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Abstract 
Solute concentration and osmotic pressure patterns were studied in epidermal cells of 

Tradescantia virginiana at open and closed stomata conditions, using single cell sampling 

and analysis techniques. The studies were carried out in intact plants that were responding 

to light conditions under normal physiological situation. Only charged solutes were found to 

participate in stomatal movement and each cell type of the epidermis showed distinct 

patterns of solute changes both quantitatively and qualitatively. Individual solutes showed 

characteristic patterns. Two major patterns were observed when the stomata opened. K+, Cl-

, tartrate and succinate moved into the guard cells. Malate, NO3
- and PO4

3- migrated to 

lateral subsidiary cells. A third group of solutes, citrate and SO4
2-, were redistributed in all 

cells, suggesting a charge-balancing function for these solutes during stomatal opening. 

These movements reversed on stomatal closure. Patterns of solute changes were similar on 

both (right and left) sides of the midrib. Each cell type of the epidermis also showed 

predictable patterns of osmotic pressure changes when stomata opened. Guard cell osmotic 

pressure increased (1.75 ± 0.06 to 2.26 ± 0.12 MPa) during stomatal opening. Osmotic 

pressure remained unchanged in lateral subsidiary cells but, in contrast, decreased in apical 

subsidiary and juxta apical cells. A physiologically-distinct subset of the pavement cells, juxta 

apical cells, is being proposed. 

These qualitative and quantitative differences found in the distribution of solutes between 

cell types, suggest that each cell type of the epidermis contributes a definite part in the 

orchestration of stomatal responses. Working together, these cell types are linked by solute 

concentration gradients that drive the stomatal movements.  
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Chapter 1 Introduction 

 Summary 

Although stomatal movements have, for long, been known to result from net turgor 

changes originating from solute concentration-driven osmotic changes in the cells of 

the epidermis, information on those concentration and osmotic changes occurring in 

these individual cells is limited. The gradients, patterns and uniformity or otherwise of 

these solute changes in the individual cells, as they work together to effect stomatal 

movement, are not known. 

The major reason for this paucity of knowledge has been the lack of a suitable 

technique for the study of solute relations at single cell resolution in plants. The 

multiplicity of external and internal factors capable of playing simultaneously on 

stomatal responses has not helped the situation.   

This study investigated the gradients and changes in the patterns of such gradients 

in individual cells of the epidermis during stomatal movements with a view to 

exposing the chemical basis of such movements. The study used and extended the 

use of established methods of single cell sampling and analysis techniques to 

determining the chemical characteristics of the guard cell and other trough cells of 

the epidermis under physiological conditions in intact leaves. 

 Introduction 

This thesis describes studies on solute concentration changes that occur in 

Tradescantia virginiana leaf epidermal trough cells during changes in stomatal 

aperture (stomatal movements). Stomatal movements are major determinants of 

water use efficiency in terrestrial higher plants (Zeiger and Hepler, 1977; Farquhar 

and Sharkey, 1982; Meidner, 1987; Willmer and Fricker, 1996; Antunes et al., 2012). 

Stomatal functioning impacts directly on the CO2- and water-relations of plants, as 

the stomata form the interface between the atmosphere and the internal environment 

of land plants. 
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systems under drought conditions and will help in combating the effects of future 

climatic changes. These stomatal movements involve turgor changes occasioned by 

solute fluxes and consequent osmotic shifts across cell and vacuolar membranes. 

Analysis of the solute concentrations and gradients responsible for establishing and 

maintaining turgor at single cell resolution has demonstrated considerable cell-to-cell 

variation in the solute content of leaf epidermis (Willmer, et al., 1974; Malone et al., 

1991; Leigh and Storey, 1993; Fricke et al., 1994a, 1994b; Karley et al., 2000).  

Though stomatal aperture depends directly on the size of the surrounding 

guard cell pair, and guard cell size is in turn affected and determined by the turgor 

pressure in the surrounding epidermal cells (Franks et al., 1998), the extent and the 

mechanics of the involvement of these epidermal cells remains to be elucidated. In 

addition, mounting evidence, appreciated since the early works of Heath (1975), 

suggests that a complete understanding of leaf-level stomatal conductance cannot 

be achieved without considering the stomata on a leaf (or plant) as an integrated 

whole. 

Single cell sampling and analysis (SiCSA) techniques (Tomos et al., 1994; 

Tomos, 2016) allow the analysis of individual cell behaviour in a fully-functional 

physiological context. Using these techniques, cells of the stomatal complex as well 

as other epidermal cells have been analysed for their osmotically-active contents. 

The findings from this analysis would have implications for management of efficient 

and water-saving cropping systems under drought conditions. Previous (SiCSA) 

works have provided a glimpse of dynamic spatial and temporal patterns in the 

contents of these of cells (Sawhney and Zelitch, 1969; Shackel, 1987). This work is 

set to explore the source of this intercellular solute variation in the epidermis in order 

to understand how the plant exploits these variations in the guard cell control of 

stomata. 

 Plant species used 

 Tradescantia virginiana L. 

Tradescantia virginiana (Family, Commelinaceae) is one of up to 70 species of 

Tradescantia, an herbaceous plant that is native to the Americas. They are 
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spiderworts but were named Tradescantia by Linnaeus after a 17th century English 

botanist, John Tradescant, who brought them from Virginia, USA, while he was the 

gardener to Charles I of England (Armitage, 2008). 

Students of plant cell physiology, especially relating to cell turgor (e.g. Hüsken 

et al., (1978),  Zimmermann et al., (1980), Tomos et al., (1981), Tomos and 

Zimmermann (1983)),  osmotic pressure (e.g. Malone et al., (1989) and Meidner and 

Bannister (1979)) or leaf developmental pattern in monocots (e.g. Croxdale et al., 

(1992), Croxdale (1998)) found Tradescantia virginiana suitable for reasons of its 

relatively large stomatal complex cells and simple leaf cell arrangements (guard cell 

length and width of 70 and 21 µm respectively) (Willmer and Fricker, 1996). This 

contrasts with cereals, such as barley or wheat, which possess stomatal guard cell 

that are relatively small in size (guard cell length and width of 38 and 11 µm 

respectively) (Willmer and Fricker, 1996). Tradescantia also contrasts with its family 

member Commelina communis which, in addition to relatively small-sized stomatal 

complexes, has a more intricate arrangement of this complex (compare Edwards 

and Bowling (1984) and Penny and Bowling (1974)). Techniques developed from 

using Tradescantia have been successfully applied in studies on other plants, e.g. 

wheat (Malone et al., 1991), barley (Fricke et al. 1996; Fricke et al. 1994b); see also 

review by Zimmermann (1989). Tradescantia virginiana was chosen for this research 

because of its relatively large leaf cells and predictable arrangement of these cells 

on the leaf epidermis. 

 Leaf development 

In order to understand the basis of the cell functional heterogeneity that is the basis 

of this thesis, some attention needs to be given to the current state of knowledge of 

the basis of leaf cell patterning in general. Leaves, simple or compound, in both 

eudicots and monocots develop from a leaf primordium in a phytomer of the shoot 

apical meristem (SAM) (Galinat, 1959; Dengler, 1984; Poethig and Szymkowiak, 

1995). The phytomer is formed from a fast dividing lateral zone (of the SAM) which 

surrounds a more slowly dividing central zone that permanently retains a stem-cell 

status (Veit, 2004; Braybrook and Kuhlemeier, 2010). The SAM produces repeated 
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segments of the shoot system. Each segment (the phytomer), in eudicots or 

monocots, consists of an axillary bud between an outer leaf primordium and an inner 

internode (Satina and Blakeslee, 1941; Steeves and Sussex, 1989). The leaf 

primordia in Arabidopsis thaliana, maize and tobacco are made up of 30, 350 and 

160 cells respectively arranged in three (outer, mid and inner) layers (Satina et al., 

1940; Poethig, 1984). The first layer forms the epidermis while the second and third 

layers respectively produce the palisade and spongy mesophyll. At the point of 

formation of these cells, auxin transporters orient auxin accumulation in the cells to 

create an accumulation pattern (Paciorek and Friml, 2006). This determines the 

positioning of leaves in monocots, or leaves and axillary buds in eudicots. 

Asymmetric periclinal and anticlinal cell divisions throughout the leaf primordium 

result in the differentiation of the primordium into tissues and cell types (Sylvester et 

al., 1996). Leaf expansion follows these divisions and is thought to be dependent on 

the orientation of the cellulose microfibrils and is driven by cell turgor pressure 

(Green and Stanton, 1967); and reviewed in Taiz (1984). The pattern and timing of 

these divisions vary between monocots and eudicots (Steeves and Sussex, 1989). 

In monocots (to which Tradescantia belongs), commonly, the maturation 

hypothesis (Freeling, 1992) explains the timing and pattern of cellular 

differentiations.  It proposes that leaf regions acquire new competencies as 

maturation proceeds. This acquisition of new competencies proceed in a proximal to 

distal direction. For example, the leaf primordium is only competent to produce the 

leaf base which, as it matures, acquires the competence to produce the leaf blade. 

Acquisition of cellular identity is variously determined by cell lineage, cell orientation 

and relative cell position in the developing leaf (Sylvester et al., 1996; Larkin et al., 

1997; Glover, 2000). 

The cell lineage system consists of an ordered system of asymmetric cell 

divisions into categories that correspond to different cell fates. Thus at the end of 

these divisions, the final fate of each primitive cell type is predictable. In contrast, for 

cell orientation effects, inhibitory signals and other interactions, such as may be 

necessary for fulfilling some photosynthetic requirements (for example sub-stomatal 

air space) from neighbouring cells, may prevent a primitive cell from adopting the 

same developmental fate as all or some of its neighbours. In addition, determination 

by cell positioning may occur when asymmetric divisions dispose daughter cells to 

divide out of harmony. Various repetitions of this pattern of division may bring cells 
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differentiation of cells of the stomatal complex (Glover et al., 1998). Leaf shape in A. 

thaliana is controlled by a combined expression of as2, bop1 and bop2 genes in the 

lamina. They act synergistically to inhibit the expression of the knox1 gene in the leaf 

primordia (Ha et al., 2003). 

Two major characteristics of cell differentiation in the epidermis involve the 

asymmetric distribution of cell wall materials between the inner (in contact with the 

mesophyll) and the outer ( in contact with the cuticle) walls as well as  the 

inside/outside polarity. This is important because the outer, thicker, walls secrete 

waxy cuticle. Studies in maize suggest that all mature cells located between two 

veins originate, following a series of anticlinal divisions, from a single progenitor once 

this primordial cell has grown to a four-cell stage (Cerioli et al., 1994). It has been 

shown in maize that the final shape of the dividing epidermal cells is entirely 

determined by cues from the underlying (second) layer of the leaf primordium. Hake 

and Freeling (1986) as well as Harberd and Freeling (1989) showed that a kn-O 

mutation in the mesophyll leads to abnormal epidermal cells and that wild-type 

mesophylls in dwarf8 mutant maize produced normal epidermal cells (Hake and 

Freeling, 1986; Harberd and Freeling, 1989; Sinha and Hake, 1990). 

 Differentiation of cells of the stomatal complex and 
formation of stomata 

In both eudicots and monocots, stomata originate from protodermal cells in layer 1 of 

the leaf primordium (Liu et al., 2009). The differentiation of all the other cell types of 

the epidermis is predicated on that of the cells of the stomatal guard cell (see fig. 

1.1) (Larkin et al., 1997; Tsukaya, 2013; Bar and Ori, 2014). 

Four genes, FAMA, MUTE, TMM and SPCH (Ohashi-Ito and Bergmann, 

2006; MacAlister et al., 2007; Pillitteri et al., 2007) (with conserved sequences in 

eudicots and monocots) have been found to be responsible for the differentiation of 

stomata. Though with slight variation in the functions of some of the genes (Liu et al., 

2009; Qu et al., 2017). These genes are closely related to the basic HELIX-LOOP-

HELIX (bHLH) transcription factor (Pillitteri and Bogenschutz, 2008). 

SPEECHLESS1 (SPCH 1) is expressed in primitive epidermal cells and controls the 

first division that leads to stomatal lineage commitment (Pillitteri and Dong, 2013). 

Glutamate mutase component E (mute) gene is expressed in the (committed) 
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meristemoid, leading to the formation of the guard mother cell and also functions to 

terminate the stem cell identity of the meristemoid. Fama, on the other hand, is 

expressed in the guard mother cells and regulates its symmetric division into two 

guard cells (Ohashi-Ito and Bergmann, 2006). In Arabidopsis thaliana, two genes 

have been proposed. The first is STOMATAL DENSITY AND DISTRIBUTION 1 

(SDD1) gene (Berger and Altmann, 2000), a protease that mediates signals which 

control cell development of cell lineages that lead to formation of guard cells. The 

second is the TOO MANY MOUTHS (TMM) gene (Berger and Altmann, 2000; 

Geisler et al., 2000), which is part of a receptor complex that senses positional cues 

for position-dependent patterning during epidermal cell development. 

In monocots, stomatal development follows a basipetal order. The initial stages 

occur at the base while the maturing (later) stages take place towards the tip of the 

developing leaf. The protodermal cell induced by spch1 undergoes asymmetric 

division to produce a smaller meristemoid and a larger sister cell. These sister cells 

 
Figure 1.1 The formation of  cells of the stomatal complex  
The GMC and the SMC give rise to all epidermal cells depending on their orientations. 
The apically-placed subsidiary mother cell (SMC) gives the apical subsidiaries initials (Ai) 
which mature into apical subsidiaries (A) while the remainder (Ji) matures into the juxta 
apical cell (J). The laterally-placed SMC gives the outer pavement cells (P) and an inner 
lateral subsidiary initials (Li) which mature into the lateral subsidiary cells (L). The guard 
cells (G) form from the guard mother cell (GMC) (Stebbins and Jain, 1960). 
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form the pavement cells. The meristemoid retains stem cell activity and undergoes a 

few more divisions before differentiating into a guard mother cell (GMC) (figure 1.1). 

The number of divisions depends on the number of GMCs adjacent to the 

meristemoid (Stebbins and Jain, 1960). Its first division produces the cell lines for the 

GMC. Its second division gives the cell lines for the subsidiary mother cells (SMC). 

The number and spatial arrangement of these subsidiary cells, however, vary 

between species (Willmer and Fricker, 1996). The GMC lacks the stem cell activity of 

the meristemoid and undergoes one symmetric division to give the two guard cells. 

The guard cells then undergo morphological changes resulting in elongation and 

formation of a pore between the two of them (Sack, 1994). 

Studies in the monocots Chlorophytum comosum, Galanthus nivalis, 

Schizostylis coccinea and Scilla lancifolia show that stomatal and, indeed, cellular 

development in monocots occur progressively in zones (Charlton, 1990). In these 

zones inductive interactions play a significant role in the arrangement of cells in files 

as the cells are being displaced from leaf base towards the tip (Stebbins and Jain, 

1960). These zones include the proliferative zone, found close to the leaf base and 

in which cells may undergo proliferative mitosis before moving into the next zone of 

formative mitosis. In this second zone new cell types, namely the GMCs and SMCs, 

are formed. This is followed by the guard cell zone in which the GMC differentiates 

into the guard cells and the SMC into the subsidiary cells. Beyond this zone, no 

mitotic activity occurs and only cell expansion continues. Cells unable to start or 

complete the proliferative or formative mitosis when pushed into the respective 

zones do not form part of the guard cell line.  Thus, the fate of any primitive cell at 

the leaf base is dependent on its stage in mitosis at entry into the proliferative and 

then the formative mitosis zones (Charlton, 1990).  Hence, cell lineage alone does 

not determine cell fate in monocots (Hernandez et al., 1999). Lineages account for at 

least part of the distance between neighbouring stomata. Effects of interactions are 

also indicated by developmental observations, which show that interactions modify 

stomatal development rather than inhibit stomatal initiation. In T. virginiana, the fate 

of a guard cell mother cell (GMC) with respect to stomata formation is determined by 

an inhibitory mechanism determined by five nearest stomata to the GMC. Where 

guard cell formation is successfully inhibited, the GMC becomes a pavement cell. 

These pavement cells appear irregularly hexagonal on surface view (Campbell, 

1881) but are approximated to be circular for ease of analysis (Boetsch et al., 1995) 
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Each plant species possess one of two types of stomata, dumbbell or kidney 

shaped, with reference to the shape of the surrounding guard cells (Willmer and 

Fricker, 1996). Mostly one or more (for example in Commelinacae) specialized cells, 

may surround the guard cells on every side. These are known as the subsidiary 

cells. In both eudicots and monocots, contiguous stomata do not exist (Tanaka et al., 

2013). 

Grasses possess dumbbell-shaped guard cells assisted by subsidiary cells 

and stomata are present on both (abaxial and adaxial) sides of the leaf (Willmer and 

Fricker, 1996). In eudicots and some monocots, guard cells are kidney shaped and 

subsidiary cells are often absent (Campbell, 1881; Taiz et al., 2015). T. virginiana 

combines the kidney shaped guard cells with features of grasses in possessing 

subsidiary cells. In most tree species stomata appear only on the abaxial (usually, 

lower) side (Willmer and Fricker, 1996). Non-tree species (except aquatic plants) 

have stomata on both sides of their leaves. In all species that have stomata on both 

sides of the leaf, more (stomata) are found in the abaxial than in the adaxial surface. 

Plant stomata may open or close in response to abiotic and biotic stimuli such 

as light, CO2 concentration changes, fungal and bacteria toxins among others (see 

section 1.11). In crassulacean acid metabolism (CAM) plants, stomata open at night 

but remain closed during the day (Lüttge, 2002). A rapid stomatal closure 

mechanism is required in response to environmental stresses such as pathogens 

and pathogen-associated molecular patterns (PAMPs) attacks. These include 

bacteria, fungi and their products, such as the flagellin peptide, lipopolysaccharides 

and yeast elicitor (YEL) (Melotto et al., 2006). Rising CO2 levels has engendered a 

fall in stomatal density in some plants (Woodward, 1987), but an increase in others 

(Beerling et al., 1992). Stomatal density is unchanged by variation in CO2 

concentration in some plants such as conifer needles, corn and soybean (Thomas 

and Harvey, 1983; Apple et al., 2000). Despite the effect of the environment on 

stomatal frequency of some plants (Woodward, 1987) stomatal morphology has 

remained the same in all plants over the millennia (Edwards et al., 1998).  The 

anatomical position of stomata aids plants in managing the scarce (water) resources. 

The inner surface of adaxial epidermis (Fig. 1.2) for example, shows that the 

architectural design of the stomatal complex allows all cells of the complex to hang 

freely over the substomatal chamber such that mesophyll cells are in contact with 

only pavement (and juxta apical) cells. 
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Thus, no functional plasmodesmatal connection can exist between these 

(stomatal complex) cells and the mesophyll cells and none has been found between 

these stomatal complex cells and the pavement cells (Erwee et al., 1985; Palevitz 

and Hepler, 1985. 

 
 

Figure 1.2 Inner surface of abaxial epidermis of typical monocot leaf (e.g. Tradescantia) at 
the sub-stomatal space. 
Spongy mesophyll cells abut pavement cells but not stomatal complex cells (apical cell 
(A/SS), lateral subsidiary cells (lat. SS) as well as the adjoining guard cells (G/S). Spongy 
mesophyll cells at the front are to show the sub-stomatal space. 
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 The stomatal complex of Commelinaceae 

The stomatal complex is made up of the guard cell pair surrounded by a group of 

specialized cells known as the subsidiary cells (see chapter 3). In Commelina 

communis, which has two pairs of subsidiary cells on the sides and one pair at the 

apices, the outermost pair in the complex is the outer lateral subsidiary cells, which 

surround most of the circumference of the other cells in the complex (Penny et al., 

1976; Penny and Bowling, 1974). The terminal or apical subsidiary cells surround the 

two longitudinal extremes of the remaining cells of the complex. An inner subsidiary 

cell that covers the entire lateral aspect of guard cells is found between the other 

outer subsidiary and the guard cell. The frequency of occurrence of the complex per 

unit area on a leaf is known as the stomatal frequency or density, and is an 

adaptable characteristic of species (Willmer and Fricker, 1996).  

In T. virginiana, the outer subsidiary is absent and only a single lateral and 

apical subsidiary cells are found (see plates 3.1 and 4.1). The guard cell complexes 

are surrounded by pavement cells which appear different (in surface shape) from the 

subsidiary cells. In addition, at least 70% of the apical subsidiary cells of adjacent 

stomatal complexes are separated by an, hitherto, unidentified cell type 

morphologically indistinguishable from other pavement cells (Croxdale et al., 1992). 

The physiological solute concentrations and patterns of changes of this cell type 

(understood from our present study) seems to set them functionally apart.  

 Mechanism for stomatal opening and theories of stomatal 
movement 

Outstanding studies into the structure and function of the stomata have led to theories 

that inform the present knowledge on plant water relations and photosynthetic gains. 

During early stomatal research, von Mohl (1856) showed that stomatal opening and 

closing were as a result of increases and decreases, respectively, in guard cell 

intracellular osmotic pressure. Stålfelt (1929) subsequently demonstrated that stomata 

open in phases ((Stålfelt, 1929) quoted in Edwards et al. (1976)).  
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Two phases were identified, namely the sphannungsphase and the 

motorphase. During the sphannungsphase, guard cell intracellular osmotic pressure 

builds up, the cells change in shape and become more concave at the ventral wall. 

The walls also stretch and become more elastic, such that with any further increase in 

pressure (in the motorphase) the guard cells expand to open the stomata (Meidner 

and Edwards, 1975). The stomatal aperture continues to increase in the motorphase 

until maximum aperture. Concurrently, the pressure in the subsidiary cells reciprocally 

(albeit, not to the same degree) decrease (Meidner and Edwards, 1975; Laisk et al., 

1980). 

Two major theories for the mechanism of stomatal movement (opening and 

closing) were considered: namely the photosynthesis and the active transport theories.  

 Photosynthesis theory 

Sayre (1926) proposed the photosynthesis theory which postulated that the presence 

of light led to CO2 reduction due to photosynthesis. This reduction would lead to a rise 

in pH which favours the breakdown of starch to sucrose. The sucrose increases the 

cell osmotic pressure. The resultant decrease in water potential creates a negative 

water potential gradient between the cell and its surroundings, with consequent 

movement of water into the cell (osmosis). This was based on the observation that all 

major stomatal movements were accompanied by pH changes and a reversible 

transformation of the carbohydrate in the guard cell. This theory was contributed to 

and modified by many researchers and it was generally accepted that CO2 

accumulation in the dark caused stomatal closure by the reverse mechanism. The 

theory was based on the finding of the enzyme pyrophosphatase in plants (potato), 

which could reversibly convert starch to glucose-1-phosphate (Hanes, 1940).  

Researchers, in the likes of O. V Heath, W.T Williams, G. W. Scarth and N. N. 

Kisselew found faults in the theory due to its inadequacies in explaining the rapidity of 

stomatal action. For example, Scarth (1932) showed that the carbohydrate changes 

and the stomatal aperture changes were not exactly correlated. Williams (1954) 

proposed that both the opening and closing movements involved movement of water 

by contractile vacuoles, as is common in unicellular algae and protozoa. He posed 

that the carbohydrate changes were only secondary effects, not linked to the primary 
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process. His theory claimed that the closing, not the opening, movement was the 

active, energy-requiring and important movement. It supposed that the opening was 

only a return to the resting state.  

Other theories were also proposed. One such theory was the permeability 

theory, based on the fact that stomata in the vicinity of a wound on the epidermis, 

close, unaccompanied by changes in starch content of the guard cells, ((Kisselew, 

1925) quoted in Williams (1954)). It supposed that solute escape from the cells was 

due to increased permeability, and accounted for the stomatal movements. Attempts 

by contemporaries to reproduce the results yielded inconclusive and often conflicting 

results. Following this, the amphoteric colloid hypothesis was then proposed by Scarth 

in 1929 ((Scarth, 1930) quoted in Scarth (1932)). It stated that guard cell pH increased 

in the presence of light and led to imbibition change in amphoteric colloidal materials 

in the cell sap and increase in guard cell size. The reverse was held to be occurring in 

the absence of light to lead to stomatal closure. This was also not supported by results 

from other laboratories at the time (Alvim, 1949). In addition, stomata of some plants 

such as Allium spp. that do not form starch (Shaw, 1954), were also shown to function 

efficiently and stomatal movements were noticed in plants before any starch to sugar 

conversions could occur ((Yamashita, 1952 quoted in Fujino (1967)).  

In 1959, Fujino confirmed an observation by Imamura (1943) that a good 

correlation exists between K+ content of guard cells and stomatal movements (Fujino, 

1959 quoted in Fujino (1967)). This observation was corroborated by Fischer (1968) 

as well as Fischer and Hsiao (1968) and lead to rejection of the photosynthesis theory 

and emergence of an active transport theory (Fischer and Hsiao, 1968). 

 Active transport theory 

A major reinforcement to this hypothesis was the observation that known inhibitors of 

active K+ transport such as azide and dinitrophenol prevented guard cell movements 

(Fujino, 1967). However, both in single (detached) (MacRrobbie and Lettau, 1980a) 

and intact (MacRrobbie and Lettau, 1980b) guard cell preparations, changes in K+ 

alone was inadequate to account for the changes in stomatal aperture; thus, 

suggesting the involvement of other factors. The work of Raschke and Humble (1973) 
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ABA raises cytosolic pH and thus inactivates inward-rectifying K+ channels while 

activating outward-rectifying K+ and (anion) membrane channels (Karley et al., 

2000).  

The vacuolar K+ pool is much larger than the cytosolic pool and generates the 

cell turgor (Linder and Raschke, 1992). The vacuole is thus the major control site of 

guard cell size. Bowling and Edwards (1984) showed that while vacuolar pH 

significantly changed with changes in stomatal aperture, cytoplasmic pH remained 

constant (Bowling and Edwards, 1984). Changes in cytosolic Ca2+ level appears to 

be the common step in control of stomatal movement (Kim et al., 2010). 

 Guard cell response to light 

Guard cells perceive light through a dual mechanism involving the guard cell 

chloroplast and a blue light photosystem. They respond to light intensity (Mansfield 

and Meidner, 1966), and quality (Hsiao et al., 1973; Sharkey and Raschke, 1981). 

The light intensity stimulating this response may be different on the abaxial and 

adaxial sides (Sharkey and Ogawa, 1987) due to differences in pigment content (Lu 

et al., 1993). The action spectrum for stomatal movements is similar to that for 

photosynthesis, though stomata may respond to intensities below the photosynthetic 

compensation point. This is due to increased sensitivity of guard cells to blue over 

red light (Kuiper, 1964; Mansfield and Meidner, 1966).  

Excitement of the blue light photosystem leads to H+ extrusion by activating 

the H+-ATPase pump. This creates the enabling electrochemical gradient for passive 

K+ influx (Assmann et al., 1985; Shimazaki et al., 1986). The C-terminal of the H+-

ATPase contains a serine and threonine-rich domain as well as an auto-inhibitory 

domain that inhibits the serine and threonine domain. Phosphorylation of the serine 

and threonine domain activates the H+-ATPase (Kinoshita and Shimazaki, 1999). An 

ubiquitous enzyme modulating protein, 14-3-3 protein, is a competitive inhibitor of 

the auto-inhibitory domain (Taiz et al., 2015). For example, the wilting action of the 

fungal toxin, fusicoccin, begins with increase in the affinity of 14-3-3 protein for the 

binding site on the auto-inhibitory domain (Gepstein et al., 1982). The bound 14-3-3 

protein prevents the inhibition of the phosphorylation of the serine and threonine-rich 

domain and so keeps the H+-ATPase irreversibly active (Johansson et al., 1993).  
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Blue light (with an action spectrum maximum between 430 and 460 nm) is 

about ten times more effective in activating H+-ATPase pump than red light (with an 

action spectrum maximum between 630 and 680 nm) (Sharkey and Raschke, 1981). 

The blue light receptor in the guard cell is zeaxanthin, and the action of blue light on 

the stomata is directly proportional to the zeaxanthin content of the guard cells within 

the 24 hours cycle (Frechilla et al., 1999; Zeiger et al., 2002).  

Zeaxanthin is also present in mesophyll chloroplasts but at concentrations 

that are three to four time less than guard cell levels (Zeiger et al., 2002). Guard cells 

respond quickly to blue light which has its maximum action spectrum at 450 nm. 

Zeaxanthin has an absorption spectrum that is similar to the action spectrum of blue 

light stimulated stomatal opening. 

The blue light effect is reversed by green light. This was shown to occur 

because zeaxanthin exist in two interconvertible isomers, separately absorbing in 

blue and green light. The green light-absorbing isomer exists more commonly 

(Frechilla et al., 2000). Green light isomerizes zeaxanthin from the all-trans to a 13-

cis-isomer. This isomerization changes the orientation of the zeaxanthin on the 

thylakoid membrane from the active vertical to an inactive horizontal position 

(Milanowska and Gruszecki, 2005). This green light action was exploited during the 

current work for sampling cells under closed stomata conditions such that visibility 

could be maintained while stomata remain closed. 

Roelfsema et al. (2001) observed that blue, but not red, light caused both an 

increase in pump current in plasma membrane proton pump and a decrease in the 

inward rectifying K+ channel conductance in Vicia faba. They, however, also 

observed that while blue light cause hyperpolarization temporarily, white light 

induced a steady hyperpolarization (Roelfsema et al., 2001). The reason for this 

difference is not known. This blue light effect on stomata may also occur in the 

absence of chlorophyll. This was shown by Assmann (1988) who demontrated that 

low CO2 and low humidity enhanced blue light stomatal response in Paphiopedilum 

harrisianum plant which has no chlorophyll in the epidermis or guard cells (Nelson 

and Mayo, 1975; Assmann, 1988).  

Red light also causes stomatal opening. Its stimulation of the guard cells is 

chloroplast-dependent. The chloroplast modulates the red light activation of the H+ 

pump (Serrano and Zeiger, 1988). An ht1 protein kinase is involved in red, but not 

blue light responses in guard cell (Matrosova et al., 2015). 
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rectifying channels (Schroeder and Keller, 1992; Siegel et al., 2009). A slow anion 

channel associated 1 (SLAC 1) gene encodes for this anion-conducting unit of the 

(S-type) anion channel (Negi et al., 2008; Vahisalu et al., 2008). 

Two protein kinase genes, open stomata 1 (OST1) (Mustilli et al., 2002) and 

Serine-Threonine kinase (SRK2E) (Yoshida et al., 2002), are critically required for 

ABA actions. These two genes code for a SNF 1 RELATED KINASE 2s (SnRK2s) 

protein. The OST1/SRK2E contains two domains (I and II) at the C- terminal. Only 

domain II, but not domain I, is involved in ABA responses (Yoshida et al., 2005). 

ABA and osmotic stress activates the ost1/srk2e /SnRK2s by allowing auto-

phosphorylation at the C-terminal domain II (Yoshida et al., 2005). Activation of 

SnRK2s then leads to a non-specific activation of the S-type anion channel by 

cytosolic Ca2+ and also the activation of the R-type anion channel. Increased 

cytosolic Ca2+ also inhibits the inward rectifying K+ channel and increases the 

permeability of the anion channels (Schroeder and Hagiwara, 1989; Blatt, 1990). It 

also activates a Two pore K+ channel 1 (TPK1) gene which in turn, activates the 

guard cell vacuolar K+ channel for vacuolar release of K+ (Ward and Schroeder, 

1994; Gobert et al., 2007). These channels when activated, lead to plasma 

membrane depolarization and drive K+ efflux through the voltage-dependent K+ 

channels encoded by GORK. The Guard cell outward rectifying potassium (GORK) 

channel gene is a member of the Shaker superfamily of genes and encodes for a 

membrane bound voltage- and potassium concentration-dependent outward 

potassium channel (Ache et al., 2000; Hosy et al., 2003). 

Three related genes, PYRABACTIN RESISTANCE 1 (PYR), PRY-LIKE (PRL) 

and REGULATORY COMPONENTS OF ABA RECEPTOR1 (RCAR1) genes which 

are members  of the (START) family of genes have been demonstrated to encode 

the nuclear and cytosolic receptors of ABA known as the pyra/prl and RCAR proteins 

(Ma et al., 2009; Park et al., 2009). ABA in the cytosol binds to the pyr/RCAR1 

receptors. The binding allows ABA to bind to and inactivate AB1 and AB2 proteins 

(Levchenko et al., 2005). AB1 and AB2 proteins are part of the protein phosphatase 

type 2c (PP2c) family of proteins which normally dephosphorylate SnRK2s and 

SLAC1 in the absence of ABA to prevent the non-specific cytosolic Ca2+ 

concentration-dependent activation of the S-type anion channels (Brandt et al., 

2015). This inactivation releases the inhibitory effects of the PP2c on SnRK2s and 

SLAC1 leading to non-specific cytosolic Ca2+ concentration-dependent activation of 
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the S-type anion channels, activation of the R-type anion channel, increase in the 

permeability of the anion channels, plasma membrane depolarization, inhibition of 

inward rectifying K+ channel, K+ efflux through the voltage-dependent K+ channels 

(vacuolar and plasma membranes) and consequently, loss of turgor which produces 

stomatal closure and prevents opening. Reactive oxygen species (ROS) may also 

contribute in triggering this type of stomatal closure (Wang et al., 2016). Thylakoid 

formation 1 (THF1) gene forms a complex with High Chlorophyll Fluorescence 106 

(HCF106) gene. The complex is basically involved in modulating chloroplast 

functions but also causes elevated reactive oxygen species (ROS) and increased 

stomatal closure to reduce water loss under water stress (Wang et al., 2016). 

 Guard cell response to temperature 

Guard cell response to temperature changes is dependent both on the effect of 

temperature on saturated vapour pressure in the sub-stomatal space and on its 

direct effect on the chemiosmotic control of stomata. Increasing temperature 

increases the photosynthetic rate which leads to reduced CO2 concentration and 

consequent stomatal opening. Every 10ºC rise in temp leads to 2 to 4 fold increase 

in rate of chemical reactions (Taiz et al., 2015). A temperature increase of about 

10ºC in the bathing medium significantly decreased the activities of outward 

rectifying K+ channels and also increased the activity of the inward rectifying K+ 

channels in Vicia faba protoplasts (Rogers et al., 1979; Ilan et al., 1995). Thus 

increasing temperature favours the activities of the inward rectifying channels which 

lead to stomatal opening. At higher temperatures, the stomata become irresponsive 

to changes in CO2 levels and remains widely open (Spence et al., 1984). On the 

other hand, lowered temperature increases apoplastic Ca2+ uptake which leads to 

stomatal closure in chill sensitive species (Wilkinson et al., 2001). For its part, 

saturated water vapour pressure increases exponentially with temperature increase. 

Thus leaf temperature affects stomatal transpiration rate by changing the saturated 

water vapour content of air in the substomatal space. This is sensed through the 

ABA signalling system involved in humidity control (see section 1.9.2). In the 

experiments described in this thesis, cold light sources were used during all 
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The cell wall matrix is composed of the proteins, phenolic esters, 

hemicelluloses as well as the pectins. The proteins include structural proteins and 

enzymes. The most common structural protein in cell walls is extensin, a 

glycoprotein (Ceoper et al., 1987; Mcqueen-Mason et al., 1992). Strands (rods) of 

cellulose fibres run in several directions within the matrix. Cellulose is a polymer of 

glucose, and groups together to form micelles and microfibrils. The microfibrils form 

large groupings of the cellulose fibres that run in the hydrophilic matrix of the cell 

wall.  
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Figure 1.3 Cell wall of leaf epidermal cells 
The cell wall is located between the middle lamella and the plasma membrane. It is composed of cellulose microfibrils arranged in several 
directions in a matrix of pectin, hemicellulose, proteins and little amount of lipids (not shown). Molecules are transported (by diffusion and 
bulk flow) through pores in the matrix. Small molecules and ions (K+, Cl-, etc.) may pass freely through the matrix in the cell wall and through 
the middle lamella which is made up of pectin. 
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Alocasia macrorrhiza open to maximum size within 25 minutes of light (Kirschbaum 

et al., 1988). Walls of guard cells may thin out during stomatal opening (Sharpe and 

Wu, 1978; Raschke, 1979). The wall in kidney-shaped guard cells are designed such 

that the outer and inner walls (fig. 1.4) are thicker than the ventral wall which, in turn, 

is thicker than the dorsal wall (Meidner and Mansfield, 1968). This is important for 

guard cell expansion during stomatal opening. While the thicker outer and inner walls 

do not change during guard cell expansion the thin ventral, more than the dorsal, 

stretches considerably (Louguet et al., 1990; Willmer and Fricker, 1996). In dumb-

bell shaped guard cells the walls at the bulbous ends are also thicker than those at 

the central parts (Willmer and Fricker, 1996). 
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coefficient and the sum of the molal concentrations of all solutes in the solution. The 

osmotic coefficient can be determined experimentally using freezing point depression 

method (Robison and Stokes, 2002). This method has been applied previously in our 

laborlatory for epiermal cells of barley (Hinde, 1994; Fricke et al, 1994b) and wheat 

(Richardson, 1993). 

 Plasmodesmata  

Plasmodesmata, are 20 to 50 nm diameter tubular extensions of the plasma 

membrane from one cell to another across their cell walls (Strasburger (1901) 

quated in Carr, (1976)). They play a key role in the functioning of heterogeneous 

tissue; the guard cell being a notable exception (Erwee et al., 1985; Palevitz and 

Hepler, 1985). Nevertheless, they account for a substantial proportion of solute 

movement between other cell types (Erwee et al., 1985). Stomatal opening and 

closing involve movement of solutes across several cells within a short time scale. 

Plasmodesmata provide the avenue for such solute movements by diffusion and bulk 

flow. They thus enable direct regulated transport of solutes between cells in a 

continuum of cell cytoplasm known as the symplast. 

 Anatomy 

Transmission electron micrograph studies of plasmodesmata ultrastructure 

(Robinson-Beers and Evert, 1991) distinguish two types, simple and branched. 

Simple plasmodesmata consist of a straight tube while the branched have more than 

one tube that appear from a central or median cavity and traverse the cell wall in 

different directions (Ehlers and Kollmann, 2001). Figure 1.5 shows a diagrammatic 

representation of a simple plasmodesma.  
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Figure 1.5 Plasmodesmata in longitudinal (A) and transverse (B) sections.  

Diagram of electron macroscopic structure of a simple plasmodesma showing the neck 

regions and the central cavity. Insert shows the arrangement of membrane and spoke-like 

proteins around the central rod (Robinson-Beers and Evert, 1991). 

It consists of a cylindrical sheath that runs across both the cell wall and the middle 

lamella. The tube is narrower at its orifices and for a short distance towards the 

centre, forming the neck of the tube at both its ends. The more central portion of the 

tube is wider, forming the central cavity. The outermost lining of the tube is formed 

by a continuation of plasma membrane. It is attached to the cell wall on the 

apoplastic surface and lined by membrane proteins on the cytoplasmic surface. The 

cytoplasm of neighbouring cells continues into the plasmodesmata as the 

cytoplasmic sleeve. Within this sleeve, the endoplasmic reticulum (ER) passes from 

one cell to the other, but is modified into a thicker protein-lined tubular structure 

known as the desmotubule. The centre of the desmotubule has an electron-dense 

structure known as the central rod. This is believed to be ER sleeves pressed close 

together (See Overall, 1999). Also within the cytoplasmic sleeve, cytoskeletal 
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proteins, actin and myosin, run between the plasma membrane- and desmotubule-

embedded proteins (Overall and Blackman, 1996). Such structure is also seen within 

the desmotubule cavity, connecting the central rod to the desmotubule (Ding et al., 

1992). 

 Physiology 

The neck region of plasmodesmata contains a sphincter composed of closely-

packed globular proteins on the cell membrane in close proximity to the desmotubule 

(Olesen, 1979). The neck region therefore, forms the size exclusion zone (SEL) 

which controls both the rate and the direction of solute movement through 

plasmodesmata (Olesen, 1979). Exchange of molecules between cells occurs 

through spiralling micro channels created by actin and myosin spoke-like extensions 

which run through the cytoplasmic sleeve and are attached to the plasmalemma and 

desmotubule proteins (Overall et al 1982; Wolf et al 1989; Lucas and Wolf, 1993). 

Non-selective transport of small solutes (< 1 KDa) occur through these channels 

(Goodwin, 1983). The SEL in epidermal cell plasmodesmata is, however, relatively 

smaller (c.a. 674 Da in Egeria densa) (Erwee and Goodwin, 1985). In this species, 

movement of injected dye between epidermal cells was several fold faster; being 

1.1.10-4 cm. s-1 for smaller sized (376 Da) dye and 9.0.10-9 cm. s-1 for a larger (874 

Da) sized dye (Goodwin and Erwee, 1990). Aside from this transport mechanism 

which is controlled in the SEL, another form of plasmodesmatal transport occurs 

following targeting of molecules to plasmodesmata, depending on conditions such as 

branching or otherwise (Oparka et al., 1999). This is the mechanism involved in the 

transport of proteins (up to 50 KDa) and transcription factors (Blackman and Overall, 

2001) as well as transport of plasmodesmata-targeted proteins used for signal 

transduction and viral migration (Ehlers and Kollmann, 2001).  

Such transports as these do not continue into guard cells as these lack 

plasmodesmata. The disappearance of all plasmodesmata in the mature guard cell 

may be important both for the control of the movement of signalling molecules and 

other solutes (Majore et al., 2002) as well as in aiding the rapid increase in turgor 

required for stomatal opening. This has been shown in cotton fibres where transient 

closure of plasmodesmata allow for the increase in turgor required for rapid 
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elongation (Pfluger and Zambryski, 2001; Ruan et al., 2001). Perhaps for this reason 

also no plasmodesmatal connections exists between the two mature sister guard 

cells of a stomatal complex (Erwee et al., 1985). 

Plasmodesmata in other cells around the guard cell also have some 

peculiarities. They may be dilated to different degree that may allow passage of 

molecules as large as 27 KDa (such as green fluorescent protein) or double this size 

(Crawford and Zambryski, 2001). The proportion of the dilated plasmodesmata, 

dilated-low or dilated-high (Crawford and Zambryski, 2001) depends mainly on leaf 

age. The latter is more common in younger leaves since they require more protein 

movements (Crawford and Zambryski, 2001). The frequency of plasmodesmata 

between leaf epidermal cells has been estimated in Populus deltoids to be 0.05. µm-1 

of cell wall interface in abaxial and 0.06. µm-1 of cell wall interface in adaxial 

epidermis (Russin and Evert, 1985). The frequencies in the different epidermal cell 

types has not been documented to date. 

 Development of plasmodesmata 

Plasmodesmata may develop as primary plasmodesmata during cytokinesis or as 

secondary plasmodesmata post cell-division (Hepler, 1982; Staehelin and Hepler, 

1996). Primary plasmodesmata are formed where the cytoplasmic strands that 

enclose some endoplasmic reticulum are trapped among fusing Golgi vesicles in an 

assemblage of materials (microtubules, microfilament, Golgi vesicles and 

endoplasmic reticulum) called the phragmoplast. The phragmoplast forms the cell 

wall plate during cell division (Staehelin and Hepler, 1996). This occurs in late 

anaphase, before the completion of the new cell wall. As the cell plate matures and 

grows, the trapped strands become increasingly constricted within the plasmalemma 

which is formed by the (trapping) Golgi vesicles. The enclosed endoplasmic 

reticulum forms the plasmodesmal desmotubule, but remains connected to the 

endoplasmic reticulum of the two sister cells (Staehelin and Hepler, 1996). 

Most primary plasmodesmata (> 90%) are simple (unbranched), especially in 

immature cells (Oparka et al., 1999), but some may develop branching (Ehlers and 

Kollmann, 1996) which increases in proportion, in monocot leaves, as they move 

from sink to source of photosynthetic products (Roberts et al., 2001). The 
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significance of branching is not clear but most secondary plasmodesmata are 

branched. 

Secondary plasmodesmata form, either from simple ones or de novo in an 

expanding cell, mainly due to inadequacy of the existing simple ones as the cell 

expands (Schnepf and Sych, 1983; Seagull, 1983). The molecular details of primary 

and secondary plasmodesmata formation is not yet elucidated in terms of the 

controlling genes.  

The frequency of plasmodesmata in cells vary widely between species and 

cell types, generally ranging between 0.01 and 50 µm-1 (Robards, 1976). In leaf 

primordia, the plasmodesmata developed between the GMC and the SMC or 

pavement cell during the differentiation of the epidermis become sealed as the walls 

thicken just before the development of the stomatal pore (Wille and Lucas, 1984; 

Erwee et al., 1985; Palevitz and Hepler, 1985). The reason for this blockage is as yet 

unknown. 

At this time, after the development of the primary, and before the 

development of secondary plasmodesmata, the development of the individual cell 

identities, the transport systems and other metabolic processes that will determine 

the functional intervention between adjacent cells are laid down. It is the activity of 

these processes that dictate the physiological behaviours that is the major subject of 

this research project. 

 The vacuole 

The vacuole is a single-membrane-bound organelle found in most cells of plants. In 

mature plant cells, the vacuole occupies the greater portion of the cell volume 

especially in the epidermal cells. The mature plant vacuole may be single, as in the 

epidermal pavement cells, or multiple (some small and some large) as in flaccid 

guard cells, storage vacuoles in fruits and seeds, or in specialized cells such as the 

pulvini cells (Paris et al., 1996; Epimashko et al., 2004). For example, in pulvini 

motor cells of Mimosa pudica, Toriyama and Sato (1968) and later, Fleurat-Lessard 

et al. (1997), observed two functionally complementary vacuoles, tannin and colloidal 

vacuoles. While the colloidal vacuoles contained the osmotically-active solutes and 
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depend on extracellular K+ concentrations, the inward channels are activated at a 

more hyperpolarizing potential (usually more negative than -100mV), and are 

independent of K+ concentrations (Roelfsema and Prins, 1997). Cytosolic K+ 

concentration is, however, regulated closely (Leigh et al., 1996) by a tonoplast 

transmembrane H+/Na+ or K+ antiporter protein, nhx (Blumwald and Poole, 1985). 

This protein enables sequestration of cytosolic K+ into vacuoles against vacuolar 

membrane potential (Gaxiola et al., 1999). The cytosolic K+ concentration is 

maintained approximately constant, while vacuolar concentrations may vary in order 

to maintain this cytosolic concentration required by K+-dependent processes (Leigh 

and Wyn Jones, 1984; Leigh et al., 1996). The control of vacuolar K+ and Na+ 

concentration is pH dependent. The luminally-placed c-terminal of nhx protein binds 

to calmodulin at acidic pH leading to preferential H+/K+ antiporter activity (fig. 1.6). At 

alkaline pH, the calmodulin binding dissociates, and H+/Na+ exchange is favoured 

(Yamaguchi et al., 2005). Thus, both maintenance of the plants water status and 

stomatal opening benefit from the activities of the nhx protein (Barragán et al., 2012; 

Andrés et al., 2014). 

Fast and slow vacuolar (FV and SV) K+ channels exist in the tonoplast. These 

function to release K+ from the vacuole into the cytoplasm at depolarizing tonoplast 

potential (more positive on cytoplasmic side). The SV is more abundant, and may 

also serve as a channel for K+ transport into the vacuole at very high depolarization 

(Ivashikina and Hedrich, 2005). In guard cells, another type of vacuolar K+ channel, 

simply known as vacuolar K+ (VK) channel also exists (Ward and Schroeder, 1994). 

This channel allows K+ movement into and out of the vacuoles to allow for K+ 

homeostasis at sub-activation membrane potentials (Allen et al., 1998). 

1.15.1.2 Sodium transport 

Sodium entry from the apoplast is aided by cell membrane-bound HKT (high 

sensitivity K+ transporter) 1 proteins (Rubio et al., 1995; Gassmann et al., 1996). 

Cytosolic Na+ normally ranges between 1 and 10 mM in non-halophytes (Binzel et 

al., 1988). In the halophyte Cakile maritima Na+ accumulates in guard cells and 

replaces K+ as the major osmoticum for stomatal movements (Eschel et al, 1974 

quoted in Willmer and Fricker (1996). This, though, has not been reported in any 

other halophyte. Excess cytosolic Na+ inhibits protein synthesis (Hall and Flowers, 
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1973), photosynthesis (Tsunekawa et al., 2009) and several enzymatic reactions, 

such as enzymes in methionine biosynthesis pathway (Murguia et al., 1995). Thus, 

halophytes sequester excess Na+ in vacuoles (Blumwald, 2000). This is achieved by 

using an NHX-type Na+/H+ antiporters in the tonoplast (Blumwald, 2000).  

 
Figure 1.6 Cation carriers and channels in epidermal cells 
This figure shows major cation channels and carriers in a typical plant epidermal cell. 
Calcium channel, C, and CAX protein in tonoplast sequester Ca2+ into vacuole. Ca2+-
ATPase causes Ca2+ efflux from cytoplasm to apoplast. Fast, F, and slow, S, K+ vacuolar 
channels release vacuolar K+. In the plasmalemma, the outward rectifying, O, and the 
inward rectifying, I, K+ channels effect K+ efflux and influx respectively. The nhx protein 
complexed with calmodulin preferentially sequesters K+ into the vacuole. When free, it 
moves Na+ instead. The H-ATPase in the plasmalemma and the V-ATPase at the 
tonoplast respectively pump H+ from the cytoplasm into the apoplast and vacuoles and 
create the electrochemical gradients needed for ionic movements through the channels 
(for references see text above). 
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1.15.1.4  Magnesium transport  

Vacuolar sequestration of Mg2+ is also employed in regulating ion balance in cytosol 

and control of stomatal movements. Transport of Mg2+ across tonoplast and 

plasmalemma is through H+/Mg 2+ exchanger (Amalou et al., 1992, 1994; Pfeiffer and 

Hager, 1993; Shaul et al., 1999). 

 Anion transport 

Anions are generally transported across guard cell and other epidermal cell 

membranes through tonoplast and plasma membrane-bound non-selective anion 

channels (Hedrich and Marten, 1993; Schmidt and Schroeder, 1994; Pei et al., 

1996). In guard cells two types, rapid (R)-type (Keller et al., 1989) and slow (S)-type 

(Schroeder and Keller, 1992) anion channels have been characterized. Both channel 

types are depolarization-activated, but while the R-type channels can be activated by 

hyperpolarization, the S-type channels are insensitive to it (Linder and Raschke, 

1992; Schroeder and Keller, 1992; Kolb et al., 1995).  

These channels are permeable to all anions, which mostly move out from the 

cytosol (near neutral pH) into the more acidic vacuole and apoplast (see Kurkdjian 

and Guern (1989)). The pH differences between the compartments (vacuole, cytosol 

and apoplast) favour efflux of some anions, especially the carboxylic acids (citrate, 

malate, tartrate and succinate), since their protonation in the more acidic 

compartments establishes an electrochemical gradient. In addition, negative 

membrane potential, negative on cytosolic side (-100 mV), also helps drive anions 

out of the cytosol when the channels open. Anion sequestration in the vacuole is 

made possible by function of H+/coupled co-transport proteins, such as H+/NO3- (De 

Angeli et al., 2006) and H+/malate (Emmerlich et al., 2003) co-transports. 

As well as the non-selective anion channel some channels are selective to 

specific anions. These may play special roles, such as in salt tolerance and stomatal 

movements by Cl--selective channels (Muelleri et al., 1994; Jossier et al., 2010), 

nitrogen balance and organic regulation by NO3-- selective channels (Guo et al., 

2003) or pH regulation by organic acid (e.g. malate)-selective channels (Meyer and 

De Angeli, 2010; Geiger et al., 2011) (see fig. 1.7). 
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stomatal frequency and improving water use efficiency (see Condon et al., 2004) in 

plants have yielded few, albeit encouraging, results.  

It must be appreciated that solutes can only move between the mesophyll and 

guard cells through the pavement cells, since these are the only epidermal cells 

contacting the mesophylls (see fig. 1.2). This also implies that this mesophyll-to-

epidermis contact decreases with increase in stomatal density.  

Improvement in results from these aspects of plant physiological properties 

may benefit more from manipulations of the surrounding cells. In this sense, 

knowledge of the behaviour of these cells in terms of solutes accumulated or 

released during stomatal movement is invaluable for targeting membrane 

transporters of interest.  

Thus, since cells surrounding the guard cells in the epidermis also participate 

in orchestrating stomatal movements through solute concentration change-driven 

turgor adjustments (Heath, 1938; Williams, 1954; Meidner and Mansfield, 1968; 

DeMichele and Sharpe, 1973; MacRrobbie, 1980), these changes must occur in a 

coordinated and predictable manner. It is, therefore, hypothesised in this research 

that solute concentration gradients exist within the cells of the epidermis, and these 

gradients drive stomatal movements in leaves under physiological conditions.   

Studies on stomatal movement in epidermal strips (Levitt, 1974; Azoulay-

Shemer et al., 2016) have confirmed that the control of stomatal aperture is entirely 

an epidermal affair. Hence, while stomata on strips placed in distilled water may 

open (Pallaghy, 1971; Willmer and Pallas, 1974), those of isolated guard cell-pairs 

(in the same medium) fail to do so. 

The ionized solutes (cations and anions) appear to be the central players in 

stomatal physiology, and their redistribution patterns at open and closed stomata 

conditions is specifically described here. 

 Analytical techniques used to study the solute patterns in 
stomatal movements 

Stomatal movements result from changes in guard cell turgor (MacRrobbie and 

Lettau 1980a; MacRrobbie 2006; Meidner and Mansfield 1968; Fischer 1973; Heath, 

1938). Turgor (in plant cells) develops, following water movement into a cell as 
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1.17.3.2 Imaging techniques 

Studies in which many or even unexpected solutes may be involved and need to be 

assayed in a snapshot benefit more from use of imaging techniques. Initially, this 

technique relied on the use of microinjection of specific stains or fluorescent-protein 

analogues such as 5(6)-carboxyfluorescein succinimidyl ester-labelled tubulin (NHS-

FI) (Zhang et al., 1990) and monochlorobimane labelling of glutathione for 

quantification (Meyer et al., 2001). In gene expression studies, use of microinjection 

technique has now been replaced by use of green fluorescent proteins (gfp) (Chalfie 

et al., 1994; Haseloff et al., 1997). The gfp introduced in one plant is intrinsically 

replicated in all targeted cells or compartments in either transient or stable 

(permanent) manner spanning all generations of the plant (Haseloff and Siemering, 

2006). This has been put to great use in studying stomatal patterning and 

development (e.g. Berger et al. (1998)). In addition to, and following the success of 

gfp use in plant research, many fluorescent protein (fp) probes such as yellow 

fluorescent proteins (yfp) (see review by Mathur (2007)) have been introduced.  

Aside from proteins, methods for genetic encoding of ion sensors have been 

developed. Most ion sensors are, however, based on their fluorescence resonance 

energy transfer (FRET) to gfp following a targeted reaction. For example, calmodulin 

changes which follow its binding to Ca2+ increases the FRET available to gfp 

(Miyawaki et al., 1997). The gfp is then quantified as a proxy for the Ca2+. Chloride 

sensors have similarly been developed and have been used for monitoring 

intercellular Cl- fluxes in vivo (Lorenzen et al., 2004).  

Nevertheless, sensors for a number of cations such as NH4+, and anions 

including SO42-, PO43- and malate, among others, await development. This formed a 

major hindrance to use of fluorescence microscopy method in the study reported in 

this thesis. 

1.17.3.3 Single cell sampling and analysis (SiCSA) methods 

Single cell sampling methods aim at dissecting the cellular heterogeneity in a tissue. 

In this sampling method cell sap from a single cell is obtained in a glass 

microcapillary back-filled with silicon oil and mounted on a micromanipulator (Tomos 

and Sharrock, 2001). This method relies on the positive (turgor) pressure in the cell 
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to push cell sap into the microcapillary on impalement of plasma membrane and/or 

tonoplast. The extracted sap is subsequently analysed using a battery of analytical 

methods which may include x-ray fluorescence, capillary zone electrophoresis, 

enzymic methods and picolitre osmometry. Concentrations of the individual solutes 

are then related to the total concentration of osmotically-active solutes (Tomos and 

Leigh, 1999). For example, turgor cannot exceed protoplast osmotic pressure and 

the total charge of anions and cations must balance. Additionally, the sum of solutes 

(adjusted for osmotic coefficients) must be related to the independently-measured 

osmotic pressure. Discrepancies in the solute balance sheet indicate either an 

artefact or that there are unidentified solutes (Tomos and Leigh, 1999). 

SiCSA shows not only the intercellular distribution of solutes within and 

between cells but also the basis of osmolality and turgor regulation in cells. Sap 

extracted from epidermal cells is predominantly vacuolar (Fricke et al., 1994b). This 

is because up to 99% of the volume of epidermal cells is occupied by vacuole 

(Winter et al., 1993, 1994). Vacuoles of neighbouring cells may contain differing 

elements as plant cells serve different functions aimed at storage and detoxification 

(see section 1.14). The SiCSA method is accurate, specific, and covers all the 

elements in the sap at the time of sampling (Conn and Gilliham, 2010). Additionally, 

it can be used in intact plant tissues in situ as opposed to use of epidermal strip 

which cannot reflect the real physiological picture of the solute gradient involved in 

stomatal movements (Talbott and Zeiger, 1996). For example, Heide and Raschke 

(1978) observed in Allium cepa that epidermal malate content was positively 

correlated with stomatal opening when using whole plant but the correlation was 

negative when epidermal strips was used (Schnabl and Raschke, 1980). The main 

disadvantage of this method is that cells may be irreversibly damaged during 

impalement, either through shocks or vibration (Zimmermann et al., 1980). 

 Aim and objectives 

The nature and concentration of only few solutes (K+, Cl- and malate) in four cell 

types (pavement, apical and lateral subsidiary as well as guard cells) of leaf 

epidermis during stomatal movement have been studied considerably previously. Of 
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