hour and finally back to 

initial 100 μmol m
-2

s
-1

 of light is shown below (Fig 5.25).  

Result showed similar outcome with the wild type and mutant lines except the line 11.11 

with a higher assimilation rate and stomatal conductance. Steady-state of A and gs at the 

initial PPFD of 100 μmol m
-2

s
-1

 were similar among all the lines including WT. The 

lowest values recorded for steady-state A at the initial PPFD of 100 μmol m
-2

s
-1

  ranged 

from -2 to -3 μmol m
-2

s
-1

  while the highest recorded steady state value at PPFD of 1000 

μmol m
-2

s
-1

 ranged from 8.99 to 12.53 μmol m
-2

s
-1

. Overall, the line 11.11 ranked the 

highest with assimilation rate of 12.53 which is the construct (pL2B-BAR-(pKST1)-

AtSBPase-YFP). Similarly, stomatal conductance, gs were similar among all the lines 

including WT with the lowest steady state achieved at the initial PPFD of 100 μmol m
-2

s
-1

 

ranged between 0.11 to 0.17mol m
-2

s
-1

  while the highest recorded steady state value at 

PPFD of 1000 μmol m
-2

s
-1

 ranged from 0.208 to 0.370 mol m
-2

s
-1

 with line 11.11 topping 

the list as well. Also, from the curves, it is obvious that an increase in PPFD to 1000 

μmol m
-2

s
-1

  led to an immediate and rapid increase in A compared to gs which showed a 

modestly slow response for all lines.  
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All lines and wild type measured achieved steady-state A approximately at about 1000 

secs after high PPFD whereas gs was scrawling behind and still increasing as it had not 

attained the maximum values within this timeframe until at about 1500 secs after high 

PPFD. Although there were lack of coordination between A and gs the final steady-state 

values of A and gs in almost all plants (transgenic and wild type) except line 11.11 were 

significantly correlated. Additionally, all plants showed a faster rate of decrease in A 

(After PPFD was returned to 100 μmol m
-2

s
-1

) than initial increase (after PPFD was 

increased from 100 to 1000 μmol m
-2

s
-1

). Likewise, there was greater rapidity in stomatal 

closing than opening in all plants. 
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Figure 5. 25. A step change gas exchange measurements of wild type and 

Arabidopsis mutants. (a) Photosynthetic carbon assimilation rates and (b) stomatal 

conductance to an increase in irradiance from 100 μmol m
-2

s
-1

 (shaded area) followed by 

1000 μmol m
-2

s
-1

 with time. 4-(pL2- BAR-pKST1-AtRieske-tHSP), 6-(pL2B-BAR-

(pKST1)-AtSBPase-tHSP), 9-(pL2- BAR-pKST1-AtRieske-tHSP-YFP) and 11-(pL2B-

BAR-(pKST1)-AtSBPase-YFP). Data are the means of 5–8 replicates (±SD). Single 

factor differences were analysed using a one-way ANOVA P< 0.05. 



145 
 

 

DISCUSSION 

Transgenic studies have provided numerous evidences that manipulation of certain 

enzymes are potential route for the improvement of plant productivity (Lawson et al., 

2008b, Lawson et al., 2002, Lefebvre et al., 2005, Raines, 2011, Simkin et al., 2017a, 

Simkin et al., 2015, von Caemmerer and Furbank, 2016). Light and CO2 are two 

important environmental factor and are considered most important factors influencing 

both stomatal behaviour and photosynthetic rate. Iinvestigation to determine temporal 

variation in A and gs by determining the speed of stomatal responses and magnitude of 

change in coordination with A have been reported (McAusland et al., 2016). Therefore 

improving the rapidity of stomatal responses will therefore greatly improve productivity 

and WUE but achieving this require greater knowledge of the physiological and 

molecular mechanisms that determine the speed of stomata and coordination with 

mesophyll demands for CO2 (Lawson and Blatt, 2014). 

 

 In this chapter, we generated transgenic Arabidopsis (Arabidopsis thaliana) plants 

overexpressing the Rieske and SBPase and characterised photosynthetic and stomatal 

responses. SBPase and Rieske mutant lines with altered manipulation were identified in 

Arabidopsis thaliana. The analysis carried out such as the DNA and herbicides screening 

plus the localization of the YFP have all revealed that these genes are present in the guard 

cells of the transgenic plants.  

Phenotypes observed (Figs.5.5-5.8) suggested that the transformed plants exhibited 

significant faster initial growth rates evidenced by larger leaf area and faster rosette 

increases which may suggests that SBPase and Rieske might be of importance for 

stomatal behaviour and enhanced plant growth. Studies have reported of increase yield in 

plant productivity by overexpressing these genes in the whole plants (Lefebvre et al, 
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2005, Raines, 2011, Simkin et al, 2017), however it is interesting that we have observed 

similar enhancement of growth despite expression being limited to guard cells. The 

quantum efficiency of PSII photochemistry in the transgenic lines was also significantly 

higher in early development. These data imply that the photosynthetic efficiency of 

young plants may have a greater impact on plant development. These finding are 

consistent with earlier studies which reported that the stimulatory effects of increased 

levels of SBPase occurred earlier in development (Lefebvre et al., 2005) which may also 

demonstrate the different limitations witnessed on photosynthesis between developing 

and fully expanded leaves (Ölçer et al., 2001).  

 It is important also to keep in mind that little changes in photosynthetic capacity counts 

and can have a great impact on plant development (Lefebvre et al.,2005).Therefore, these 

results suggest that altered expression (assumed due to the expression of the construct) of 

SBpase and Reiske in guard cells alone in plants seem to improve the overall plant 

photosynthetic efficiency and growth in these plants compared with the wild type 

suggesting that genes manipulation in the guard cells may be playing roles in plant 

development even when not necessarily linked to photosynthesis. This has been shown by 

previous work on transgenic plants that the environmental conditions under which the 

plants are grown can influences the impact in enzyme activity hence the relative 

importance of any individual enzyme over carbon fixation or photosynthesis is not 

constant but can vary depending on growth condition and development (Stitt and Schulze, 

1994; Raines, 2003). 

 

The CO2 assimilation rate A versus calculated internal CO2 concentration Ci (A/Ci) 

response curves showed some changes in the A/Ci curves, but there was no significant 

difference between the transgenic lines and the wild type (Fig. 5.18 &5.19). The Asat, 
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Vcmax and Jmax drived from the (A/Ci ) curves yielded no significant differences as 

well. These results however is envisaged as the mesophyll photosynthetic have not been 

manipulated. This agrees with the findings where transgenic guard cells chlorophyll-

deficient Arabidopsis plants had stomatal size, index, and whole-leaf photosynthetic rates 

comparable to wild-type plants (Azoulay-Shemer et al., 2015).  

The dynamic responses of A and gs to step change in light (Fig 5.25) showed non-

coordination between A and gs, with A exhibiting a faster and more varied response than 

gs in both wild type and transgenic lines. Such cumulative responses could have 

significant implications for carbon assimilation and negative impact on water use 

efficiency in dynamic environmental conditions that are prevalent today. Lawson and 

Blatt (2014) modelled and synchronised gs and A and calculated a theoretical 20% 

increase in water use efficiency if gs matched mesophyll demands for CO2 in response to 

PPFD. However, both A and gs attained similar steady state in all the plants.  

The line 11.11 (pL2B-BAR-(pKST1)-AtSBPase-YFP) had both combination of rapid 

responses and higher steady-state values of both A and gs which is quite striking. This line 

may imply that the reduction of CO2 diffusional limitations of A is experienced as a result 

of faster and speedy stomatal response, gs. Nonetheless, it is apparent that stomatal 

limitation of A was experienced in all plants as it took a longer time for gs to reach steady 

state than A. 

Since (Ci) has long been put forward as an indicator that mediates close correlation 

between gs and A (Wong et al., 1979, Mansfield et al., 1990, Buckley and Mott, 2013), it 

is expected that there will be no further increases in gs once steady-state has been 

established or reached in A. However as it is the case here, results in the step changes do 

not support this conclusion but rather seems to agree with findings from work on 
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transgenic plants which showed increasing gs with light despite maintaining high Ci ((von 

Caemmerer et al., 2004, Baroli et al., 2008b, Lawson et al., 2008b). This also points to 

additional findings by von Caemmerer and Griffiths (2009a) who working with CAM 

demonstrated that intercellular CO2 is not the only factor causing stomatal closure during 

phase III of CAM.  

 In conclusion numerous studies have shown that photosynthetic enzymes in carbon 

metabolism have yielded increased photosynthetic rates in plant at the whole leaf level 

(Driever et al., 2017a, Miyagawa et al., 2001, Driever et al., 2017b, Uematsu et al., 2012, 

Long et al., 2006, von Caemmerer and Furbank, 2016, Raines, 2011, Simkin et al., 

2017a). The same genes overexpressed (SBPase and Rieske FeS) have resulted in 

increased yield in Arabidopsis plants at the whole leaf level (Simkin et al., 2017c). 

Similar outcomes have been demonstrated in this chapter but the actual levels of 

expression in the guard cells needs to be assessed, although is a difficult procedure that 

needs further work to develop the protocols. Although the tobacco has not been 

mentioned here again as intended due to time (even though we have already generated 

our third generation T3 homozygous plants), we expect similar results outcome. 

However, the characterisation of these transgenic generated lines in both antisense and 

sense will soon be carried out  

Plants have adaptive features that allow them to cope with many external changes, 

subjecting these mutants to different environmental conditions may therefore yield yet 

novel phenotypes different from those observed here. 
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CHAPTER SIX: GENERAL DISCUSSION 

 

This research was based on elucidating the role of guard cells chloroplasts in stomatal 

regulation and the role these cells could play in coordinating stomatal function with the 

underlying mesophyll. Coordination between stomata and mesophyll has often been 

reported (Wong et al., 1979; Buckley et al., 2003) but the mechanisms coordinating such 

responses have not been fully understood. A comprehensive understanding of the signals 

or metabolites synchronising stomatal conductance and carbon assimilation are therefore 

paramount towards successful manipulations of stomatal behaviour for enhancing water 

use efficiency and sustainable inputs in agriculture land.  

Here two approaches  (physiological and molecular) have been used to elucidate 

mesophyll-derived signals that coordinate mesophyll CO2 demands with stomatal 

behaviour towards improving WUE and crop yield (Lawson et al, 2014). The findings 

from both approaches are summarised; 

 6.1 Epidermal-mesophyll approach  

In order to examine the relationship between stomatal behaviour and mesophyll 

photosynthesis a novel epidermal mesophyll transfer approach was used on plants with 

different photosynthetic pathways (C3 and CAM). We used the obligate crassulacean acid 

metabolism (CAM) plant Kalanchoë fedtschenkoi plant in which stomata open at night 

and close during the day to study stomatal dynamics in response to changes in light and 

CO2 concentration at different period of the diurnal CAM cycle. These species were also 

used in the epidermal peel transfer experiment in which the epidermis from the C3 plant 

Vicia faba was placed on the mesophyll from Kalanchoë fedtschenkoi and vice versa. The 

main findings from these studies were: 
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Ci driven signal: This was illustrated by the dampened stomatal responses to changes in 

[CO2] and light in the isolated epidermal peels in Vicia faba compared to the detached 

whole leaf experiment in Vicia faba plants. This is also in agreement with findings in 

literature that reported stomata respond and function differently when in isolation or 

different degrees in stomatal responses to various environmental stimuli in epidermal 

strips and intact leaves (Willmer and Dittrich, 1974, Travis and Mansfield, 1979, Lee and 

Bowling, 1995), which has often been attributed to a role of Ci in these responses and 

signalling pathways (Mott 1988). Plants have demonstrated faster responses of gs to A as 

a result of CO2 consumption for mesophyll photosynthesis unlike those of the isolated 

epidermis or the peels grafted onto mesophyll which again points to the role of the Ci 

mediating A and gs. These finding indicate that stomata are influenced by the underlying 

mesophyll to changes in light and [CO2]. However, Wang et al., (2014) found that 

stomata in the epidermal peels function to a lesser degree than when the mesophyll is 

present. These authors proposed that the amounts of ATP required for the proton pumps 

for guard cell osmoregulation were lower in isolated epidermis which resulted in a 

decreased stomatal opening in response to white light, suggesting that both guard cell 

chloroplasts and mesophyll contributed to the required ATP for osmoregulation.  

 

Darkness initiate stomatal opening in CAM. Stomatal opening in darkness in CAM is a 

known phenomenon and an expected occurrence due to the drawdown of CO2 during the 

dark assimilation phase of internal CO2 (Borland, 2009). However, the finding that 

stomata opening response to darkness in CAM epidermal peels, when the influence of the 

mesophyll has been removed is interesting and has not previously reported. These results 

suggest the guard cells of CAM plants sense and response to darkness and that the signal 

receptor or signal transduction pathway may reside within the guard cells themselves 



151 
 

and/or that guard cell photosynthesis may play a role. It is clear that the responses are not 

entirely driven by mesophyll demands for CO2  (von Caemmerer & Griffiths, 2009). 

CAM plasticity; a potential tool for maximizing carbon gain and water use 

efficiency: Stomatal and photosynthetic responses to a step change in light intensity and 

[CO2] in intact leaves of Kalanchoë grown in either the light/standard cabinet or the 

dark/reverse cabinet have illustrated different responses that impact of CAM physiology 

(Borland et al., 2014). Stomata in plants pre-treated with 12h dark (phase 1 of CAM) 

were mostly unresponsive to changes in light and [CO2].Whereas stomata in plants pre-

treated with 12h light (phase 3) demonstrated C3 type behaviour. In these plants, 

decarboxylation of the stored nocturnal malate would have already taken place and these 

plants would be expected to have low malate levels and also low Ci levels subjecting 

them to stomatal opening in the light hence exhibiting C3 photosynthesis (Borland & 

Griffith, 2009). Malate is imported from the mesophyll or synthesized internally in the 

guard cells themselves from starch degradation or guard cell CO2 fixation (Roelfsema and 

Hedrich, 2005, Horrer et al., 2016, Lawson et al. 2014, Vavasseur and Raghavendra, 

2005, Lawson, 2009).  These data also indicate the influence of the mesophyll indicating 

a Ci driven responses in stomatal behaviour or that malate level were low in the guard 

cells and play a role in guard cell metabolism and osmoregulation. These data have also 

shown the capability or plasticity of the Kalonchoe fedshenkoi switching from CAM to 

C3 and back to CAM suggesting that there are no metabolic incompatibilities between C3 

photosynthesis and the CAM adaptation (Borlard et al, 2014). Thus, the CAM pathway 

can be engineered into a C3 crops as a means of enhancing water-use efficiency or 

increasing carbon balance. 

Defection in PPDK in CAM results in C3-like stomatal response: The response of the 

stomata in CAM plants manipulated with 5% lower than the wild type in pyruvate 
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orthophosphate dikinase, PPDK (Figs 3.4 and 3.12) had clearly shown the disruption of 

the mesophyll circadian clock in the activity of the regenerative enzyme hence the plant 

showed lesser commitment to CAM by opening both in the light and dark. (Dever et al. 

2015). Similarly, Borland et al., (1999) has demonstrated that reducing the capacity of 

CAM leaves to synthesize malic acid at night had shown associated reductions in 

metabolite concentrations which could override circadian control of PEPC kinase.  

 

6.2 Molecular approach manipulation of photosynthetic enzymes; impacts on stomatal 

function  

Efforts to comprehend the involvement of guard cell photosynthesis in stomatal function 

requires manipulating photosynthesis specifically in guard cells (Lawson 2014). As 

outlined  in chapters one and five, recent studies have shown a role for mesophyll 

regulation of stomatal aperture either by importing organic acids from the mesophyll for 

osmotic adjustments or used for the production of ATP required for the proton pumps 

involved in guard cell osmoregulation. Therefore, the genetic manipulation of metabolites 

involved in metabolism and photosynthetic enzymes in the guard cells themselves could 

also lead to changes in stomatal behaviour and potentially improve photosynthesis and 

water use efficiency in plants (Santelia and Lawson, 2016).  

It was in line with this that the second approach was employed and we demonstrated the 

potential of generated transgenic plants with altered guard cell metabolism. We 

particularly have demonstrated specificity of the KST promotor and shown that 

expression was only in the guard cells. This has also shown the potential of this promotor 

for manipulating guard cell specific metabolism. This agrees with the earlier work of 

Muller-Rober et al., (1998) as well as the work by Kelly et al. (2013 & 2017).  The 

rationale for choosing these two targets were two-fold.  First it is still not known if guard 
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cell electron transport and/or guard cell Calvin cycle activity directly impacts on stomatal 

responses  (see Lawson 2009;  Lawson et al., 2014); secondly, it has been hypothesized 

that guard cell photosynthesis could provide the mechanisms that co-ordinates stomatal 

responses with those of the underlying mesophyll (Lawson et al., 2002; 2003). 

Our findings from using this approach is summarised below 

Significant impact on growth development: These manipulations in increased 

SBPase and Rieske genes in the guard cells resulted in substantial and significant 

impacts on early plant development shown by early phenotype. These results are 

consistent with studies demonstrating the control of the manipulation of these genes 

(Price et al., 1998;Ruuska et al., 2000; Yamori et al., 2011b) which suggest that 

overexpression of the Rieske FeS protein maybe a possible means to increasing 

photosynthesis and yield, however in these studies Rieske FeS was manipulated in the 

mesophyll and not in the guard cells. In addition to increased  rates of photosynthetic 

efficiency, a substantial and significant increase in the growth of the rosette area were 

observed in both the SBPase and Rieske FeS plants in the early vegetative phase, 

suggesting that improvements in biomass could be due to increased light and 

photosynthesis as a result of greater leaf area achieved in the transgenics (Lefebvre et 

al., 2005).  

Greater rate of A and gs in response to a step change in light intensity:  Our 

results from the transgenic plants also demonstrated that manipulating photosynthetic 

enzymes in the guard cells can impact on stomatal responses and carbon assimilation. 

Both the rapidity of stomatal responses as well as the magnitude of change was 

altered in the transgenic plants.  This was particularly evident in the SBPase lines. 

However, as no knowledge of the expression levels was possible it was difficult to 

assess the exact role of SBPase in stomatal responses. . These data shown both an 
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increase in gs and A suggesting the reduction of CO2 diffusional limitations of A based 

on the stomatal model designed towards enhancing  assimilation rate and possibly 

WUE (McAusland et al., (2016).  

The results obtained from these approaches has shown the potentials in manipulating 

guard cells towards plant productivity. Based on our findings, the following can 

further be exploited in order to elucidate mesophyll-stomatal interactions and 

subsequent impacts on WUE and plant productivity 

 

 Future work.  

 Further investigation of the mechanisms and sensory and signalling pathways in 

stomatal opening to darkness in CAM plants. These results suggests that guard 

cells of CAM plants sense and response to darkness and responses may not be 

entirely driven by mesophyll demands for CO2.  

 The regulation of the activity of sugar transporters which move sugars into and 

out of the guard cells or vacuole will greatly assist in identifying the role of 

sucrose in stomatal function and the feasibility of enhancing plant WUE through 

the manipulation of guard cell sucrose metabolism and how this links to Calvin 

cycle activity in the guard cells in terms of sucrose production. 

 Other manipulated enzymes of CAM metabolism in Kalanchoe fedshenkoi  could 

be used to determine the role ofthese enzymes in stomatal regulations and the 

possible effect of these manipulated enzymes on the driving force of CAM; the 

circadian clock.  

  The possible extension of a CAM phase (by taking advantage of CAM plasticity). 

In order to overcome the perceive constraints of CO2 acquisition in CAM by using 
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enzymes machinery in the decarboxylation phase. For instance, the possible 

extension of phase 1 to balance the CO2 uptake by extending the activity of PEPC 

through PPCK (knocking out). 

 An ultimate goal for engineering CAM is the ability to install a complete, obligate 

CAM pathway as in C3 plants to maximize WUE. However, intermediate steps in 

CAM as shown in the results can be beneficial as some CAM-cycling or 

facultative CAM exhibiting partial commitment to CAM and probable 

maintenance of carbon balance. Strategies to engineer a CAM pathway might 

provide benefit to C3 plants (Kebeish et al.2012). However, bearing in mind the 

cost of using the enzymes’ mechaninary required for such processes. 

 Single or multigene combined constructs of the enzymes used or other enzymes 

expressed in the guard cells: Exploitation of other single or individual enzymes in 

guard cells or multiple or combined enzymes in electron transport and Calvin 

cycle transformations could lead to changes in stomatal behaviour by 

demonstrating the role of other enzymes in electron transport chain or Calvin 

cycle which could potentially improve photosynthesis and water use efficiency in 

plants.  

 Assessment of intrinsic water use efficiency (iWUE): It will be interesting to see 

the effect on WUE by using the model designed by Vialet-Chabrand et al., (2016) 

for use in the transgenic lines  Models are now available to assess temporal 

relationship between A and gs and McAusland et al., (2016) have shown that 

short-term improvements in A could be gained by enhancing the rapidity of 

stomatal responses and coordination with A.  

 Quantification of level of transcripts abundance in guard cells: Guard cell specific 

quantification in the transgenic and wild types from subsequent generations 
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would be required to determine the impact of enzyme manipulation on functional 

processes and determine the mechanisms and pathways these contribute to 

stomatal behaviour..  

 Having said all the above, guard cells metabolism is a fast-paced area of research and 

more opportunities still awaits its exploitation to bring to an unequivocal view of its 

metabolism. The findings highlighted using this approach can therefore be further 

exploited as researchers are continuously adopting multicity of approaches in order to 

shed more lights towards plants WUE and productivity.  
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APPENDIXES 

Appendix  1 

1.- (a) Primers used for cloning, construction of vector plasmids, sequencing and screening of mutant plants. 

 

Oligo 

type Oligo Name 5' to 3' sequence length uses 

STD scr-pL2B-FP2 CGAGTGGTGATTTTGTGCCG 
20 

Primer for screening. It is placed in the vector backbone and is 

compatible with all other pL2B RP primers. 

STD scr-BAR-3'-FP CTGAGTGGCTCCTTCAACGT 

20 

Primer for screening  constructs containing BAR . It is placed in the 

pNOS sequence preceding the BAR CDS and is compatible with all 

other pL2B RP primers.   

STD scr-BAR-3'-FP2 ACGGAAGTTGACCGTGCTTG 

20 

Primer for screening  containing BAR . It is placed in the gene's 

coding sequence and is compatible with all other pL2B RP primers.   

STD scr-BAR-5'-RP TTCTGGCAGCTGGACTTCAG 

20 

Primer for screening constructs containing BAR . It is placed in the 

gene's coding sequence and is compatible with all other pL2B RP 

primers.   

STD scr-AtSBPase-3'-FP TACACACTGCGATACACCGG 

20 

Primer for screening and cloning . It is placed in the gene's coding 

sequence and is compatible with all other pL2B RP primers.   

STD scr-AtSBPase-5'-RP CTTCCACTGGACCTCCCATG 

20 

Primer for screening and cloning  . It is placed in the gene's coding 

sequence and is compatible with all other pL2B RP primers.   

STD scr-AtRieske-FP ACTGGCTACATGCTTGTCCC 

20 

Primer for screening and cloning . It is placed in the gene's coding 

sequence and is compatible with all other pL2B RP primers.   

STD scr-AtRieske-RP ATTCCGCTGCAACTACATCG 

20 

Primer for screening and cloning . It is placed in the gene's coding 

sequence and is compatible with all other pL2B RP primers.   

STD seq-YFP-RP TCACTTGTACAGCTCGTCCATG 22 Primer designed for YFP sequencing and screening 
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 1. (b) Primers use for cloning, construction of vector plasmids, sequencing and screening of mutant plants. 

 

Oligo 

type Oligo Name 5' to 3' sequence length uses 

STD seq-YFP-FP CCATCCTGGTCGAGCTGGAC 20 Primer designed for YFP sequencing and screening 

  EYFP-seq-RP GAACTTCAGGGTCAGCTTGC 20 Primers for sequencing and screening YFP. 

STD qPCR-NtRieske-FP1 TTTATTTGCCCCTGCCATGGAT 22 Primer for screening and cloning. It is placed in the gene's 

coding sequence and is compatible with all other pL2B RP 

primers.   
STD 

qPCR-NtRieske-RP1 AGTCTGTTTCAACCCATGGGAC 22 

STD qPCR-NtRieske-FP2 ATGGCTCAAAACTCATCCACCT 22 Primer for screening and cloning. It is placed in the gene's 

coding sequence and is compatible with all other pL2B RP 

primers.   
STD 

qPCR-NtRieske-RP2 AACACAACCAAGGTGAGTACAC 22 

STD qPCR-NtSBPase-FP1 GGAGGAATGGTGCCTGATGTTA 22 Primer for screening and cloning. It is placed in the gene's 

coding sequence and is compatible with all other pL2B RP 

primers.   
STD 

qPCR-NtSBPase-RP1 TTGGCAGTTGGAGATGTCACAT 22 

STD qPCR-NtSBPase-FP2 ACAAGTTGCTTTTCGACGCATT 22 Primer for screening and cloning. It is placed in the gene's 

coding sequence and is compatible with all other pL2B RP 

primers.   
STD 

qPCR-NtSBPase-RP2 GTCTTGGAGCTCAGGTACTTCC 22 

STD 

qPCR-AtRieske-FP  AACGCCCAAGGAAGAGTCGT 22 

Primer for screening and cloning. It is placed in the gene's 

coding sequence and is compatible with all other pL2B FP 

primers.   

STD 

qPCR-AtRieske-RP  ACCACCATGGAGCATCACCA 21 

Primer for screening and cloning . It is placed in the gene's 

coding sequence and is compatible with all other pL2B RP 

primers.   
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1.(c) Primers used for cloning, construction of vector plasmids, sequencing and screening of mutant plants. 

 

Oligo 

type Oligo Name 5' to 3' sequence length uses 

STD 

qPCR-AtSBPase-FP TCGACAACTCCGAATACAGCAAGC 20 

Primer for screening and cloning. It is placed in the gene's 

coding sequence and is compatible with all other pL2B 

RP primers.   

STD 

qPCR-AtSBPase-RP  AACCATTCCTCCGGTGTATCGC 24 

Primer for screening and cloning. It is placed in the gene's 

coding sequence and is compatible with all other pL2B 

RP primers.   

STD 

AtSPase_RP-TL TGGAAGGTGGGTTTAGTGTTGC 22 

Primer designed for sequencing and screening. It is placed 

in the gene's coding sequence and is compatible with all 

other pL2B RP primers.   

STD 

BAR1_RP_TL ACCATCGTCAACCACTACATCG 22 

Primer for sequencing. It is placed in the gene's coding 

sequence and is compatible with all other pL2B RP 

primers.   

STD 

HSP1_RP_TL TGTTGGATCTCTTCTGCAGC 20 

Primer for screening. It is placed in the terminator's 

sequence and is compatible with all other pL2B RP 

primers.   

STD 

kst1_RP_TL ACCCTACCAAATATTTAACGG 21 

Primer for screening and sequencing . It is placed in the 

promoter' s sequence and is compatible with all other 

pL2B RP primers.   

STD 

kst2_RP_TL TGGACCCTACACACTATGACG 21 

Primer for screening and sequencing. It is placed in the 

promoter’s sequence and is compatible with all other 

pL2B RP primers.   

STD 

kst3_RP_TL TTCTCGTGAGAGTTCACAAGC 21 

Primer for screening and sequencing. It is placed in the 

promoter's sequence and is compatible with all other 

pL2B RP primers.   
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Total 15 Colony PCR reaction mix . Number of reaction 

  1 

H2O 11.6 

Buffer 1.5 

Primer F 0.75 

Primer R 0.75 

dNTPs 0.2 

DreamTaq 0.2 

bacteria in tip   

Total 15 

qRT-PCR reaction mix Number of reaction 

  1 

H2O 6.1 

SYBR 7.5 

Primer mix 0.4 

cDNA (1/2 dilution) 1 

Total 15 
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The cycling conditions  for colony PCR were set as follows: initial denaturation step of 

94-98°C for 2-4min to activate the polymerase, followed by 35 cycles of denaturation at 

94-98°C for 30 s, annealing at 60°C for 30 s and extension at 72°C for 1min per kb. Then 

finally with an additional 72°C for 7 min to complete the reaction 

 

Appendix 3. 

Sequencing results of pL1M-R2-pKST1-AtRieske-tHSP clone. Primers used for 

screening were also used for sequencing the fragment produced in the PCRs. Result 

showing the alignment of the sequences obtained with the AtRieske gene or upstream 

regions showing the exact position of insertion. Asterisks indicates exact nucleotides 

alignment. Constructs inserts confirmed for all with correct sequences at the cloning 

junctions. Multiple alignments was performed using Clustal omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/).   

 

pL1M-R2-pKST1-AtSBPase-tHSP 

 

AtSBPase     CGCTCTTTTCTCTTAGGTTTACCCGCCAATATATCCTGTCAAACACTGATAGTTTAAACC 

Forward      CGCTCTTTTCTCTTAGGTTTACCCGCCAATATATCCTGTCAAACACTGATAGTTTAAACC 

             ************************************************************ 

 

SBPase       ACTTCGTGCAGAAGACAATAGTGGAGAAGCTTTTAAACATCGATAATTCATCACTTTTAT 

Forward      ACTTCGTGCAGAAGACAATAGTGGAGAAGCTTTTAAACATCGATAATTCATCACTTTTAT 

             ************************************************************ 

 

SBPase       TTTTTGTACTCTTCTTCTTCTTCCTTCCTTTCTTTTTTTTTTTTTGTGTGAAATTTGATA 

Forward      TTTTTGTACTCTTCTTCTTCTTCCTTCCTTTCTTTTTTTTTTTTTGTGTGAAATTTGATA 

             ************************************************************ 

 

SBPase       TTTTTTGTCTTAAATGATTAATCTATTGTGTAGAAAATAGATTTTCTTGTTAGTGTATAA 

http://www.ebi.ac.uk/Tools/msa/clustalo/
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Forward      TTTTTTGTCTTAAATGATTAATCTATTGTGTAGAAAATAGATTTTCTTGTTAGTGTATAA 

             ************************************************************ 

 

SBPase       ATTTTATAAAATAAATTTAAAGACCTCTTAATATAATTTTCGCTTAGGCCACGAGATTTG 

Forward      ATTTTATAAAATAAATTTAAAGACCTCTTAATATAATTTTCGCTTAGGCCACGAGATTTG 

             ************************************************************ 

 

SBPase       TTGAGCCGCCCTGATTATCATAAATTATTTGAAGATTTTGGTCTGCAATTGTCAGCTAAT 

Forward      TTGAGCCGCCCTGATTATCATAAATTATTTGAAGATTTTGGTCTGCAATTGTCAGCTAAT 

             ************************************************************ 

 

SBPase       CTCCAACTAAATAATGTCCAACATAATTTGGACCCTACCAAATATTTAACGGGCAAAGAT 

Forward      CTCCAACTAAATAATGTCCAACATAATTTGGACCCTACCAAATATTTAACGGGCAAAGAT 

             ************************************************************ 

 

SBPase       TAATATAACACTATAGTATATAAAATGACATTCATGAGTGTGAAATTGTATATAGTGTTC 

Forward      TAATATAACACTATAGTATATAAAATGACATTCATGAGTGTGAAATTGTATATAGTGTTC 

             ************************************************************ 

 

SBPase       ATGTGCATATTTTACTATTTTCTTGCAAATCATATGGTTCATATACAATAATAACAATGG 

Forward      ATGTGCATATTTTACTATTTTCTTGCAAATCATATGGTTCATATACAATAATAACAATGG 

             ************************************************************ 

 

SBPase       AAAAGACAGGTGTTTGGCCTGTAATGGGTCTATATTGTCCAGATCTTGGTGGACCCTACA 

Forward      AAAAGACAGGTGTTTGGCCTGTAATGGGTCTATATTGTCCAGATCTTGGTGGACCCTACA 

             ************************************************************ 

 

SBPase       CACTATGACGTCTGTCAAATAATCTTGGAAAAATAACTTGTTGCACGACTCTTCGAGTCT 

Forward      CACTATGACGTCTGTCAAATAATCTTGGAAAAATAACTTGTTGCACGACTCTTCGAGTCT 

             ************************************************************ 

 

SBPase       AATTTTCAGTGATTTATTTAATAATGACTAAGTTTTATCGCTTTTATAATGACAAAAAGG 

Forward      AATTTTCAGTGATTTATTTAATAATGACTAAGTTTTATCGCTTTTATAATGACAAAAAGG 

             ************************************************************ 
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SBPase       ATTTCTTATTATTACTATCTCTGTTCTATATTAATTGAATCGATGAGCCAATTATATGAA 

Forward      ATTTCTTATTATTACTATCTCTGTTCTATATTAATTGAATCGATGAGCCAATTATATGAA 

             ************************************************************ 

 

SBPase       ATTTTATCAAATATTCATTTTAAATTTTGAACGATAAAAAAAGCCTCATGAGAATTTTAT 

Forward      ATTTTATCAAATATTCATTTTAAATTTTGAACGATAAAAAAAGCCTCATGAGAATTTTAT 

             ************************************************************ 

 

SBPase       CAAAGTAAAATATGAAAAAAATGATTATCAAGTAAAAATGAACAAAGAGAATAATATGAA 

Forward      CAAAGTAAAATATGAAAAAAATGATTATCAAGTAAAAATGAACAAAGAGAATAATATGAA 

             ************************************************************ 

 

SBPase       GGTTTTATCAAACATTCATCTTAAATTTTGAACGATAAAAAA-GCTTCGTAAAGAATATT 

Forward      GGTTTTATCAAACATTCATCTTAAATTTTGAACGATAAAAAA-GCTTCGTAAAGAATATT 

             ************************************************************ 

 

SBPase       TTATCATANTAAAACATGATTATCAAGTAAAAGTGAACAANNGGAGTAATATGAAGATTT 

Forward      TTATCATANTAAAACATGATTATCAAGTAAAAGTGAACAANNGGAGTAATATGAAGATTT 

             ************************************************************ 

 

 

SBPase       GTGCAAGTATGCTTGCTCTGAAGAAGTACN-GAGCTTCAAGACATGGGAGGNCCAGTGGA 

Reverse      GTGCAAGTATGCTTGCTCTGAAGAAGTACN-GAGCTTCAAGACATGGGAGGNCCAGTGGA 

             ************************************************************ 

 

SBPase       AGGTGGGTTTAGTGTTGCGTTTGANCCATTGGATGGATCAAGCATTGTGGATACAAATTT 

Reverse      AGGTGGGTTTAGTGTTGCGTTTGANCCATTGGATGGATCAAGCATTGTGGATACAAATTT 

             ************************************************************ 

 

SBPase       CACTGTGGGAACCATATTCGGTGTTTGGCCTGGAGACAAGTTAACCGGAATCACTGGAGG 

Reverse      CACTGTGGGAACCATATTCGGTGTTTGGCCTGGAGACAAGTTAACCGGAATCACTGGAGG 

             ************************************************************ 
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SBPase       AGATCAAGTGGCTGCAGCCATGGGAATCTACGGTCCACGAACCACTTATGTTTTGGCTGT 

Reverse      AGATCAAGTGGCTGCAGCCATGGGAATCTACGGTCCACGAACCACTTATGTTTTGGCTGT 

             ************************************************************ 

 

SBPase       TAAGGGCTTTCCAGGAACTCATGAGTTCTTGCTTCTTGATGAAGGGAAATGGCAGCATGT 

Reverse      TAAGGGCTTTCCAGGAACTCATGAGTTCTTGCTTCTTGATGAAGGGAAATGGCAGCATGT 

             ************************************************************ 

 

SBPase       AAAGGAGACAACAGAGATCGCAGAAGGGAAAATGTTCTCACCAGGAAACTTAAGAGCCAC 

Reverse      AAAGGAGACAACAGAGATCGCAGAAGGGAAAATGTTCTCACCAGGAAACTTAAGAGCCAC 

             ************************************************************ 

 

SBPase       ATTCGACAACTCCGAATACAGCAAGCTGATTGATTACTACGTGAAAGAGAAATACACACT 

Reverse      ATTCGACAACTCCGAATACAGCAAGCTGATTGATTACTACGTGAAAGAGAAATACACACT 

             ************************************************************ 

 

SBPase       GCGATACACCGGAGGAATGGTTCCTGATGTTAACCAGATTATTGTGAAGGAGAAAGGAAT 

Reverse      GCGATACACCGGAGGAATGGTTCCTGATGTTAACCAGATTATTGTGAAGGAGAAAGGAAT 

             ************************************************************ 

 

SBPase       CTTCACAAATGTGACTTCTCCTACGGCTAAGGCAAAGTTGAGGCTGTTGTTTGAAGTGGC 

Reverse      CTTCACAAATGTGACTTCTCCTACGGCTAAGGCAAAGTTGAGGCTGTTGTTTGAAGTGGC 

             ************************************************************ 

 

SBPase       TCCTCTTGGCCTGCTCATAGAGAATGCTGGTGGATTCAGCAGTGATGGACACAAGTCCGT 

Reverse      TCCTCTTGGCCTGCTCATAGAGAATGCTGGTGGATTCAGCAGTGATGGACACAAGTCCGT 

             ************************************************************ 

 

SBPase       GCTTGACAAGACCATCATCAACCTCGACGATAGAACTCAAGTTGCTTATGGCTCAAAGAA 

Reverse      GCTTGACAAGACCATCATCAACCTCGACGATAGAACTCAAGTTGCTTATGGCTCAAAGAA 

             ************************************************************ 

 

SBPase       CGAGATCATCCGCTTCGAAGAAACCCTTTATGGAACATCAAGACTCAAGAATGTTCCCAT 

Reverse      CGAGATCATCCGCTTCGAAGAAACCCTTTATGGAACATCAAGACTCAAGAATGTTCCCAT 
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             ************************************************************ 

 

SBPase       TGGAGTTACCGCTTAGGCTTATATGAAGATGAAGATGAAATATTTGGTGTGTCAAATAAA 

Reverse      TGGAGTTACCGCTTAGGCTTATATGAAGATGAAGATGAAATATTTGGTGTGTCAAATAAA 

             ************************************************************ 

 

SBPase       AAGCTTGTGTGCTTAAGTTTGTGTTTTTTTCTTGGCTTGTTGTGTTATGAATTTGTGGCT 

Reverse      AAGCTTGTGTGCTTAAGTTTGTGTTTTTTTCTTGGCTTGTTGTGTTATGAATTTGTGGCT 

             ************************************************************ 

 

SBPase       TTTTCTAATATTAAATGAATGTAAGATCTCATTATAATGAATAAACAAATGTTTCTATAA 

Reverse      TTTTCTAATATTAAATGAATGTAAGATCTCATTATAATGAATAAACAAATGTTTCTATAA 

             ************************************************************ 

 

SBPase       TCCATTGTGAATGTTTTGTTGGATCTCTTCTGCAGCATATAACTACTGTATGTGCTATGG 

Reverse      TCCATTGTGAATGTTTTGTTGGATCTCTTCTGCAGCATATAACTACTGTATGTGCTATGG 

             ************************************************************ 

 

SBPase       TATGGACTATGGAATATGATTAAAGATAAGCGCTAAG--------- 

Reverse      TATGGACTATGGAATATGATTAAAGATAAGCGCTAAGCNGANTCTG 

             *************************************    
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pL1M-R2-pKST1-AtRieske-tHSP 

 

Rieske       -CTCTTTTCTCTTAGGTTTACCCGCCAATATATCCTGTCAAACACTGATAGTTTAAACCA 

Forward      GCTCTTTTCTCTTAGGTTTACCCGCCAATATATCCTGTCAAACACTGATAGTTTAAACCA 

              *********************************************************** 

 

Rieske       CTTCGTGCAGAAGACAAGTAAGGAGAAGCTTTTAAACATCGATAATTCATCACTTTTATT 

Forward      CTTCGTGCAGAAGACAAGTAAGGAGAAGCTTTTAAACATCGATAATTCATCACTTTTATT 

             ************************************************************ 

 

Rieske       TTTTGTACTCTTCTTCTTCTTCCTTCCTTTCTTTTTTTTTTTTTGTGTGAAATTTGATAT 

Forward      TTTTGTACTCTTCTTCTTCTTCCTTCCTTTCTTTTTTTTTTTTTGTGTGAAATTTGATAT 

             ************************************************************ 

 

Rieske       TTTTTGTCTTAAATGATTAATCTATTGTGTAGAAAATAGATTTTCTTGTTAGTGTATAAA 

Forward      TTTTTGTCTTAAATGATTAATCTATTGTGTAGAAAATAGATTTTCTTGTTAGTGTATAAA 

             ************************************************************ 

 

Rieske       TTTTATAAAATAAATTTAAAGACCTCTTAATATAATTTTCGCTTAGGCCACGAGATTTGT 

Forward      TTTTATAAAATAAATTTAAAGACCTCTTAATATAATTTTCGCTTAGGCCACGAGATTTGT 

             ************************************************************ 

 

Rieske       TGAGCCGCCCTGATTATCATAAATTATTTGAAGATTTTGGTCTGCAATTGTCAGCTAATC 

Forward      TGAGCCGCCCTGATTATCATAAATTATTTGAAGATTTTGGTCTGCAATTGTCAGCTAATC 

             ************************************************************ 

 

Rieske       TCCAACTAAATAATGTCCAACATAATTTGGACCCTACCAAATATTTAACGGGCAAAGATT 

Forward      TCCAACTAAATAATGTCCAACATAATTTGGACCCTACCAAATATTTAACGGGCAAAGATT 

             ************************************************************ 

 

Rieske       AATATAACACTATAGTATATAAAATGACATTCATGAGTGTGAAATTGTATATAGTGTTCA 

Forward      AATATAACACTATAGTATATAAAATGACATTCATGAGTGTGAAATTGTATATAGTGTTCA 

             ************************************************************ 
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Rieske       TGTGCATATTTTACTATTTTCTTGCAAATCATATGGTTCATATACAATAATAACAATGGA 

Forward      TGTGCATATTTTACTATTTTCTTGCAAATCATATGGTTCATATACAATAATAACAATGGA 

             ************************************************************ 

 

Rieske       AAAGACAGGTGTTTGGCCTGTAATGGGTCTATATTGTCCAGATCTTGGTGGACCCTACAC 

Forward      AAAGACAGGTGTTTGGCCTGTAATGGGTCTATATTGTCCAGATCTTGGTGGACCCTACAC 

             ************************************************************ 

 

Rieske       ACTATGACGTCTGTCAAATAATCTTGGAAAAATAACTTGTTGCACGACTCTTCGAGTCTA 

Forward      ACTATGACGTCTGTCAAATAATCTTGGAAAAATAACTTGTTGCACGACTCTTCGAGTCTA 

             ************************************************************ 

 

Rieske       ATTTTCAGTGATTTATTTAATAATGACTAAGTTTTATCGCTTTTATAATGACAAAAAGGA 

Forward      ATTTTCAGTGATTTATTTAATAATGACTAAGTTTTATCGCTTTTATAATGACAAAAAGGA 

             ************************************************************ 

 

Rieske       TTTCTTATTATTACTATCTCTGTTCTATATTAATTGAATCGATGAGCCAATTATATGAAA 

Forward      TTTCTTATTATTACTATCTCTGTTCTATATTAATTGAATCGATGAGCCAATTATATGAAA 

             ************************************************************ 

 

Rieske       TTTTATCAAATATTCATTTTAAATTTTGAACGATAAAAAAAGCCTCATGAGAATTTTATC 

Forward      TTTTATCAAATATTCATTTTAAATTTTGAACGATAAAAAAAGCCTCATGAGAATTTTATC 

             ************************************************************ 

 

Rieske       AAAGTAAAATATGAAAAAAATGATTATCAAGTAAAAATGAACAAAGAGAATAATATGAAG 

Forward      AAAGTAAAATATGAAAAAAATGATTATCAAGTAAAAATGAACAAAGAGAATAATATGAAG 

             ************************************************************ 

 

Rieske       GTTTTATCAAACATTCATCTTAAATTTTGAACGATAAAAAAAGCTTCGTAAAGAATATTT 

Forward      GTTTTATCAAACATTCATCTTAAATTTTGAACGATAAAAAAAGCTTCGTAAAGAATATTT 

             ************************************************************ 

 

Rieske       TATCATAGTAAANN-TGATTATCAAGTAAAAGTAACACAACTTCT-GTGATTCACTT-CA 
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Forward      TATCATAGTAAANN-TGATTATCAAGTAAAAGTNANCNANNGGAGTANTATNAAGANTTA 

             ********************************* *   *          **  *     * 

 

  

 

 

Rieske       TTCTAGATCAATGGCGTCCTCATCCCTTTCCCN-GCTACTCAGCTTGGTTCTAGCAGAAG 

Reverse      TTCTAGATCAATGGCGTCCTCATCCCTTTCCCN-GCTACTCAGCTTGGTTCTAGCAGAAG 

             ************************************************************ 

 

Rieske       TGCTTTGATGGCGATGTCAAGTGGGTTGTTTGTGAAGCCAACGAAGATGAATCATCAAAT 

Reverse      TGCTTTGATGGCGATGTCAAGTGGGTTGTTTGTGAAGCCAACGAAGATGAATCATCAAAT 

             ************************************************************ 

 

Rieske       GGTTAGAAAAGAGAAGATTGGATTGAGAATTTCTTGTCAAGCGTCGAGTATTCCAGCAGA 

Reverse      GGTTAGAAAAGAGAAGATTGGATTGAGAATTTCTTGTCAAGCGTCGAGTATTCCAGCAGA 

             ************************************************************ 

 

Rieske       CAGAGTTCCAGATATGGAAAAGAGAAAAACTTTGAATCTTCTTCTTCTTGGGGCTCTTTC 

Reverse      CAGAGTTCCAGATATGGAAAAGAGAAAAACTTTGAATCTTCTTCTTCTTGGGGCTCTTTC 

             ************************************************************ 

 

Rieske       TCTACCTACTGGCTACATGCTTGTCCCTTACGCTACCTTCTTTGTTCCTCCTGGAACCGG 

Reverse      TCTACCTACTGGCTACATGCTTGTCCCTTACGCTACCTTCTTTGTTCCTCCTGGAACCGG 

             ************************************************************ 

 

Rieske       AGGTGGAGGTGGTGGTACTCCAGCCAAGGATGCCCTTGGAAACGATGTAGTTGCAGCGGA 

Reverse      AGGTGGAGGTGGTGGTACTCCAGCCAAGGATGCCCTTGGAAACGATGTAGTTGCAGCGGA 

             ************************************************************ 

 

Rieske       ATGGCTTAAGACTCATGGTCCCGGTGACCGAACCTTGACCCAAGGATTAAAGGGAGATCC 

Reverse      ATGGCTTAAGACTCATGGTCCCGGTGACCGAACCTTGACCCAAGGATTAAAGGGAGATCC 

             ************************************************************ 
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Rieske       GACTTACCTAGTTGTAGAGAACGACAAGACTCTAGCGACATACGGTATCAACGCAGTGTG 

Reverse      GACTTACCTAGTTGTAGAGAACGACAAGACTCTAGCGACATACGGTATCAACGCAGTGTG 

             ************************************************************ 

 

Rieske       CACTCATCTTGGATGTGTTGTGCCATGGAACAAAGCTGAGAACAAGTTTCTATGTCCTTG 

Reverse      CACTCATCTTGGATGTGTTGTGCCATGGAACAAAGCTGAGAACAAGTTTCTATGTCCTTG 

             ************************************************************ 

 

Rieske       CCATGGATCCCAATACAACGCCCAAGGAAGAGTCGTTAGAGGTCCAGCCCCATTGTCGCT 

Reverse      CCATGGATCCCAATACAACGCCCAAGGAAGAGTCGTTAGAGGTCCAGCCCCATTGTCGCT 

             ************************************************************ 

 

Rieske       AGCGTTGGCTCACGCGGATATAGATGAAGCTGGGAAGGTTCTTTTTGTTCCATGGGTGGA 

Reverse      AGCGTTGGCTCACGCGGATATAGATGAAGCTGGGAAGGTTCTTTTTGTTCCATGGGTGGA 

             ************************************************************ 

 

Rieske       AACTGACTTCAGGACTGGTGATGCTCCATGGTGGTCTTAAGCTTATATGAAGATGAAGAT 

Reverse      AACTGACTTCAGGACTGGTGATGCTCCATGGTGGTCTTAAGCTTATATGAAGATGAAGAT 

             ************************************************************ 

 

Rieske       GAAATATTTGGTGTGTCAAATAAAAAGCTTGTGTGCTTAAGTTTGTGTTTTTTTCTTGGC 

Reverse      GAAATATTTGGTGTGTCAAATAAAAAGCTTGTGTGCTTAAGTTTGTGTTTTTTTCTTGGC 

             ************************************************************ 

 

Rieske       TTGTTGTGTTATGAATTTGTGGCTTTTTCTAATATTAAATGAATGTAAGATCTCATTATA 

Reverse      TTGTTGTGTTATGAATTTGTGGCTTTTTCTAATATTAAATGAATGTAAGATCTCATTATA 

             ************************************************************ 

 

Rieske       ATGAATAAACAAATGTTTCTATAATCCATTGTGAATGTTTTGTTGGATCTCTTCTGCAGC 

Reverse      ATGAATAAACAAATGTTTCTATAATCCATTGTGAATGTTTTGTTGGATCTCTTCTGCAGC 

             ************************************************************ 

 

Rieske       ATATAACTACTGTATGTGCTATGGTATGGACTATGGAATATGATTAAAGATAAGCGCTGA 

Reverse      ATATAACTACTGTATGTGCTATGGTATGGACTATGGAATATGATTAAAGATAAGCGCTGA 
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             ************************************************************ 

 

Rieske       GCTCGA--- 

Reverse      GCTCGANNC 

             ******    
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Constructs for plant expression showing structures present between left and right borders 

sequences. (a) Vector for the expression of TL0042 (pL2B-BAR-(pKST1)ASNtSBPase) 

(b) Vector for expression of TL0044 pL2B-BAR-(pKST1)AtRieske.  constructs made 

using the  pAGM4723 plant transformation backbone which confers resistance to 

BASTA herbicide in plants and Kn resistance in bacteria. Construct designed by geneious 

www.geneious.com. 

 

http://www.geneious.com/
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Constructs for plant expression showing structures present between left and right borders 

sequences. (c) Vector for the expression of TL0045 (pL2B-BAR-(pKST1)ASNtRieske) 

(d) Vector for expression of TL0046 (pL2B-BAR-(pKST1)YFP.  Constructs made using 

the pAGM4723 plant transformation backbone which confers resistance to BASTA 

herbicide in plants and Kn resistance in bacteria. Construct designed by geneious 

www.geneious.com. 

  

http://www.geneious.com/
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Constructs for plant expression showing structures present between left and right borders 

sequences. (e) Vector for the expression of TL0047 TL0047 (pL2B-BAR-

(pKST1)ASNtSBPase-(pKST)YFP) (f) Vector for expression of TL0048 (pL2B-BAR-

(pKST)AtSBPase-(pKST)YFP). Constructs made using the pAGM4723 plant 

transformation backbone which confers resistance to BASTA herbicide in plants and Kn 

resistance in bacteria. Construct designed by geneious www.geneious.com. 

 

http://www.geneious.com/
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Constructs for plant expression showing structures present between left and right borders 

sequences. (e) Vector for the expression of TL0047 TL0049 (pL2B-BAR-

(pKST)AtRieske-(pKST1)YFP) (f) Vector for expression of TL0050 (pL2B-BAR-

(pKST)ASNtRieske-(pKST)YFP). Constructs made using the pAGM4723 plant 

transformation backbone which confers resistance to BASTA herbicide in plants and Kn 

resistance in bacteria. Construct designed by geneious www.geneious.com. 

  

http://www.geneious.com/
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